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GATA-1 Utilizes Ikaros and Polycomb Repressive Complex 2 To
Suppress Hesl and To Promote Erythropoiesis
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The transcription factor Hairy Enhancer of Split 1 (HES1), a downstream effector of the Notch signaling pathway, is an impor-
tant regulator of hematopoiesis. Here, we demonstrate that in primary erythroid cells, HesI gene expression is transiently re-
pressed around proerythroblast stage of differentiation. Using mouse erythroleukemia cells, we found that the RNA interference
(RNAi)-mediated depletion of HES1 enhances erythroid cell differentiation, suggesting that this protein opposes terminal ery-
throid differentiation. This is also supported by the decreased primary erythroid cell differentiation upon HES1 upregulation in
Ikaros-deficient mice. A comprehensive analysis led us to determine that Ikaros favors HesI repression in erythroid cells by facil-

itating recruitment of the master regulator of erythropoiesis GATA-1 alongside FOG-1, which mediates HesI repression.
GATA-1 is then necessary for the chromatin binding of the NuRD remodeling complex ATPase MI-2, the transcription factor
GFI1B, and the histone H3K27 methyltransferase EZH2 along with Polycomb repressive complex 2. We show that EZH2 is re-
quired for the transient repression of HesI in erythroid cells. In aggregate, our results describe a mechanism whereby GATA-1
utilizes Ikaros and Polycomb repressive complex 2 to promote HesI repression as an important step in erythroid cell

differentiation.

Extracellular signaling, combined with the activities of multiple
transcription factors and cofactors, is fundamental for confer-
ring gene expression specificity and, hence, cell fate. Although the
erythropoietin receptor constitutes the best-characterized path-
way controlling erythroid cell (EryC) formation, other pathways,
including stem cell factor/c-kit receptor, wingless-type, Notch,
and Sonic Hedgehog, are also implicated (40, 57). In particular,
the Notch pathway affects EryC survival, proliferation, and/or dif-
ferentiation, i.e., EryC homeostasis (4, 13, 20, 21, 23, 29, 46).

Notchl-activating mutations occur in various types of leuke-
mia, including a majority of T-cell acute lymphoblastic leukemias.
Moreover, inactivation of Notch signaling can promote specific
forms of myeloid-related leukemia (27). The binding of ligands to
the Notch extracellular domain triggers a sequential proteolytic
cleavage, resulting in nuclear relocalization of the Notch intracel-
lular domain (NICD). A ternary complex composed of the NICD,
the transcription factor RBPJ (CBF1; RBPJk) and the coactivator
Mastermind-like is then formed to promote high-level transcrip-
tion of Notch target genes (8). In the absence of Notch activation,
target genes are repressed by a complex composed of RBPJ and
corepressors. Other pathways like Sonic Hedgehog (49) and tran-
scription factors, including hypoxia-inducible factor 1o (HIF-1cy;
Drosophila sigma protein) (33) can also influence the regulation of
specific Notch target genes in a Notch-independent manner (also
referred to as noncanonical regulation).

The transcription factor GATA-1 is critical for EryC homeo-
stasis (42, 51, 55, 56, 59, 62). The absence of GATA-1 in differen-
tiating embryonic stem cells and in mice results in abnormal EryC
maturation and massive apoptosis of proerythrobasts (17). Along
with GATA-1, the transcription factor Ikaros acts as a develop-
mental stage-specific repressor of y-globin genes in EryC (5, 7).
This repression is not limited to y-globin genes, since in primitive
and definitive EryC, Ikaros collaborates with GATA-1 to facilitate
Gata2 gene repression (5, 7). The absence of Ikaros, such as in
Ikaros-null (IK™") mice, results in a severe defect in B- and T-lym-
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phopoiesis and reduces hematopoietic stem cell activity (38, 58).
However, many questions as to why adult Ik™" mice also exhibit
anemia remain unanswered (38, 45).

Tkaros influences the Notch pathway in lymphoid cells partic-
ularly with respect to noncanonical repression of the Notch target
gene HesI (10, 12). Overexpression of Hes! interferes with B-lym-
phoid and myeloid cell maturation (23, 25). HES1 protein is also
frequently overexpressed in acute and chronic myeloid leukemia
(2, 37) and is implicated in the transcriptional repression of mul-
tiple genes encoding factors involved in cellular proliferation and
differentiation (14). Whether HESI plays a positive or a negative
role in EryC differentiation is unclear (21, 23).

To define whether GATA-1 participates in the noncanonical
Notch signaling in EryC, we investigated the impact of GATA-1
on Hes! gene regulation in EryC. We demonstrate that the binding
of GATA-1 and its cofactor Friend of GATA-1 (FOG-1) to chro-
matin at the HesI promoter is facilitated by Ikaros. Then, along-
side FOG-1, GATA-1 mediates Hesl repression and favors the
recruitment of the NuRD remodeling complex ATPase MI-2, the
transcription factor GFI1B, and the Polycomb repressive complex
2 (PRC2) subunits EZH2 and SUZ12 to the Hes!I promoter. EZH2
is required for GATA-1-repression of Hesl in EryC. Moreover,
our data support a model in which HES1 directly controls EryC
homeostasis, since HesI repression promotes terminal EryC dif-
ferentiation.
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TABLE 1 Oligonucleotides used for RT-qPCR analysis

GATA-1 Interferes with the Notch Pathway

Specificity (murine cDNA) Symbol Direction Sequence (5'-3")
Hairy and enhancer of split 1 Hesl F ACACCGGACAAACCAAAGAC
R ATGCCGGGAGCTATCTTTCT
Hypoxanthine guanine phosphoribosyl transferase Hprt F CACAGGACTAGAACACCTGC
R GCTGGTGAAAAGGACCTC
Actin beta Actb F ATCGTGGGCCGCCCTAGGCACCA
R TCCATGTCGTCCCAGTTGGTAACAA
Hemoglobin alpha adult chain 1 Hba-al F AACTTCAAGCTCCTGAGCCA
R GGCAGCTTAACGGTACTTGG
Hemoglobin beta adult major chain Hbb-b1 F AACGATGGCCTGAATCACTT
R ACGATCATATTGCCCAGGAG
Aminolevulinic acid synthase 2 Alas2 F GCAGCAGCTATGTTGCTACG
R ACAGGTTGGTCCTTGAGTGG
Kruppel-like factor 1 Kif1 F ACCACCCTGGGACAGTTTCT
R GAAGGGTCCTCCGATTTCAG
BCL2-like 1 Bel2l1 F GGGATGGAGTAAACTGGGGT
R TGCAATCCGACTCACCAATA
Erythropoietin receptor Epor F TACCTCCCACTCCACCTCAC
R GCTCTGAGTCTGGGACAAGG
Transcription factor Pu.1 Pu.1 F CACGTCCTCGATACTCCCAT
R GCTGGGGACAAGGTTTGATA
Transferrin receptor 2 Trfr2 F CTGCCGCTAGACTTCGGCCG
R CGCCGCACGGATGTAGTCCC
Notch gene homolog 1 Notchl F TGTTGTGCTCCTGAACAACG
R GTGGGAGACAGAGTGGGTGT

MATERIALS AND METHODS

Mouse line. We utilized a mouse model characterized by the deletion of
the c-terminal part of Ikaros, which results in protein instability and the
absence of Ikaros protein in all tissues (1K™ (58). Heterozygous k!
male and female were bred, and 14.5 days postcoitus (dpc), homozygote
IK™ or Ik™" fetal liver cells were isolated. Animal experiments were con-
ducted in accordance with the Canadian Council on Animal Care (CCAC)
guidelines and approved by the Maisonneuve-Rosemont Hospital animal
care committee.

