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EKLF is an erythroid-specific, zinc finger-containing transcription factor essential for the activation of the mamma-
lian beta globin gene in erythroid cells of definitive lineage. We have prepared a polyclonal anti-mouse EKLF antibody 
suitable for Western blotting and immunoprecipitation (IP) qualities, and used it to define the expression patterns of the 
EKLF protein during mouse erythroid development. We have also used this antibody for the chromatin-immunoprecipi-
tation (ChIP) assay. EKLF was found to bind in vivo at both the mouse beta-major-globin promoter and the HS2 site of 
beta-LCR in the mouse erythroleukemia cells (MEL) in a DMSO-inducible manner. The DMSO-induced bindings of 
EKLF as well as three other proteins, namely, RNA polymerase II, acetylated histone H3, and methylated histone H3, 
were not abolished but significantly lowered in CB3, a MEL-derived cell line with null-expression of p45/NF-E2, an 
erythroid-enriched factor needed for activation of the mammalian globin loci. Interestingly, binding of EKLF in vivo 
was also detected in the mouse alpha-like globin locus, at the adult alpha globin promoter and its far upstream regula-
tory element alpha-MRE (HS26). This study provides direct evidence for EKLF-binding in vivo at the major regulatory 
elements of the mouse beta-like globin gene clusters the data also have interesting implications with respect to the role 
of EKLF-chromatin interaction in mammalian globin gene regulation.
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Introduction

Expression of the eukaryotic globin genes in the ery-
throid cells is regulated in a tissue- and developmental 
stage-specific manner [1-4]. The murine β-like globin 
gene family consists of four functional gene members 
arranged and expressed during development in the order 
of 5'-εy-βH1-βmaj-βmin-3' [5]. In the embryonic yolk 
sac, higher levels of εy and βH1 are expressed. On day 

11.5 of gestation, the main site for erythropoiesis changes 
from yolk sac to the fetal liver. Concomitantly, the globin 
expression is switched from εy and βH1 to the βmaj and 
βmin forms [6]. Similar arrangement of the β-like globin 
genes and their developmental regulation (switch) are also 
observed in humans [1-4]. The regulation of the mammalian 
β-like globin switch is achieved through the assembly and 
interactions of multiple DNA-protein and protein-protein 
complexes at the locus-control-region (β-LCR) and dif-
ferent globin upstream promoter regions [1-4]. Among 
the various nuclear factors participating in the regulation 
of the mammalian globin switch are those expressed in an 
erythroid-specific or erythroid-enriched manner, including 
NF-E2 [7], GATA-1 [8], FOG [9] and EKLF. 

EKLF is a transcription factor exclusively expressed in 
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the erythroid tissues [10, 11]. In EKLF-knockout mice, the 
embryonic erythropoiesis and expression of the embryonic 
εy gene is normal. However, they died of anemia before 
E16 due to failure to express the adult β globin [12, 13]. In 
interesting contrast, overexpressing EKLF in mice induced 
an earlier switch from the fetal to adult-type globin [14]. 
These studies have demonstrated that EKLF is essential for 
activation of the adult β globin gene. Analysis of transgenic 
mice carrying human β-like globin gene cluster suggested 
a similar requirement of EKLF for human adult β globin 
gene activation [15-17].

Mechanistically, the function of EKLF is carried out 
distinctively and separately by its proline-rich transcription 
activation domain at the N-terminus and the three C2H2-type 
zinc fingers at the C-terminus [18-21]. Through these zinc 
fingers, EKLF binds the CACCC box in vitro in the β globin 
promoter region. Furthermore, intactness of the CACCC 
box is required for EKLF mediated β globin gene activation 
in vivo [22]. Interestingly, the zinc fingers of EKLF have 
been found to carry out a wide range of functions aside from 
DNA-binding. Nuclear targeting of EKLF is mediated by 
its zinc fingers through interaction in vivo with the import 
in proteins [23, 24]. The zinc finger region of EKLF is also 
the site for interaction with the SWI/SNF complex. This 
interaction resulted in the remodeling of the chromatin and 
the formation of the DNA hypersensitive site (HS) at the 
β globin promoter in vitro [20]. A protein complex, E-RCl 
that could activate transcription of a chromatin-assembled 
β globin promoter in an EKLF-dependent fashion has been 
purified [25]. Consistent with the in vitro results, lack of 
EKLF expression led to the loss of the HS at the β globin 
promoter in vivo [12, 13]. The above studies together have 
pointed to a model of activation of the mammalian adult 
β globin gene by EKLF. That is, EKLF binds the β globin 
promoter through the interaction between its zinc fingers 
and CACCC box in the promoter. This interaction attracts 
chromatin remodeling and transcription activating com-
plexes to the β globin promoter. 

