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The transcription factor RUNX-1 plays a key role in megakaryocyte differentiation and is mutated in cases
of myelodysplastic syndrome and leukemia. In this study, we purified RUNX-1-containing multiprotein com-
plexes from phorbol ester-induced L8057 murine megakaryoblastic cells and identified the ets transcription
factor FLI-1 as a novel in vivo-associated factor. The interaction occurs via direct protein-protein interactions
and results in synergistic transcriptional activation of the c-mpl promoter. Interestingly, the interaction fails
to occur in uninduced cells. Gel filtration chromatography confirms the differentiation-dependent binding and
shows that it correlates with the assembly of a complex also containing the key megakaryocyte transcription
factors GATA-1 and Friend of GATA-1 (FOG-1). Phosphorylation analysis of FLI-1 with uninduced versus
induced L8057 cells suggests the loss of phosphorylation at serine 10 in the induced state. Substitution of Ser10
with the phosphorylation mimic aspartic acid selectively impairs RUNX-1 binding, abrogates transcriptional
synergy with RUNX-1, and dominantly inhibits primary fetal liver megakaryocyte differentiation in vitro.
Conversely, substitution with alanine, which blocks phosphorylation, augments differentiation of primary
megakaryocytes. We propose that dephosphorylation of FLI-1 is a key event in the transcriptional regulation
of megakaryocyte maturation. These findings have implications for other cell types where interactions between

runx and ets family proteins occur.

Over the past 2 decades, a number of transcription factors/
cofactors have been identified that play essential roles in
megakaryocytic differentiation. These include GATA-1 (46,
57), GATA-2 (4), Friend of GATA-1 (FOG-1) (55), NF-E2
p45 (47), mafG and mafK (39), SCL/Tall (30), GABP«a (41),
FLI-1 (17, 49), ZBP-89 (62), and RUNX-1 (14, 18). Yet, how
these transcription factors act together to coordinate termi-
nal megakaryocytic maturation remains incompletely under-
stood. Moreover, there is increasing evidence that terminal
megakaryocyte maturation is coordinated with localization at
vascular sinusoidal niches within the bone marrow (1, 21, 26).
How signaling events related to these spatial cues, as well as
more-traditional cytokine-mediated transduction pathways, in-
tersect with these key megakaryocyte transcriptional regulators
also remains unclear.

The transcription factor RUNX-1 belongs to a family of
proteins that share a conserved 128-amino-acid runt homology
domain, which mediates DNA binding and interaction with the
cofactor CBF-B (for a review, see reference 20). RUNX-1"/~
mice die between embryonic day 12.5 (E12.5) and E13.5 due to
central nervous system hemorrhage and failure of all definitive
hematopoiesis (38, 59). The latter cause of death is due to a
defect in the emergence of hematopoietic stem cells from the
aorta-gonadal-mesonephros region during embryogenesis (31,
34, 64). Conditional knockout studies of mice demonstrate a
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specific role for RUNX-1 in megakaryocyte differentiation
during adult stages of hematopoiesis (14, 18). RUNX-1-defi-
cient megakaryocytes have hypolobulated nuclei, underdevel-
oped cytoplasm, low DNA ploidy, and enhanced replating ac-
tivity in semisolid medium culture assays. Haploinsufficiency of
CBF-B also perturbs megakaryopoiesis in mice (54). These
findings indicate that RUNX-1/CBF-B is required for terminal
megakaryocyte maturation.

Germ line mutations in RUNX-1 cause familial platelet dis-
order with the propensity to develop acute myelogenous leu-
kemia (FPD/AML), a rare autosomal dominant disorder char-
acterized by quantitative and qualitative platelet defects and a
high incidence of developing myelodysplastic syndrome
(MDS) and leukemia (40, 48). Acquired monoallelic RUNX-1
mutations occur in about 15% of cases of de novo MDS,
particularly those that progress to AML (5, 16, 32). Biallelic
mutations have been identified in a subset of FAB M0 AMLs
(44). Although many of the mutations in these disorders occur
within the runt domain and affect DNA and/or CBF-$ binding,
other mutations occur outside of these regions and have in-
completely understood mechanistic effects.

In this study, we purified RUNX-1-containing multiprotein
complexes from 12-O-tetradecanoylphorbol-13-acetate (TPA)-in-
duced L8057 murine megakaryoblastic cells in order to further
understand RUNX-1 activity during megakaryopoiesis and to po-
tentially gain insight into how some RUNX-1 mutations may
contribute to MDS and AML. We identify the ets transcription
factor FLI-1 as a novel direct RUNX-1 binding partner and show
that it synergizes with RUNX-1 in megakaryocyte gene transcrip-
tional reporter assays. We show that the interaction depends in
part on the dephosphorylation of serine 10 in FLI-1, which occurs
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during megakaryocyte terminal maturation. Perturbation of
RUNX-1-FLI-1 interactions by mutation of serine 10 to the
phosphomimetic residue aspartic acid impairs differentiation of
primary murine megakaryocytes in a dominant-negative fashion.
We also show that two MDS-associated RUNX-1 mutations re-
sult in a loss of FLI-1 interaction. Collectively, these findings
indicate that physical interaction between RUNX-1 and FLI-1,
regulated in part by phosphorylation of FLI-1 Serl0, plays an
important role in normal megakaryocyte terminal maturation.
Dysregulation of this interaction may contribute to impaired he-
matopoiesis in some cases of myelodysplastic syndrome.

MATERIALS AND METHODS

Plasmid construction. The generation of the pEFbir4-V5-His and pEF-
FLAG-Biotag vectors has previously been described (62). The cDNA encoding
murine RUNX-1 (isoform 3; NM_001111023.1), excluding the start ATG, was
cloned in-frame into the pEF-FLAG-Biotag vector to generate an amino-termi-
nal FLAG-birA recognition motif fusion molecule. For generation of the gluta-
thione S-transferase (GST) fusion proteins, full-length cDNAs encoding murine
FLI-1 and RUNX-1, or sequences encoding the runt domain of Runx-1 alone,
were cloned into the pGEX-5x1 vector (GE Healthcare). cDNAs encoding
murine full-length RUNX-1, the runt domain of RUNX-1, FLI-1, and CBF-B
were cloned into pGADT?7 vector (Clontech) for in vitro transcription/transla-
tion assays. For coimmunoprecipitation (co-IP) experiments, the cDNA for mu-
rine GATA-1 was cloned into the pEF-FLAGpgkpuropA vector, and the cDNA
for RUNX-1 was cloned into pEF-V5-His vector (Invitrogen). The cDNA for
murine FLI-1 was cloned into both expression vectors. For the murine c-mpl
promoter reporter construct, —1,992 bp upstream of the transcriptional start site
of murine c-mpl gene was cloned into the firefly vector pGL4.10 (Promega). For
retroviral expression, the cDNA encoding murine FLI-1 was cloned into MSCV-
IRES-hCD4 vector (63).