TABLE 2 Oligonucleotides used for ChIP analysis

Cell lines. GI1E-2 (parental GATA-1 null cell line) and G1E-ER4
(GATA-1 null cell line expressing an inducible GATA-1-ER protein) (60)
cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM;
Gibco) containing 13% fetal bovine serum (FBS; Sigma), 1.7% penicillin-
streptomycin (PS; Wisent), 2 U/ml erythropoietin (Eprex), 1.1 mM
1-thioglycerol (sigma M6145), and 0.5% conditioned medium from a kit
ligand-producing CHO cell line. To induce nuclear accumulation of
GATA-1-ER, tamoxifen (Sigma) was added to the medium (final concen-
tration, 1 wM) for 24 h. Tamoxifen, an antagonist of the estrogen recep-

Specificity (murine genomic DNA) Symbol Direction Sequence (5'-3")
Hairy and Enhancer of Split 1 gene promoter (prol) Hesl (prol) F CTCTTCCTCCCATTGGCTGA

R GCACCAGCTCCAGATCCTGT
Hairy and Enhancer of Split 1 gene promoter (pro2) HesI (pro2) F GGAAGTTTCACACGAGCCGT

R GCACCAGCTCCAGATCCTGT
Hairy and enhancer of split 1 gene open reading frame Hesl (ORF) F TGGCGGCTTCCAAGTGGTGC

R TGTGAGCGAAGGCCCCGTTG
Tamm-Horsfall protein (uromodulin) gene promoter Thp F GGTGGATGGTGTGGTCACAAC

R GGTCTTGACACACCAGCTTT
Pancreatic alpha-amylase promoter Amy2 F TCAGTTGTAATTCTCCTTGTAGGG

R CCTCCCATCTGAAGTATGTGGGTC
Hypersensitive site 2 from -globin locus HS2 F CCTTGCCTGTTCCTGCTCA

R CACATGTGACCTGTCTGCCAG
Hemoglobin beta adult major chain gene promoter Bmaj F CAGTGAGTGGCACAGCATCC

R CAGTCAGGTGCACCATGATGT
Gata2 kb —2.8 enhancer Gata2 —2.8 F GCATGGCCCTGGTAATAGCA

R CAGCCGCACCTTCCCTAA
Gata2 promoter 1G Gata2 1G F AGATACCCAGAAGGTGCACGTC

R GCAGACCCTGCACCCCT
Kit oncogene gene promoter c-kit F CACCTCCACCATAAGCCGAAT

R CTCCTAGACAATAAAGGACAACCA
Notch gene homolog 1 promoter Notchl F GCATGAGAGGCTGTGTTGACG

R TGGCTGTGTCCGACTTAGGTG
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FIG 1 HesI regulation during erythroid differentiation. (A and B) Tkaros wild-type (Ik"') and Tkaros-null (Ik""") 14.5 dpc fetal livers were collected and sorted
on the basis of Ter119 and CD71 expression levels. (A) (Left) FACS dot plot representation of the four sorted populations from Ik"* fetal livers. P1, CD71™<¢
Ter119#/°%; p2, CD71M8" Ter1197°¢/1°%; P3, CD71"8" Ter1 197" P4, CD71™Y/ Ter1 19", (Right) Wright-Giemsa-staining of Cytospin preparations of sorted
fetal liver cells. P1 is enriched in erythroid precursors (BFU-E and CFU-E), P2 is enriched in proerythroblasts and early basophilic erythroblasts, P3 is enriched
in basophilic and chromatophilic erythroblasts, and P4 is enriched in orthochromatic erythroblasts (53). (B) Relative expression of HesI with standard deviations
in each population. Relative expression was calculated according to Pfaffl (43) using Actb as the internal control. (C) Comparative schematic representation of
erythroid cell differentiation in different model systems. A schematic view of HesI relative expression levels is in blue. (D, E, and H) Untreated (Untr), ethanol
(EtOH)-treated or tamoxifen (Tmx)-treated G1E-ER4 cells were used for expression analyses. (D) Western blot analysis of GATA-1 and GATA-2 expression in
nuclear protein extract. Antibodies used for the immunodetection are indicated under each panel. (E) Agarose gels presenting the semiquantitative mRNA
expression analysis of Hba-al, Alas2, KIfl, Bcl211, and Actb. Neg, semiquantitative RT-PCR performed without mRNA template. (H) Bar graph presenting the
relative expression of the HesI gene measured by qRT-PCR. Standard deviations are indicated. Relative expression was calculated according to Pfaffl (43) using
Actb as the internal control. (F, G, and I) Untreated (Untr) or DMSO-treated MEL cells were used for analyses. (F) Wright-Giemsa-staining of Cytospin
preparations of cells induced with DMSO for 0, 2, 4, and 6 days (d). (G) Agarose gels presenting the semiquantitative mRNA expression analysis of the
differentiation marker genes Hba-al, Hbb-b1, Alas2, Epor, Spfil (Pu.1), and Actb (15, 30, 39). RT-PCR was performed on untreated cells or cells treated with
DMSO for different times. Neg, RT-PCR performed without mRNA template. (I) Relative expression of Hes! and Hprt (negative control) genes measured by
qRT-PCR as a function of time in DMSO. Standard deviations are indicated. Relative expression was calculated according to Pfaffl (43) using Actb as the internal
control.
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tor, was preferred to estrogen since Hesl expression is modulated by  co’s modified Eagle medium containing 10% FBS and 1% PS. To knock
B-estradiol (34). Since tamoxifen is dissolved in ethanol (EtOH), anequal ~ down expression of HesI, pLKO.1 vectors containing short hairpin RNA
volume of EtOH was added to control dishes. (shRNA) specific to HesI mRNA or a nonspecific scrambled shRNA

Mouse erythroleukemia (MEL) (C-88) cells were cultured in Dulbec-  (shScr) (Sigma) were transfected by electroporation into MEL cells.
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FIG 2 Hes! influence on MEL cell differentiation. MEL cells were stably transfected with vectors expressing shRNA directed against Hes] mRNA (shHes! [sh327
or sh329]) or with a nonspecific scrambled shRNA (ShScr). (A) Western blot analysis of HES1 and GAPDH (control) expression in whole-cell extracts of
uninduced cells. The antibodies used for the immunodetections as well as specific bands and their corresponding molecular masses are presented. (B) Relative
expression of HesI and Hprt (negative control) as a function of DMSO induction measured by qRT-PCR. Standard deviations are indicated. Relative expression
was calculated according to Pfaffl (43) using Actb as the internal control. —, uninduced cells; +, cells induced with DMSO for 3 days. (C and D) Percentage of
diaminofluorene (DAF)-positive cells (C) or benzidine-positive cells (D), with standard deviations, as a function of time in DMSO. Asterisks (*, P < 0.01;**, P <
0.005) indicate significant differences between the value for sh327 or sh329 and that for shScr according to Student’s ¢ test. (E and F) Relative expression of
Hba-al, Alas2, Epor, and Trfr2 as a function of DMSO induction as described for panel B. Untr, untreated cells. Asterisks (*, P < 0.05; **¥, P < 0.001) indicate
significant differences between the values for sh329 and shScr according to Student’s t test.

Puromycin (0.3 wg/ml) was then added to the medium to select for cells
with stable integration of pLKO.1 and thus stably expressing the shRNA.
Two different shRNA molecules were used to stably knock down Hes!
(sh327 and sh329). The shScr was also stably integrated in MEL cells
(control). To induce erythroid differentiation, dimethyl sulfoxide
(DMSO) was added to the medium at a 2% final concentration.

Wright-Giemsa. MEL cells (100,000 to 150,000) or 14.5 dpc fetal liver
cells were collected, and staining was performed as previously described
(5). Cell morphology was analyzed with a Leica DMRE microscope, and
images were acquired with a Qimaging digital camera.

