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Hex is one of the homeobox genes suggested to be important for hematopoietic cell
differentiation. However, its biological function and mechanism of transcriptional
regulation in hematopoietic cells remain elusive. We have identified the regulatory
region necessary for transcription of the mouse Hex gene in K562 leukemia cells
through transient reporter assays involving various deletion mutants. This region,
comprising +775 to +1177 in the first intron, had enhancer-like properties and showed
high activity in other hematopoietic cell lines such as U937, HEL, and RAW264.7, but
little activity in other Hex-expressing cell lines such as MH1C1 and H4IIE hepatoma
cells, suggesting that this region functions as a hematopoietic cell-specific enhancer-
like element. Binding site mutation of hematopoietic transcription factors, such as
GATAs and c-Myb present in the enhancer-like element, significantly decreased the
luciferase reporter gene expression in K562 cells. Electrophoretic mobility shift
assays showed that GATA-1, GATA-2, or c-Myb actually binds to three of these puta-
tive binding sites, and also suggested that several unidentified factors might interact
with the enhancer-like element. Overexpression of GATA-1, GATA-2, or c-Myb stimu-
lated the enhancer-like activity via these three binding sites. Thus, we conclude that
Hex expression in hematopoietic cells is mainly regulated by GATA-1, GATA-2, and c-
Myb via this intronic enhancer-like element.

Key words: c-Myb, GATA, hematopoiesis, Hex, transcriptional regulation.

Abbreviations: E, embryonic age; EMSA, electrophoretic mobility shift assay; M-PK, M-type pyruvate kinase;
PMA, phorbol 12-myristate 13-acetate; TK, thymidine kinase.

Homeobox genes belong to an important gene family that
encodes transcription factors which can regulate tissue
morphogenesis or cell differentiation during development
(1). These proteins are distinguished by a highly con-
served 60 amino acid homeodomain motif which can
mediate sequence-specific binding to DNA. The hemat-
opoietically expressed homeobox (Hex) gene is also
known as the proline-rich homeobox (Prh), as its N-ter-
minal is rich in proline residues. Hex is a divergent home-
obox gene and its cDNA has been isolated from several
animal species (2–8). The genomic organization of Hex
has been previously determined and it has also been
shown that Hex protein functions as a transcriptional
repressor, its repressor domain being located in the N-
terminal region (amino acids 45–136) from the homeodo-
main (amino acids 137–196) (7, 9). On the other hand, the
function of Hex as a transcriptional activator has also
been reported (10). The molecular basis for these dual
functions of Hex remains elusive.

Hex expression has been observed in the visceral endo-

age (E) 5.5, developing thyroid, liver, and lung during
murine development (11, 12), as well as in several adult
tissues including liver, lung, and spleen (2–4). Our gene
targeting study has shown that a Hex-deficiency in mice
resulted in embryonic lethality around E10.5, due to a
lack of substantial liver formation, as shown by the
absence of albumin expression (13). As for hematopoiesis,
monocyte differentiation was impaired in mutant
embryos whereas erythroid- and mixed-colony formation
were unaffected. These results indicate that Hex is essen-
tial for early embryonic liver development and also for
differentiation of the monocyte lineage. Another group
has reported that Hex is essential for normal develop-
ment of the forebrain and thyroid gland in addition to the
liver, based upon their targeting study (14).

Hex is also expressed in a range of multipotent hemat-
opoietic progenitor cells and restricted cell lineages,
namely in B-cell but not T-cell lineages. In addition, the
Hex transcript is generally reduced during terminal
hematopoietic cell differentiation (15). This expression
pattern suggests that Hex may be involved in the early
stages of hematopoietic cell differentiation by acting as a
transcriptional regulator. In fact, when Hex was overex-
pressed in Myb-Ets transformed chicken blastoderm
cells, which exhibit many characteristics of multipotent
hematopoietic cells, its transformation and/or prolifera-
tion were inhibited (16). In addition, a gene targeting
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study revealed that Hex is necessary for B-cell develop-
ment and function (17). However, its transcriptional role
and gene regulating mechanism in hematopoiesis have
never been established.

Recently, Denson et al. reported that hepatocyte
nuclear factor 3β and GATA-4 transactivated the Hex
expression in HepG2 hepatoma cells (18). We have also
shown that the 5′-flanking region up to –199 contains
four GC boxes necessary for high promoter activity in
MH1C1 hepatoma and K562 leukemia cells, and ubiqui-
tously expressed transcription factors, Sp1 and Sp3, bind
to these boxes to stimulate transcription in both cell
types (19). To determine the tissue specificity of this –199
promoter, we produced transgenic mice which express
enhanced green fluorescent protein under the control of
the Hex –199 promoter. However, it turned out that this
promoter region was not responsible for hematopoietic-
or hepatic-specific expression of Hex (our unpublished
results). On the other hand, Rodriguez et al. showed,
using a transgenic approach, that the dynamic patterns
of Hex expression during early murine development were
regulated by a number of distinct cis-acting elements,
and suggested that a blood island enhancer was present
between positions +56 and +3045 (referred to as +27 and
+3016 downstream of the Hex ATG in their report) (20).
However, further identification of the possible hemat-
opoietic enhancer has never been conducted, since their
study focused on an anterior visceral endoderm/anterior
definitive endoderm enhancer. All these findings strongly
suggest that hematopoietic cell-specific transcriptional
regulatory elements are present in addition to the pro-
moter region previously reported.

