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Ikaros (Ik) is a critical regulator of hematopoietic gene expression. Here, we established that the Ik interactions with GATA tran-
scription factors and cyclin-dependent kinase 9 (Cdk9), a component of the positive transcription elongation factor b (P-TEFb),
are required for transcriptional activation of Ik target genes. A detailed dissection of Ik-GATA and Ik-Cdk9 protein interactions
indicated that the C-terminal zinc finger domain of Ik interacts directly with the C-terminal zinc fingers of GATA1, GATA2, and
GATA3, whereas the N-terminal zinc finger domain of Ik is required for interaction with the kinase and T-loop domains of
Cdk9. The relevance of these interactions was demonstrated in vivo in COS-7 and primary hematopoietic cells, in which Ik facili-
tated Cdk9 and GATA protein recruitment to gene promoters and transcriptional activation. Moreover, the oncogenic isoform
Ik6 did not efficiently interact with Cdk9 or GATA proteins in vivo and perturbed Cdk9/P-TEFb recruitment to Ik target genes,
thereby affecting transcription elongation. Finally, characterization of a novel nuclear Ik isoform revealed that Ik exon 6 is dis-
pensable for interactions with Mi2 and GATA proteins but is essential for the Cdk9 interaction. Thus, Ik is central to the Ik-
GATA-Cdk9 regulatory network, which is broadly utilized for gene regulation in hematopoietic cells.

The identity of an individual cell is provided by the collection of
genes that it expresses, i.e., the transcription program (1). The

combined activities of transcription factors along with specific
cofactors that they recruit to gene regulatory regions are funda-
mental for lineage commitment, specification, and/or differenti-
ation of hematopoietic cells (2). A unique family of Kruppel zinc-
finger transcription factors includes the key regulators of
hematopoiesis, GATA1, GATA2, GATA3, Ikaros (Ik), Aiolos, He-
lios, Eos, and Pegasus, as well as KLF1, -2, and -3 (3–5). GATA1 is
the founding member of the GATA family of DNA binding pro-
teins, which also includes GATA2 and GATA3. These highly re-
lated proteins share little homology outside the zinc finger regions
(6). GATA1 is critical for the development of erythroid, mega-
karyocyte, mast cell, and eosinophil lineages (7–11). GATA2 is
required for mast cell formation while also contributing to cell
homeostasis and survival of hematopoietic stem/progenitor cells
(12). GATA3 is important for hematopoietic stem cell mainte-
nance (13), is required at the earliest stages of thymopoiesis, and
has been described as a master regulator of T-helper 2 (Th2) cell
differentiation (4). GATA proteins contain a C-terminal zinc fin-
ger (CF) and an N-terminal zinc finger (NF). The CF is required
for DNA binding to the consensus motif A/TGATAA/G (14, 15).
Both zinc finger domains are involved in protein-protein interac-
tions with several partners. For instance, GATA1-NF interacts
with friend-of-GATA1 (FOG1), TRAP220, and Sp1. GATA1-CF is
involved in self-association and participates in protein interac-
tions with PU.1, CBP, KLF1, Sp1, and RBTN2 (3, 16, 17). GATA
proteins bind to similar DNA sequences and share common pro-
tein partners. They can activate or repress target genes by interact-
ing and recruiting a variety of coregulators to gene regulatory
regions (6, 16, 18, 19).

The murine Ikaros (Ikzf1) is composed of seven exons, and
several Ik isoforms are generated through alternative splicing. All
isoforms share a C-terminal domain containing two zinc fingers
involved in Ik homodimerization as well as heterodimerization
with various proteins (20–24). However, shorter isoforms differ in
the number of N-terminal zinc fingers, which are critical for Ik

binding to DNA (25). Ik isoforms with less than two N-terminal
zinc fingers either do not bind DNA or do so with low affinity (25,
26), and they exert a dominant negative activity due to their ca-
pacity to sequester functional Ik1 or Ik-interacting partners (24,
25). Mice homozygous for the Ik null mutation (Iknull) lack B cells,
NK cells, and their earliest described progenitors, show severe
defects in T cell differentiation (27), undergo augmented T cell
receptor-mediated proliferative responses, and succumb to leuke-
mia and lymphoma with 100% penetrance (28, 29). Nonetheless,
Ik function is not limited to lymphocyte commitment, survival,
and homeostasis. Ik also provides the appropriate transcription
program in early hematopoietic progenitors (30), influences ery-
throid progenitor cell homeostasis (27), erythroid cell differenti-
ation (31), and dendritic (32) as well as neutrophil (33) cell for-
mation. Ik can bind DNA in a sequence-specific manner either to
heterochromatic foci or to proximal and distal gene regulatory
regions (20, 34–38). Accordingly, Ik can control chromatin orga-
nization (20, 21, 39, 40), transcription initiation (20, 21, 36, 41),
and elongation (21).

We previously reported that Ik and GATA1 control gamma
globin and Gata2 gene expression during development (20, 21), as
well as Notch1 and Hes1 gene expression in erythroid cells (31). In
a transgenic mouse model, we showed that Ik enhances transcrip-
tion initiation and elongation of gamma globin genes in yolk sac
primitive erythroid cells by recruiting the cyclin-dependent kinase
9 (Cdk9) to target genes (21). Cdk9 is the catalytic subunit of the
serine-threonine kinase multiprotein complex known as positive
transcription elongation factor b (P-TEFb), which phosphorylates
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the polymerase II C-terminal domain (Pol II CTD) at Ser 2 and is
presumed to be the main enzyme involved in this activity in mam-
malian cells (42).

Here, we demonstrate that Ik directly interacts with GATA1,
GATA2, and GATA3 as well as Cdk9/P-TEFb through specific
protein domains. We establish that in addition to GATA1, the
other hematopoietic GATA family members support Ik in regu-
lating the transcription of lineage-specific genes in hematopoietic
cells. Altogether, current results reveal that the Ik-GATA protein
interaction is a recurrent mechanism of gene expression control in
hematopoietic cells and that Ik-dependent transcriptional activa-
tion relies on the ability of Ik to interact and recruit Cdk9/P-TEFb
to gene promoters for efficient transcription elongation. The latter
is further supported by the observation that a dominant-negative
isoform of Ik and a novel Ik isoform lacking exon 6 are unable to
interact with Cdk9 in vivo.

MATERIALS AND METHODS
Antibodies and primer sets. GATA1 (N-6), GATA2 (CG2-96), GATA3
(HG3-31), Ik (H-100), HA (Y-11; F7), Cdk9 (C-20), and Mi2 (H-242)
antibodies and isotype-matched immunoglobulins were purchased from
Santa Cruz Biotechnology and used for Western blotting and immuno-
precipitation. Anti-Flag–agarose beads (Sigma) were used for immuno-
precipitation. Secondary antibodies used for immunofluorescence studies
were purchased from Jackson ImmunoResearch. Primer sequences are
listed in Tables 1 and 2.