Diaminofluorene and benzidine staining. Cells (100,000 to 1,000,000)
were collected and stained with either diaminofluorene solution (0.01%
diaminofluorene [Sigma] dissolved to 1% in 90% glacial acetic acid [Fisher]
and 0.3% H,0, [Fisher] in 0.2 M Tris-HCI [pH 7]) or benzidine solution
(0.42% benzidine, 4.2% H,0,, 12.8% glacial acetic acid in H,O). Positive
(blue) cells were counted.

RT-PCR and quantitative RT-PCR. Total RNA was isolated by TRIzol
(Invitrogen) and used for cDNA synthesis with oligo(dT),,_, s and Super-
Script III reverse transcriptase (Invitrogen). Semiquantitative PCR or
quantitative real-time PCR (qPCR) was carried out with specific primers
(Table 1). The primer set specific for Actb was used as an internal control,
and the primer set specific for Hprt was used as additional control. The
transcripts were either detected on an agarose gel with Alphalmager (Cell
Biosciences) (semiquantitative analyses) or stained with SYBR green (In-

September 2012 Volume 32 Number 18

vitrogen) and analyzed with the iCycler iQ (Bio-Rad) system (quantitative
analyses). The formula of Pfaffl (43) was used to calculate the ratio:
(Etarga)ACngﬂ(comrol*sample)/(Emrget)ACme(control*sample)’ where Etargct is tar-
get qPCR efficiency, E, ¢ is control qPCR efficiency, CP is crossing point,
ACP,,,4e is CP deviation of reference sample versus test sample target
gene transcript, and ACP, is the CP deviation of the reference sample
versus the test sample control transcript.

An unpaired Student’s ¢ test was used to determine the levels of statis-
tical significance (P value).

Western blot analysis and protein immunoprecipitation. For West-
ern blotting, two million cells were lysed in saline solution (1 mM phen-
ylmethylsulfonyl fluoride [PMSF], 150 mM NaCl) and sonicated. Super-
natants collected after centrifugation were diluted 1:2 in sample loading
buffer (50 mM Tris HCI [pH 6.8], 10% glycerol, 2% sodium dodecyl
sulfate [SDS], 0.1% bromophenol blue, 2.5% B-mercaptoethanol), mi-
grated on SDS-polyacrylamide gel electrophoresis (PAGE), and trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Santa Cruz). HES1
(Millipore), GATA-1 (N-6; Santa Cruz), GATA-2 (Santa Cruz), EZH2
(Millipore), GFI1B (Santa Cruz), SUZ12 (Cell Signaling), or CDK9 (Santa
Cruz) and horseradish peroxidase (HRP)-conjugated antibody (eBio-
science) were used for immunoblotting. Membranes were revealed
with Western Lightning Plus enhanced chemiluminescence (ECL)
(PerkinElmer) on a Fujifilm LAS-4000 luminescent image analyzer.
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GAPDH (Millipore) or actin (NeoMarkers) antibody was used as a
loading control.

Immunoprecipitations (IP) were carried out as described before,
with modifications (5). For standard IP, the lysis buffer composition
was 150 mM NaCl, 20 mM HEPES (pH 7.9), 0.2 mM EDTA, 1.5 mM
MgCl,, 0.5% NP-40, 25% glycerol, 1 mM PMSF, 1 pg/ml aprotinin,
and protease inhibitor cocktail (P8340; Sigma). For DNase I, RNase I,
and ethidium bromide (EtBr) IP assays, DNase (1 pg/ml; Sigma),
RNase (1 pg/ml; Sigma), and EtBr (50 pg/ml; Sigma) were added to
the lysis buffer. GATA-1, EZH2, or isotype-matched immunoglobu-
lins were utilized for IP.

Chromatin immunoprecipitation (ChIP) and quantitative real-
time PCR assays. The ChIP assay was carried out per the manufacturer’s
instructions (Millipore) and as described previously (5). Briefly, cells were
cross-linked in 1% formaldehyde for 10 min at 37°C and sonicated to
obtain chromatin fragments of 400 to 800 bp on average. Antibodies used
for ChIP were directed against diacetylated histone H3 (K9 and K14) and
trimethylated histones H3K27, histone deacetylase 1 (HDACI1) and EZH2
(AC22) (Millipore); TFIID (TBP; SI-1), Ikaros (E-20), GATA-1 (N6),
polymerase IT (Pol IT) (N-20), FOG-1 (M-20), MI-2 (H-242), GFI1B (D-
19), and RBPJ (D-20) (Santa Cruz); SUZ12 (D39F6) (Cell Signaling); and
activated Notchl (Abcam). Isotype-matched IgG (Santa Cruz) was used
as a control. About 1/30 of immunoprecipitated and unbound (input)
material was used as the template for quantitative real-time PCR (qPCR),
with one primer set specific for HesI or Notchl promoter and another
primer set specific for the internal control (kidney-specific Tamm-Hors-
fall promoter; Thp). Control qPCRs were performed to assess the speci-
ficity of the ChIP with primers specific for B-globin HS2, Bmaj, Gata2
—2.8 enhancer, Gata2 promoter 1G, and Amy (Table 2). Reactions were
performed using SYBR green (Invitrogen) with the iCycler iQ (Bio-Rad).
Fold enrichment was quantified according to the 27247 method:
2’[(CT ChIPye — Cp input‘m‘) = (Cp ChIP¢ypol = Cp inp“tcontmll)]) where CT is
threshold cycle, C;. ChIP is the C;- value for the ChIP sample, C; input is
the C; value for the input sample, test is the primer set of interest, and
control is the internal control primer set.

Unpaired Student’s ¢ test was used to determine the levels of statistical
significance (P value).

Cell sorting. Three 14.5 dpc fetal livers were washed and resuspended
in PBS-5% heat-inactivated FBS. Cells were incubated for 30 min on ice
with rat anti-Ter119, anti-rat fluorescein isothiocyanate (FITC)-conju-
gated (BD Pharmingen), and phycoerythrin (PE)-conjugated anti-CD71
(Biolegends) and sorted by high-speed fluorescence-activated cell sorting
(FACS Vantage; Becton, Dickinson).

COS-7 and G1E-ER4 transfection. The pEGFP-N1 vector containing
the FLAG-tagged hemagglutinin (HA)-conjugated Ikaros cDNA (5) was
used to transiently transfect COS-7 cells. The pGFP-V-RS vector (Ori-
Gene) transcribing the shRNA molecule 381 or 382 (both, directed against
EZH2 RNA), MI-2-1 or MI-2-2 (against MI-2 RNA), or GFI1B-1 or
GFI1B-2 (against GFI1B) or the nonspecific ShRNA molecule shScr were
used in transient transfections of G1E-ER4 cells. Transfections were made
with Lipofectamine (Invitrogen) or with the Nucleofector apparatus
(Amaxa; kit R) according to the manufacturer’s instructions. Cells were
harvested 36 h posttransfection. Note that Ikaros was tagged with FLAG
and HA, and green fluorescent protein (GFP) is not expressed in the
pEGFP-NI1 construction containing Ikaros-HA.