Cell culture and transfection. Cells were cultured in 5% CO, at 37°C in a
humidified tissue culture incubator. All tissue culture medium was supplemented
with 100 U/ml of penicillin-streptomycin and 2 mM L-glutamine. L8057 cells were
cultured as previously described (19) and induced to differentiate with 50 nM tet-
radecanoyl phorbol acetate (TPA) (Sigma) for 3 days. The generation of L8057 cells
stably expressing bird and FLAG-biotin-tagged RUNX-1 (FFAG-Bio RUNX-1) fol-
lowed the procedures described previously (62). 293T cells, PLAT-E cells, and
primary fetal liver cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (heat inactivated).
COS-7 cells were cultured in low-glucose DMEM supplemented with 10% fetal calf
serum (heat inactivated). 293T cells, COS-7 cells, and PLAT-E cells were transfected
using FuGene 6 reagent (Roche), according to the manufacturer’s instructions.

RUNX-1 multiprotein complex purification and proteomic analysis. The
methods for purification of biotinylated transcriptional factor complexes and
mass spectrometry (MS) of associated proteins were performed as described
previously (62). Briefly, L8057 clones stably expressing birA and FLAG-biotin-
tagged RUNX-1, or birA alone, were induced with TPA (50 nM) for 3 days.
Crude nuclear extracts were prepared and dialyzed into BC139K buffer, centri-
fuged, and precleared with agarose beads. The FLAG-biotin-tagged RUNX-1
complexes were immunoprecipitated first using anti-FLAG M2 agarose beads
(Sigma). The beads and bound material were washed with BC139K buffer and
eluted by four successive incubations with excess FLAG peptide (0.1 mg/ml)
(Sigma). The eluted material was then incubated with streptavidin (SA) agarose
beads (Invitrogen), washed, and centrifuged. The pellet was boiled with sodium
dodecyl sulfate (SDS) sample buffer and loaded onto a 10% SDS-polyacrylamide
gel electrophoresis (PAGE) gel. After being stained with colloidal Coomassie
blue (Invitrogen), the lanes were divided into three sections and cut into ~1-mm
cubes. The samples were washed, dehydrated with acetonitrile, dried, rehy-
drated, and digested with sequencing-grade trypsin (Promega). Peptides were
extracted and separated on a nanoscale reverse-phase high-performance liquid
chromatography capillary column. As each peptide was eluted, they were sub-
jected to electrospray ionization and fed into an LTQ linear ion trap MS
(Thermo Scientific). Eluting peptides were detected, isolated, and fragmented to
produce a tandem mass spectrum of specific fragment ions for each peptide.
Peptide sequences (and hence protein identity) were determined by matching
protein or translated nucleotide databases with the acquired fragmentation pat-
tern by using the software program SEQUEST (Thermo Scientific) (11).

Co-IP assays. Several different co-IP assays were performed in this study, as
follows. (i) Endogenous RUNX-1 or FLI-1 pulldown assays were performed with
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anti-RUNX-1 antibody (H-65; Santa Cruz) or anti-FLI-1 antibody (C-19; Santa
Cruz) using the Pierce ProFound co-IP kit by following the manual instructions,
except that IP buffer (150 mM NaCl, 20 mM Tris-HCI [pH 7.5], 0.1% NP-40, 1
mM EDTA, 10% [vol/vol] glycerol, 1:1,000 dilution of protease inhibitor cocktail
[P8340; Sigma], and 1 mM dithiothreitol) was used instead of coupling buffer for
the co-IP. (ii) Small-scale tandem FLAG-SA purification of RUNX-1 was per-
formed as described above, except DNase I (1 pwg/ml), RNase A (1 pg/ml), and
ethidium bromide (50 pg/ml) were added to the nuclear extract before and
during the pulldown experiment. (iii) COS-7 or 293T cells were transiently
cotransfected with plasmids expressing either FLAG- or V5-tagged protein con-
structs using FuGene6 (Roche) transfection reagents.

GST pulldown experiments. GST, GST-FLI-1, GST-RUNX-1, or GST-runt
constructs were transformed into BL21 competent cells. Positive colonies were
grown in LB medium until reaching an optical density at 600 nm reading of up
to 0.6 and then induced with 500 uM IPTG (isopropyl-B-p-thiogalactopyrano-
side) at 20°C for 2 h. Cell pellets were snap-frozen in liquid nitrogen and stored
overnight at —80°C. Cells pellets were then resuspended in HEMGT-150 buffer
(150 mM KCI, 25 mM HEPES [pH 7.9], 0.1 mM EDTA, 12.5 mM MgCl,, 10%
glycerol, 0.1% Tween 20) with a 1:100 dilution of protease inhibitor cocktail
(Sigma) and 100 wg/ml lysozyme (Amersham Biosciences), incubated on ice for
30 min, and sonicated three times for 30 s each using 60% duty at power lever 4
with an ultrasonic processor (W-380; Heat Systems Ultrasonics). A sample of the
supernatant was examined by SDS-PAGE and stained with colloidal Coomassie
blue along with serial dilutions of bovine serum albumin. In vitro translation of
FLI-1, RUNX-1, runt domain of RUNX-1, or CBF-B with [**S]methionine
incorporation was performed by following the manufacturer’s instructions (TNT
coupled reticulocyte lysate systems; Promega). One microgram of GST or GST
fusion protein and 15 pl of 33S-labeled FLI-1, RUNX-1, runt, or CBF-B were
incubated in HEMGT-150 buffer on a rotating wheel overnight at 4°C. Gluta-
thione Sepharose 4B beads (GE Healthcare) were added and incubated for an
additional 3 h at 4°C on a rotating wheel. The beads were washed four times with
HEMGT-150 buffer for 15 min each, boiled in SDS sample buffer, and loaded
onto an SDS-PAGE gel. The gels were then stained with colloidal Coomassie
blue, dried in a gel drier (Bio-Rad), and exposed with Kodak BioMax MS film.

Sephacryl S-400 gel filtration chromatography and 2-D gel electrophoresis.
Crude nuclear extracts were prepared from uninduced or induced (with 50 nM
TPA for 3 days) L8057 cells. Sephacryl S-400 gel filtration chromatography
assays were performed as previously described (62). Fractions containing the
large or small FLI-1 complexes were pooled separately. The proteins were
concentrated and prepared for two-dimensional (2-D) gel electrophoresis using
the ReadyPrep cleanup kit (Bio-Rad). Samples were incubated with 11-cm IPG
strips (pH 3 to 10) overnight at room temperature. Isoelectric focusing was
performed according to the manufacturer’s instructions. Focused samples were
separated in a second dimension by SDS-PAGE on a 4 to 20% gradient acryl-
amide gel. Western blot analysis of the 2-D gel was then performed using
anti-FLI-1 antibodies (C-19; Santa Cruz).