In vivo protein interaction study. Protein coimmunoprecipitation
(co-IP) assays were done essentially as previously reported (20, 21), using
lysis buffer containing 1 mM dithiothreitol (DTT) and 2 mM �-mercap-
toethanol. When indicated, 50 �g/ml of ethidium bromide, 1 �g/ml of

DNase I, or 1 �g/ml of RNase I was added to the lysis buffer during protein
extraction, antibody incubation, and co-IP washes.

Immunofluorescence studies. Immunofluorescence (IF) studies
were performed as described by Bottardi et al. (21).

In vitro transcription and translation. In vitro transcription was per-
formed with templates obtained by PCR using T3 RNA polymerase, and
in vitro translation was carried out with nuclease-treated rabbit reticulo-
cyte lysates (Promega) with L-[35S]methionine (MP Biomedicals) as de-
tailed by the supplier. Phosphorylation mutants of GATA1 were obtained
by site-directed mutagenesis using appropriate primers for the introduc-
tion of Ser310Glu, Ser310Asp, and Ser310Ala mutations.

Expression and purification of recombinant proteins (GST fusion
proteins). The entire open reading frame of GATA1, PU.1, as well as Ik1
or the open reading frames corresponding to Ik isoforms 2, 4, and 6 were
independently cloned into the pGEX-4T glutathione S-transferase (GST)
fusion vector. GATA1-GST was purified from bacteria as described by
Doubeikovskaia et al. (43). All the other GST fusion proteins were pre-
pared from Escherichia coli BL21-CodonPlus(DE3) RIL bacteria, which
were induced with 400 �M isopropyl-�-D-thiogalactopyranoside. Protein
extracts were prepared by lysis of bacteria in ice-cold lysis buffer (50 mM
Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5 mM
DTT, 1 mM phenylmethylsulfonyl fluoride [PMSF]) containing proteases
inhibitors (Sigma). Lysates were sonicated, centrifuged at 15,000 � g for
15 min at 4°C, and incubated with glutathione (GSH)-Sepharose resin.
Proteins were eluted off the resin with GSH, dialyzed into storage buffer
(50 mM Tris-HCl [pH 8.0], 100 mM NaCl, and 20% glycerol), and re-
bound to fresh GST-Sepharose for binding studies. Levels of the various
GST fusion proteins were confirmed by Coomassie blue staining. The
concentration of each purified protein was estimated by comparison to
migration of bovine serum albumin (BSA) on the same gel. Approxi-
mately 1 �g of GST-protein or GST alone was immobilized on GST beads
and incubated with equal amounts of in vitro-translated 35S-labeled pro-
teins for 6 h at 4°C in binding buffer (50 mM Tris-HCl [pH 7.5], 50 mM
NaCl, 0.1% Tween 20, 0.2 mM DTT, 1 mM PMSF). The total amount
of GST used per binding reaction mixture was kept constant by adding
the appropriate amount of beads without bound proteins. Protein
complexes were washed five times in 500 �l of washing buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20, 0.2
mM DTT, 1 mM PMSF). Bound proteins were recovered by boiling for
5 min the GST beads in 25 �l of sample buffer. Proteins were finally
resolved on SDS-PAGE and visualized by autoradiography using a
Storm 840 PhosphorImager system (GE Healthcare). GST removal
from GST-fused Ik1 and GATA1 proteins immobilized on beads was
achieved by treatment with thrombin (Amersham). Specifically, 0.6 U
of thrombin in phosphate-buffered saline (PBS) was added to approx-
imately 10 �g of purified GST fusion proteins for 4 or 16 h at room
temperature.

TABLE 1 Oligonucleotides used for qRT-PCR analysis

Specificity
(murine cDNA) Symbol Directiona Sequence (5=–3=)
Actin Act F ATCGTGGGCCGCCCTAGGCACCA

R TCCATGTCGTCCCAGTTGGTAACAA
Erythropoietin

receptor
EpoR F TACCTCCCACTCCACCTCAC

R GCTCTGAGTCTGGGACAAGG
Transferrin

receptor 2
TrR2 F CTGCCGCTAGACTTCGGCCG

R CGCCGCACGGATGTAGTCCC
Granzyme B GzmB F ACAACACTCTTGACGCTGGG

R GATGATCTCCCCTGCCTTTG
Glycophorin A GypA F GCCGAATGACAAAGAAAAGTTCA

R TCAATAGAACTCAAAGGCACACTGT
a F, forward; R, reverse.

TABLE 2 Oligonucleotides used for ChIP analysis

Specificity (murine genomic DNA) Symbol Directiona Sequence (5=–3=)
Erythropoietin receptor gene promoter EpoR F GTCTCACCAGCCCTGATTGT

R GCAGGAGGACCAGGAGTCTA
Tamm-Horsfall protein gene promoter Thp F GGTGGATGGTGTGGTCACAAC

R GGTCTTGACACACCAGCTTT
Pancreatic alpha-amylase promoter Amy F TCAGTTGTAATTCTCCTTGTAGGG

R CCTCCCATCTGAAGTATGTGGGTC
Transferrin receptor 2 TrfR2 F GCGGTCTAGCATGAACCAGGG

R ACCTAGGCCGCTCATTCCCCAT
Granzyme B GzmB F AGACCACAAGGGCATAGGGT

R GTCATGCTTGGTCCTGGTACA
Glycophorin A GypA F AGCCAATGTGTGTCAACGGA

R GCAGCTGTGCTCTCGGTCAT
a F, forward; R, reverse.
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Cell culture and transient and stable cell transfections. The GIE2 cell
line (G1E) is a GATA1 null proliferating committed erythroid progenitor
cell line. The derived G1E-ER4 cells express a Gata1-estrogen receptor
(ER) transgene and upon estradiol or tamoxifen treatment undergo syn-
chronous differentiation recapitulating early stages of erythroid differen-
tiation (44, 45). Cells were maintained in culture as previously described
(46). MEL and COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium, and Jurkat cells were maintained in RPMI containing 1% peni-
cillin-streptomycin and 10% fetal bovine serum and incubated at 37°C
and 5% CO2. Expression plasmids carrying genes for murine Ik1, Ik1�ex6,
Ik4, Ik6, GATA1, GATA2, GATA3, Cdk9, and Cdk9dn (D167N) were
constructed by subcloning the relevant cDNA sequences (with or without
Flag-hemagglutinin [HA] tags [FH] at their N-terminal regions) in cyto-
megalovirus- or simian virus 40-based vectors. COS-7 cells were tran-
siently transfected with FuGene HD reagent (Promega) according to the
manufacturer’s instructions and harvested after 48 h. Cdk9dn and Ik1�ex6

mutants were obtained by site-directed mutagenesis. To generate G1E
cells stably expressing Ik6-FH proteins, 3 million cells were resuspended
in 100 �l of Nucleofector solution R and transfected with 10 �g of linear-
ized and endotoxin-free Maxi-prep DNA (Qiagen) by using the G-016
program with the Nucleofector II system (Amaxa Biosystems). Electropo-
ration was carried out with linearized empty pOZN-FH-N (mock) or
pOZN-FH-N-Ik6 (pOZN-Ik6) vector (20, 47) containing Ik6 fused to
Flag and hemagglutinin tags. Selection of transfected cells was carried out
by magnetic affinity sorting with antibody against the interleukin-2 recep-
tor, the surface selection marker, as reported by Nakatani et al. (47), and
screened by Western blotting with HA antibody.