RESULTS

Levels of Hes1 expression and erythroid cell differentiation. To
define the expression levels of Hes! during erythroid cell (EryC)
differentiation, we made use of fluorescence-activated cell sorting
(FACS) and isolated four populations of cells from 14.5 day post-
coitus (dpc) mouse fetal livers corresponding to different stages of
EryC maturation (53, 65). At this time of development, the mouse
fetal liver is mostly composed of EryC (>80%) (53). We selected
four populations of cells according to the expression levels of the
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FIG 3 Ikaros involvement in erythroid differentiation and Hes! regulation in
14.5 dpc fetal liver EryC. (A and B) Ik"* and Ik™" total 14.5 dpc fetal liver cells
(EryC) were subjected to a viable-cell count by trypan blue exclusion. These
results were obtained from at least 15 fetal livers of each background. Bar
graphs show the percentage of viable cells (A) or the number of viable cells (B)
per fetal liver for each background with standard deviations. *, P < 0.001
(significant differences between the values for Ik™!" and Ik™* cells according to
Student’s ¢ test). (C) Relative expression of Hesl or Hprt (negative control)
genes in Tk"' and Ik™" total 14.5 dpc fetal liver cells with standard deviations.
Relative expression was calculated according to Pfaffl (43) using Actb as the
internal control. (D) FACS dot plot representation of the four sorted popula-
tions from Ik™" fetal livers (populations are described in the legend to Fig. 1A).
(E) Percentages of cells in each sorted population of k™' and Tk™" cells. #, P <
0.05 (significant difference between the values for Ik"" and Tk™* cells accord-
ing to Student’s ¢ test).

cell surface markers CD71 (transferrin receptor; expressed on
proliferating cells) and Ter119 (erythroid cell specific) (Fig. 1A).
More than 90% of cells from the P1 population are erythroid
progenitors (65). This population contains burst-forming unit
erythroid (BFU-E) progenitors and is enriched in erythroid pro-
genitors of CFU erythroid (CFU-E) cells. P2 and P3 populations
are made up of proerythroblasts, basophilic, and chromatophilic
erythroblasts. P2 and P3 cells expressed about 15 to 20 times less
HesI than P1 cells (Fig. 1B, Ik""). Hes1 expression was about 4-fold
higher in P4 (orthochromatic erythroblasts) than P3 cells. Thus,
Hes! is transiently downregulated at the proerythroblast and
basophilic erythroblast stages of EryC differentiation.

To further define the variable HesI expression during EryC
differentiation, the model cell lines G1E-ER4 (60, 61) and mouse
erythroleukemia (MEL) cells (52) were used. These model cell
lines are well defined and recapitulate different segments of EryC
differentiation (Fig. 1C). G1E-ER4 cells are deficient for endoge-
nous GATA-1 but express an estrogen-dependent form of
GATA-1 (GATA-1 fused to estrogen receptor [GATA-1-ER] (60).
Treatment of the cells with tamoxifen induced the nuclear accu-
mulation of GATA-1-ER (26) and expression of GATA-1 target
genes (Fig. 1D and E). These changes in gene expression trigger
G1E-ER4 cell differentiation from cells resembling erythroid pro-
genitors to basophilic erythroblast-like cells (44, 60, 61, 63). MEL
cells, the second model, resemble proerythroblasts and can differ-
entiate into orthochromatic normoblasts in the presence of
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FIG 4 Ikaros and GATA-1 recruitment to the HesI promoter in EryC. (A) Schematic representation of HesI gene. Potential Ikaros (black triangles) and GATA-1
(gray triangles) binding sites, the transcription start site (arrow), the stop codon (black box), exons (E), and amplicons used for ChIP (prol, pro2, and ORF) are
indicated. (B to J) EryC were collected for ChIP and Western blot analyses, including Ik™ or k™! total fetal livers (B to D), untreated (Untr) or tamoxifen
(Tmx)-treated G1E-ER4 cells (E to G), and untreated (Untr) MEL cells or MEL cells treated with DMSO for 3 days (DMSO) (H to J). Bar graphs present the
relative recruitment of Ikaros (B, E, and H) or GATA-1 (C, F, and I) to the HesI promoter, expressed as fold enrichment with standard deviations. ChIP was
performed with anti-Tkaros (a-Tkaros) or a-GATA-1 and analyzed by qPCR. Fold enrichments were calculated with the 27227 formula, where the Thp
(Tamm-Horsfall protein) promoter was the internal control. HesI was amplified with three different primer sets as described for panel A; regions amplified for
the positive control (pos) were B-globin HS2 (a-GATA-1) and 1G enhancer of Gata2 (a-Ikaros), and the negative control (neg) was the Amy promoter. ChIP was
also performed with isotype-matched immunoglobulin G (go, goat; ra, rat) and analyzed by qPCR with pro2 primer set. ¥, P < 0.05 (significant differences
between the values for Ik™" and Ik"* cells, untreated and Tmx-treated cells, and untreated and DMSO-treated cells according to Student’s ¢ test). (D, G, and J)
Western blot analyses of GATA-1, Ikaros, and actin (control) expression in whole-cell extracts or nuclear extracts for G1E-ER4 cells using TFIID as a control (G).
The antibodies used for the immunodetections are indicated.

DMSO (Fig. 1F). EryC differentiation is promoted by the variable Perturbing Hes! expression and/or HES1 function is likely to
expression of specific genes, some of which are also regulated dur-  severely impact cellular identity, since it is central to establishing
ing MEL cell differentiation (Fig. 1G). In both models, we mea-  and maintaining a genetic network that controls cell fate. Thus, to
sured Hes] mRNA expression and found that Hesl was down- clarify the role of HES1 in EryC and to assess the potential biolog-
regulated in tamoxifen-induced G1E-ER4 cells compared to ical relevance of the increased HES1 expression observed at late
ethanol (tamoxifen diluent)-treated or uninduced cells (Fig. 1H  stages of EryC differentiation, we investigated whether reducing
and data not shown). Tamoxifen induction had no effect on HesI ~ HesI expression (Hes1*!) in MEL cells by stable expression of spe-
expression in G1E-2 cells, the GATA-null parental cell line cific shRNA could influence MEL cell functions. MEL cells were
(Fig. 1H). The expression level of HeslI is 3-fold higher in DMSO-  then stably transfected with the pLKO.1 vector coding for shRNA
treated MEL cells than in untreated MEL cells (Fig. 11). This variation ~ directed against Hes] mRNA or with that coding for a nonspecific
of Hesl expression is reminiscent of observations made at late EryC ~ shRNA (shScr). The expression of HES1 was similar in shScr and
differentiation stages in primary fetal liver EryC (Fig. 1B). wild-type cells, but little to no HESI protein was detectable by
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FIG 5 Cofactor recruitment to the HesI promoter in EryC. EryC were collected for ChIP and Western blot analyses: Ik"* or k™! total fetal livers (A, D, G, and
J), untreated (Untr) or tamoxifen (Tmx)-treated G1E-ER4 cells (B, E, H, and J), and untreated (Untr) MEL cells or MEL cells treated with DMSO for 3 days
(DMSO) (G, F, 1, and J). Bar graphs present the relative recruitment of HDACI (A to C), FOG-1 (D to F), or MI-2 (G to I) to the HesI promoter, expressed as
fold enrichment with standard deviations. ChIP was performed with anti-HDAC]I, anti-FOG-1, anti-MI-2, or isotype-matched immunoglobulin G (go, goat;
rab, rabbit) and analyzed by qPCR as described for Fig. 4. Regions amplified as positive controls (pos) were the —2.8 enhancer of Gata2 (anti-HDACI and
anti-MI-2) and B-globin HS2 (anti-FOG-1), and the negative control (neg) was the Amy promoter. ¥, P < 0.05; **, P < 0.01 (significant differences between
values for Ik™!' and Tk™ cells, untreated and Tmx-treated cells, and untreated and DMSO-treated cells according to Student’s f test). (J) Western blots of FOG-1,
MI-2, and actin (control) expression in whole-cell extracts or in nuclear extracts for G1E-ER4 cells using TFIID as a control. (K) G1E-ER4 cells were stably
transfected with vectors expressing shRNA directed against Mi-2 mRNA (shMI-2-1 or shMI-2-2) or with a nonspecific scrambled shRNA (shScr). shMI-2-1 and
shMI2-2 express, respectively, 9% and 15% of the normal MI-2 expression level in Tmx-treated G1E-ER4 cells. Relative expression of Mi-2 or Hes! in cells with
shScr, shMI-2-1, or shMI-2-2 was measured by RT-qPCR in untreated (Untr) or tamoxifen (Tmx)-treated cells. Standard deviations are indicated. The relative
expression was calculated according to Pfaffl (43) using Actb as an internal control.