Posttranslational modification analysis. For posttranslational modification
analysis, endogenous native FLI-1 protein from both induced and uninduced
L8057 cells was immunopurified using anti-FLI-1 antibody (C-19; Santa Cruz)
coupled to CNBr-activated Sepharose beads (Amersham Biosciences). Alterna-
tively, SA affinity purification of biotinylated RUNX-1 from induced BBR cells
was performed to enrich RUNX-1-associated FLI-1. Eluted material was sepa-
rated by SDS-PAGE (Criterion XT precast gel; Bio-Rad) and stained with
colloidal Coomassie blue. Selected bands around 50 kDa were excised, in-gel
digested with trypsin, and analyzed for posttranslational modification by MS. In
brief, the digestions were analyzed by on-line microscale capillary reversed-phase
high-performance liquid chromatography hyphenated to a linear ion trap MS
(LTQ; Thermo Scientific). Samples were loaded onto an in-house-packed
100-pm (inside diameter) by 15-cm C;g column (5-wm and 100-A Magic Cg;
Michrom Bioresources) and separated at approximately 500 nl/min, with 30-min
linear gradients from 5 to 40% acetonitrile in 0.4% formic acid. After each survey
spectrum, the six most intense ions per cycle were selected for fragmentation/
sequencing. All MS datasets were searched against a combined International
Protein Index mouse protein sequence database using the Mascot search engine
(version 2.1.04; Matrix Science).

Luciferase reporter assays. The luciferase reporter assay system (Promega)
was used in this study. In brief, luc2-c-mpl was cotransfected with RUNX-1/
CBF-B, FLI-1, and/or GATA-1/FOG-1 expression constructs into COS-7 cells
using FuGene 6 reagent by following the manufacturer’s instructions. After 48 h,
cell lysates were prepared, and firefly luciferase activity was measured with a
luminometer (Thermo LabSystems). A total of 20 wl of pooled cell lysates from
the same transfection group were boiled with SDS sample buffer and separated
by SDS-PAGE. After electrophoresis and membrane transfer, Western blotting
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was performed with anti-FLAG-horseradish peroxidase (HRP) antibody (Sigma)
(for FLAG-tagged CBF-B, FLI-1, GATA-1, and FOG-1) or anti-V5-HRP (for
V5-tagged RUNX-1) antibody (Invitrogen).

ChIP assays. Primary murine fetal liver cells were harvested from E13.5
C57BL/6 mouse embryos and cultured in the presence of 1% thrombopoietin
(TPO) conditional medium (56) for 4 days, and mature megakaryocytes were
enriched by the discontinuous bovine serum albumin density gradient, as previ-
ously described (7). Murine L8057 megakaryoblastic cells were induced with 50
nM TPA for 3 days. GATA-1 antibody (N-6), Fli-1 antibody (c-19), normal rabbit
serum, and normal rat serum were purchased from Santa Cruz, and Runx-1
antibody (catalog no. 39000) was purchased from Active Motif. Chromatin im-
munoprecipitation (ChIP) was performed as previously described, with modifi-
cations (65). Dynabeads protein A (100.02D; Invitrogen) was used instead of
Sepharose protein A beads. For GATA-1 ChIP, beads were incubated with
rabbit anti-rat immunoglobulin G(H+L) [IgG(H+L)] (Jackson Research Lab-
oratories, Inc.) before incubation with the antibody. Antibodies were incubated
with beads for 3 h before being incubated with sonicated chromatin overnight,
and two washes with 0.25 M LiCl were added before the washes with Tris-EDTA.
Precipitated DNA was quantified using real-time PCR and a QuantiTect SYBR
green PCR kit (Qiagen) on an iCycler system (Bio-Rad). The level of enrichment
relative to a negative control region located 7.5 kb upstream of the c-mpl
promoter transcriptional start site was calculated using the threshold cycle
method (61). The PCR primer sequences are as follows: c-mpl, 5'-CTG CCA
ACA GAA GGC TCA TG-3' (forward) and 5'-CTG TCA GAT ACA GCC
CCA CGT-3' (reverse); GPIIb, 5'-ACC CCT CTG CCC AGT ATT GA-3'
(forward) and 5'-AAT GCT GTG ATG TGG CCA AG-3' (reverse); and Up-
stream (—7.5 kb), 5'-GAACTCCAGTTCCGGAGGAT-3' (forward) and 5'-GT
GTGCCCTTGAGTCCTTGT-3' (reverse).

Retroviral infection of primary megakaryocytes. E13.5 fetal livers from
C57BL/6 mice were harvested. Single-cell suspensions were cultured in DMEM
containing 10% fetal calf serum (heat inactivated) and 1% TPO- and 1% Kit
ligand-conditioned medium for 24 h. The medium containing fresh retrovirus
particles with MIhCD4, MIhCD4-FLI-1, MIhCD4-FLI-1 S10A, or MIhCD4-
FLI-1 S10D packaged in PLAT-E cells was placed into RetroNectin (Takara,
Japan)-precoated plates, according to the manufacturer’s instructions. Primary
fetal liver cells were transferred to the plate and centrifuged at 600 X g for 90 min
at room temperature in the presence of 6 mg/ml Polybrene (Sigma). A second
infection was performed 24 h later. After 2 days, primary fetal liver cells were
placed back in culture with DMEM containing 10% fetal calf serum and 1%
TPO-conditioned medium for an additional 12 days. Medium was changed every
3 days. Cells were then stained with CD41-fluorescein isothiocyanate (BD Phar-
mingen), CD42b-PE (Emfret), human CD4 (hCD4)-biotin, and SA-allophyco-
cyanin (BD Pharmingen) antibody. CD41"/CD42b™ cells from the hCD4* cell
populations were evaluated by a FACSCalibur flow cytometer (BD Biosciences).
All experiments involving mice were approved by the Animal Care and Use
Committees at Children’s Hospital Boston.

RESULTS

RUNX-1 multiprotein complex purification from megakaryo-
cytic cells. The murine megakaryoblastic cell line L8057 was
chosen as a source of material because it can be expanded to a
large cell number and can be chemically induced to differen-
tiate using TPA (19). Metabolic biotin tagging of RUNX-1 was
utilized to facilitate multiprotein complex purification via SA
affinity chromatography (6, 62). Clonal L8057 cell lines were
generated that stably express the bacterial biotin ligase birA
alone or birA and a recombinant form of RUNX-1 (murine
isoform 3) containing a 23-amino-acid birA recognition motif
fused to its amino terminus. A FLAG epitope tag was placed
amino terminally to the bir4 recognition motif to allow for
tandem affinity purification (Fig. 1A). A clone was chosen that
expresses the recombinant RUNX-1 at levels similar to that of
endogenous RUNX-1 isoform 3, as shown by Western blot
analysis using an anti-RUNX-1 antibody (Fig. 1A, left). (Note
that the recombinant protein migrates just slightly slower than
the endogenous protein [upper endogenous band] in this
Western blot.) Stripping this blot and reprobing it with SA-
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conjugated HRP reveals in vivo biotinylation of the recombi-
nant RUNX-1 in the experimental, but not control (bir4
alone), cells (Fig. 1A, right).