Mouse transgenic lines and primary cell isolation. Homozygous
Ikaros null (Iknull) mice (27) and embryonic day 16.5 (e16.5) fetal livers
were obtained by crossing heterozygous Iknull mice together. Embryos
were genotyped by PCR as previously described (27). Animals were sac-
rificed by cervical dislocation. Embryos were isolated, and fetal livers were
dissected and homogenized in PBS Ca/Mg-free buffer by vigorous pi-
petting. Bone marrow and spleen samples were isolated from adult Ik
wild-type (IkWT) or Iknull mice. To isolate bone marrow cells, femurs and
humeri were flushed in PBS Ca/Mg-free buffer with a 30-gauge needle.
Cell clumps were mechanically dissociated by passing cells through a 22-
gauge needle. Spleens were dissociated in PBS Ca/Mg-free buffer, and the
cell suspension was passed through the top of a test tube with a cell strainer
cap (Falcon). Animal experiments were conducted in accordance with the
Canadian Council on Animal Care (CCAC) guidelines and approved by
the Maisonneuve-Rosemont Hospital animal care committee.

Bone marrow lineage negative cell selection and spleen CD4�/
CD8� cell sorting. Bone marrow-derived lineage negative (lin�) cells
were purified using the easySep mouse hematopoietic progenitor enrich-
ment kit (StemCell Technology) according to the manufacturer’s instruc-
tions. Spleen-derived CD4�/CD8� lymphoid cells were fractionated by
fluorescence-activated cell sorting (FACS). Antibody incubations were
carried out on ice for 30 min in PBS supplemented with 5% heat-inacti-
vated FBS. Cells were first incubated with rat anti-CD4 and CD8 antibod-
ies, followed by anti-rat fluorescein isothiocyanate (FITC)-conjugated
antibody (BD Biosciences).The cell suspension was passed through a
40-�m nylon mesh filter, and CD4�/CD8� cells were isolated by FACS on
a FACSAria III cell sorter (BD Biosciences). Activation of CD4�/CD8�

cells was obtained by stimulation with 50 ng/ml phorbol myristate acetate
and 500 ng/ml ionomycin for 24 h.

ChIP, qPCR, and qRT-PCR assays. Chromatin immunoprecipitation
(ChIP), quantitative real-time PCR (qPCR), and quantitative reverse
transcription-PCR (qRT-PCR) procedures were performed as previously
described (20, 21).

RESULTS
Ikaros-GATA protein interactions in vivo. We had previously
shown that Ik coimmunoprecipitates with GATA1 in different
cellular models (20, 21). Since the zinc finger and protein-protein

interaction domains of GATA1, -2, and -3 are highly conserved (8,
18), we assessed whether Ik also interacts with GATA2 and
GATA3. Protein co-IP was carried out in GATA1-expressing a
mouse erythroleukemia MEL cell line (control), GATA2-express-
ing and proerythroblast-like G1E cells (46), and the GATA3-ex-
pressing and T lymphocyte-like Jurkat cells. Total cell extracts
were used for co-IP with Ik, GATA1, GATA2, and GATA3 anti-
bodies or isotype-matched Ig (control Ig). Ik antibody, but not
control Ig, immunoprecipitated GATA proteins (Fig. 1A). Like-
wise, GATA antibodies immunoprecipitated Ik proteins, indicat-
ing that, like GATA1, GATA2 and GATA3 are associated with Ik in
vivo, in hematopoietic cells.

To further define the interactions between Ik isoforms and
GATA family members, Flag- and hemagglutinin-tagged Ik1, Ik4,
or Ik6 (Ik1-FH, Ik4-FH, or Ik6-FH) was independently expressed
in combination with untagged GATA proteins in COS-7 cells, and
total cell lysates were used in a protein co-IP assay. Ik1 was chosen
because it is the most abundantly expressed Ik isoform in normal
hematopoietic cells, whereas Ik4 and Ik6 are frequently overex-
pressed in oncogenic cells (25, 48–52). GATA1, GATA2, and
GATA3 were immunoprecipitated with Flag antibody in cells
cotransfected with Ik1-FH or Ik4-FH (Fig. 1B). Except for
GATA2, which similarly interacted with Ik4-FH and Ik6-FH,
GATA protein detection was significantly reduced in cells cotrans-
fected with Ik6-FH, and no interaction could be detected in mock-
transfected cells, in cells expressing uniquely Ik or GATA proteins,
or in control Ig-immunoprecipitated samples (Fig. 1B and data
not shown). Reciprocal co-IP experiments confirmed these results
(Fig. 1C). The presence of 50 �g/ml ethidium bromide, 1 mM
DTT, and 2 mM �-mercaptoethanol did not significantly change
the above-mentioned interactions (Fig. 1D and data not shown),
which ruled out possible DNA-mediated interactions as well as
disulfide bridge formation or protein aggregates. Altogether, the
results obtained with COS-7 cells demonstrate that the interaction
between GATA1, GATA2, or GATA3 and Ik1 or Ik4 can occur in
nonhematopoietic cells, i.e., without additional hematopoiesis-
specific factors.

A weaker GATA-Ik6 interaction could be a consequence of the
predominant cytoplasmic distribution of Ik6 (24). Accordingly,
although Ik1 and GATA1 colocalized in the nucleus, Ik6 and
GATA1 showed divergent localization (Fig. 1E) (21). Thus,
GATA1 is not retained in the cytoplasm by Ik6 and does not facil-
itate Ik6 translocation to the nucleus. However, Ik6 can enter the
nucleus when included in protein complexes containing Ik1 or Ik2
(24, 25). Thus, we investigated by in vivo squelching experiments
whether Ik6 could interfere with Ik1 for binding to GATA1. In
COS-7 cells that expressed Ik1-FH and GATA1, GATA1 antibody
immunoprecipitated Ik1 (Fig. 1F). However, GATA1 antibody
immunoprecipitated a negligible amount of either Ik1 or Ik6
when Ik1-FH, GATA1, and Ik6-FH was simultaneously expressed.
Reciprocal co-IP confirmed these results (Fig. 1F), thus suggesting
that Ik6 interferes with Ik1 for interaction with GATA1.

