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HEMATOPOIESIS AND STEM CELLS

RUNXT1 represses the erythroid gene expression program during
megakaryocytic differentiation
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The activity of antagonizing transcription factors represents a mechanistic paradigm of
bidirectional lineage—fate control during hematopoiesis. At the megakaryocytic/erythroid

* RUNX1 inhibits erythroid
differentiation by downregulation
of the erythroid gene expression
program.

¢ RUNX1 can act as an
activator and repressor during
megakaryocytic differentiation
and counteracts the activity of
TALA1.

bifurcation, the crossantagonism of krueppel-like factor 1 (KLF1) and friend leukemia
integration 1 (FLI1) has such a decisive role. However, how this antagonism is resolved
during lineage specification is poorly understood. We found that runt-related transcrip-
tion factor 1 (RUNX1) inhibits erythroid differentiation of murine megakaryocytic/erythroid
progenitors and primary human CD34* progenitor cells. We show that RUNX1 represses the
erythroid gene expression program during megakaryocytic differentiation by epigenetic
repression of the erythroid master regulator KLF1. RUNX1 binding to the KLF1 locus is in-
creased during megakaryocytic differentiation and counterbalances the activating role
of T-cell acute lymphocytic leukemia 1 (TAL1). We found that corepressor recruitment by
RUNX1 contributes to a block of the KLF1-dependent erythroid gene expression program.
Our data indicate that the repressive function of RUNX1 influences the balance between
erythroid and megakaryocytic differentiation by shifting the balance between KLF1 and FLI1 in the direction of FLI1. Taken together, we
show that RUNX1 is a key player within a network of transcription factors that represses the erythroid gene expression program. (Blood.

2015;125(23):3570-3579)

Introduction

The hematopoietic system is in a constant process of cell proliferation,
differentiation, and cell death. Progenitor cells produced by hemato-
poietic stem cells undergo a hierarchical progression in which the self-
renewal capability is lost and a specific lineage determination is
adopted.'" In this process, genes important for stem cell functions
are downregulated and the expression of genes important for dif-
ferentiation and cell type—specific functions is upregulated. Transcrip-
tion factors initiate and maintain cell-specific expression by binding
to regulatory sequences of target genes and by recruitment of gene-
regulative complexes with DNA- and histone-modifying activity.
These epigenetic modifications reorganize the chromatin locally and
genome-wide to sustain a cell type—specific gene expression pattem.“'6

Antagonizing transcription factors play an important role in the
establishment of cell type—specific gene expression programs during
hematopoietic differentiation.” At the megakaryocytic/erythroid bi-
furcation, the crossantagonism of the transcription factors krueppel-like
factor 1 (KLF1) and friend leukemia integration 1 (FLI1) plays such
a decisive role.*® However, the mechanism of how this antagonism

is resolved is poorly understood. During differentiation of common
megakaryocyte/erythroid progenitor cells (MEPs)'® toward the mega-
karyocytic or erythroid lineage, one gene expression program is
initiated at the expense of the other. Interestingly, some transcription
factors are required for the establishment of both lineages, such as
T-cell acute lymphocytic leukemia 1 (TAL1).'"'® Other transcrip-
tion factors play a major role in further specification, either toward an
erythroid fate, such as KLF1, or toward megakaryopoiesis, such as
FLII and runt-related transcription factor 1 (RUNX1).%!%1920 1y
particular, KLF1 supports erythroid gene expression.'>*'>* KLF]
expression is high in MEPs and in the erythroid lineage but is
downregulated during rnegakalryopoiesis.8 The mechanisms by which
KLF1 is downmodulated during megakaryocytic differentiation is
poorly understood.

The transcription factors TAL1 and RUNX1 are both expressed in
MEPs. Whereas TALI expression is maintained in both lineages,
RUNXI expression is lost during erythroid differentiation.>>” Here,
we show that RUNX1 plays a central role during lineage fate decision at
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the megakaryocyte/erythroid branching point. We demonstrate that
RUNXI1 and TALI interact on the promoter of the erythroid master
regulator KLF1. RUNX1 binding to the KLFI promoter increases
during megakaryocytic differentiation, resulting in corepressor re-
cruitment and an increase of repressive histone marks. In this way,
RUNXI epigenetically represses KLFI and shifts the KLF1:FLI1
ratio toward FLI1. As a consequence, the erythroid gene expression
program is downregulated and the megakaryocytic differentiation
program is determined.

Methods

ChIP assays

Chromatin immunoprecipitation (ChIP) assays were performed according to the
X-ChIP protocol (Abcam), with modifications.”®?° Sequences of primer pairs
used for ChIP—polymerase chain reaction (PCR) are available upon request.
DNA recovery was calculated as percentage of the input. All ChIP values
were confirmed with at least 2 independent chromatin preparations and nor-
malized using values from a histone H3 ChIP. Antibodies used for ChIP are
given in supplemental Figure 11, available on the Blood Web site.