In the present study, we have identified a hematopoi-
etic cell-specific enhancer-like element located at +775/
+1177 in Hex gene intron 1. This enhancer-like element
spans about 400 bases and contains several binding sites
for hematopoietic transcription factors such as GATA-1,
GATA-2, and c-Myb, which are essential for Hex expres-
sion in hematopoietic cells.

MATERIALS AND METHODS

Cell Culture—K562 (human chronic myelogenous
leukemia), U937 (human promonocytic leukemia), and
HEL (human erythroleukemia) cell lines were main-
tained in RPMI1640 (Nissui Pharmaceuticals, Tokyo).
RAW264.7 (mouse macrophage-like leukemia), MH1C1
(rat hepatoma), H4IIE (rat hepatoma), and HeLa (human
cervical carcinoma) cell lines were maintained in Dul-

becco’s modified Eagle’s medium (Nissui Pharmaceuti-
cals). Both media were supplemented with 1% (v/v) peni-
cillin/streptomycin (Invitrogen, Carlsbad, CA, USA),
0.4% (v/v) amphotericin B (Sigma, St Louis, MO, USA),
and 10% (v/v) fetal bovine serum (Sigma), and all cell
lines were maintained in a 37°C/5% CO2 humidified incu-
bator. RAW264.7 cells were obtained from the RIKEN
Cell Bank (Ibaraki), and other cell lines from the Ameri-
can Type Culture Collection (Manassas, VA, USA).

Plasmids—All restriction and modification enzymes,
and polymerases were obtained from New England
Biolabs (Beverly, MA, USA). We cloned various mouse
Hex genomic fragments and determined their sequences
previously (9). Hex promoter-luciferase plasmid pHluc67,
which contains the –67/+46 fragment of the mouse Hex
gene at the BglII site of pGL3-Basic vector (Promega,
Madison, WI, USA), was previously described (9).
Construction of deletion reporter constructs involved
the ligation of various Hex genomic fragments into the
SmaI site of pHluc67. The ApaI/HincII fragment of
Hex intron 1 (+544/+2317) was inserted into the SmaI
site of pHluc67 to generate pH(544/2317)luc67. Similarly,
the construction of pH(544/1453)luc67, pH(1454/2317)
luc67, pH(1016/1453)luc67, pH(775/1177)luc67, pH(808/
1453)luc67, and pH(892/1071)luc67 involved the ligation
of the ApaI/HincII (+544/+1453), HincII/HincII (+1454/
+2317), BamHI/HincII (+1016/+1453), AvaI/AvaI (+775/
+1177), HindIII/HincII (+808/+1453), and AluI/AluI
(+892/+1071) fragments into pHluc67, respectively. Frag-
ments with overhangs were filled-in using Klenow frag-
ment before ligation into the SmaI site of pHluc67.

The putative 403 bp AvaI/AvaI enhancer-like frag-
ment, +775/+1177, was inserted into the SmaI (upstream
from the Hex –67 promoter) or SalI (downstream from
the luciferase gene) site of pHluc67 in both the forward
and reverse orientations to create pH(+E403)luc67,
which is similar to pH(775/1177)luc67, pH(–E403)luc67,
pHluc67(+E403), and pHluc67(–E403). The pTKluc
reporter vector was generated by ligating the 164 bp her-
pes simplex virus thymidine kinase (TK) promoter frag-
ment into the BglII site of pGL3-Basic. pTK(+E403)luc
contains the 403 bp putative enhancer-like fragment
ligated into the SmaI site of pTKluc.

For the generation of various mutation constructs, site-
directed mutagenesis was performed according to the
Künkel method with some modifications (21). The blunt-
ended 403 bp putative enhancer-like fragment was sub-
cloned into the SmaI site of the pBluescript®II-SK+ vec-
tor (Stratagene, La Jolla, CA, USA). Single-stranded

Table 1. Oligonucleotide sequences used for site-directed mutation and EMSAs. These are antisense oligo-
nucleotides designed with the Künkel method. Mutated bases are underlined. Some of these oligonucleotides were
also used for EMSAs after annealing to complementary sense oligonucleotides.