Ikaros-GATA protein interactions in vitro. The potential di-
rect interaction between Ik and GATA proteins was assessed by in
vitro pulldown experiments using bacterially synthesized Ik iso-
forms immobilized on glutathione-Sepharose beads (GST-Ik1,
GST-Ik4, or GST-Ik6) and in vitro-synthesized 35S-labeled
GATA1, GATA2, or GATA3 (Fig. 2A and B). Full-length GATA
proteins were retained by GST-Ik1, GST-Ik6, and GST-PU.1 but
not by GST-Ik4 or GST alone, indicating that Ik1 and Ik6 directly
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interact with GATA proteins (Fig. 2C). An Ik1-GATA1 direct in-
teraction was confirmed by GST pulldown with bacterially syn-
thesized GATA1 and in vitro-synthesized 35S-labeled Ik1 proteins
(Fig. 2D). Ik C-terminal zinc fingers mediate self-interaction as
well as interactions with other proteins (20–24). The fact that
GST-Ik6 contains only the C-terminal zinc fingers and yet inter-
acts with GATA1, GATA2, and GATA3 suggests that this domain
is required for the interaction with GATA proteins.

GATA1, GATA2, and GATA3 are modular proteins. To iden-
tify which region is necessary for interaction with Ik, several
GATA deletions were tested for in vitro interactions with GST-Ik1.
Full-length GATA, the GATA CF, and GATA C- and N-terminal
zinc finger (ZnF) fragments were similarly retained by GST-Ik1
(Fig. 2E). GATA3 NF also retained a significant amount of GST-

Ik1, whereas the GATA1 NF or GATA2 NF association with GST-
Ik1 was weaker (Fig. 2E), and no association could be detected
between GATA1 NF and GST-Ik2 (Fig. 2F). As expected, GATA
constructs lacking both zinc fingers (GATA N-ter) or GST alone
did not interact with either GST-Ik1 or GST-Ik2 (Fig. 2E and F).
Thus, GATA CF is sufficient for in vitro interaction with Ik1 and
Ik2. The fact that Ik1-GATA1 complexes could be formed when
we used both proteins purified from bacteria (Fig. 2G) further
indicates that they can interact directly in vitro.

GATA1 can be phosphorylated at Ser310 upon erythropoietin
receptor activation (53). Since Ser310 is retained in the GATA1 CF
construct, which efficiently interacts with GST-Ik1, we investi-
gated whether GATAl Ser310 phosphorylation could modify
the strength of interaction with Ik. Two phosphomimetic

FIG 1 Ikaros-GATA protein interactions in vivo. (A) The Ik-GATA interaction in hematopoietic cell lines. Total cell lysates of MEL, G1E, or Jurkat cells were
used for protein co-IP with Ik, GATA1 (G1), GATA2 (G2), or GATA3 (G3) antibodies or control Ig (Ig). Input samples (I) represented 2% of total lysates. The
co-IP samples were analyzed by Western blotting with GATA or Ik antibodies. (B and C) Total cell lysates of COS-7 cells transfected with expression vectors
encoding various combinations of GATA1 (G1), GATA2 (G2), GATA3 (G3), Ik1-FH (Ik1), Ik4-FH (Ik4), or Ik6-FH (Ik6) were immunoprecipitated with Flag
or GATA antibodies or control Ig (mouse Ig for Flag co-IP; rat Ig for GATA1 co-IP; mouse Ig for GATA2 and GATA3 co-IP). The co-IP samples were analyzed
by Western blotting with GATA or HA antibodies. (D) Total cell lysates of COS-7 cells transfected with expression vectors encoding Ik1-FH and GATA1
(Ik1/G1), Ik1-FH and GATA2 (Ik1/G2), or Ik1-FH and GATA3 (Ik1/G3) were immunoprecipitated with GATA1, GATA2, or GATA3 antibodies in lysis buffers
containing 1 mM DTT, 2 mM �-mercaptoethanol, and 50 �g/ml ethidium bromide. Co-IP samples were analyzed by Western blotting with HA antibody. (E)
Confocal IF of COS-7 cells expressing Ik1-FH or Ik6-FH together with GATA1. GATA1 (green signal) was detected with rat anti-GATA1 and FITC-conjugated
anti-rat antibodies; Ik (red signal) was detected with mouse anti-HA and Texas Red (TR)-conjugated anti-mouse antibodies. Representative COS-7 cells are
shown where Ik1-GATA1 colocalized, as yellow signals in merged images. (F) In vivo squelching assay. Total cell lysates of COS-7 cells transfected with Ik1-FH
and GATA1 and an increasing concentration of Ik6-FH were immunoprecipitated either with GATA1 or Flag antibodies. Co-IP samples were analyzed by
Western blotting with HA or GATA1 antibodies.
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(GATA1S310E and GATA1S310D) and a phosphorylation-deficient
(GATA1S310A) GATA1 protein were labeled with [35S]methionine
and tested for in vitro interactions with GST-Ik1. The single mu-
tation did not significantly affect the interaction with Ik (Fig. 2H),
indicating that Ser310 phosphorylation levels do not influence the
Ik-GATA1 interaction in vitro.

Collectively, these results indicate that the direct interaction
with Ik is a general feature of GATA transcription factors and
occurs between the C-terminal zinc finger domain of Ik and the two
zinc fingers of GATA proteins, in particular, the CF that is more
efficiently retained by GST-Ik.

Ikaros-Cdk9 protein interaction in vivo. We recently showed

that Ik1 can interact with Cdk9, the catalytic subunit of the active
P-TEFb complex in Jurkat and mouse yolk sac erythroid cells (21).
Here, we questioned whether Cdk9 equally interacts with different
Ik isoforms. Total cell lysates of COS-7 cells transfected with Ik1-
FH, Ik4-FH, or Ik6-FH were immunoprecipitated with Flag or
Cdk9 antibodies. Cdk9 was detected upon Flag co-IP in lysates of
Ik1-FH-transfected cells, and in a reciprocal co-IP, Ik1 was immu-
noprecipitated by Cdk9 antibody (Fig. 3A). The interaction be-
tween Cdk9 and Ik4-FH or Ik6-FH, though detectable, was
weaker, and no specific bands could be detected in mock-trans-
fected cells or in co-IPs performed with control Ig (Fig. 3A and
data not shown). The weaker interaction between Cdk9 and Ik4 or