Tandem anti-FLAG immunoaffinity and SA affinity purifi-
cation of crude nuclear extracts from TPA-induced cells was
performed, and the copurified proteins were separated by
SDS-PAGE (Fig. 1B and C). Proteins from the entire lane
were digested in situ with trypsin and identified by microcap-
illary liquid chromatography-tandem mass spectrometry (LC—
MS-MS) using the SEQUEST database search algorithm. Pro-
teins also identified in samples from control cells (expressing birA
alone) were considered nonspecific interactions. Results from five
independent experiments are shown in Table 1. In addition to
RUNX-1 and its previously reported interacting partners, CBF-B
(37, 60), GATA-1 (10, 58), Sin3A (28), PRMT1 (66), and PML
(33), we reproducibly and specifically isolated multiple peptides
corresponding to the ets family transcription factor FLI-1 (see
Fig. S1 in the supplemental material for identified peptides).
Experimental variation in the number of peptides obtained for
each of these proteins likely reflects differences in the amount of
input material used, purification strategy, and sampling issues
related to the LC—MS-MS analysis.

Validation of RUNX-1-FLI-1 interactions and mapping of
binding domains. FLI-1 was first identified as the product of a
gene activated by Friend viral complex insertion in murine
erythroleukemia cells (2). It plays essential roles in megakaryo-
poiesis and vasculogenesis during normal development in mice
(17, 49). Haploinsufficiency of FLI-1 causes macrothrombocy-
topenia in patients with Paris-Trousseau or Jacobsen syn-
drome, a constitutional 1123 deletion disorder (17, 45). FLI-1
physically interacts with GATA-1 and acts synergistically with
GATA-1 and FOG-1 to activate megakaryocyte-specific genes,
such as allb (9, 61).

Western blot analysis of the FLAG-Bi° RUNX-1 single SA or
tandem FLAG-SA affinity copurified proteins was first per-
formed to validate the MS findings. As shown in Fig. 2A, a
band at the expected molecular mass for FLI-1 (~51 kDa) was
observed from the experimental cells but not from control cells
expressing the empty FLAG-biotinylation vector, confirming
the MS results. Co-IP of endogenous proteins in induced
L8057 cells using anti-RUNX-1 (Fig. 2B) or anti-FLI-1 (Fig.
2C), but not control IgG, as the immunoprecipitating antibody
confirmed physical association of the native proteins. Treat-
ment of the extracts with DNase, RNase, and ethidium bro-
mide (50 pg/ml) (25) or the use of a non-DNA binding
RUNX-1 mutant protein (RUNX-1%744) (53) failed to dis-
rupt binding (see Fig. 5A), suggesting that the interaction
occurs via protein-protein contacts rather than through possi-
ble DNA or RNA-linked intermediates. In order to test for
direct protein-protein interactions, GST pulldown experiments
were performed on recombinant proteins produced in bacte-
rial cells or by in vitro transcription and translation in the
presence of [**S]methionine. As shown in Fig. 2D, **S-labeled
FLI-1 binds to GST-RUNX-1, and **S-labeled RUNX-1 binds
to GST-FLI-1, but neither binds to GST beads alone. The
RUNX-1 runt domain by itself fails to appreciably interact with
FLI-1 in these assays, although it binds to the control CBF-B,
demonstrating specificity of the experimental system. It also
suggests that the FLI-1-interacting region of RUNX-1 lies out-
side of the runt domain.



4106 HUANG ET AL.

A

SGLNDIFEAQIEIEWHEGAPSSR

MoL. CELL. BIOL.

B

RUNX-1 |

©>
@

Murine L8057 Cells

A

FLAG Bio

~1x 10" cells

biotinylated 3 day TPA induction

~ RUNX-1

+ o]
/7 \
FLAG
bir A + + +
FLAG-BiORUN)(_l —_ + -
kDa 70- recombinant
50 ’ =
- :| endogenous .
35-
WB: o-RUNX-1 SA-HRP
C bir A bird 4
kDa Control FLAG-BioRUNx_l
250 —
160 —
105 —
75—
<«—RUNX-1
50—

o

Nuclear Extract

L
o »O

Biotin-FLAG a-FLAG-Agarose
OO FLAG Peptide
O Elutions

Biotin-FLAG

@ Heat Denature

1D SDS-PAGE

Streptavidin-Agarose

FIG. 1. RUNX-1 multiprotein complex purification from induced murine megakaryoblastic L8057 cells. (A) Metabolic biotin tagging of
RUNX-1 in L8057 cells. Schematic diagram (top) shows coexpression of bir4 and biotin-tagged RUNX-1 in L8057 cells. The biotin acceptor lysine
is indicated by an asterisk. A FLAG epitope tag is included amino terminally to the bir4 recognition motif. Western blot (WB) analysis of nuclear
extracts from stable L8057 clonal lines expressing bir4 alone or bir4 and recombinant-tagged RUNX-1 using anti-RUNX-1 antibody (bottom left)
and SA-conjugated HRP (SA-HRP) (bottom right). Two endogenous RUNX-1 isoforms are indicated, with the larger corresponding to murine
isoform 3. Recombinant RUNX-1 is indicated running slightly slower than endogenous isoform 3. (B) Schematic diagram showing anti-FLAG-SA
tandem affinity purification of F-ASBieRUNX-1-containing complexes. a-FLAG-agarose, anti-FLAG-agarose. (C) Colloidal Coomassie blue-
stained SDS-PAGE gel of purified material from representative tandem affinity purification.

More-detailed interaction domain mapping was performed
by co-IP experiments using epitope-tagged proteins expressed
in 293T cells (Fig. 3). For FLI-1, a region encompassing the
ETS DNA binding domain region (amino acids 281 to 361) is
sufficient and necessary for its interaction with RUNX-1, al-
though some residues in the carboxy-terminal region (amino
acids 361 to 452) contribute to binding. For RUNX-1, regions
carboxy terminal to the runt domain that include the negative
regulatory DNA binding domain (amino acids 179 to 291) or
activation domain (amino acids 292 to 370) are sufficient for
interaction with FLI-1. The inputs for some of the smaller
constructs in both cases were not visualized by Western blot-
ting. This may reflect loss of the protein from the bottom of the
gel or poor retention in the nitrocellose due to their small size.
However, this does not alter the overall conclusions of the
mapping study.