Element (position) Oligonucleotide sequence (5′ to 3′)
mG-1 (+856 to +879) GATTTACTCCTGCAGAGAACTCAA
mG-2 (+954 to +982) GTCTGTATTGCCCCGGGAAATAAAATAAT
mG-3 (+995 to +1020) GGATCCTGGCTGCAGGACGTCGAGTG
mG-4 (+1018 to +1043) GAAATGAACACTGCAGGAAAAACGGA
mG-5 (+1111 to +1136) CAGCCTCCAACTGCAGGGGTGGGGGG
mM-1 (+828 to +853) TTTCCTGTATGTCGACAAAGGGTCAG
mM-2 (+1005 to +1034) AATATCAGAACCCGGGATCCTGGCTATCAG
J. Biochem.
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template DNA prepared in Escherichia coli strain CJ236
was separately annealed to phosphorylated mutagenic
oligonucleotides, each putative binding site being
replaced with a PstI, SmaI, or SalI enzyme site (Table 1).
The complementary DNA strands were synthesized with
T4 DNA polymerase and T4 DNA ligase. The resulting
heteroduplex DNAs were used to transform Escherichia
coli strain DH5α. Each mutated putative enhancer-like
fragment derived from these constructs was ligated into
the SmaI site of pHluc67. GATA-1 and GATA-2 expres-
sion plasmids, pEF-mGATA-1 and pEF-mGATA-2, and
GATA-positive control reporter plasmid pRBGP3-Mαp
(22) were generously provided by Dr. Masayuki Yama-
moto (Tsukuba University, Ibaraki). c-Myb expression
plasmid pact-c-myb was generously provided by Dr.
Shunsuke Ishii (The Institute of Physical and Chemical
Research, RIKEN, Ibaraki). All plasmids were prepared
with a Plasmid Midi-kit (Qiagen, Valencia, CA, USA) and
confirmed by DNA sequencing.

Transfection and Luciferase Assay—K562 cells were
transfected with 2 µg of various firefly luciferase reporter
plasmids and 40 ng of pRL-SV40 Renilla luciferase
expression plasmid (Promega), as an internal control,
using DMRIE-C Reagent (Invitrogen) according to the
manufacturer’s protocol. U937, HEL, and RAW264.7
cells were transfected with 1 µg of various firefly luci-
ferase reporter plasmids and 0.1 µg of Renilla luciferase
expression plasmid using SuperFect® Transfection Rea-
gent (Qiagen) according to the manufacturer’s protocol.
Transfection of MH1C1, H4IIE, and HeLa cells was per-
formed by the calcium phosphate method (23). Cells were
seeded at 60–80% density on 6- or 12-well plates for 24 h
before transfection. Various reporter plasmids and a 1/50
amount of pRL-SV40 were transfected into each cell line
and the medium was changed at 5 h post-transfection. In
the case of overexpression assays of HeLa cells, various
amounts of effector plasmids were co-transfected and the
total amount of DNA was adjusted by the addition of the
corresponding empty vector. Cells were harvested after
48 h (for MH1C1, H4IIE, and HeLa) or 24 h (for other cell
lines) to determine luciferase activity using the Dual-
Luciferase® Reporter Assay System (Promega). The fire-
fly luciferase activity of the reporter plasmids was nor-
malized as to the Renilla luciferase activity of pRL-SV40.

Nuclear Extract Preparation and Electrophoretic Mobil-
ity Shift Assay (EMSA)—K562 nuclear extracts were
prepared as previously described (24). EMSAs were per-
formed as previously described (25) with some modifica-
tions. The oligonucleotides used in EMSAs are listed in
Table 1 and 2. Double-stranded oligonucleotides were 5′
end-labeled with [γ-32P]ATP (3,000 Ci/mmol, Amersham
Biosciences, Little Chalfont, Bucks., UK) by T4 polynu-
cleotide kinase (New England Biolabs). Ten microgram

aliquots of K562 nuclear extracts were incubated for 15
min at room temperature with 0.5 ng of 32P-labeled probe
(>5 × 105 cpm) in a reaction mixture comprising 15 mM
Tris-HCl (pH 7.5), 6.5% glycerol, 50 mM KCl, 0.7 mM
EDTA (pH 8.0), 0.2 mM dithiothreitol, 1 mg/ml bovine
serum albumin, 4% Ficoll, 1 µg of poly(dI-dC), and 0.2 µg
of salmon sperm DNA. For competition assays, a 200-fold
molar excess of unlabeled oligonucleotides was first
added to the binding mixture. For supershift assays, 2 µg
of anti-GATA-1 rat monoclonal antibodies (N6, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-GATA-2
mouse monoclonal antibodies (CG2-96), or anti-c-Myb
mouse monoclonal antibodies (C-2) was added to the
binding mixture before the addition of the 32P-labeled
probe, followed by pre-incubation for 15 min at room tem-
perature. After the binding reaction, the mixture was
subjected to electrophoresis on a 4–6% polyacrylamide
gel (19:1, acrylamide: N,N′-methylenebis-acrylamide) in
0.5× Tris borate/EDTA buffer at 200 V for 1 h. The gel
was dried before exposure to a phosphorimaging plate
(Fuji Film, Tokyo).

Statistics—The relative luciferase activity values rep-
resent the means ± SEM for at least more than three
independent experiments. Statistical significance was
determined by means of Student’s t-test or Welch’s t-test.