Luciferase reporter assay

The 5'-promoter regions of KLF1 were introduced into the pGLA luciferase
vector (Invitrogen). Luciferase reporter gene assays were performed in a 24-well
format; 500 ng of total DNA were transfected per well (Metafectene; Biontex
Laboratories, Martinsried, Germany). A vector for (3-galactosidase expression
was cotransfected for normalization of luciferase values. Luciferase values were
gathered 2 days after transfection by preparing a total cell extract with luciferase
lysis buffer (50 mM Tris—hydrochloric acid, pH 7.5; 150 mM sodium chloride;
and 1% nonyl phenoxypolyethoxylethanol) and by measuring luciferase activity
using a plate reader.

Interaction assays

Glutathione S-transferase (GST) pulldown assays were performed as described
previously.*® Coimmunoprecipitation from K562 cells and transfected HEK293
cells and purification of TAL1 complexes for mass spectrometry were performed
similarly as previously described »° (see also supplemental Figure 5).

Gene expression analysis

Quantitative PCR was performed on a LightCycler 480 (Roche, Mannheim,
Germany) using SYBR-Green chemistry (PCR-MasterMix; Eurogentec, Liege,
Belgium). PCR values were normalized against glyceraldehyde-3-phosphate
dehydrogenase expression. Primer sequences are available upon request.
At least 4 determinations were performed; error bars represent the standard
deviation. Sequences of short hairpin (sh)RNAs are given in supplemental
Figure 1.

Cell culture

K562 cells were grown in RPMI 1640 with 10% fetal calf serum, 2 mM
glutamine, and 1% penicillin/streptomycin. For megakaryocyte differentiation,
K562 cells were treated with 30 nM 12-O-tetradecanoylphorbol-13-acetate
(TPA). Human primary CD34 % cells from granulocyte—colony-stimulating
factor—mobilized apheresis samples from healthy volunteer donors were
provided by the German Red Cross Blood Donor Service, Frankfurt, Germany,
with written informed consent and approval by the Ethics Committee (permit
#329-10). CD34™" cells were prepared and transduced as described previoulsy.?
Transduced cells were sorted with the help of their green fluorescent protein
signal and seeded on methylcellulose plates for colony-forming unit (CFU)
assay according to the manufacturer’s instructions (Miltenyi Biotec). Testing
of differentiation in liquid culture is described in supplemental Figure 2.
Megakaryocytic or erythroid differentiation of cells was performed as
described previoulsy.?®!
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MEP CFU assay

Murine MEPs were prospectively isolated from the bone marrow of 3-month-
old C57BL/6 mice by fluorescence-activated cell sorting (FACS) using
aFACSAria Il as described previously.*>** Briefly, lineage marker—positive
cells were depleted using the biotin Selection Kit (STEMCELL Technolo-
gies), and cells were stained with fluorescent antibodies (see supplemental
Figure 11). Sorted living MEPs were counted by trypan blue exclusion,
seeded in 96-well plates, and transduced with lentivirus particles at a
multiplicity of infection of 100. Twenty-four hours later, cells were harvested
and seeded in M3434 methylcellulose medium supplemented with 100 ng/mL
of mouse thrombopoietin (PeproTech). Transduced colonies were scored after
8 days using an inverse fluorescence microscope.

FACS

For expression analysis on overexpression of transcription factors, we used
lentiviral transduction. The vectors contained either a green fluorescent
protein expression cassette (SEW or SIEW)** or a red fluorescence protein
(LEGOIT2).*® Single- or double-transduced K562 cells were grown for 6
days, sorted according to their fluorescence signals, and cultured for 1 day.
Subsequently, RNA was prepared and gene expression analysis was per-
formed. Reagents for cell surface marker analysis are given in supplemental
Figure 11.

Results
RUNX1 inhibits erythroid differentiation

To examine the influence of RUNX1 upon megakaryocytic and ery-
throid differentiation, we manipulated the amount of RUNX1 in MEPs.
Sorted MEPs were transduced with a RUNXI expression vector, and
a CFU assay was performed (Figure 1A). RUNXI expression mark-
edly decreased the number of erythroid colonies (Figure 1B) and in-
creased the number of megakaryocytic colonies with more than 10 cells
(Figure 1C). The number of smaller megakaryocytic colonies remained
unchanged (supplemental Figure 2). A DNA binding—deficient RUNX1
mutant®® had no effect on differentiation (Figure 1B-C; supplemental
Figures 1 and 2).