Western blotting with two constructs (sh327 and sh329) (Fig. 2A).
By quantitative RT-PCR (qRT-PCR) assay, we observed a de-
crease in HesI but not Hprt (hypoxanthine guanine phosphoribo-
syl transferase) expression in Hes1*? cells with either one of these
constructions (decreased expression of 55% and 73% with sh327
and sh329, respectively) relative to control cells (shScr) (Fig. 2B).

3630 mcb.asm.org

Then, the actin gene (Actb) was used as the internal control and
Hprt expression was used as the negative control. We tested the
ability of HES1-depleted MEL cells to undergo differentiation. As
in the control cells, residual Hes! expression was upregulated in
knockdown cells after DMSO induction (Fig. 2B). We evaluated
the differentiation of MEL cells by hemoglobin staining with di-
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FIG 6 Histone posttranslational modifications and PIC assembly on the HesI promoter in EryC. EryC were collected for ChIP analysis: Ik"" or Ik™" total
fetal livers (A, D, G, and J), untreated (Untr) or tamoxifen (Tmx)-treated G1E-ER4 cells (B, E, H, and K), and untreated (Untr) MEL cells or MEL cells
treated with DMSO for 3 days (DMSO) (C, F, I, and L). Bar graphs present the relative recruitment of acetylated H3 (H3Ac) (A to C), trimethylated lysine
27 of H3 (H3K27me3) (D to F), Pol II (G to I), or TBP (] to L) to the HesI promoter, expressed as fold enrichment with standard deviations. ChIP was
performed with anti-H3Ac, anti-H3K27me3, anti-Pol II, anti-TBP, or isotype-matched immunoglobulin G (rab, rabbit) and analyzed by qPCR as

described for Fig. 4. Regions amplified for positive control (pos) were B-globin HS2 (anti-H3Ac)

, —2.8 enhancer of Gata2 (anti-H3K27Me3), and Bmaj

(anti-Pol Il and anti-TBP), and the negative control (neg) was the Amy promoter (anti-H3Ac, anti-Pol II, and anti-TBP) and Bmaj (anti-H3K27Me3). *,
P < 0.05 (significant differences between values for Ik™! and Ik"* cells, untreated and Tmx-treated cells, and untreated versus DMSO-treated cells,

according to Student’s ¢ test).

aminofluorene (DAF) or benzidine (Fig. 2C and D). Comparison
of the slopes of curves obtained by calculation of percentages of
DAF-positive cells over time after DMSO induction of MEL shSrc
versus sh327 and sh329 (Fig. 2C) suggested a more rapid differen-
tiation of MEL cells following HesI knockdown. This is supported
by the benzidine staining analysis (Fig. 2D) and by variations in
expression levels of differentiation marker genes in HesI* cells
relative to control cells (Fig. 2E). Upon DMSO induction, the
upregulation of Hba-al, Alas2, and Epor genes, three genes with
higher expression levels in differentiated EryC, was significantly
enhanced in cells deficient for HesI (Fig. 2E). Concomitantly,
Trfr2 expression, which is downregulated during EryC differenti-
ation, was further decreased in HesI*? cells (Fig. 2E). This effect of
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Hesl level is specific to differentiating EryC, since the relative ex-
pression of these genes was not affected in uninduced shHes1 ver-
sus shScr cells (Fig. 2F).

Ikaros and Hes1 gene regulation in erythroid cells. To define
the importance of Ikaros in HesI gene regulation in EryC, we
used total 14.5 dpc fetal liver cells extracted from mouse em-
bryos that do not express Ikaros (Ik™"). The absence of Ikaros
had no significant effect on EryC morphology or viability
(compared to wild-type fetal liver EryC [Ik"™']) (Fig. 3A) (5).
However, Ik™" fetal livers are smaller, most likely because of
the role of Ikaros in production of hematopoietic precursors
(Fig. 3B) (38). In Ik™! cells, we observed that Hesl expression
was increased 3-fold in total fetal liver (Fig. 3C). More pre-
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FIG 7 PRC2 influence on the HesI promoter repression in EryC. (A to D) EryC were collected for ChIP analysis: Ik"* or k™" total fetal livers (A), untreated
(Untr) or tamoxifen (Tmx)-treated G1E-ER4 cells (B and D), and untreated (Untr) MEL cells or MEL cells treated with DMSO for 3 days (DMSO) (C). Bar
graphs present the recruitment of EZH2 (A to C) or SUZ12 (D) to the Hesl promoter, expressed as fold enrichment with standard deviations. ChIP was
performed with anti-EZH2, anti-SUZ12, or isotype-matched immunoglobulin G (mo, mouse) and analyzed by qPCR as described for Fig. 4. The region
amplified as a positive control (pos) was the —2.8 enhancer of Gata2 (anti-EZH2 and anti-SUZ12), and the negative control (neg) was NM_026543 (anti-EZH2,
anti-SUZ12) (64). *, P < 0.05 (significant differences between values for Ik""" and Tk™" cells, untreated versus Tmx-treated cells, or untreated [—] and DMSO,
according to Student’s ¢ test) (E) Western blot analysis of EZH2 knockdown in G1E-ER4. The anti-EZH2 and antiactin (control) antibodies were used for
immunodetection. sh381 and sh382 are shRNAs against EZH2 mRNA; shScr is a nonspecific scrambled shRNA. (F) Relative expression of HesI in G1E-ER4 cells
with sh381, sh382, or shScr. *, P < 0.05 (significant differences between G1E-ER4 shScr Hes! expression and that of G1E-ER4 sh381 and G1E-ER4 sh382).

Standard deviations are indicated.

cisely, Hesl expression was increased in the basophilic-chro-
matophilic-orthochromatophilic erythroid populations P3
and P4 (Fig. 1B), where the number of cells was significantly
reduced in Ik®"! versus Ik"* fetal liver (Fig. 3D and E). Thus, the
absence of Ikaros leads to the abnormal upregulation of HesI
and interferes with normal terminal erythroid differentiation
at 14.5 dpc (Fig. 3C to E). Furthermore, the increased number
of cells and downregulation of HesI in the Ik™" P1 population
suggest that HES1 and Ikaros exert effects in erythroid progen-
itors opposite those of differentiated EryC (Fig. 1B and 3E).

We tested whether Ikaros directly represses Hes!I using a chro-
matin immunoprecipitation (ChIP) assay. The chromatin bind-
ing of Ikaros to the HesI promoter was detected with two inde-
pendent but partially overlapping primer sets (prol and pro2)
(Fig. 4A). In IK™ EryC, we detected a 3.5-fold enrichment of
Ikaros at the repressed Hesl promoter relative to a nontarget
promoter (Thp; negative control) (Fig. 4B). However, Ikaros
was not significantly recruited to the HesI open reading frame
(ORF). The Amy promoter was used as a negative control, and
the GATA-2 1G enhancer was used as a positive control (5) for
the Ikaros ChIP analysis. As expected, in Ik EryC an enrich-
ment value of 1 was obtained at the Hesl gene (same as ob-
served at Thp promoter) (Fig. 4B). We obtained similar results
when ChIP was performed with isotype-matched IgG, con-
firming the specificity of the antibody. Since Ikaros occupies
the HesI promoter in Ik"* EryC and HesI expression was ele-
vated in Ik"™" cells (Fig. 3C), we conclude that Ikaros directly
represses Hesl transcription in fetal liver EryC.