RESULTS

Identification of the 403 bp Hematopoietic Regulatory
Region in Hex Intron 1—Based on a recent report on a
putative Hex blood enhancer which spans a 3 kb region
(20), we focused on the Hex intron 1 region, as it is part of
the reported region and also because introns often con-
tain regulatory elements. Hex intron 1 spans about 1.9 kb
and thus the 1.8 kb ApaI/HincII (+544/+2317) fragment
containing most of the intron 1 sequence was used for
further analysis (Fig. 1A). To determine whether or not
this region contains regulatory elements, the 1.8 kb frag-
ment was inserted upstream of pHluc67, and the result-
ant plasmid, pH(544/2317)luc67, was subsequently
transfected into various cell lines. We chose K562 cells as
a model of multipotent hematopoietic cells since they
highly express Hex and can differentiate into progenitors
of the erythrocytic, granulocytic, and monocytic series
(26). In addition, we used three other cell lines as con-
trols, MH1C1 and H4IIE hepatoma cells, both of which
express Hex, and HeLa cells, which do not express Hex.
The pHluc67 activity was very low in all cell lines tested.
However, the 1.8 kb region increased the basal transcrip-
tion level of pHluc67 by 3.8-fold in K562 cells, but not in
MH1C1 or H4IIE hepatoma cells (Fig. 1B), or HeLa cells
(data not shown). This result suggests that the 1.8 kb
region may contain regulatory elements with hematopoi-

Table 2. Oligonucleotide sequences used for EMSAs. The sense strand sequences are shown. Lowercase
letters indicate EcoRI enzyme site linker sequences.

Element (position) Oligonucleotide sequence (5′ to 3′)
G-2 (+957 to +982) gatcATTTTATCGACATCCTCAATACAGAC
G-3 (+995 to +1020) gatcCACTCGACGTCTGATAGCCAGGATCC
M-1 (+828 to +853) gatcCTGACCCTTTCCGTTCATACAGGAAA
GATA-consensus CACTTGATAACAGAAAGTGATAACTCT
c-Myb-consensus TACAGGCATAACGGTTCCGTAGTGA
Vol. 135, No. 2, 2004
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etic cell-specific activity. Up to 6.5 kb upstream of the Hex
5′-flanking region was also examined in K562, MH1C1,
and H4IIE cells using luciferase reporter assays, but no
regulatory elements for hematopoietic-specific activity
were found (data not shown).

To define the critical region for this activity, various
reporter deletion mutants of pH(544/2317)luc67 were
generated and transfected into K562, MH1C1, and H4IIE
cells (Fig. 1B). Interestingly, pH(775/1177)luc67 contain-
ing the 403 bp AvaI/AvaI (+775/+1177) fragment (shaded

box in Fig. 1A) exhibited the strongest activity in K562
cells, corresponding to 41% that of the pGL3-Control vec-
tor (Fig. 1B). Further deletion of the 403 bp region,
pH(892/1071)luc67, or other constructs containing vari-
ous parts of the 403 bp region resulted in reduction of the
reporter activity. In contrast, deletion mutant reporters
such as pH(1454/2317)luc67 and pH(1016/1453)luc67
caused reduced activity, which may indicate the presence
of repressor elements in these regions. No activity was
found for all constructs in HeLa (data not shown),
MH1C1, and H4IIE (Fig. 1B) cells when compared to
pHluc67.

To further confirm that the 403 bp region is a hemat-
opoietic cell-specific regulatory element, its activity was
also analyzed in several hematopoietic cell lines other
than K562, such as U937, HEL, and RAW264.7, which
are derived from different species or lineages. The
expression of Hex in U937 and HEL cells has been
reported (15), and we also detected its expression in
RAW264.7 cells using the reverse transcriptase-
polymerase chain reaction (data not shown). When
pH(775/1177)luc67 was transfected into these cells, the
403 bp region significantly activated the reporter gene
expression in all hematopoietic cell lines tested when
compared to pHluc67 (Table 3). However, its activation in
K562 cells was higher than that in these three cell lines.
Thus, we used K562 cells for further analyses. All the
results suggest that the 403 bp region (+775/+1177)
within Hex intron 1 is a hematopoietic cell-specific regu-
latory element.

Functional Analyses of the 403 bp Hex Regulatory Ele-
ment—To determine the function of the 403 bp region as
an enhancer, it was inserted either upstream or down-
stream of pHluc67, and in both the forward and reverse
orientations. All constructs containing the 403 bp region
in various orientations and positions significantly acti-
vated the reporter gene expression when compared to
pHluc67, although the activation levels differed (Fig. 2A).
Highest activation occurred when the 403 bp region was
positioned upstream of the promoter and in the forward
orientation, whereas this region showed weak but signif-
icant activation when placed downstream in the reverse
orientation. Similar effects were observed when the 403
bp fragment was linked to pHluc199 containing the –199/
+46 Hex promoter region and previously shown to exhibit
high promoter activity (19) (data not shown). To deter-
mine whether or not the 403 bp region can function in the
context of a heterologous promoter, this region was

Fig. 1. Identification of a hematopoietic cell-specific regula-
tory region of the Hex gene. (A) Genomic structure of the mouse
Hex gene. Exons are represented by boxes. Solid and open boxes
represent coding and non-coding regions, respectively (upper
panel). A restriction map of the Hex intron 1 is also shown and the
putative regulatory region is indicated by a shaded box (lower
panel). The restriction enzyme sites are indicated: Al, AluI; Ap,
ApaI; Av, AvaI; B, BamHI; Hc, HincII; Hd, HindIII. (B) Expression
of Hex-luciferase fusion genes in various cell lines. Various deleted
Hex intron 1 gene fragments were ligated to pHluc67, which showed
almost no promoter activity. The deletion constructs, shown on the
left, were transfected into K562 (solid bars), MH1C1 (shaded bars),
and H4IIE (open bars) cells. All firefly luciferase activities were
normalized as to Renilla luciferase activity of pRL-SV40. The rela-
tive luciferase activities of the deletion constructs are expressed as
percentages of that of pGL3-Control. The results are the means ±
SEM for more than three independent experiments. *p < 0.001 and
†p < 0.01 indicate significant changes in reporter gene expression of
each deletion construct compared with pHluc67 in K562 cells. The
straight thin and shaded thick lines indicate the Hex –67 minimum
promoter sequence and Hex intron 1 sequence, respectively. The
notches represent the sequence of the polylinker site of pGL3-Basic.
Luc, firefly luciferase gene.