To validate the negative effect of RUNX1 on erythroid differen-
tiation in human cells, we ectopically expressed RUNX1 in primary
human CD34™ progenitor (hCD34 ") cells. Transduced cells were
subjected to a CFU assay. RUNX1 expression strikingly reduced the
number of erythroid colonies (Figure 1D). The negative influence on
erythroid differentiation was also detected by counting the number of
heme-containing cells from the CFU assay using benzidine staining
(Figure 1E). In addition to the CFU assay, we maintained transduced
RUNXI-expressing cells in liquid culture using supplements that allow
for limited erythroid differentiation (supplemental Figure 2). Sub-
sequently, we analyzed expression of the erythroid surface markers
glycophorin A (GYPA) and CD71 (transferrin receptor). Expression
of RUNXI reduced the frequency of GYPA-positive cells (Figure 1F)
and CD71 surface expression (supplemental Figure 2). Furthermore,
expression of RUNX1 in K562 erythroleukemia cells led to a marked
reduction in GYPA expression levels (Figure 1G) and CD71 expression
levels (supplemental Figures 1, 2, and 10). Subsequently, we reduced
RUNXI expression in hCD34 ™ cells by shRNA-mediated knockdown
(Figure 1H; supplemental Figure 1). RUNX1 knockdown led to an
increased number of erythroid colonies compared to cells transduced
with vector expressing an unrelated shRNA (Figure 11). This enhanced
erythroid differentiation was also detected by counting the number of
benzidine-positive cells (Figure 1J).
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Taken together, in addition to the positive influence of RUNX1 on
megakaryopoiesis, our data suggest a so-far-unappreciated negative
role of RUNX1 in erythroid differentiation.

The erythroid master regulator KLF1 is a RUNX1 target gene

To investigate the mechanism by which RUNX1 influences erythroid
differentiation, we analyzed the expression of important genes at the
megakaryocytic/erythroid branching point (Figure 2A-C; supplemental
Figure 3). We found that the important regulator of erythroid gene
expression, TALI, is upregulated during differentiation of primary
hCD34" cells toward the megakaryocytic or erythroid lineage com-
pared to undifferentiated hCD34 " cells (Figure 2A-B). RUNXI is
reduced on erythroid differentiation of hCD34™ cells (Figure 2A).
Inversely, expression of the erythroid master regulator KLF] was
upregulated during erythroid differentiation but downregulated during
megakaryocytic differentiation (Figure 2A-B). Similar results were
obtained with K562 cells, which express some erythroid marker genes
such as GYPA but can be differentiated toward the megakaryocytic
lineage (K562-M). When we induced megakaryocytic differentiation
of K562 cells, we detected concurrent upregulation of RUNX! and
downregulation of KLFI (Figure 2C). Therefore, we investigated
whether RUNXT is connected to KLFI expression. We found that over-
expression of RUNX1 leads to decreased KLFI expression, and knock-
down of RUNX1 increased KLF'I expression (Figure 2D).
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MEPs Figure 1. RUNX1 inhibits erythroid differentiation.
(A) Scheme of murine MEP preparation. MEPs were
harvested from bone marrow of adult mice and purified
by FACS. Colonies from transduced cells (Venus™*) were
analyzed 8 days after seeding. N = 3 independent ex-
periments. (B) RUNX1 decreases erythroid differentiation
of MEPs. The frequency of erythroid colonies was de-
creased upon wild-type RUNX1 but not upon RUNX1mut
expression. (C) RUNX1 enhances megakaryocytic
(mega.) differentiation of MEPs. The frequency of mega-
karyocytic colonies was increased upon RUNX1 expres-
sion, whereas RUNX1mut did not show this effect. Colonies
with more than 10 cells were included. (D) CFU assay
with hCD34" cells transduced with a RUNX1 expression
vector. Sorted (green fluorescent protein—positive) cells
were subjected to a CFU assay. The relative frequency of
erythroid colonies was decreased on RUNX1 expression
compared with the control. N = 4 independent experi-
ments. (E) The percentage of benzidine-positive (heme-
expressing) cells was determined using resuspended
cells from the CFU assay. (F) RUNX1 inhibits erythroid
differentiation of hCD34" cells in suspension culture.
hCD34" cells were transduced with an empty vector or
a RUNXT expression vector. Cells were kept in suspen-
sion culture under conditions that allow erythroid differ-
entiation. Erythroid surface markers were measured by
FACS. The percentage of cells expressing the erythroid
surface marker GYPA was reduced in RUNX1-expressing
hCD34 cells. (G) RUNX1 expression in K562 cells reduces
cell surface expression of GYPA. Shown is the median
CD34 fluorescence intensity (MFI) of GYPA-allophycocyanin
staining in control cells and K562 cells transduced with
RUNX1. (H) Knockdown of RUNX1 in hCD34" cells
using 2 different shRNAs reduced the RUNX1 mRNA
amount. (I) RUNX1 knockdown led to an increased
number of erythroid colonies in a CFU assay. (J) The
knockdown led to an increased number of (heme-
expressing) benzidine-positive cells. For RUNX1 knock-
down, 2 different shRNAs were used, which were in
distinct vector backbones. Control vectors expressed
a nontargeting shRNA. The P values were calculated
using Student t test. *P < .05; **P < .01; ***P < .001.
mRNA, messenger RNA; RUNX1mut, DNA binding—
deficient RUNX1 mutant.