Ikaros facilitates GATA-1 chromatin occupancy and the sub-
sequent repression of Hesl gene. GATA-1 can coregulate genes
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with Ikaros (5), and the analysis of the HesI promoter revealed the
presence of a conserved GATA binding site ~100 bp downstream
of the Ikaros binding sites (Fig. 4A). Using the ChIP assay, we
tested whether GATA-1 occupies the HesI promoter in Ik"" fetal
liver EryC. While GATA-1 occupied the Hesl promoter in Ik""
cells, GATA-1 occupancy was significantly reduced in Ik™"" EryC
(Fig. 4C), although its protein level was maintained (Fig. 4D).
GATA-1 binding was detected at the Hesl! promoter with two
independent primer sets but not at the ORF. Since it is not active
in EryC, the Amy promoter was used as a negative control, and the
B-globin HS2 region—where GATA-1 binds chromatin in
EryC—was the positive control for the GATA-1 ChIP analysis. A
ratio of 1 was obtained when ChIP was performed with isotype-
matched IgG, confirming the specificity of the antibody. Thus,
Ikaros facilitates the binding of GATA-1 to HesI promoter chro-
matin in primary EryC.

To test whether GATA-1 mediates HesI repression, we used
G1E-ER4 cells. Ikaros protein levels and recruitment were similar
in noninduced, EtOH-treated (tamoxifen diluent), and tamox-
ifen-induced G1E-ER4 cells (Fig. 4E and data not shown) even if
Ikaros expression is slightly decreased in G1E-ER4 induced cells
(Fig. 4G). As expected, GATA-1 (GATA-1-ER) was recruited to
the Hes! promoter only in tamoxifen-induced cells (Fig. 4F).
Ikaros and GATA-1 were also detected at the repressed HesI pro-
moter in MEL cells (Fig. 2B, 4H, and 4I). The GATA-1-impaired
recruitment to the Hesl promoter in DMSO-treated cells could
not be linked to a variation in GATA-1 protein levels (Fig. 4]).
Thus, GATA-1 is not required for Ikaros occupancy at the HesI
promoter, but Ikaros favors GATA-1 occupancy at the HesI pro-
moter. GATA-1 represses Hes! transcription.
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Recruitment of a GATA-1-nucleated repressive complex to
Hes1 promoter. The histone deacetylase HDAC1 and the chro-
matin remodeling factor MI-2 can be associated with gene repres-
sion. These factors interact with Ikaros and GATA-1 directly or via
FOG-1 and with Ikaros (18, 22, 28, 47). The interaction of MI-2
with GATA-1 was shown to be indirect and occurs through
FOG-1 (18, 22, 28, 47). HDACI occupancy to the HesI promoter
was insensitive to changes in HesI expression in the three distinct
systems—fetal liver EryC, G1E-ER4, and MEL cells (Fig. 5A to C).
However, FOG-1 and MI-2 occupancy was compromised in Tk™!!
EryC as well as in DMSO-induced MEL cells, suggesting that
Ikaros and GATA-1 establish and/or maintain these factors at the
Hes1 promoter (Fig. 5D, F, G, and I). This is further supported by
the observation that the binding of GATA-1 in tamoxifen-treated
GI1E-ER4 cells favored the recruitment of FOG-1 and MI-2 (Fig.
5E and H) (mRNA ratios for tamoxifen-treated versus untreated
cells were 0.99 = 0.24, 0.53 = 0.13, 1.07 = 0.18, and 0.62 = 0.15
for Ezh2, Mi-2, Gfilb, and Suz12, respectively). FOG-1 and MI-2
protein levels are not influenced by the absence of Ikaros or
GATA-1 or by DMSO treatment (Fig. 5J).

The knockdown of MI-2 was made to define the importance of
this remodeling factor in Hesl repression in EryC. The MI-2
knockdown, obtained independently with two shRNA molecules
(shMI-2-1 and shMI-2-2), had no significant effect on the expres-
sion levels of HesI in uninduced or tamoxifen-treated G1E-ER4
cells (Fig. 5K). Similarly, MI-2 knockdown had no influence on
the expression of IKZF1 (Ikaros) or Gata-1-ER in tamoxifen-
treated GIE-ER4 cells (data not shown).

To identify the potential mechanism(s) involved in HesI re-
pression, we next investigated epigenetic and transcriptional
mechanisms operational at the Hes] promoter. Lysine 9 and 14
acetylation of H3 (H3Ac) is generally enriched at active genes. We
detected significant increases of this epigenetic mark at the HesI
promoter in k! EryC, in noninduced G1E-ER4 cells, and in
differentiated MEL cells (Fig. 6A to C). Trimethylation of H3
lysine 27 (H3K27me3) was decreased in k™" EryC and DMSO-
induced MEL cells (Fig. 6D and F). Furthermore, the analysis with
G1E-ER4 cells provided evidence that GATA-1 induces and/or
stabilizes H3K27me3 at the HesI promoter (Fig. 6E). Together,
Tkaros and GATA-1 can act on chromatin-promoter organization
as well as on transcription elongation (5, 7). Therefore, to com-
plement this chromatin analysis, we looked at the formation of the
preinitiation complex (PIC), which is composed of RNA poly-
merase II (Pol II) and general transcription factors, at the HeslI
promoter. Consistent with the higher expression levels of Hesl,
recruitment of Pol IT and TATA-binding protein (TBP) were en-
hanced in Tk™" EryC, untreated G1E-ER4 cells, and differentiated
MEL cells (Fig. 6G to L). The detection of H3Ac, Pol II, and TBP at
the repressed HesI promoter could be indicative of a mechanism
of priming of this promoter for potential activation at a later point
during EryC differentiation (6, 24, 63). However, it cannot be
excluded that these results account for a mix of active and re-
pressed Hes! alleles in the population of cells.

ChIP experiments and results obtained at HesI were validated
by the controls and IgG results (Fig. 6).

GATA-1-dependent recruitment of PRC2 to the HesI pro-
moter. The enrichment of H3K27me3 at the repressed Hes! pro-
moter (Fig. 6D to F) led us to investigate the recruitment of EZH2,
a methyltransferase of the PRC2 required for trimethylation of
H3K27 in mammalian cells. In Ik"* EryC, tamoxifen-treated G1E-
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FIG 8 Immunoprecipitations of GATA-1 and PRC2 components. Western
blot results were obtained after immunoprecipitation (IP) with the anti-EZH?2,
anti-GATA-1, or anti-IgG (isotype-matched immunoglobulin G; mo, mouse;
ra, rat). IP were made in tamoxifen (Tmx)-treated G1E-ER4 cells (A), in COS7
cells engineered to ectopically express GATA-1 protein (B), or in tamoxifen
(Tmx)-treated G1E-ER4 cells treated with ethidium bromide (EtBr), RNase I,
and DNase I (C). Protein interactions were revealed by immunodetection with
anti-EZH2, anti-GATA-1, anti-SUZ12, and anti-CKD?9. Specific bands are la-
beled and molecular masses are given on the right and left sides of panels,
respectively. The dot indicates a nonspecific band. FH-GATA-1, Flag-HA-
GATA-1 fusion protein.