Table 3. The activity of the 403 bp region in several hemat-
opoietic cell lines. The activity of the 403 bp region observed in
K562 cells was also examined in several other hematopoietic cell
lines. The results are the means ± SEM for more than three inde-
pendent experiments. *p < 0.001 and ‡p < 0.05 indicate significant
changes in reporter gene expression of pH(775/1177)luc67 com-
pared to pHluc67.

Cell line Relative luciferase activity
pHluc67 pH(775/1177)luc67

K562 1.00 27.1 ± 2.35*
U937 1.00 6.58 ± 0.31*
HEL 1.00 7.95 ± 1.19‡
RAW264.7 1.00 9.76 ± 0.43*
J. Biochem.
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inserted upstream of the heterologous TK promoter. This
resulted in an increase in reporter activity by about 20-
fold (Fig. 2B). These results indicate that the 403 bp
region of Hex intron 1 has enhancer-like properties,
although it does not function like a typical enhancer.
Thus, we refer to this region as an enhancer-like element.

GATA-1, GATA-2, and c-Myb Are Involved in the
Enhancer-Like Activity—A search for transcription factor
binding sites within the 403 bp Hex intron 1 region by
computer analysis (TFSEARCH ver.1.3) (27) revealed
many potential binding sites for GATAs and c-Myb, both
of which are important for hematopoiesis. The 403 bp
enhancer-like element of Hex contains five GATA and
two c-Myb putative binding sites, designated as G-1, G-2,
G-3, G-4, G-5, M-1, and M-2, respectively (Fig. 3). To
determine whether or not these binding sites are respon-
sible for the hematopoietic cell-specific enhancer-like
activity, binding site mutation analyses were carried out
on K562 cells. All mutations of pH(+E403)luc67 resulted
in significant reduction of the reporter gene expression
except for the G-4 and G-5 mutations (mG-4 and mG-5),
which caused no significant changes (Fig. 4). The G-2
mutation (mG-2) resulted in a 91% reduction in tran-
scriptional activity when compared to the wild-type
pH(+E403)luc67, whereas the G-1, G-3, M-1, and M-2
mutations (mG-1, mG-3, mM-1, and mM-2) resulted in
49, 41, 44, and 65% reduction, respectively. These results
suggest that several binding sites at which mutation
influenced reporter gene expression could be responsible
for the enhancer-like activity.

GATA-1 and GATA-2 Interact with the 403 bp En-
hancer-Like Element in K562 Cells—EMSAs involving
K562 nuclear extracts were performed to determine
whether or not GATAs and c-Myb can bind to the sites
tested above. When the end-labeled G-1 probe was incu-

Fig. 2. Positional and orientational effects and promoter
independence of the Hex regulatory element. (A) The putative
403 bp regulatory fragment was ligated upstream of the Hex –67
promoter or downstream of the luciferase gene in both the forward
and reverse orientations. (B) The putative 403 bp regulatory frag-
ment was ligated upstream of the heterologous TK promoter. The
constructs, shown on the left, were transfected into K562 cells. All
firefly luciferase activities were normalized as to Renilla luciferase
activity of pRL-SV40. The relative luciferase activities of the vari-
ous constructs are expressed relative to that of pHluc67 (A) or pTK-
luc (B). The results are the means ± SEM for more than three inde-
pendent experiments. †p < 0.01 indicates significant changes in
reporter gene expression of each construct compared with pHluc67
(A) or pTKluc (B). The putative regulatory element and its orienta-
tion are indicated by shaded arrows.

Fig. 3. Nucleotide sequence of the 403 bp enhancer-like ele-
ment of the mouse Hex gene. The sequence of the 403 bp
enhancer-like element isolated by AvaI digestion that was used in
this study is shown. Position +1 refers to the transcription start site.
The GATA and c-Myb putative binding sites are underlined, and des-
ignated as G-1, G-2, G-3, G-4, G-5, M-1, and M-2, respectively.