TALLI is known as a positive regulator of the erythroid gene
expression program and of erythroid differentiation.'®”*® In agree-
ment with this notion, we found that knockdown of TAL1 by shRNA
reduced KLF I expression (Figure 2E) and that overexpression of TAL1
increased KLFI expression in K562 cells (Figure 2F). GYPA responded
to changes in TAL1 expression in a similar fashion (Figure 2E-F).

Guided by published ChIP-sequencing data sets**** (supple-
mental Figure 3), we found TAL1 and RUNXI1 on the KLFI pro-
moter by ChIP (Figure 2G). We found potential binding sites for
TALI1, GATAI1, and RUNXI1 in the KLFI promoter (Figure 2H;
supplemental Figure 4). The KLFI promoter constructs —1031 and
—633 displayed a promoter activity ~150-fold greater than the
empty vector in K562 cells. A —349 promoter construct, which lacks
a combined E-box/GATA1 motif and a predicted RUNXI site,
displayed a reduced promoter activity (Figure 2I).

Cotransfection of RUNX1 with the —1031 or —633 KLFI
promoter constructs reduced activity of the KLFI promoter; this
reduction was not seen with the RUNX1 DNA-binding mutant
(Figure 2J; supplemental Figure 1). Deletion of the E-box/GATA1
site and the potential RUNX1 binding site of the KLFI promoter
attenuated the repressive effect of RUNX1 (Figure 2H,]J).

Taken together, we found that increased RUNXI1 levels led to
a downregulation of KLFI expression, and we detected RUNX1 and
TAL1 binding to the KLF'1 promoter. These data point toward a direct
role of RUNX1 and TAL1 in the regulation of KLF1.
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Figure 2. Expression of RUNX1, TAL1, and KLF1. A
Expression of TAL1, RUNX1, and KLF1 on erythroid or
megakaryocytic differentiation of hCD34" hematopoi-
etic progenitor cells. Human expanded CD34" cells g
were differentiated toward erythrocytes (CD34-E) $
(A) or megakaryocytes (CD34-M) (B). Shown is the a
relative mRNA expression compared with control cells. a‘)
2
K
o

ion

(C) Expression of TAL1, RUNX1, and KLF1 upon mega-
karyocytic differentiation of K562 cells. (D) Overex-
pression of RUNX1 in K562 cells reduces KLF1
expression compared to the empty vector control.
RUNX1 knockdown using 2 different shRNAs in-
creased KLF1 expression. (E) TAL1 knockdown by
shRNA in K562 cells reduces KLF1 and GYPA mRNA
expression. TAL1 was knocked down with 2 different E
shRNAs. The western blot shows the decreased TAL1
protein amount. Lamin was used as a loading control.

(F) TAL1 overexpression in K562 cells increases KLF1

and GYPA mRNA expression. (G) KLF1 is a direct
target gene of TAL1 and RUNX1. ChIP in K562 cells

with antibodies against TAL1 (top) and RUNX1 (bot-

tom) shows binding of the transcription factors to the
KLF1 promoter but not to a control region. (H) Sche-
matic representation of the KLF1 promoter region.
Predicted binding sites for RUNX1, TAL1 (E-box), and
GATA are shown. Deletion constructs for promoter
analysis are displayed. The arrows mark the transcrip-
tional start site. (I) The activity of the KLF1 promoter
deletion constructs in K562 cells is shown as fold
change related to the empty luciferase vector. (J) KLF1 H
promoter assay reveals inhibitory effect of RUNX1 on

the activity of KLF1 promoter luciferase constructs
—1031 and —633 but not —349. RUNX1mut did not -1031
influence promoter activity. Normalized luciferase val-
ues are shown in fold change related to the promoter
construct without RUNX1 transfection. Error bars rep-
resent the standard deviation from at least 4 determi-
nations. lg, immunoglobulin.
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Interaction of RUNX1 and TAL1

Our data show that KLF1 is a direct target gene of RUNX1 and TAL1.
By quantitative mass spectrometry (MS)-based analysis of the TAL1
interactome using SILAC (stable isotope labeling by amino acids
in cell culture), we identified RUNX1 and its cofactor core binding
factor 3 as TAL1 interaction partners (Figure 3A; supplemental Figure 5;
supplemental Interactome TALI1 data). Figure 3B shows an MS
spectrum of a RUNX1 peptide, which demonstrates an enrichment of
RUNXI1 in its heavy SILAC state. Tandem MS spectra of a peptide
derived from RUNX1 and TAL1 and of the unspecific background
protein RL36L with no enrichment are shown in supplemental
Figures 6 and 7.