FIG 2 Ikaros-GATA protein interactions in vitro. (A) Schematic view of Ik1, Ik2, Ik4, Ik6, GATA1, GATA2, and GATA3 protein structures and deletion mutants.
(B) Coomassie staining of bacterially purified Ik1-, Ik4-, and Ik6-GST proteins. (C) GST pulldown assay results: [35S]methionine-labeled GATA1 (G1), GATA2
(G2), and GATA3 (G3) proteins were tested for interactions with GST, GST-Ik1, GST-Ik4, GST-Ik6, and GST-PU.1 proteins. Filled circles, nonspecific bands.
(D) GST pulldown assay results: [35S]methionine-labeled Ik1 proteins were tested for interactions with GST or GST-GATA1 (GST-G1) proteins. Filled circle,
nonspecific band. (E) GST pulldown assay results: [35S]methionine-labeled truncated GATA1, GATA2, and GATA3 proteins, as indicated above each panel, were
tested for interactions with GST or GST-Ik1 proteins. Full, full length; NF, N-terminal zinc finger; CF, C-terminal zinc finger; ZnF, C- and N-terminal zinc
fingers; N-ter, constructs lacking both zinc fingers. (F) GST pulldown assay results: [35S]methionine-labeled truncated GATA1 fragments were tested for
interactions with GST or GST-Ik2 proteins. Full, full length; NF, N-terminal zinc finger; CF, C-terminal zinc finger; ZnF, C- and N-terminal zinc fingers; N-ter,
constructs lacking both zinc fingers. (G) In vitro immunoprecipitation assay results: GST-Ik1 and GST-GATA1 proteins were purified from bacteria, and the GST
moiety was eliminated by thrombin digestion. Co-IP experiments were carried out with Ikaros (Ik) or GATA1 (G1) antibodies, and co-IP samples were analyzed
by Western blotting with Ik or GATA1 antibodies. Filled circle, nonspecific band. (H) GST pulldown assay results: [35S]methionine-labeled wild type or
phosphomimetic mutants of GATA1 protein were tested for interaction with GST or GST-Ik1 proteins.
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FIG 3 Ikaros-Cdk9 protein interactions in vivo. (A) Total cell lysates of COS-7 cells, transfected (Tr) with vectors expressing Ik1-FH (Ik1), Ik4-FH (Ik4), or
Ik6-FH (Ik6) were immunoprecipitated with Flag or Cdk9 antibodies or control Ig. Co-IP samples were analyzed by Western blotting with the indicated
antibodies. (B) Total cell lysates of COS-7 cells transfected with Ik1-FH were immunoprecipitated with Cdk9 antibody in co-IP buffers containing DNase and
ethidium bromide or RNase, as detailed in Materials and Methods. Co-IP samples were analyzed by Western blotting with HA antibody. (C) Confocal IF of
COS-7 cells expressing Ik1-FH or Ik6-FH. Ik (green signals) was detected with mouse anti-HA and Alexa Fluor 488-conjugated anti-mouse antibodies; Cdk9 (red
signals) was detected with rabbit anti-Cdk9 and Cy3-conjugated anti-rabbit antibodies. Representative COS-7 cells are shown where Ik1-Cdk9 colocalization was
identified as yellow signals in the merged image. (D) Total cell lysates of G1E or Jurkat cells were immunoprecipitated with GATA2 (G2) or GATA3 (G3)
antibodies or control Ig. Input samples (I) represented 2% of total lysates. Co-IP samples were analyzed by Western blotting; GATA2- or GATA3-specific bands
are indicated on the right side of the panel. (E) Total cell lysates of COS-7 cells transfected with GATA1-, GATA2-, or GATA3-expressing vectors were
immunoprecipitated with GATA1 (G1), GATA2 (G2), GATA3 (G3), or Cdk9 antibodies. Samples were analyzed by Western blotting with the indicated
antibodies. Arrows indicate specific bands. (F) Confocal IF of COS-7 transfected cells. GATA1 (green signals) was detected with rat anti-GATA1 and FITC-
conjugated anti-rat antibodies; GATA2 and GATA3 (green signals) were detected with mouse anti-GATA and Alexa Fluor 488-conjugated anti-mouse antibod-
ies; Cdk9 (red signals) was detected with rabbit Cdk9 and Cy3-conjugated anti-rabbit antibodies. Representative COS-7 cells are shown; GATA-Cdk9 colocal-
ization was identified as yellow signals in merged images.
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Ik6 was not significantly modified by the addition of GATA1 (data
not shown). DNase I and ethidium bromide or RNase did not
affect the Ik1-Cdk9 protein interaction (Fig. 3B). Thus, Cdk9 in-
teracts in vivo with Ik1, whereas it hardly interacts with the shorter
dominant-negative isoforms, Ik4 and Ik6.

Cdk9 (54) and Ik6 (24) can localize to the cytoplasm where, in
principle, they could interact together. To elucidate this issue,
Cdk9 and Ik localization was investigated by IF staining of COS-7
cells transfected with Ik isoforms. Merged images of Ik1-FH and
Cdk9 produced yellow nuclear signals per focal plane, revealing
that these proteins colocalized in the nucleus; however, Ik6-FH
did not colocalize with Cdk9 either in the nucleus or in the cyto-
plasm (Fig. 3C) (21). In conclusion, only Ik1 can efficiently inter-
act with Cdk9 both in vitro and in vivo.

The interplay between certain GATA family members and the
P-TEFb components Cdk9 and/or CycT1 has been reported (21,
55–58). We previously showed that (i) GATA1 and Cdk9 coim-
munoprecipitate in MEL but not in COS-7 cells, (ii) GATA1 can
enhance the strength of interaction between Ik and Cdk9, and (iii)
Ik is essential for the GATA1-Cdk9 interaction (21). Thus, we
asked whether GATA2 and GATA3 could interact with Cdk9 in
G1E, Jurkat cells, or in COS-7 cells where Ik is not expressed.
Figure 3D shows that GATA2 interacted with Cdk9 in G1E cells
and GATA3 interacted with Cdk9 in Jurkat cells. However, in
COS-7 cells transfected with GATA1 (as a control), GATA2, or
GATA3, co-IP experiments could not demonstrate any significant
interaction between Ik and GATA proteins (Fig. 3E). This issue
was further supported by IF analysis of COS-7 cells expressing
GATA1, GATA2, or GATA3 (Fig. 3F). GATA proteins diffusely
occupied the nucleus, whereas Cdk9 exhibited a more punctuate
nuclear distribution. Merged images of Cdk9 and GATA staining
scarcely produced yellow signals per focal plane. Thus, in Ik-defi-
cient nonhematopoietic cells, Cdk9 does not efficiently interact
with GATA1, GATA2, or GATA3.

Ikaros-Cdk9 protein interaction in vitro. The direct protein
interaction between Ik and Cdk9 was assessed by in vitro GST
pulldown with GST-Ik1, GST-Ik4, or GST-Ik6 and 35S-labeled
full-length Cdk9 or Cdk9 deletion fragments (Fig. 4A and B).
Cdk9 was efficiently retained by GST-Ik1 and GST-Ik4. However,
deletion of the central part of the protein in the oncogenic Ik6
isoform severely perturbed the interaction with Cdk9 (Fig. 4C). In
a parallel set of experiments, GST-Ik1 was incubated with 35S-
labeled Cdk9 deletion fragments. These deletions eliminated
Cdk9 protein domains required for interaction with other Cdk9-
interacting partners (59). Cdk9�82N, Cdk9�129N, Cdk9�289C, and
Cdk9�82N289C all interacted to a similar degree with GST-Ik1,
whereas Cdk9�83C could not pull down GST-Ik1 (Fig. 4D). These
results suggest that the second and third zinc fingers of Ik (in-
cluded in Ik1 and Ik4 but absent in Ik6) are required for Ik inter-
action with the kinase and T-loop domains of Cdk9 in vitro.