Fig. 4. Effects of mutation at the GATA and c-Myb putative
binding sites within the Hex enhancer-like element in K562
cells. Various reporter plasmids with site-directed mutations of
pH(+E403)luc67 to individually disrupt the five GATA and two c-
Myb putative binding sites were constructed as described in the
Materials and Methods section, and then transfected into K562
cells. The relative luciferase activities of these constructs are
expressed as percentages of that of pGL3-Control after normaliza-
tion as to Renilla luciferase activity. The results are the means ±
SEM for more than three independent experiments. *p < 0.001 and
†p < 0.01 indicate significant changes in reporter gene expression of
each mutated construct compared with pH(+E403)luc67. The
straight lines indicate the sequence of the Hex gene. Shaded and
open boxes represent the GATA and c-Myb putative binding sites,
respectively.
Vol. 135, No. 2, 2004
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bated with K562 nuclear extracts, no specific binding was
observed under the conditions used (data not shown),
although it was shown that the G-1 site might also be
involved in the transcriptional activation by the reporter
gene assays with K562 cells (Fig. 4). This might be the
result of the mG-1 sequence that affected the transcrip-
tional activation by unknown endogenous factors other
than GATAs in K562 cells.

In contrast, when the end-labeled G-2 and G-3 probes
were used, two major specific complexes were formed
(Fig. 5A). Complex 1 formed using the G-2 probe, and
complexes 3 and 4 formed using the G-3 probe decreased
when a 200-fold molar excess of the GATA-consensus oli-
gonucleotide, as well as each unlabeled probe oligonucle-
otide, was added to the binding mixture before the incu-
bation with the end-labeled probe oligonucleotide. The
formation of complex 2 with the G-2 probe was slightly
inhibited by the addition of the GATA-consensus oligonu-
cleotide, but was greatly decreased with the G-2 unla-
beled probe oligonucleotide. This suggests that complex 2
was formed with a non-GATA-binding site within the G-2
probe oligonucleotide. Both oligonucleotides containing
mutations at the putative GATA binding site, mG-2 and
mG-3, which have the same mutated sequence as the
reporter gene constructs used in Fig. 4, failed to compete
in the formation of protein complexes with each end-
labeled probe. When GATA-1-specific antibodies were
added to the reaction mixture prior to the reaction with
the end-labeled probe, formation of complex 1 with the G-
2 probe and complexes 3 and 4 with the G-3 probe was
prevented. Formation of complexes 3 and 4 with the G-3

probe was prevented on the addition of GATA-2-specific
antibodies, but not that of complex 1 with the G-2 probe.
The addition of M-type pyruvate kinase (M-PK) antibod-
ies as non-specific antibodies did not affect the complexes
(data not shown). Neither GATA-1- or GATA-2-specific
antibodies prevented the formation of complex 2 with the
G-2 probe. This further indicates that complex 2 did not
contain GATA-1 or GATA-2. All these results suggest
that GATA-1 can bind to the G-2 site, and that both
GATA-1 and GATA-2 can bind to the G-3 site under the
binding conditions used.

c-Myb Can Also Interact with the 403 bp Enhancer-Like
Element in K562 Cells—Similar EMSA analyses were
performed for the putative c-Myb binding sites found
within the 403 bp region. When the end-labeled M-1
probe was used, one major specific complex was formed
(Fig. 5B). There was competition with this complex by the
M-1 unlabeled probe oligonucleotide, but not by the mM-
1 oligonucleotide containing a mutation at the putative c-
Myb binding site. The c-Myb-consensus oligonucleotide
and also c-Myb-specific antibodies partly prevented for-
mation of the complex. However, the addition of M-PK
antibodies did not affect the complex formation (data not
shown). These results suggest that c-Myb interacts with
the putative binding site within the 403 bp enhancer-like
region but that other unknown proteins may also be
involved in the formation of the complex.

No specific binding to the end-labeled M-2 probe was
observed (data not shown), although the initial reporter
gene assay results with K562 cells suggest involvement
of this site. However, like the G-1 site, the M-2 mutation

Fig. 5. Electrophoretic mobility shift assay of the Hex
enhancer-like element. Double-stranded oligonucleotides, G-2, G-
3 (A), and M-1 (B), were 5′-end-labeled with [γ-32P]ATP and then
incubated with 10 µg of K562 nuclear extract for 15 min. A 200-fold
molar excess of the unlabeled competitor DNA or 2 µg of specific
antibodies indicated was preincubated with nuclear extracts for 15
min prior to the addition of the probe DNAs. Protein-DNA complexes

were separated on a 6% (A) or 4% (B) polyacrylamide gel. The arrows
indicate the positions of the major specific protein-DNA complexes.
Probe DNAs are indicated at the bottom, and the probe and compet-
itor DNA sequences are shown in Tables 1 and 2. G2, G-2; mG2, mG-
2; G3, G-3; mG3, mG-3; C, consensus; M1, M-1; mM1, mM-1; GA1,
anti-GATA-1 antibody; GA2, anti-GATA-2 antibody; Myb, anti-c-
Myb antibody.
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may have affected the transcriptional activation by other
unknown endogenous factors in K562 cells.