Functional synergism between RUNX-1 and FLI-1 in
megakaryocyte gene transcription. We next examined whether
RUNZX-1 and FLI-1 function synergistically in megakaryocyte-
specific gene regulation. Transcriptional reporter assays were
performed, using the c-mpl promoter as a model (61). A con-

struct was generated consisting of firefly luciferase cDNA un-
der the control of 1,992 bp of DNA sequence located 5’ to the
murine c-mpl transcriptional start site. This region contains a
RUNX binding motif as well as several ETS and GATA con-
sensus sites (Fig. 4A). The reporter construct and expression
plasmids for RUNX-1/CBF-B and FLI-1 were transiently
transfected into COS-7 cells, and the level of firefly luciferase
activity was measured. Expression levels of the constructs were
equivalent among the different samples, indicating similar
transfection efficiencies (Fig. 4A). The combination of RUNX-
1/CBF-B and FLI-1 produced significantly greater activity than
either RUNX-1/CBF-B or FLI-1 alone, indicating a synergistic
effect (31.2-fold-greater activity than that of the vector alone
for the combination of RUNX-1/CBF-B/FLI-1 versus 2.2-fold
greater for RUNX-1/CBF-B or 9.6-fold greater for FLI-1 by
themselves). The same pattern was evident when GATA-1 and
FOG-1 were included, but the overall transcriptional activity
levels were even greater (75-fold-greater activity for the com-
bination versus 11.9-fold greater for RUNX-1/CBF- or 17.7-
fold greater for FLI-1 by themselves) (Fig. 4A).

ChIP assays in induced L8057 cells (Fig. 4B, top) and pri-
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TABLE 1. Partial list of RUNX-1-associated proteins identified by
whole-lane MS

No. of proteins identified in the

indicated expts Total no. of  rotal no. of
Protein e peptides in
Expt Expt Expt Expt Expt peptides control?
19 a 30 4b 56

RUNX-1 67 25 9 3 19 123 0
CBF-B 32 2 2 3 3 42 1
GATA-1 1 0 2 0 0 3 1
PML 20 6 0 0 0 26 0
PRMT-1 0 0 4 3 0 7 0
Sin3A 0 0 3 0 0 3 0
FLI-1 22 0 5 3 1 31 0

Total no. of 183 46 358 243 73
proteins

Total no. of 152 14 219 143 22
specific
proteins®

“ Tandem anti-FLAG-SA affinity purification.

b Single SA affinity purification.

¢ Experiment-to-experiment variation in the number of peptides obtained for
each of the proteins likely reflects differences in the amount of input material
used, purification strategy, and/or sampling and detection issues related to the
LC—MS-MS analysis. The total number of peptides corresponding to each pro-
tein from five independent purifications is shown.

@ From cells expressing birA alone.

¢ Proteins not identified in cells expressing birA4 alone.

/For each experiment, the total number of milligrams of input protein used
was as follows: experiment 1, 288 mg; experiment 2, 120 mg; experiment 3, 170
mg; experiment 4, 55 mg; experiment 5, 100 mg.

mary murine fetal liver megakaryocytes (Fig. 4C) show occu-
pancy of c-mpl as well as the GPIIb promoters by both
RUNX-1 and FLI-1 (and GATA-1) in vivo. The occurrence of
nearby RUNX and ETS factor binding motifs is also found in
the promoters of other megakaryocyte-specific genes, such as
MYLY, uPA, PKC-theta, Bl-tubulin, GPIX, and PF4 (Fig.
4D). Several of these genes have been found to be reduced in
expression in a patient with FPD/AML (51, 52) or have been
previously implicated as a direct RUNX-1 target gene (23).
Collectively, these data suggest that RUNX-1 and FLI-1 act
together to directly regulate megakaryocyte-specific genes.
Differentiation-dependent interactions between RUNX-1
and FLI-1. The interaction experiments described so far were
performed with L8057 cells that were treated with TPA for
72 h. Surprisingly, when we examined uninduced L8057 cells,
little if any binding between RUNX-1 and FLI-1 was observed,
even though both proteins are abundantly expressed (Fig. 5A).
The differentiation-dependent interaction between RUNX-1
and FLI-1 is also evident by gel filtration chromatography
assays (Fig. 5B). In uninduced cells, FLI-1 migrates as rela-
tively small complexes of <232 kDa, and RUNX-1 migrates as
broad peaks, with regions of enrichment at >669 kDa and
<232 kDa. However, after induction with TPA, a small pro-
portion of the FLI-1 population elutes as a much larger com-
plex (>669 kDa) and comigrates with a portion of RUNX-1. A
subpopulation of GATA-1 and FOG-1 molecules also shifts to
the larger peak fractions containing both RUNX-1 and FLI-1
upon TPA stimulation. These findings are consistent with the
assembly of a large multiprotein complex involving RUNX-1,
FLI-1, GATA-1, and FOG-1 upon TPA-induced differentia-
tion of L8057 cells. Consistent with this, ChIP assays show
enhanced enrichment, particularly for FLI-1, at the c-mpl and
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GPIIb promoters after TPA induction of L8057 cells (Fig. 4B,
compare top and bottom panels).

TPA-induced dephosphorylation of FLI-1. The reason for
the enhanced FLI-1 and RUNX-1 interaction in induced
L8057 cells, relative to uninduced cells, could be due to a
TPA-dependent posttranslational modification of one or more
of the complex components. Since the interaction is easily
detectable in non-TPA-treated heterologous cells (Fig. 3), this
suggests that RUNX-1-FLI-1 interactions are actively inhib-
ited in uninduced L8057 cells. In order to examine potential
changes in FLI-1 modifications that correlate with its partici-
pation in the large multiprotein complex, gel filtration frac-
tions containing the large or small FLI-1 complexes were
pooled separately, concentrated, and examined by 2-D gel
electrophoresis and Western blot analysis. As shown in Fig. 5C,
the majority of FLI-1 from the large complex migrates as a
smaller and more-basic species compared to FLI-1 from the
small complex.

Since dephosphorylation could explain part of these migra-
tion differences, phosphorylation analysis of endogenous FLI-1
from uninduced rather than induced L8057 cells was per-
formed. Phosphorylation of seven sites (Ser10, Ser13, Thr35,
Ser37, Ser39, Ser79, and Ser241) was detected by MS on FLI-1
from uninduced cells (Fig. 5SD; see also Fig. S2 in the supple-
mental material). However, only six of these sites (Serl3,
Thr35, Ser37, Ser39, Ser79, and Ser241) were detected from
induced cells. This raised the possibility that dephosphoryla-
tion of Serl0 may facilitate interaction between FLI-1 and
RUNX-1. In order to test this, mutant FLI-1 molecules were
generated that replace serine at codon 10 with either alanine,
to block phosphorylation, or aspartic acid, to mimic constitu-
tive phosphorylation. As shown in Fig. 6A and Fig. S3 in the
supplemental material, FLI-15'* interacts with RUNX-1
about as well as the wild-type molecule in COS-7 cells. In
contrast, FLI-15'°P has markedly reduced binding. The effects
are specific to RUNX-1, since FLI-15'°P binds GATA-1 equiv-
alent to wild-type FLI-1 or FLI-15'°* (Fig. 6A).