The dominant-negative form of Cdk9 (Cdk9dn) is a kinase-
dead mutant that carries an Asp-to-Asn substitution at position
167 (D167N) of the T-loop (60), e.g., within the Ik interaction
domain (Fig. 4D). Cdk9dn competes with endogenous Cdk9 for
interaction with cyclins and forms inactive protein complexes
(60). Cdk9dn was tested for its ability to interact with Ik. Co-IP
experiments showed that Ik immunoprecipitated endogenous as
well as FH-tagged Cdk9dn in COS-7 cells (Fig. 4E). Thus, the Cdk9
kinase activity and, more precisely, the Asp residue at position 167
are not essential for interaction with Ik.

Ikaros/Cdk9 and GATA proteins are transcriptional activa-
tors of several hematopoiesis-specific genes. The finding that Ik
interacts in vitro and in vivo with GATA and Cdk9 proteins
prompted us to investigate whether Ik and/or Ik-GATA combined
action is required for lineage-specific gene expression in primary
cells. In erythroid cells, both Ik (61) and GATA1 (62, 63) have
been linked to Transferrin (TrfR) and Erythropoietin (EpoR) re-
ceptor gene expression. Notably, TrfR2, a TrfR homolog that en-
codes the transferrin receptor 2 (TRFR2), is expressed, together

FIG 4 Ikaros-Cdk9 protein interaction in vitro. (A) Schematic of Ik and Cdk9
protein structures and deletion mutants. Functional domains are designated
according to Cdk9 amino acid residues. (B) [35S]methionine-labeled full-
length and truncated Cdk9 proteins were resolved on SDS-PAGE gels; arrows
indicate predicted molecular weights. (C and D) GST pulldown assay result:
[35S]methionine-labeled full-length Cdk9 (C) or truncated Cdk9 (D) proteins
were prepared by coupled transcription-translation reactions and tested for
interactions with equal amounts of bacterial GST, GST-Ik1, GST-Ik4, or GST-
Ik6 (C) or with GST or GST-Ik1 (D) by GST pulldown assay. Bound proteins
were analyzed by SDS-PAGE and autoradiography. Input samples represent
20% of binding reaction mixtures. Filled circles, nonspecific bands. (E) Total
cell lysates of COS-7 cells transfected with vectors expressing the FH-tagged
kinase-dead Cdk9 mutant (FH-Cdk9dn) together with Ik1-FH (Ik1) or Ik1-FH
alone were immunoprecipitated with Cdk9 or Ikaros (Ik) antibodies. Co-IP
samples were analyzed by Western blotting with Ik or Cdk9 antibodies.
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with Ik and GATA2, in hematopoietic progenitor/stem cells (64–
66) and silenced upon erythroid differentiation of G1E progenitor
cells (67). In T cells, Ik (68) and probably GATA3 (69) activate the
expression of the Granzyme B (GzmB) gene by binding to up-
stream regulator elements (70). To validate a functional role of
Ik-GATA cooperativity and to gain further insight into the biolog-
ical significance of the Ik-Cdk9 interaction, we studied the expres-
sion of EpoR, TrfR2, and GzmB genes in erythroid (MEL), progen-
itor (G1E), and T-lymphoid (Jurkat) cells, respectively. The
promoters of these genes contain Ik and GATA consensus se-
quences (Fig. 5A). Expression of these genes was confirmed in the
appropriate cell lines (data not shown). Next, Ik and GATA pro-
tein recruitment to gene regulatory regions was assessed by ChIP.
Ik and GATA1 were detected at the EpoR promoter in MEL cells
(Fig. 5B); Ik and GATA2 were found at the TrfR2 promoter in G1E
progenitor cells (Fig. 5C); Ik and GATA3 were detected at the
GzmB promoter in Jurkat cells (Fig. 5D). Interestingly, Cdk9 was
also recruited to the EpoR, TrfR2, and GzmB promoter regions
(Fig. 5B to D). To further define the role of Ik for GATA and Cdk9
recruitment to chromatin regulatory regions and gene transcrip-
tion, qRT-PCR and ChIP experiments were performed in primary
cells in the presence or absence of Ik proteins. Specifically, ery-
throid cells (e16.5 fetal liver erythroid cells [e16.5 EryC]), hema-
topoietic progenitors (bone marrow lineage-negative cells [lin�]),
or activated T lymphocytes (spleen-derived CD4� and CD8� cells
[CD4�/CD8�]) were isolated from IkWT or Iknull mice. The EpoR,
TrfR2, and GzmB genes were, respectively, expressed in e16.5 EryC
(Fig. 5E), lin� (Fig. 5F), and CD4�/CD8� (Fig. 5G) IkWT cells.
Their expression levels decreased in Iknull cells (Fig. 5E to G). Ik,
Cdk9, and GATA proteins were efficiently recruited to gene regu-
latory regions in IkWT primary cells, whereas chromatin occu-
pancy severely decreased in cells isolated from Iknull mice (Fig. 5H
to J). These results suggest that Ik facilitates Cdk9 as well as
GATA1, GATA2, and GATA3 protein recruitment to hematopoi-
esis-specific genes, thus providing appropriate gene expression.

GATA factor occupancy was then investigated at promoters of
genes regulated by GATA but not Ik proteins. In erythroid cells,
Glycophorin A (GypA) gene expression is enhanced by GATA1
(71) but not by Ik (61). A DNA binding site search did not reveal
any Ik consensus sequence across the GypA promoter (data not
shown). As expected, ChIP showed GATA1 but not Ik occupancy
at GypA promoter in IkWT e16.5 fetal liver erythroid cells (Fig. 5K).
Interestingly, in Iknull cells, GATA1 occupancy at the GypA pro-
moter did not vary (Fig. 5K), and GypA expression did not de-
crease (Fig. 5L). Thus, GATA proteins can act as transcriptional
activators independently of Ik at genes that are not direct Ik tar-
gets.

We also attempted overexpression of the dominant-negative
isoform of Ik6 in G1E cells. Flag- and HA-tagged Ik6 (Ik6-FH,
detected by Western blotting with HA antibody) was expressed at
lower levels than endogenous Ik (Fig. 5M) and did not induce
major phenotypic abnormalities (data not shown). In G1E/Ik6
cells, the level of TrfR2 expression decreased (Fig. 5N), and Ik as
well as Cdk9 were recruited less efficiently to the TrfR2 promoter
(Fig. 5O). These results strongly suggest that Ik6 interferes with
longer Ik isoforms for binding to Cdk9, thereby impeding Cdk9
recruitment to Ik target genes.

The Ikaros �exon 6 isoform does not interact with Cdk9.
While cloning Ik isoforms from wild-type mouse thymus cDNA, a
novel Ik isoform whereby exon 6 is missing (Ik1�ex6) (Fig. 6A) was

isolated. To investigate whether this Ik mutant is capable of inter-
acting with Cdk9, COS-7 cells were transfected with FH-tagged
Ik1�ex6, and total cell lysates were immunoprecipitated with Flag
or Cdk9 antibodies. Surprisingly, Cdk9 was not significantly pre-
cipitated by Flag antibody and FH-Ik1�ex6 was not precipitated by
Cdk9 antibody (Fig. 6B). However, Ik1�ex6 could efficiently inter-
act with the chromatin-remodeling factor Mi2 (Fig. 6B), an im-
portant Ik-interacting partner, and with GATA proteins (Fig. 6C).
Notably, the Ik1 and Ik1�ex6 cellular distributions closely resem-
bled each other because both proteins could be detected in the
nucleoplasm of transfected COS-7 cells by IF (Fig. 6D). These
results indicate that the novel Ik1�ex6 isoform selectively abrogates
the Ik interaction with Cdk9/P-TEFb. Thus, among the Ik iso-
forms tested (Ik1, Ik4, Ik6, and Ik1�ex6), only full-length Ik1 can
engage in a stable interaction with Cdk9.