ER4 cells and in uninduced MEL cells, EZH2 was recruited to the
repressed Hes] promoter (Fig. 7A to G; also, see above). In unin-
duced G1E-ER4 cells, EZH2 was not recruited to the HesI pro-
moter, and hence, H3K27me3 was absent (Fig. 6E and 7B). Simi-
larly, SUZ12, another component of PRC2, was recruited to the
Hesl promoter only in the presence of GATA-1 at HesI (Fig. 7D;
also, see above). EZH2 binding to the Hesl promoter was im-
paired in Ik EryC and was abolished in differentiated MEL cells,
i.e., when Hesl expression was increased (Fig. 7A and C). The
implication of EZH2 in HesI regulation is further supported by
the HesI gene expression analysis in G1E-ER4 cells whereby EZH2
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qPCR as described for Fig. 4. The region amplified for positive control (pos) was the Gfi1b promoter, and the negative control (neg) was the Carl promoter (48).
*, P < 0.05 (significant differences between values for Ik™" and Ik™" cells or untreated versus Tmx-treated cells according to Student’s ¢ test). (D) G1E-ER4 cells
were stably transfected with vectors expressing shRNA directed against Gfilb mRNA (shGFI1B-1 or shGFI1B-2) or with a nonspecific scrambled shRNA (shScr).
Compared with the normal Gfi1b expression levels detected in untreated or Tmx-treated G1E-ER4 cells, the expression of Gfi1b is significantly downregulated in
the shGFI1B-1 and shGFI1B-2 stable populations of G1E-ER4 cells. Relative expression of Gfi1b or Hesl in cells with shScr, shGfilb-1, or shGfilb-2 was measured
by qRT-PCR in untreated (Untr) or tamoxifen (Tmx)-treated cells. Standard deviations are indicated. Relative expression was calculated according to Pfaffl (43)

using Actb as an internal control.

is depleted by knockdown (Fig. 7E and F). In EZH2-depleted G1E-
ER4 cells, Hesl expression is maintained after tamoxifen induc-
tion, which indicates that the absence of EZH2 impairs GATA-1-
mediated HesI silencing.

EZH?2 and SUZI12 can be immunoprecipitated with GATA-1
(Fig. 8A) (64). The specificity of EZH2 IP was confirmed by
SUZ12 detection and CDK9 (positive and negative controls, re-
spectively). Since EZH2 was recruited only to the GATA-1-occupied
Hes1 promoter, we asked whether another hematopoietic factor(s) is
required for GATA-1-EZH2 interaction. Thus, we expressed
GATA-1 in nonhematopoietic COS-7 cells and conducted the IP as-
say. GATA-1-EZH?2 IP was detected in this system (Fig. 8B). To test
whether the DNA template was required for the interaction, we con-
ducted IP analysis with cell lysates treated with DNase I, RNase I, and
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ethidium bromide (47). Under these conditions, GATA-1-ER and
EZH2 immunoprecipitated together (Fig. 8C). Thus, although Ikaros
promotes the recruitment of GATA-1 and EZH2, the interaction be-
tween GATA-1 and EZH2 does not require Ikaros, the “ER section”
of GATA-1-ER, other hematopoietic factors, or DNA.

Ikaros is required for GFI1B recruitment to HesI promoter.
The transcription factor GFI1B interacts with GATA-1 and EZH2
(64). At the HesI promoter, we found two potential GFI1B DNA
binding sites. ChIP analysis revealed the enhanced recruitment of
GFI1B to the Hesl promoter chromatin in EryC, but only when
Ikaros and GATA-1 were present (Fig. 9A and B; also, see above).
An IP with anti-GFI1B was conducted in uninduced G1E-ER4,
which revealed EZH2 interaction with GFI1B in the absence of
GATA-1 (Fig. 9C). Thus, GATA-1 is required for GFI1B occu-
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FIG 10 Ikaros influence on Notchl in EryC. (A) Relative expression of Notchl
in Tk"*" versus Ik"* EryC. Standard deviations are shown. The relative expres-
sions were calculated according to Pfaffl (43), using Actb as the internal con-
trol. Hprt was the negative control. (B to D) Bar graphs of the recruitment of
Tkaros (A), Notch intracellular domain (NICD) (B), or RBPJ (D) to the Notchl
(B) or HesI (C and D) promoter, expressed as fold enrichment with standard
deviations. ChIP was performed with anti-Ikaros, anti-NICD, anti-RBPJ, or
isotype-matched immunoglobulin G (go, goat; rab, rabbit) and analyzed by
qPCR as described for Fig. 4. *, P < 0.05 (significant differences between values
for Tk™" and Ik"" cells according to Student’s ¢ test).

pancy at the HesI promoter, but the interaction between GFI1B
and EZH2 does not require GATA-1.

Since EZH2 is required for the Hesl repression described
here and GFI1B can interact with EZH2, we knocked down
GFI1B to define the influence of GFI1B on Hes! regulation in
EryC. As shown in Fig. 9D, the knockdown of GFI1B had no
significant effect on HesI expression in uninduced or tamox-
ifen-treated GIE-ER4 cells. The expression levels of IKZFI
(Ikaros) and Gata-1-ER were also not significantly influenced
by the decreased expression of GFI1B in the knockdowns (data
not shown).

Ikaros influence on the Notch pathway in erythroid cells. In-
terestingly, other genes of the Notch pathway have also been iden-
tified as GATA-1 targets in erythroid cells by genome wide analy-
ses (11,16, 54, 64). Notchl is a common target in all these studies,
and Ikaros is a regulator of Notchl in lymphoid cells (19). As can
be seen in Fig. 10A and B, Ikaros also influences the expression of
Notchl by binding its promoter in EryC. The importance of Ikaros
in Notch pathway regulation is also observed by the increased
recruitment of NICD and RBP]J to the HesI promoter in the ab-
sence of Ikaros (Fig. 10C and D). Therefore, our data suggest that
the combination of Tkaros and GATA-1 is important for the reg-
ulation of different genes of the Notch pathway in EryC.

DISCUSSION

Expression levels of HesI during erythroid cell differentiation.
The Notch pathway influences apoptosis in mouse yolk sac and
bone marrow EryC (46). It is also reported to affect EryC differ-
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entiation, although this is controversial (21, 23). Here, we provide
the evidence that the Notch target gene HesI has a dynamic regu-
lation during EryC differentiation (Fig. 11). The analysis of fetal
liver cell subpopulations corresponding to diverse stages of EryC
differentiation revealed a sharp decrease of HesI expression from
the early progenitor cells (P1) to the enriched proerythroblast
stage (P2) of differentiation (Fig. 1B). This observation was also
made in differentiating G1E-ER4 cells (Fig. 1H). However, our
results suggest that this repression is not definitive, since Hesl
expression was increased in orthochromatic erythroblasts and in
DMSO-treated MEL cells (Fig. 1B and 11). To define whether this
decrease of expression is biologically relevant in EryC, we knocked
down HesI in MEL cells. The enhanced differentiation of DMSO-
induced MEL cells in the absence of HES1 was reminiscent of
observations made in fibroblasts and in specific cancers, such as
rhabdomyosarcomas, where HES1 inhibition favors cellular dif-
ferentiation (49). In the early progenitor population of fetal liver
cells, expression levels of HES1 have the opposite effect, since it is
the enhanced expression of HESI that favors differentiation. A
differentiation stage-specific effect of HES1 could explain why op-
posite results were obtained when the HES1 influence over EryC
differentiation has been assessed in different model cell lines (21,
23). Furthermore, Notchl downregulation, which should ablate
Hes! transcription, was previously reported to impair MEL cell
differentiation (50). The apparent discrepancy between these and
our results could be attributed to one or more of the following: (i)
Notchl regulates several target genes in erythroid cells, and some
of these targets might influence MEL cells differently than HES1;
(ii) other Notch receptors, such as Notch2, are likely involved in
Hes! regulation in EryC; and (iii) Hesl is not solely regulated by
the Notch pathway. The latter possibility is highlighted in this
report, since we provide evidence that Ikaros and GATA-1 are
required for HeslI silencing at specific steps of EryC differentia-
tion.