We next used these mutant FLI-1 molecules in transcrip-
tional synergy assays of FLI-1 and RUNX-1. As shown in Fig.
6B, FLI-151%4 synergistically activates the c-mpl promoter with
RUNX-1 in COS-7 cells, similar to that observed for wild-type
FLI-1 (Fig. 4A). In contrast, FLI-15'°P fails to synergize. West-
ern blot analysis of cell lysates shows equivalent expression
levels of the transfected constructs in the different samples. In
addition, proper nuclear localization of FLI-15'°" was con-
firmed by indirect immunofluorescence microscopy (data not
shown). Collectively, these findings suggest that dephosphory-
lation of FLI-1 at Ser10 facilitates the assembly of a complex
with RUNX-1 (and likely with GATA-1/FOG-1) and activa-
tion of genes involved in megakaryocyte maturation. High evo-
lutionary conservation of serine 10 of FLI-1 and surrounding
amino acid sequences is consistent with a critical regulatory
role for this portion of the molecule (see Fig. S4 in the sup-
plemental material).

Effect of FLI-1 Ser10 phosphorylation on primary megakaryo-
cyte differentiation. In order to examine the functional signifi-
cance of FLI-1 Serl0 phosphorylation in a more physiologic
setting, wild-type FLI-1 or the mutants FLI-15'°* and FLI-
1519P were retrovirally overexpressed in primary fetal liver
megakaryocyte precursors, and terminal maturation was as-
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FIG. 2. Physical interaction between RUNX-1 and FLI-1. (A) FLI-1 Western blot (WB) analysis of single SA (top)- or tandem anti-FLAG-SA
(bottom)-purified F-*9Pi°RUNX-1 complexes from TPA-induced L8057 cells. BB, bird plus empty FLAG-biotinylation vector; BBR, birA plus
FLAG-BioRUNX-1 expression vector; a-, anti-; IP, immunoprecipitation. (B) Co-IP of endogenous RUNX-1 and FLI-1 from TPA-induced L8057
cells. Immunoprecipitation with normal rabbit IgG or anti-RUNX-1 antibody, and Western blot with anti-FLI-1 antibody. A 2% input is shown.
(C) Immunoprecipitation with normal rabbit IgG or anti-FLI-1 antibody, and Western blot with anti-RUNX-1 antibody. A 2% input is shown.
(D) Direct RUNX-1-FLI-1 protein-protein interactions. In vitro transcribed and translated [**S]methionine-labeled (**%) FLI-1, RUNX-1, runt
domain, or CBF-$ was incubated with uncoupled Sepharose beads or beads coupled with bacterially produced GST, GST-RUNX-1, GST-FLI-1,
or GST-runt domain, as indicated. The beads were washed, and eluted material was separated by SDS-PAGE. An autoradiogram of the gel is

shown. Ten percent of the **S-labeled input protein is included.

sessed by flow cytometric analysis for cell surface coexpression
of CD41 and CD42b after culturing in the presence of TPO
(Fig. 6C). The retroviral vectors coexpress human CD4 on the
cell surface to track transduced cells. Immediately after the
2-day retroviral transduction, levels of double-positive CD41%/
CD42b™ cells were relatively low and not significantly different
between the different samples (after gating for hCD4 " cells).
After 12 days of additional culture, the percentage of CD417"/
CD42b* cells increased in all samples, but the cells overex-
pressing FLI-15'°* had a greater number (P of <0.02; Stu-
dent’s ¢ test) and cells overexpressing Fli-15'°P had a lower
number (P of <0.01; Student’s ¢ test) of double-positive cells
compared to that of the wild-type molecule. There were an
insufficient number of cells to confirm equivalent expression of
the different constructs at the protein level. However, similar
levels of coexpressed hCD4 were found in each of the trans-
duced samples (see Fig. S5 in the supplemental material).
Examination of total FLI-1 mRNA transcripts in the total
hCD4" cell population after 3 days of culture indicate an
increase of ~7- to 15-fold in Fli-1 transcripts over endogenous

levels (after normalization using B-actin mRNA levels), but no
significant difference in expression among the different con-
structs (see Fig. S5 in the supplemental material). No signifi-
cant differences in overall protein stability of the different
mutants were apparent when expressed in COS-7 cells (Fig.
6A). We conclude that FLI-15°4 and FLI-13'°P act in a dom-
inant fashion to enhance and inhibit megakaryocyte matura-
tion, respectively, when overexpressed in primary murine fetal
liver megakaryocytes.

DISCUSSION

In this study, we demonstrate differentiation-dependent di-
rect physical interactions between RUNX-1 and the ets tran-
scription factor FLI-1 in megakaryocytic cells and show that
they result in synergistic transcriptional activation of a
megakaryocyte-specific gene. Moreover, we identify a key de-
phosphorylation step for FLI-1 that facilitates RUNX-1-FLI-1
interactions and leads to enhanced megakaryocyte differenti-
ation in primary fetal liver megakaryocytes. Collectively, our
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FIG. 3. Mapping of RUNX-1 and FLI-1 interaction domains. (A) Mapping of FLI-1 domains involved in RUNX-1 interaction. (Left)
Schematic diagram of constructs used in the right panel. (Right) 293T cells were cotransfected with the FLAG-tagged FLI-1 constructs and
V5-tagged RUNX-1. Nuclear extracts were immunoprecipitated (IP) with anti-FLAG antibody, and the copurified material was analyzed by
Western blotting (WB) using the indicated antibodies. Input represents 2.5% of the starting material. -, anti-; Vec, vector; NRBD, negative
regulatory DNA binding domain; AD, activation domain; PNT, pointed domain. (B) Mapping of RUNX-1 domains involved in FLI-1 interaction.
(Left) Schematic diagram of constructs used in the right panel. (Right) 293T cells were cotransfected with V5-tagged RUNX-1 constructs and
FLAG-tagged FLI-1. Nuclear extracts were immunoprecipitated with anti-V5 antibody, and the copurified material was analyzed by Western blot
analysis using the indicated antibodies. Input represents 2.5% of the starting material.

findings suggest that a dephosphorylation-dependent interac-
tion between RUNX-1 and FLI-1 may be a key event in acti-
vation of transcriptional programs of terminal megakaryocyte
maturation (Fig. 7).

Although we cannot exclude the possibility that the serine 10
mutations we utilized have effects on megakaryopoiesis unre-
lated to alterations in phosphorylation and/or RUNX-1 bind-
ing, this seems like a less likely possibility. First, the mutant
proteins have stability, nuclear localization, and GATA-1 bind-
ing activity similar to those of wild-type FLI-1. Second, re-
placement of serine 10 by alanine and aspartic acid produces
opposite functional consequences, which is difficult to explain
if they were nonspecifically affecting protein structure.