DISCUSSION

In this study, we have demonstrated that Ik directly interacts with
the hematopoietic GATA family members and the P-TEFb cata-
lytic subunit Cdk9. Our results revealed that Ik1, but not the
shorter Ik isoforms, facilitates GATA1, GATA2, and GATA3 as
well as Cdk9 recruitment to chromatin and is required for appro-
priate expression of several hematopoietic genes. Thus, the Ik-
GATA-Cdk9 protein network characterized in the manuscript is
likely to be required for modulating gene expression in all hema-
topoietic cells.

Ikaros-GATA protein interactions. The biological function of
Ik depends on the cellular context and/or developmental stage
(72). Cooperative binding of transcription factors and cofactors to
gene regulatory regions often requires direct interaction between
transcription factors and, conversely, multiprotein complexes
formed on DNA are stabilized by protein-protein interactions
(73). Even though GATA proteins can act without Ik at the GypA
promoter, which only contains GATA consensus sequences (Fig.
5), we and others have emphasized the combined requirement of
Ik and GATA proteins for transcriptional control of multiple
genes in different hematopoietic cell types (20, 21, 31, 74–78).
Here, we have shown that, in addition to interact with GATA1 in
erythroid cells, Ik interacts with GATA2 in hematopoietic progen-
itor cells and with GATA3 in lymphoid cells. Our results suggest
that the CF of GATA proteins interacts with the C-terminal zinc-
finger domain of Ik with no requirement for additional factors,
as opposed to, for instance, GATA1 interaction with the
MeCP2 complex, which requires FOG1 (17). In accordance
with our results, it is known that the GATA CF is needed for
self-association and for interaction with PU.1, CBP, Sp1, and
KLF1 (3), and the C-terminal zinc finger domain of Ik is re-
quired for interaction with self, family members, and other
transcriptional regulators (5).

By using epitope-tagged variants of Ik isoforms, we found that
dominant-negative Ik isoforms (Ik4 and Ik6) interact with GATA
proteins less efficiently that Ik1, although Ik6 and GATA proteins
interact with Ik in vitro. The absence of detectable interaction in
vivo could be explained by Ik6 and GATA cellular localization,
because Ik6 is predominantly cytoplasmic, whereas GATA factors
exhibit typical nuclear distribution. However, squelching experi-
ments demonstrated that when Ik6 enters the nucleus upon het-
erodimerization with Ik1, it hinders the Ik1-GATA1 interaction
without engaging itself in a stable interaction with GATA1. Thus,
in vivo, Ik6 possesses higher binding affinity for Ik1 than for GATA
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FIG 5 Ikaros/Cdk9 and GATA proteins are transcriptional activators of several hematopoiesis-specific genes. (A) Schematic representation of the Erythropoietin
receptor (EpoR), Transferrin receptor 2 (TrfR2), and Granzyme B (GzmB) murine promoters. Black bars, amplicons. (B to D, H to J, K, and O) ChIP assay results
with MEL (B), G1E (C), Jurkat (D), and G1E cell lines carrying Flag- and HA-tagged Ik6 (O) or e16.5 fetal liver erythroid cells (e16.5 EryC [H and K]), bone
marrow-derived lineage-negative progenitor cells (lin� [I]), or spleen-derived CD4�/CD8� cells (J) purified from IkWT or Iknull mice. ChIP experiments were
carried out with the antibodies indicated on the top of each panel. Ik, Ikaros; G1, G2, or G3, GATA1, -2, or -3. Immunoprecipitated and input chromatin samples
were used as the templates for qPCR; quantification was carried out according to the 2���CT method, using the mouse kidney-specific Tamm-Horsfall protein
(Thp) promoter as an internal control. The fold enrichment values (y axis) for EpoR, TrfR2, GzmB, Glycophorin A (GypA), and Amylase (Amy) promoters relative
to the control and the input samples are plotted as means and standard deviations. A value of 1 indicates no enrichment. *, P � 0.05 by Student’s t test (n � 4).
(E to G, L, and N) Quantitative RT-PCR results performed on equal numbers of cells. Mature transcripts were retrotranscribed with oligo(dT) primers; transcript
quantification was performed according to the Pfaffl method (100) using specific qPCR primers and mouse Actin as an endogenous control. y axis, relative
enrichment levels. The ratios are plotted as means � standard deviations. *, P � 0.05 by Student’s t test (n � 4). (M) Semiquantitative Western blot assay of total
cell lysates of mock-transfected or Ik6-FH-transfected G1E cells. (Upper panel) Detection of Ik6-FH with HA antibody; (bottom panel) detection of endogenous
Ik1and Ik6-FH with Ik antibody.
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partners. Since dominant-negative Ik isoforms are related to the
prognosis of several solid tumors (79) and are frequently overrep-
resented in malignant hematopoietic cells (80, 81), disruption of
the combined action of Ik and GATA factors is likely to be highly
relevant for neoplastic transformation.

It is unclear how the interaction between Ik and specific GATA
factors is controlled. Interference or assistance by Ik family mem-
bers, protein posttranslational modifications, and fluctuations of
protein levels could possibly play roles.

Ik family members, i.e., Aiolos, Helios, Eos, and Pegasus, can
form homodimers or interact with one another. Like Ik, these
proteins are reported to be alternatively spliced; thus, different
isoforms can be produced in normal or malignant cells (5). De-
regulation of Ik and Aiolos, particularly their splice variants, can

result in cellular hyperproliferation and development of lympho-
mas and leukemia, whereas constitutive expression of mutant
forms of Helios leads to aggressive T cell lymphoma (5, 81). It is
not known whether any of the Ik family members interacts with
Cdk9 or GATA proteins, but their binding to the wild type and Ik
variants might indirectly modulate Ik-Cdk9 and Ik-GATA inter-
actions.

Ik and GATA proteins can be acetylated, sumoylated, and
phosphorylated, and these posttranslational modifications might
affect the strengths of their interactions. For instance, GATA1 is
phosphorylated at Ser310 upon erythropoietin receptor activation
(53). However, single phosphorylation-deficient and phosphomi-
metic mutations do not affect the strength of interaction with Ik in
vitro, thus suggesting that Ser310 phosphorylation does not influ-
ence the Ik-GATA1 interaction. Accordingly, Ser310 phosphory-
lation is dispensable for the function of GATA1 in hematopoiesis
(82). Whether protein acetylation, sumoylation, or ubiquitination
can modify the strength of Ik-GATA interactions remains un-
known.