GATA-1, GATA-2, and c-Myb Activate the 403 bp Hex
Enhancer-Like Element through Their Binding in HeLa
Cells—To determine whether or not GATA-1, GATA-2,
and c-Myb transactivate the Hex 403 bp enhancer-like

region through their binding sites, co-transfection assays
were performed on HeLa cells using mutated reporter
constructs, similar to in Fig. 4, together with expression
vectors of GATA-1, GATA-2, or c-Myb. As shown in Fig.
6A, expression of GATA-1 resulted in about 26-fold stim-
ulation of the activity of the reporter containing the 403
bp enhancer-like region in HeLa cells. However, when the
reporter construct carrying mG-2 or mG-3 was co-trans-
fected with the GATA-1 expression vector into HeLa
cells, reporter gene expression was significantly reduced
to 49% or 44% compared to in the case of wild-type
pH(+E403)luc67, respectively. No significant reduction in
the reporter gene expression was observed with the other
mutation constructs. These results confirmed that the G-
2 and G-3 putative GATA binding sites were critical for
the activation of the Hex gene by GATA-1 via its 403 bp
hematopoietic enhancer-like element. The activity of the
pRBGP3-Mαp reporter vector containing a known GATA
binding site from the mouse α-1 globin gene was used as
a positive control (22). GATA-1 activated this reporter
gene expression by 6.0-fold, which corresponds to 23% of
pH(+E403)luc67 induction. These results indicate that
the Hex 403 bp enhancer-like element is strongly acti-
vated by GATA-1.

Similar analyses were also performed with the
GATA-2 expression vector (Fig. 6B). GATA-2 expression
caused about 3.7-fold stimulation of the activity of
pH(+E403)luc67 in HeLa cells. However, when the
reporter construct carrying mG-2 or mG-3 was co-trans-
fected with the GATA-2 expression vector into HeLa
cells, reporter gene expression was significantly reduced
to 56% or 44% compared to that of the wild-type reporter
plasmid, respectively. This suggests that GATA-2 also
binds to the G-2 site, although this is inconsistent with
the EMSA results suggesting that GATA-2 could not bind
to the G-2 probe. GATA-2 enhanced the reporter gene
expression of pRBGP3-Mαp by 1.9-fold, which corre-
sponds to 52% of pH(+E403)luc67 induction. All these
results strongly suggest that both GATA-1 and GATA-2
could activate the Hex expression through their binding
to the 403 bp hematopoietic enhancer-like element,
although the transcriptional activities differ.

The c-Myb expression caused an about 4.8-fold
increase in the activity of the wild-type reporter plasmid
(Fig. 6C). When co-transfection assays with the mutated
reporter constructs were performed, only the reporter
construct carrying mM-1 exhibited significantly reduced
reporter gene expression, i.e. 46% compared to that of
wild-type pH(+E403)luc67. This is consistent with the
EMSA result that c-Myb could bind only to the M-1
probe. Thus, we have shown that c-Myb, as well as
GATA-1 and GATA-2, can activate Hex expression in
hematopoietic cells through its binding to the 403 bp
enhancer-like element.

DISCUSSION

The hematopoietic cell-specific expression pattern of Hex
suggested that unique regulatory mechanisms in hemat-
opoiesis in addition to its ubiquitous promoter exist (19).
Here we described the identification of the hematopoietic
cell-specific enhancer-like element within Hex intron 1.
This 403 bp region was shown to possess enhancer-like

Fig. 6. GATA-1, GATA-2, and c-Myb can transactivate the Hex
enhancer-like element. Effects of mutation in the GATA or c-Myb
putative binding sites within the 403 bp Hex enhancer-like element
in HeLa cells. The GATA-1 (A), GATA-2 (B), or c-Myb (C) expression
plasmid (0.4 µg, solid bars), or the empty vector (0.4 µg, open bars)
was co-transfected with 0.4 µg of the various reporter plasmids
shown on the left into HeLa cells. The relative luciferase activities
are expressed as the fold number relative to that of each reporter
plasmid co-transfected with the empty vector after normalization as
to Renilla luciferase activity. The activity of the pRBGP3-Mαp
reporter plasmid containing the GATA binding sequence is shown
as a positive control (A and B). The results are the means ± SEM for
more than three independent experiments. †p < 0.01 and ‡p < 0.05
indicate significant changes in reporter gene expression of each
mutated construct compared with pH(+E403)luc67. The GATA and
c-Myb putative binding sites, and reporter constructs are depicted
as in Fig. 4.
Vol. 135, No. 2, 2004
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properties; it could increase the transcription from the
Hex promoter regardless of its orientation and position,
and also activated the heterologous TK promoter,
although the extent of the Hex enhancer-like activity was
affected by its orientation and position. Thus, the 403 bp
region should be active in the normal context of the Hex
gene, although this has to be further examined. The
activity of the 403 bp enhancer-like element was strong
in hematopoietic cell lines, especially in K562 cells, but
not detected in hepatoma cell lines in spite of Hex expres-
sion in these cells, and the entire 403 bp region was indis-
pensable for maximum activation. On the other hand, a
repressor element(s) seems to exist in the flanking region
of the 403 bp element. However, the identity of the puta-
tive repressor element(s) remains to be determined.