We confirmed the interaction between TAL1 and RUNX1 by
coimmunoprecipitation using K562 cells at the endogenous levels
(Figure 3C) and also in transfected HEK-293 cells (Figure 3D).
Additionally, RUNX1 and TALI interacted in a GST pulldown with

full-length GST-TALI and in vitro translated **S-labeled RUNX1
(Figure 3E). The amino acids between 160 and 251 of TALI1 dis-
played the strongest interaction with full-length RUNX1 (Figure 3F).
Inversely, a C-terminal construct of RUNX1 from amino acids 177 to
453 was sufficient for interaction, whereas the N-terminus from amino
acids 1 to 177 or a C-terminal construct from amino acids 300 to 453 did
not interact with TAL1 (Figure 3G; supplemental Figure 8). These data
show that RUNX1 and TALI interact. We could also demonstrate that
the proteins colocalize at the KLF1 promoter by sequential ChIP assay
(ChIP-ReChlIP) in K562 cells (Figure 3H). Taken together, these data
indicate that RUNX1 and TALI1 interact with defined protein moieties
(Figure 31) and are functionally connected at the KLFI promoter.

Corepressor recruitment to the KLF1 promoter

The erythroid master regulator KLF] is downregulated upon induction
toward megakaryocytic differentiation. On the KLFI promoter

%20z KB 61 U0 3sanb Aq ypd 0.G€/LL6.8€1/0LSEIET/ST L /PA-al0IE/POOIq/ABU"SUONEDIIgNdYSE//:dlY WOy papeojumog



3574  KUVARDINA et al

A

v1)
b
c
b=
e}

BioTag
afffinity purification
of Tal1 interaction partners

\J

SILAC based ms
identification/quantification

TAL1

79537 T
=3

[o:]

[e)]

Intensity 10e5
A
Y

a0
=
A333miz
<
ASLNHSTAFNPQPQSQMQDTR,,
78203

ASLNHSTAFNPQPQSQMQDTR,

BLOOD, 4 JUNE 2015 - VOLUME 125, NUMBER 23

Figure 3. Interaction of RUNX1 and TAL1. Affinity
purification of bio-tagged TAL1 reveals TAL1 interac-
tion with RUNX1. (A) Experimental flow scheme. Bio-
tagged TAL1 and bound interaction partners were
affinity purified and identified by SILAC-based MS
analysis. RUNX1 and the RUNX1 heterodimerization
partner core binding factor  (CBFbeta) were identified
as part of the TAL1 interactome. (B) MS-spectrum of
the “heavy” SILAC-labeled triply charged peptide
ASLNHSTAFNPQPSQMQDTR10 (m/z = 795.37) de-
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rived from RUNX1; the “light” version of that peptide
(ASLNHSTAFNPQPSQMQDTR; m/z = 792.03) showed
at least a 10-fold decreased intensity. (C) Interaction of
endogenous RUNX1 with TAL1. TAL1 was immunopre-
cipitated from K562 cell lysates with an anti-TAL1 anti-
‘?"Q. body (IP). Coprecipitated RUNX1 was visualized with an
anti-RUNX1 antibody (ColP). (D) Coimmunoprecipitation
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(Figure 4A), we could detect TAL1 binding close to the trans-
criptional start site (P1) but not to an upstream region (P2) (Figure 4B).
TAL1 binding was reduced upon megakaryocytic differentiation
(Figure 4B, K562-M). RUNXI1 binding, however, was detectable at
the promoter region to some degree, and this binding of RUNX1
was increased upon megakaryocytic differentiation (Figure 4C).
Furthermore, we found that binding of GATA1, which is often
associated with activating TAL1 complexes,'” is reduced upon mega-
karyocytic differentiation (Figure 4D). In agreement with our pre-
vious finding that RUNXI1 can be in a repressive complex with the
protein arginine methyltransferase 6 (PRMTG6),%® we observed that
PRMT6 binding increased at the KLF I promoter concomitant to the
enhanced RUNXI1 occupancy (Figure 4E). However, occupancy of
WDRS, a member of the mixed lineage leukemia complex, and the
histone lysine acetyltransferase p300 decreased upon megakaryocytic
differentiation (Figure 4F-G). Simultaneously, the repressive H3R2me2a
mark, which is triggered by PRMT6, increased (Figure 4H) and the
activating mark H3K4me3 was decreased (Figure 4I). The change
from an active chromatin environment to a repressive state during
megakaryocytic differentiation was also characterized by dimin-
ished H3K9ac and H3K18ac (Figure 4J-K). These data suggest that
the repressive function of RUNX1 is connected with the recruitment
of PRMT6 and the subsequent methylation of H3R2, which re-
presses H3K4me3.*' In line with this notion, we detected increased
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RUNX1. (G) Mapping of the interaction domain of RUNX1
with TAL1 using different recombinant GST-RUNX1 de-
letion constructs and °S-labeled full-length TAL1. (H)
ChIP-ReChIP shows coocupancy of TAL1 with RUNX1
at the KLF1 promoter. ChIP-ReChlIP was performed with
the sequential use of the given antibodies. Semiquanti-
tative ChIP-PCR was performed with a primer pair close
to the KLF1 transcription start site with 40 PCR cycles.
() Schematic representation of TAL1 and RUNX1. The
regions involved in the interaction are marked. AD, acti-
vation domain; bHLH, basic helix loop helix; RHD, runt
domain.
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RUNX1/PRMT6 cooccupancy at the KLFI promoter upon mega-
karyocytic differentiation by ChIP-ReChlIP (Figure 4L) when KLF1
expression is downregulated (Figure 2C). This finding indicates that
the RUNX1- and PRMT6-containing complexes change during dif-
ferentiation. This idea is further supported by the observation that
the size distribution of RUNX1- and PRMT6-containing complexes
changes after TPA treatment (supplemental Figure 9). Moreover,
RUNXI1 knockdown leads to a decrease of PRMT6 occupancy on the
KLF1 promoter (supplemental Figure 9).