FLI-1 was previously shown to physically interact with
GATA-1 and synergistically transactivate megakaryocyte-spe-
cific genes such as ollb with GATA-1 and FOG-1 (9, 61).
Several groups have also reported direct interactions between
GATA-1 and RUNX-1 (10, 58, 62). Our data using bacterially
produced and in vitro transcribed/translated protein products
argue that direct physical interactions also occur independently
between FLI-1 and RUNX-1. This suggests that a large
macromolecular enhancesome complex, involving RUNX-1,
CBF-B, GATA-1, FOG-1, and FLI-1, assembles during
megakaryocyte development and is stabilized by multiple pro-
tein-protein contacts. This model is supported by our findings

of comigration of these components on gel filtration chroma-
tography from induced L8057 cells (Fig. 5B), cooccupancy of
the c-mpl and GPIIb promoters in primary megakaryocytes
(Fig. 4C), and maximal transcriptional activation of the c-mpl
promoter only when all five components are present (Fig. 4A).
Direct interactions between RUNX-1 and other ets family
transcription factors, including MEF, ELF-1, NERF-2, ETS-1,
and PU.1, have been previously described (13, 15, 22, 29, 42).
Using a candidate gene approach, Mao et al. reported the
interaction between RUNX-1 and FLI-1 in vitro (29). Our
findings document this interaction in the context of native
multiprotein complexes from megakaryocytic cells and dem-
onstrate their functional importance in megakaryocyte devel-
opment. Moreover, they uncover the differentiation-depen-
dent nature of these interactions in megakaryopoiesis.
Functional activation of RUNX-1 by interaction with ETS-1
has been previously examined in the context of lymphocyte
development (13, 15, 22). Our data provide additional support
for the general principle of combinatorial control mechanisms
between runx and ets family transcription factors. In the earlier
studies, interaction between RUNX-1 and ETS-1 was shown to
induce cooperative activity by simultaneously relieving DNA
binding autoinhibition of both molecules. These interactions
involve the ETS DNA binding domain and adjacent region of
ETS-1 and the negative regulatory DNA binding region of
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FIG. 4. Functional synergy between FLI-1 and RUNX-1. (A) Transcriptional reporter assays of the c-mpl promoter. A reporter construct consisting of 1,992
bp of the murine c-mpl promoter linked to the firefly luciferase cDNA was cotransfected with an empty expression plasmid or plasmids expressing RUNX-1-V5
and/or FLAG-CBF-B, FLAG-FLI-1, FLAG-GATA-1, and FLAG-FOG-1, as indicated. The positions of the RUNX, ETS, and GATA binding motifs relative
to the natural transcriptional start site are indicated in the diagram of the reporter construct. RUNX, oval; ETS, rectangle; GATA, diamond. Luciferase activity
was measured after 48 h and is indicated on the y axis. The mean * standard error of the mean from three independent transfections is indicated. The bracket
indicates the expected level if RUNX-1/CBF-$ and FLI-1 acted additively (sum of the activation of RUNX-1/CBF-B and FLI-1 alone). Western blot (WB)
analysis showing expression levels of the various proteins (10% of whole-cell lysate) from one representative experiment is displayed at the bottom. RLU, relative
light units; o, anti-. (B) Quantitative ChIP assays showing occupancy of the c-mpl and GPIIb promoters by GATA-1, RUNX-1, and FLI-1 in induced (TPA,
50 nM, for 72 h) (top) and uninduced (bottom) L8057 cells. The levels of enrichment at the c-mpl and GPIIb promoters using anti-GATA-1, anti-RUNX-1, or
anti-FLI-1 antibodies or control rat (for GATA-1) or rabbit (for RUNX-1 and FLI-1) IgG are shown relative to a negative control region located —7.5 kb
upstream of the c-mpl promoter transcriptional start site. Results represent the mean * standard deviation from three independent experiments. (C) Quan-
titative ChIP assay for GATA-1, RUNX-1, and FLI-1 occupancy of the c-mpl and GPIIb promoters in mature primary fetal liver-derived megakaryocytes and
as described in panel B. The results show the mean from three independent experiments for RUNX-1 and FLI-1 and two independent experiments for
GATA-1, = standard deviation. (D) Schematic diagram showing the presence of putative RUNX, ETS, and GATA factor binding motifs in the promoters of
the genes for human MYLY, uPA, PKC-theta, B1-tubulin (TUBBI1), GPIX, and rat PF4.

4110



VoL. 29, 2009

A

RUNX-1-FLI-1 INTERACTIONS IN MEGAKARYOPOIESIS

4111

Induced Uninduced DNase, RNase and Ethidium Bromide
Input 1P Input
P Py 1P Uninduced Induced
BB + + + + Input P Input 1P
BBRR174A + + + + BB + + + +
BBR ___+ + + + BBR £+ + 4 wB
- i -FLI-
o . SR | o
B < < <
2 2 2
N (=) [\l
Nel <t o
o <t N
Uninduced l l ¢
222933800 eS8 S NRUSSIAREEREE  ws
IEEEEEEE i | a-RUNX-1
| S | o-FLI-1
| __________ | 0-GATA-1
| o bl bt el et |0L-FOG-1
Induced -~ cvcugngrergyggS S8 dRRSER R EERER
| -RUNX-1
| - pm | o-FLI-1
| b b b b b o ) o I(x-GATA-l
| ETETO | o-F0G-
pH 5.7 pH68-75  pHS4 Uninduced
| —
o [ [PNT]  [EmST |
e . Large Complex T T T T T T T
50- : ‘% _ NN END N %)
G SNt & =
i, —— cnenen o~ <
e &
Induced
5 m., . Small Complex | | PNT | -:l
nENnn 0
on e N —
WB: a-FLI-1 — oo & S

FIG. 5. Posttranslational modification of FLI-1 correlates with assembly of a large multiprotein complex. (A) Differentiation-dependent and
DNA-/RNA-independent interaction between RUNX-1 and FLI-1. (Left) Western blot (WB) for FLI-1 of eluted material, following tandem anti-
FLAG-SA affinity purification of F“*¢"Bi°RUNX-1 multiprotein complexes from TPA-induced (3 days) or uninduced L8057 cells. BB, bir4 and empty

FLAG-biotinylation vector; BBR, bir4 and F-AS-B°ORUNX-1; BBRR'*A, birA

and non-DNA binding mutant "B RUNX-1?'7*4, (Right) The same

tandem affinity purification as that for the left panel, but nuclear extracts were treated with DNase, RNase, and ethidium bromide (50 pg/ml) prior to
and during co-IP. a-, anti-. (B) Sephacryl 400-gel filtration chromatography of crude nuclear extracts from uninduced (top) and 3-day TPA-induced

(bottom) L8057 cells. Western blot analysis of every fifth fraction for RUNX-

1, FLI-1, GATA-1, and FOG-1 is shown. Migration positions of globular

molecular weight standards are indicated. The void volume corresponds to fractions 19 to 20. Horizontal bar at bottom indicates fractions containing the
“large” FLI-1 complex. (C) 2-D gel electrophoresis and anti-FLI-1 Western blot of pooled fractions 66 and 71 (large complex) (top) and pooled fractions

156 and 161 (small complex) (bottom) from the gel filtration chromatography

shown in panel B, bottom. (D) Summary of MS phosphorylation analysis

of immunopurified FLI-1 from uninduced and induced L8057 cells. Detected phosphorylated residues are indicated. PNT, pointed domain.