The Myb-related proteins are a large family of tran-
scription factors. c-Myb recognizes the AACNG sequence,
and regulates the growth and differentiation of imma-
ture hematopoietic cells (28). When Hex expression was
down-regulated during myelomonocytic differentiation of
K562 cells induced by phorbol 12-myristate 13-acetate
(PMA), c-myb expression was also down-regulated (15).
We found that the down-regulation of c-myb occurred
rapidly and dramatically, and was followed by a moder-
ate reduction in Hex expression in less than 6 h after
PMA treatment (our unpublished results). This expres-
sion pattern suggests that c-Myb may regulate the Hex
gene, and the present study demonstrated that c-Myb
binds to the 403 bp hematopoietic enhancer-like element
within Hex intron 1 to activate its expression (Figs. 5B
and 6C). During hematopoietic cell differentiation, some
repression mechanisms for the Hex enhancer-like ele-
ment must exist, and there is a possibility that the
decrease in c-Myb is involved in the repression of the Hex
enhancer-like element and subsequent decreased expres-
sion of Hex. We also tried to determine whether or not the
activity of the 403 bp enhancer-like element is down-reg-
ulated during PMA-induced differentiation of K562 cells
using a similar reporter gene assay approach. However,
we failed to detect its down-regulation in this assay
system because of the strong influence of PMA on the
luciferase assay system used. Further analyses of the
relationship between Hex down-regulation and this
enhancer-like element are now under way.

The GATA transcription factor family, another family
that is important for hematopoiesis, consists of GATA-1
to –6, and recognizes consensus sequence WGATAR (W =
A or T and R = A or G), but it is known that many noncon-
sensus sequences also bind GATA proteins with high
affinity (29, 30). GATA-1, GATA-2, and GATA-3 are
called “hematopoietic GATAs” as they are expressed pre-
dominantly in hematopoietic tissues and play important
roles in hematopoiesis (31, 32). Among these “hematopoi-
etic GATAs,” GATA-1 is essential for the differentiation
of erythroid and some myeloid lineages, GATA-2 is cru-
cial for the maintenance and proliferation of immature
hematopoietic progenitor cells, and GATA-3 is essential
for T-cell development and the nervous system (33–37).
No Hex expression is found in the T-cell lineage (15), and
down-regulation of Hex is essential for normal T-cell
development (38), thus we regarded GATA-3 as not being
important for the regulation of Hex gene expression, and
only examined GATA-1 and GATA-2 in this study.

Initial binding site mutation analyses showed that
mutation of the G-2 site (mG-2) within the Hex enhancer-
like element drastically reduced the transcriptional
activity in K562 cells (Fig. 4). However, further analyses
involving EMSAs or co-transfection assays did not reveal
that the involvement of GATA proteins in the G-2 site is
more critical than in the G-3 site (Figs. 5A, and 6, A and
B). The EMSA results also indicated the involvement of
other factors within the G-2 site (Fig. 5A, complex 2).
Therefore, the severe reduction in the activity of the mG-
2 reporter is not due to elimination of only GATAs but
also some unknown factors.

EMSA analyses involving the end-labeled G-2 or G-3
probe and GATA-2-specific antibodies with K562 nuclear
extracts indicated that GATA-2 could only bind to the G-
3 probe, i.e. not the G-2 one. This result differs with the
finding that the G-2 mutation inhibited activation of the
reporter gene by GATA-2 in HeLa cells (Figs. 5A and 6B).
The cause of this discrepancy is unclear, but it may just
be due to the different cell lines; that is, the results of
reporter gene assays or EMSAs involving K562 cells
reflect the effects of endogenous factors, whereas those of
co-transfection assays involving HeLa cells reflect those
of overexpressed exogenous factors. The mutations of the
G-1 site (mG-1) and M-2 site (mM-2) caused significant
decreases in the activity of the 403 bp region in K562
cells. However, EMSAs failed to show the binding of any
protein to these sites. We suspect that the conditions
used for EMSAs were not suitable for detecting proteins
bound to G-1 and M-2, or that these proteins were simply
inactivated during extraction. Our EMSA results indi-
cate that some other factors besides GATA or c-Myb pro-
tein interact with the G-2 or M-1 site, respectively. Iden-
tification of these proteins is required for further
understanding of the mechanism of hematopoietic spe-
cific expression of Hex.

We also examined the involvement of PU.1, which is an
important transcriptional activator for B-cell or myelo-
monocytic differentiation (39), in the Hex enhancer-like
activity. Co-transfection assays showed that the reporter
gene expression of pH(+E403)luc67 was increased by
exogenous PU.1 in HeLa cells, but that mutation of the
putative binding sites had no effect on its transcriptional
activation in either K562 or HeLa cells (data not shown).
This suggests that PU.1 may interact with an unknown
binding site if it is involved in the Hex enhancer-like
activity. However, PU.1 is unlikely to be important for the
regulation of Hex because its expression increases during
myelomonocytic differentiation while Hex expression
dramatically decreases (40).

One of the most critical points to be clarified is the
down-regulatory mechanism(s) of Hex during hematopoi-
etic cell differentiation, as mentioned above. Further-
more, it has recently been reported that Hex is a critical
regulator of hemangioblast differentiation into definitive
hematopoietic progenitor cells (41). Since the hemangiob-
last is the earliest common mesodermal precursor for
hematopoietic and endothelial cells, well-regulated Hex
expression is thought to be indispensable from an early
stage of hematopoiesis. From these perspectives, Hex
intron 1 containing the hematopoietic enhancer-like ele-
ment and possible repressor elements is a very important
region for analyses in order to reveal the gene regulatory
J. Biochem.
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mechanism of Hex. Further analyses of this region will
lead to a better understanding of the role of Hex in
hematopoiesis.
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