Spatiotemporal regulation of GATA proteins has been shown
to be more important than their identity, and GATA2 and GATA3
can rescue a GATA1 null phenotype when expressed under the
control of Gata1 regulatory sequences (83). Thus, it is possible
that the ability of Ik to interact with GATA1, GATA2, or GATA3
depends on the protein concentration. During terminal differen-
tiation of erythroid and megakaryocyte cells, GATA2 levels de-
cline and GATA1 levels increase (84, 85). At the same time, there is
an exchange of GATA factors recruited on gene regulatory re-
gions, with consequent modifications of expression levels. The
GATA switch can be reproduced in the G1E-ER4 cells upon ta-
moxifen treatment. In these cells, TrfR2 expression decreases and
GATA1 is then recruited to the TrfR2 promoter together with Ik
(data not shown). Thus, we speculate that genes regulated by Ik
and GATA2 in hematopoietic progenitors will be controlled after-
wards by Ik and GATA1, in erythroid and megakaryocytic cells, or
Ik and GATA3 in lymphoid cells. However, the results of Malinge
et al. suggested that this regulatory loop could be more complex,
since during megakaryopoiesis but not erythropoiesis, GATA1/2
can directly affect Ik gene expression by binding to Ik regulatory
regions, with GATA2 activating and GATA1 repressing Ik expres-
sion (76).

The Ikaros interaction with the P-TEFb complex. In lym-
phoid cells, Ik is primarily involved in gene repression. Indeed,
most of the Ik proteins are present in the NuRD complex, and a
small amount is associated with the corepressors Sin3A, Sin3B,
Sin3BSF, CtIP, and Rb (23, 86, 87). Ik is also a transcriptional
activator (24, 25, 88). It can interact with cofactors promoting
gene transcription, such as BRG1 (20, 89, 90), and numerous he-
matopoiesis-specific genes are downregulated in Iknull cells (91).
Interestingly, an Ik transcriptional effect at target genes can be
dynamic during development and/or cellular specification (20, 21,
37, 76). The interplay of Ik with Cdk9 and, moreover, GATA fac-
tors that are differentially expressed during hematopoietic lineage
specification might account for the Ik capacity to both repress and
activate target genes according to the cell type and stage of differ-
entiation and/or development.

The current results indicate that Ik enhances transcription
elongation by interacting directly with Cdk9/P-TEFb. Under nor-
mal growth conditions, more than half of Cdk9/P-TEFb located in
the nucleus of HeLa cells is sequestered in a catalytically inactive

FIG 6 The Ikaros �exon 6 isoform does not interact with Cdk9. (A) Schematic
view of Ik1 and the Ik1�ex6 isoform. (B and C) Total cell lysates of COS-7 cells
transfected (Tr) with expression vectors encoding Ik1-FH (Ik1), FH-Ik1�ex6

(Ik1�ex6), GATA1 (G1), GATA2 (G2), or GATA3 (G3) were immunoprecipi-
tated with Flag, Cdk9, GATA1, GATA2, or GATA3 antibodies. Co-IP samples
were analyzed by Western blotting with HA, Cdk9, Mi2, GATA1, GATA2, or
GATA3 antibodies. ●, nonspecific band. (D) Confocal IF of COS-7 cells ex-
pressing Ik1-FH (Ik1) or FH-Ik1�ex6 (Ik1�ex6); Ik was detected with mouse
anti-HA and FITC-conjugated anti-mouse antibodies. Results with represen-
tative COS-7 cells are shown.
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complex termed the 7SK snRNP, which also contains the 7SK
snRNA and the nuclear proteins LARP7, MePCE, and HEXIM1/2,
which block Cdk9 kinase activity (42, 54, 92). Cdk9/P-TEFb cycles
between inactive and active complexes during gene transcription
(93). A variety of conditions that globally affect cell growth and
differentiation can trigger deregulation of the P-TEFb transcrip-
tion cycle (54). Results presented here suggest that Ik4 and/or Ik6
overexpression could perturb P-TEFb activity at Ik target genes,
since these dominant-negative isoforms sequestered Ik1 and pre-
vented its interaction with other factors (Fig. 1F). We also dem-
onstrated that Ik1�ex6 does not interact with Cdk9 but translocates
to the nucleus and retains the ability to interact with GATA and
Mi2 proteins. This suggests that Ik exon 6 is specifically required
for interaction with Cdk9/P-TEFb and, hence, transcription elon-
gation. Thus, these Ik isoforms that are overexpressed in leukemic
cells might counteract the transcription elongation activity of
wild-type Ik proteins, thereby altering transcription of hemato-
poiesis-specific genes.

Ikaros and leukemia. Ik mutations have been observed in dif-
ferent cases of human leukemia as well as lymphoma. Mice hap-
loinsufficient for Ik also develop these diseases at high frequency
(28). Based on observations made with different leukemic clones,
it is proposed that the ratio between the different Ik isoforms
could be critical for the development of leukemia. Short Ik iso-
forms are frequently overexpressed in childhood acute lympho-
blastic leukemia (ALL) (52). In particular, childhood ALL clones
frequently express Ik4 (52) which, as we showed here, does not
efficiently interact with any of the GATA proteins. Ik deletions are
also highly represented in BCR-ABL ALL and in chronic myeloid
leukemia (CML) with lymphoid blast crisis cases but not in chronic-
phase CML, in acute myeloid leukemia, or in CML with myeloid
blast crisis (48, 50, 51). Klein et al. (49) suggested that the overex-
pression of aberrant Ik isoforms occurred at a posttranscriptional
level, but Mullighan et al. (50) and Iacobucci et al. (48) demon-
strated that intragenic Ik deletions can account for overexpression
of aberrant isoforms. Deregulation and mutations of hematopoi-
etic GATA factors have also been associated with hematopoietic
malignancies (94). For instance, the GATA1-short variant, which
lacks the N-terminal domain, has been linked to transient abnor-
mal myelopoiesis (95) as well as acute megakaryoblastic leukemia
(96, 97) in children with Down syndrome. Finally, physiological
GATA2 activity suppresses the development of myelodysplastic
syndrome (MDS) and leukemia (98), and disruption of GATA3
has been found among the somatic mutations associated with
early T cell precursor ALL (99).

In conclusion, we have provided evidence that Ik directly
interacts with Cdk9/P-TEFb and the hematopoietic GATA fac-
tors. We show that Ik regulates gene expression in combination
with GATA1, -2, or -3 in hematopoietic cells. Since these pro-
teins are important for hematopoietic cell fate, disruption of
the Ik-GATA-Cdk9 regulatory network is likely to perturb he-
matopoiesis and, hence, promote hematopoietic malignancies.
In support of this assumption, we have demonstrated that Ik6
and the newly identified isoform Ik1�ex6 are unable to interact
with Cdk9/P-TEFb. It can be argued that overexpression of
these isoforms interferes with the Ik capacity to promote tran-
scription elongation of hematopoietic target genes and,
thereby, facilitates neoplasia.
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