Regulation of HesI by Ikaros and GATA-1 in erythroid cells.
GATA-1 and Ikaros were both reported to influence EryC homeo-
stasis (17, 38,42, 45, 51, 55, 56, 59, 62). GATA-1 regulates a num-
ber of genes in EryC; however, to date only a few Ikaros-regulated
genes have been identified in these cells (3, 5, 45). While an ex-
pression array revealed that the absence of Ikaros causes variable
expression of different genes controlling apoptosis in EryC (45),
the precise effect of Tkaros on erythroid gene regulation has been
studied mainly at the B-globin locus (3, 5, 7). Ikaros can physically
interact with GATA-1, whereupon these proteins promote silenc-
ing of y-globin genes in a developmental-stage-specific manner in
EryC (5, 7). The combinatorial effect of Tkaros and GATA-1 is also
implicated in silencing of the Gata2 general promoter in EryC (5,
7). Observations made at the y-globin and Gata2 general promot-
ers led us to propose that when implicated in silencing, Ikaros and
GATA-1 nucleate a repressive complex (5).

Our present data demonstrate that GATA-1 and Ikaros are
both required for HesI regulation in EryC. Ikaros is directly re-
cruited to the Hesl promoter, and HesI expression is significantly
increased in the absence of Tkaros. This is reminiscent of observa-
tions made in lymphoid cells, where Ikaros is a dominant repres-
sor of HesI (9). Whether or not Ikaros repression of Hes! in EryC
prevails over Notch activation is unknown; however, the results
presented here indicate that Ikaros facilitates GATA-1 and FOG-1
binding to the HesI promoter and that in the absence of GATA-1,
Ikaros is not sufficient to repress HesI.
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FIG 11 Model showing the influence of Ikaros and GATA-1 on the Notch pathway during differentiation in erythroid cells. (A) Ikaros is recruited to HesI, where
it facilitates GATA-1 chromatin binding. GATA-1 then promotes the recruitment of different factors and complexes with the capacity to repress gene transcrip-
tion and, hence, represses the HesI gene. Ikaros, GATA-1, and EZH2 are required for HesI repression. (B) The recruitment of Ikaros and GATA-1 interferes with
the recruitment of RBPJ and the Notch-activating complex (NAC) to the HesI promoter (Fig. 10). The repression of NotchI by Ikaros leads to a decreased level
of NICD, a critical component of the NAC released upon cleavages of the Notch receptor after binding of a Notch ligand (Fig. 10). Since HESI interferes with
GATA-1 activity in the nucleus (23), the repression of Notchl and HesI by Ikaros and GATA-1 favors a high concentration of free GATA-1 that can bind to its

target genes.

The mechanism behind the decreased GATA-1 recruitment
and subsequent alleviation of Hesl repression in differentiated
MEL cells as well as in the P4 population of fetal liver cells is
unknown. Since it is not likely due to a decreased expression of
GATA-1 (Fig. 4]), it could be related to posttranslational modifi-
cations of GATA-1 and/or Ikaros acting on their interaction or on
GATA-1 recruitment to chromatin at Hes1. Nonetheless, it cannot
be excluded that another mechanism, perhaps another transcrip-
tion factor, could affect the GATA-1 binding to HesI chromatin at
late stages of EryC differentiation.

MI-2 is primarily associated with transcriptional repression,
but when associated with GATA-1 and FOG-1, as it was deter-
mined to be at Hesl, it can be linked to either gene activation or
repression (32). No significant variation in HesI expression was
detected when MI-2 was knocked down in G1E-ER4 cells (Fig.
5K). The enrichment of H3K27me3 at the repressed Hesl pro-
moter prompted us to investigate the possible recruitment of
EZH2 and PRC2. We found that PRC2 subunits EZH2 and SUZ12
are also recruited in a GATA-1-dependent manner to the re-
pressed HesI promoter in EryC. Furthermore, since GATA-1 and
GFI1B can interact and colocalize with EZH?2 at different regions
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of the genome (64), we found that GFI1B binds the repressed Hes!
promoter in the presence of GATA-1 in induced G1E-ER4. GFI1B
frequently promotes the recruitment of the histone H3K4 de-
methylase LSD1 (48). The slight decrease of H3K4me3 at Hesl
when GFI1B is recruited (data not shown) could be an indirect
consequence of LSD1 demethylase activity on H3K4me2 and
H3K4mel (1). However, the knockdown of GFI1B or MI-2 did
not significantly affect HesI expression in G1E-ER4 cells, which
may be related to a redundancy in repressive components at the
Hes1 promoter in these cells. In principle, MI-2 and GFI1B might
play a more significant role in HesI expression at other stages of
differentiation and/or in other hematopoietic cells. Thus, we show
for the first time that GATA-1 is required for the recruitment of
the PRC2 subunits EZH2 and SUZ12 as well as GFI1B to a specific
promoter (Hes!I). The implication of PRC2 in HesI regulation is
supported by the increased level of H3K27me3 at silenced HesI
promoters and by the increased expression of HesI when EZH?2 is
knocked down.

Based on our results, we propose a model whereby Ikaros fa-
cilitates GATA-1 and FOG-1 recruitment, which in turn promote
the recruitment of potential repressive factors, including MI-2/
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NuRD, GFI1B, and PRC2 (Fig. 11). Since the decreased expression
of EZH2 significantly affected the expression level of HesI, our
results support a model whereby EZH2 and PRC2 are critical for
the transient repression of HesI during EryC differentiation. Con-
sequently, GATA-1 is central to HesI repression in EryC. Addi-
tionally, results presented in Fig. 10 suggest that, as in lymphoid
cells (19), Ikaros is implicated in repression of the NotchI gene in
EryC. Since GATA-1 can bind the NotchI locus (16), Ikaros and
GATA-1 are likely to influence multiple genes along the Notch
pathway. Although the possibility that a variation of Notch ex-
pression induced by Ikaros could also exert an indirect effect on
Hesl expression cannot be excluded, our results undoubtedly
demonstrate the direct recruitment of Ikaros and GATA-1 to and
their influence on HesI gene regulation in EryC.

HESI1 can interfere with the capacity of GATA-1 to regulate
gene expression (23). Thus, the dynamic regulation of HesI dur-
ing EryC differentiation and especially the repression of HesI by
GATA-1 in proerythroblast populations are apparently required
for terminal differentiation of EryC. This is further supported by
previous studies indicating a requirement for GATA-1 at this stage
of EryC differentiation (17, 41). The interplay between HES1 and
GATA-1 permits the regulation of both factors, providing a mech-
anism influencing EryC differentiation.

In summary, our results reveal a noncanonical mechanism of
Hes1 regulation in EryC whereby the facilitated GATA-1 binding
to chromatin at the HesI promoter induces the recruitment of
FOG-1, GFI1B, the nucleosome remodeling ATPase MI-2, and
Polycomb repressive complex 2 (PRC2) and consequently the si-
lencing of HesI. Such HesI repression occurs at a critical stage of
EryC differentiation when high levels of GATA-1 expression are
required. Key factors implicated in this newly identified GATA-1-
dependent mechanism, including Ikaros, GATA-1, HESI, and
EZH2, were reported to be mutated or to exhibit altered expres-
sion in different hematological malignancies, including leukemia (2,
27, 31, 35-37). Further investigations will be needed to define
whether the mutation or altered expression of these factors can col-
laborate to promote hematological malignancies and, in particular,
myeloproliferative neoplasms and myelodysplastic syndromes with
marked erythroid dysplasia, or even erythroleukemia.
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