RUNX-1. Our mapping studies show involvement of overlap-
ping comparable regions in FLI-1 and RUNX-1 (Fig. 3). It is
therefore likely that similar conformational changes and en-
hanced DNA binding occur upon FLI-1-RUNX-1 interactions
during megakaryocyte development.

Pang et al. showed that FLI-1 and the related ets factor GABP«
have overlapping but stage-specific effects on megakaryopoiesis, with
GABPa involved in gene regulation during early megakaryo-
cyte development and FLI-1 predominantly affecting late
stages (41). The poor interaction between FLI-1 and RUNX-1
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FIG. 6. Requirement of FLI-1 Ser10 dephosphorylation for efficient RUNX-1-FLI-1 interaction and megakaryocytic differentiation. (A) FLI-1
S10D mutation disrupts RUNX-1-FLI-1 interaction (left) but does not interfere with FLI-1-GATA-1 interaction (right). (Left) The empty FLAG
vector or FLAG-tagged wild-type FLI-1, FLI-15°4 or FLI-15'°® mutants were coexpressed with RUNX-1-V5 in COS-7 cells, as indicated. (Right)
The empty FLAG vector or FLAG-tagged GATA-1 was cotransfected with V5-tagged wild-type FLI-1, FLI-13'°4 or FLI-15'°P mutants, as
indicated. In both experiments, immunoprecipitation (IP) was performed using an anti-FLAG antibody from crude nuclear extracts, and copurified
material was analyzed by Western blotting, using anti-V5-HRP or anti-FLAG-HRP. A 2.5% input is shown. Representative Western blots are
shown. See Fig. S3 in the supplemental material for repeat co-IP experiments and co-IP in the reverse direction. Vec, vector; a-, anti-. (B) Loss
of FLI-1/RUNX-1 synergistic c-mpl activation by FLI-1°'°" substitution. Transcriptional reporter assays were performed as described in the legend
to Fig. 4, except FLAG-FLI-151%* and FLAG-FLI-15'°P were substituted for FLAG-tagged wild-type FLI-1. Brackets indicate the expected
activity level if RUNX-1/CBF-B and the FLI-1 mutants were acting additively only. The bottom panel shows Western blot analysis of all the
expressed proteins; 10% input of whole-cell lysis is shown. RLU, relative light units. (C) Dominant-negative effect of FLI-15°" on differentiation
of primary megakaryocytes. (Top) Schematic diagram showing experimental design. (Bottom) Percentage of CD41%/CD42b™ double-positive cells
(after gating for human CD4" population) immediately after the 2-day retroviral infection (day 0) or 12 days after retroviral infection. Results
represent the mean * standard error of the mean from three independent experiments. P values (Student’s ¢ test) were calculated relative to the
wild-type overexpression sample. Wt, wild type.

in uninduced cells could therefore be due to competition by
GABPa. However, we have not been able to demonstrate
significant interaction between GABPa and RUNX-1 in unin-
duced L8057 cells (H. Huang and A. Cantor, unpublished
observation), suggesting that other mechanisms are likely in-
volved.

How phosphorylation of serine 10 of FLI-1 inhibits interac-
tions with RUNX-1 is unclear, given that we mapped the in-
teracting domain of FLI-1 to reside in the carboxy-terminal
region of the molecule (amino acids 281 to 452). It is possible
that serine 10 is in close proximity to the binding region in 3-D
space and/or that phosphorylation of serine has more-indirect
effects on protein folding. Structural studies involving the en-

tire FLI-1 molecule should provide important insights into this
mechanism.

The importance of FLI-1 Serl0 dephosphorylation on
RUNX-1-FLI-1 interactions begs the following questions:
what kinase(s) is responsible for the phosphorylation in imma-
ture cells, and what phosphatase(s) is responsible for removing
it during differentiation? Interestingly, Liu et al. showed that
RUNX-1 recruits the Ca®"-/calmodulin-dependent protein
phosphatase calcineurin to activate ETS-1 during T-cell recep-
tor stimulation (27). This involves the removal of a phosphate
group(s) located within the amino-terminal 250-amino-acid resi-
dues of ETS-1 that can be phosphorylated by glycogen synthase
kinase-3@ (GSK-3B) in vitro. Whether similar enzymes are in-
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FIG. 7. Model of differentiation-dependent dephosphorylation of FLI-1 and subsequent FLI-1/RUNX-1/GATA-1/FOG-1 multiprotein com-
plex formation during megakaryocytic differentiation. P, phosphate group at serine 10.

volved in RUNX-1-FLI-1 synergy during megakaryocyte devel-
opment remains to be determined. Binding of SDF-1 to its
receptor CXCR4, an important event in the chemoattraction
of megakaryocytes to the bone marrow sinusoidal vessel,
causes a dose-dependent release of calcium from intracellular
stores (1, 8). Whether these two processes are linked to the
regulation of RUNX-1-FLI-1 interactions in megakaryocyte
development will require further studies. However, such a sce-
nario could help coordinate megakaryocyte maturation, with
spatial cues within the bone marrow.

Germ line mutations in RUNX-1 cause FPD/AML, and
acquired mutations are found in de novo MDS and FAB MO
AML. We tested several reported mutations that reside within
the FLI-1 interacting domain for their effect on FLI-1 binding.
None of the missense mutations we have tested to date disrupt
RUNX-1-FLI-1 interactions, based on co-IP assays of overex-
pressed proteins in COS-7 cells. However, the loss of FLI-1
interaction was observed in two mutations that generate C-
terminal truncated molecules, RUNX-1Y?%*X and RUNX-
1R293X (see Fig. S6 in the supplemental material). Although we
cannot conclude that a loss of RUNX-1-FLI-1 interactions is
the cause of the abnormal hematopoiesis in these patients, it
may be a potential contributing factor.

Megakaryocytic and erythroid cells are derived from a com-
mon bipotential progenitor cell (MEPs). FLI-1 promotes
megakaryocytic differentiation and simultaneously represses
erythroid differentiation (12). This is thought to be due to
antagonism of the erythroid-specific transcription factor EKLF
(3, 12, 50). Like FLI-1, RUNX-1 and CBF-B expression de-
creases as multipotent erythroid-megakaryocyte progenitor
cells differentiate along the erythroid pathway (24, 35). Our
findings of physical and functional complexes between FLI-1
and RUNX-1/CBF-f suggest that they may act cooperatively
in determining cell fate choice of MEPs for the megakaryocyte
lineage.

Transcriptional networks involving RUNX-1, FLI-1, ETS-1,
and GATA-2 have recently been described in the control of
hematopoietic stem cell emergence during embryogenesis (36,
43). In addition to binding GATA-1, RUNX-1 also efficiently
interacts with GATA-2 (H. Huang and A. Cantor, unpublished
observation). Our findings in this report may therefore have
parallels in hematopoietic stem cell development, including
phosphorylation-/dephosphorylation-dependent  protein-pro-
tein interactions among these key transcription factors.
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