Subsequently, we analyzed transcription factor occupancy during
megakaryocytic differentiation of primary hCD34 ™ cells. We detected
TAL1 at the KLFI promoter before and after megakaryocytic induction
(Figure 5A). Similarly to observations in K562 cells, RUNX1 bind-
ing was increased upon megakaryocytic differentiation (Figure 5B),
and GATAL1 binding was decreased (Figure 5C). We also observed in-
creased PRMT6 binding, decreased WDRS binding, and increased
EZH2 occupancy upon differentiation (Figure 5D-F). EZH2 is a member
of the polycomb complex, which can be associated with RUNX1
and triggers the repressive H3K27me3 mark.**** Concomitant to the
change of cofactor binding, the corresponding histone modification
marks were altered, in that H3R2me2a was increased, H3K4me3
was decreased, and the repressive H3K27me3 mark increased
(Figure 5G-I). In line with a repressor role of RUNX1 upon mega-
karyocytic differentiation of hCD34 ™" cells, we detected an increased
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Figure 4. Increased RUNX1 binding to the KLF1
promoter correlates with repression. (A) Schematic
representation of the KLF1 promoter region. The posi-

KLF1 locus
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expression of KLFI upon RUNX1 knockdown in hCD34* differ-
entiated toward megakaryocytic cells (Figure 5J).

Taken together, increased RUNX1 binding to the KLFI promoter
during megakaryocytic differentiation was associated with corepressor
recruitment and an increase of repressive histone marks.

RUNX1 acts through KLF1 on erythroid gene expression

Enhanced RUNX1 binding to the KLFI promoter during megakaryo-
cytic differentiation contributes to the downregulation of KLF1 ex-
pression. This decrease of KLFI expression could contribute to the
diminished expression of erythroid KLF1 target genes such as GYPA
and the Globin genes. To investigate this further, we monitored the
expression changes during megakaryocytic differentiation. We found
that the expression of TALI was slightly upregulated after 6 hours of
megakaryocytic induction (Figure 6A). Contrary to this finding, KLFI
expression rapidly diminished upon TPA treatment (Figure 6A). RUNX1
expression was already increased after 6 hours of induction (Figure 6B).
Concomitantly, the expression of the erythroid differentiation markers
GYPA and a-Globin also decreased (Figure 6C). In line with the idea
that the reduced KLFI expression could have an effect on erythroid
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gene expression, we detected decreased KLF1 binding at the promot-
ers of GYPA (Figure 6D) and the Globin hypersensitive site 2, which
regulates B-Globin expression** upon megakaryocytic differentia-
tion (Figure 6E). When we overexpressed RUNX1, a decrease of KLF]
expression was observed, whereas TAL1 activated KLFI (Figure 2D-F).
Similarly, expression of RUNX1 decreased expression of the KLF1
target gene GYPA (Figure 6F). GYPA expression was augmented when
we expressed TAL1 with RUNX1 (Figure 6F; supplemental Figure 10).
This finding is in line with the notion that the balance of RUNX1 and
TAL1 function is important for the control of KLFI expression and
downstream erythroid genes such as GYPA.

To determine whether the repressive influence of RUNX1 on
erythroid gene expression is indeed mediated through reduction of
KLF1 expression, we performed arescue experiment with KLF1. For
this experiment, we coexpressed RUNX1 with KLF1 in K562 cells
and measured GYPA, B-Globin, and a-Globin expression in the
cotransduced cells. Expression of RUNX1 alone led to downregulation
of GYPA (Figure 6G), B-Globin (Figure 6H), and a-Globin (Figure 6I).
KLF1 expression alone did not influence GYPA or B-Globin ex-
pression, but a-Globin expression was increased (Figure 6G-I).
When we coexpressed RUNX1 with KLF1, the expression level of
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GYPA reached the control level (Figure 6G), and the B-Globin level
was increased (Figure 6H). The expression of a-Globin upon co-
expression of RUNX1 with KLF1 was induced to about half the
value gained with KLF1 alone (Figure 6I). These data indicate that
the expression of KLF1 can rescue the repressive effect of RUNX1
overexpression on erythroid genes.

Discussion

In this study, we show that RUNX1 is a central player within a network
of transcription factors that controls lineage decision at the MEP
branching point. Enhanced RUNX1 occupancy at the KLFI locus
contributes to the downregulation of KLFI during megakaryocytic
differentiation. In this way, RUNX1 supports megakaryocyte differ-
entiation by inhibiting erythroid differentiation through controlling the
KLF1/FLI1 crossantagonism (Figure 7).

Hematopoietic lineage decisions include bipotential branching
points at which divergent differentiation routes can be taken.” Tran-
scription factors play a decisive role in the process of lineage com-
mitment; they are responsible for the initiation and maintenance
of lineage-specific gene expression and for the effective suppression
of the competing gene expression program. The outcome at a dif-
ferentiation branching point is influenced by the crossantagonism of
specific pairs of transcription factors such as PU.1 and GATAL at the
myeloid/megakaryocyte—erythroid pathway.*>*%

Similar to the GATA1/PU.1 lineage—fate paradigm, the tran-
scription factors KLF1 and FLI1 control megakaryocytic/erythroid
branching. KLF1 is an important activator of erythroid genes and,
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Figure 5. Occupancy of the KLF1 promoter during
megakaryocytic differentiation of hCD34" cells.
Binding of transcription factors and histone modifica-
tions at KLF1 promoter were determined before (CD34)
" and after megakaryocytic differentiation (CD34-M) by
05 ChlIP. (A) TAL1 binding remained similar upon megakar-
yocytic differentiation. (B) RUNX1 binding was increased
after megakaryocytic differentiation. (C) GATA1 binding
was decreased upon megakaryocytic differentiation.
(D) PRMT6 binding was increased after megakaryo-
cytic differentiation. (E) WDRS5 binding was decreased
on megakaryocytic differentiation. (F) EZH2 binding
was increased after megakaryocytic differentiation. (G)
H3R2me2 was increased upon megakaryocytic differ-
entiation. (H) H3K4me3 was decreased after mega-
karyocytic differentiation. (I) H3K27me3 was decreased
upon megakaryocytic differentiation. (J) Knockdown of
RUNX1 by 2 different shRNAs in CD34-M cells increased
KLF1 mRNA amount. Quantitative PCR values of ChIP
experiments are shown as percentage input. Values
gathered for histone H3 modifications were normalized
with a ChlP against unmodified histone H3. The P values
were calculated using Student ttest. *P < .05; **P < .01;
***P < .001.
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simultaneously, KLF1 expression inhibits the expression of mega-
karyocytic FLII target genes. The crossantagonism at the level of
target gene regulation between FLI1 and KLF1 involves protein-
protein interaction of the transcription factors. Furthermore, KLF1
and FLII might regulate each other at the expression level %17
However, the mechanism by which KLFI and FLII expression is
balanced in MEPs and how the KLF1/FLI1 antagonism is resolved
during megakaryocytic differentiation have remained largely un-
known. We now show that KLF'] expression is regulated by the tran-
scription factors TAL1 and RUNX1. Whereas TAL1 is an activator
of KLFI in erythrocytic cells, RUNX1 represses KLF1 expression
in megakaryocytes. TAL1 is coexpressed with RUNX1 in MEPs
and during megakaryopoiesis and has been shown to positively
regulate erythroid genes.'® However, TAL1 can also act as a repres-
sor in conjunction with Sin3a and ETO2 during megakaryocytic/
erythroid differentiation.**->"!

Our data imply that RUNXT1 acts with TAL1 on KLF I expression
in MEPs and maintains expression of KLF at alow level (Figure 7A).
Upon megakaryocytic differentiation, RUNX1 increases and acts as a
transcriptional repressor on the KLFI promoter. We propose that this
negative influence of RUNX1 on KLF1 expression shifts the balance
between KLF1 and FLI1 toward FLI1. As a consequence, the erythroid
gene expression program is shut down and megakaryocytic genes are
upregulated (Figure 7B). This novel finding that RUNX1 can act as
a repressor of erythroid differentiation is in line with the observation
that RUNXI expression is downregulated during erythroid differenti-
ation.”” Notably, overexpression of KLF1 can rescue the repressive
function of RUNX1 on erythroid genes such as GYPA and o/B-Globin.
Thus, we propose that RUNX1 impairs erythroid differentiation via
its influence on KLF'1 (Figure 7). These observations put RUNX1
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Figure 6. RUNX1, TAL1, and KLF1 are connected in erythroid gene expression
control. (A-C) Expression of TAL1, KLF1, RUNX1, GYPA, and «-Globin was deter-
mined at the mRNA level at the given time points upon TPA-induced megakaryocytic
differentiation of K562 cells. (D) Binding of KLF1 to the GYPA promoter was reduced
upon megakaryocytic differentiation of K562 cells. (E) Binding of KLF1 to the regulatory
hypersensitive site 2 (HS2) of the Globin locus was reduced upon megakaryocytic
differentiation of K562 cells. (F) Coexpression of TAL1 with RUNX1 rescued GYPA
expression in wild-type K562 cells measured by FACS. (G-I) Coexpression of KLF1 with
RUNX1 rescued expression of GYPA, B-Globin, and «-Globin expression in wild-type
K562 cells. The P values were calculated using Student t test. *P < .05; **P < .01;
*»**P < .001.

and TAL1 at the center of a multicomponent transcriptional gene reg-
ulatory network that controls gene expression at the MEP branching
point. The proposition of a central role of RUNX1 and TALI is
reinforced by the observation that their target genes significantly
overlap.#052

Increased RUNX1 occupancy to the KLF1 promoter during mega-
karyopoiesis was accompanied with an increase of PRMT6 binding
and increased repressive H3R2me2a, which is triggered by PRMT6.
Concomitantly, the active H3K4me3 mark decreased at the KLF
promoter. This observation is in line with our own as well as published
findings that H3R2me2a inhibits the H3K4me3 mark.*'"*5¢ As a
consequence of corepressor recruitment by RUNXT, a repressive chro-
matin environment is established at the KLF'I promoter, leading to
suppression of erythroid differentiation. These observations propose
pharmacologic inhibition of PRMT6 as an approach to promote
erythroid differentiation.

Recently, we found that RUNX recruits a gene-activating complex
to megakaryocytic target genes such as CD4/ during megakaryocytic
differentiation.?®*' This finding suggests that RUNX 1 is an activator of
megakaryocytic genes and a repressor of the erythroid gene expression
program during megakaryocytic differentiation (Figure 7). Interest-
ingly, a similar function has been demonstrated for KLF1, which
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activates erythroid genes while repressing megakaryocytic genes.
Similarly, the activator of myeloid gene expression PU.1 represses
the core erythroid transcription factor network formed by TALI1,
GATA1, and KLF1.'® These observations strengthen the notion that
not only the activation of a specific gene expression program but also
the repression of inappropriate expression programs is actively
pursued.

Ectopic expression of transcription factors can instruct the
differentiation of distinct lineages and initiate differentiation even
across lineage borders.>”>° In the myeloid lineage, a limited number
of transcription factors orchestrate myeloid differentiation.®® How-
ever, it remains controversial whether transcription factors execute
an extrinsic stimulus or independently contribute to lineage choice
in vivo.” Our observation that RUNX1 can act as an activator and
a repressor raises the important question of how it is decided
whether an activating or repressing RUNX1 complex is assembled.
This decision may be influenced at several levels, such as the
promoter context and the relative amount of a given transcription
factor in the cells. However, most importantly, the posttranslational
modification state of the involved transcription factors may play
a role. Our observation that RUNX1 can be present in 2 distinct
complexes in the same cell type®® argues for the presence of 2
or multiple modification states of RUNX1 within a single cell.
Signaling-induced modifications could shift the function of RUNX1
by regulating protein-protein interactions, as was demonstrated
for the interaction of RUNX1 with FLIl,f’] or by the interaction of
RUNX1 with the corepressor Sin3a.°> RUNX1 can be modified by
several posttranslational modifications, such as phosphorylation,
acetylation, and methylation.®® Recently, the phosphorylation
of RUNX1 by Src-kinase was linked to the activity of RUNX1 in
megakaryocytes.* For future work, it would be gratifying to de-
cipher the interdependency of posttranslational modifications of

erythroid genes \ / megakaryocytic

e.g. Globin, GYPA g KLF1 genes e.g. CD41

B Megakaryopoiesis
TAL1—[RUNX1|
NN\

— KLF1 meg akaryocst

genes e
i1

Figure 7. Model of gene expression control by RUNX1 and TAL1 in MEPs and
megakaryocytes centered on KLF1. (A) In MEPs, the expression of KLF1 is
controlled by TAL1 and RUNX1. TAL1 has an activating role on KLF1 expression
and on other erythroid genes such as the Globin genes and GYPA. In MEPs, TAL1 in
conjunction with RUNX1 keeps KLF1 at a low level of expression. In MEPs, RUNX1
contributes to the intermediate epigenetic state of megakaryocytic genes such as
CD41; as a consequence, they are expressed at a low level.?® (B) In megakaryocytic
cells, RUNX1 contributes to the repression of KLF1 expression. Simultaneously,
RUNX1 activates megakaryocytic genes such as CD41. The activating role of KLF1
and TAL1 on erythroid genes is diminished, and the erythroid gene expression
program is downregulated.

erythroid genes
e.g. Globin, GYPA
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transcription factors, which add another layer of regulation to the
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language of histone modifications.
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