Due to the lack of appropriate antibodies, several inter-
esting questions about the interaction between EKLF and 
its target chromatin regions remained unanswered. For 
example, does EKLF indeed bind in vivo at the  globin 
promoter of the erythroid cells? Also, the CACCC box is 
present in other regions of the β-like globin locus, includ-
ing the HS of the β-LCR. In particular, the HS3 site of the 
human β-LCR appears to be required for EKLF-dependent 
activation of a cis-linked human β globin promoter in 
transgenic mice [14]. Thus, does EKLF bind in erythroid 
cells at one or more of the HS of β-LCR as well? In the fol-
lowing, we report the use of an affinity-purified anti-EKLF 
antibody for ChIP analysis of EKLF binding in vivo in the 
murine β-like as well as the α-like globin gene clusters of 

the murine adult erythroleukemia cell line MEL. Both α-
like and β-like globin genes are silent in uninduced MEL, 
but their transcription activities are greatly turned-on upon 
treatment with certain inducers such as dimethyl sulfoxide 
(DMSO) [26]. It was found that EKLF indeed binds in the 
chromatin region of the β globin promoter. Interestingly, 
EKLF binding in vivo was also easily detected at HS2, but 
not HS3, of the β-LCR, as well as at the α MRE (H26), the 
LCR/enhancer of the murine α-like globin locus. Finally, 
we have found that the levels of EKLF binding at these 
chromatin regions in CB3, a MEL derivative lacking the 
expression of p45/NF-E2, were all significantly lower than 
those detected in MEL.

Materials and methods

Plasmid construction and DNA transfection
For induction of MEL and CB3, cells at a density of 2×105/ml were 

added 1.5% DMSO and the culturing was continued for 96 hours. 
HA-tagged EKLF was PCR amplified from the reverse transcription 
products of the induced MEL RNA, and cloned into the Hind III 
and Not I sites of pCMV vector (Invitrogen). The cDNA sequence 
corresponds to aa 1–376 of mouse EKLF. DNA transfection of 293 
cells was performed by the calcium phosphate-DNA coprecipitation 
method. 2 µg of the pCMV-HA-EKLF plasmid was transfected into 
5×105 cells.

Cell culture
The murine adult erythroleukemia cell line MEL [27], human 

293, and human HeLa cells were all cultured in DMEM medium 
(Invitrogen) containing 10% FBS (Hyclone), 50 unit/ml of penicillin, 
and 50 µg/ml of streptomycin (Invitrogen). CB3, a MEL derivative 
lacking the expression of p45 [28], was grown in RPMI 1640 medium 
(Invitrogen) containing the same ingredients as above. The proce-
dures for the establishment of CB3 pools stably expressing human 
p45/NF-E2 followed those described in ref [29].

Antibodies
The anti-p45/NF-E2 rabbit antibody C-19 and anti-RNA poly-

merase II (anti-pol II) rabbit antibody N-20 were purchased from 
Santa Cruz Inc. The anti-tubulin, anti-HA and anti-actin mouse 
antibodies were from Sigma. The anti-acetyl-histone H3 (anti-AcH3) 
and anti-dimethyl-lysine 4 of histone H3 (H3MeK4) antibodies were 
from Upstate. Polyclonal antibody recognizing mouse EKLF was 
generated in the rabbit by using tandemly arranged, trimeric repeats 
of the peptide sequence SEETQDLGPG (aa 51 to 60 of EKLF) as the 
antigen, as described in [30]. Affinity-purified antibody was prepared 
by passing 2 ml of the rabbit anti sera through a gel column packed 
with 0.15 g of CNBr-activated Sepharose 4B (Amersham Pharma-
cia Biotech) coupled with the SEETQDLGPG peptide. Antibodies 
retained on the column were eluted with six column volumes (3 ml) 
of the elution buffer (0.1 M glycine, pH 2.0) and then neutralized 
with 1 M Tris buffer, pH 9.0. The concentration of the antibody was 
measured with the Bio-Rad protein assay kit. Due to the relatively 
low amount of the purified antibody, the eluate had to be concentrated 
to 2.2 µg/ml for later uses. The antibody was stored at -20 ºC before 
use in Western blotting, IP and ChIP analysis.
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Extract preparation
The whole cell extracts were prepared from MEL and CB3 cells 

by lysis of the cell pellets containing 5×106 of PBS-washed cells in 
300 ml of M-PER Reagent (PIERCE). To prepare extracts from 
different mouse tissues, 2 month old B6 mice were sacrificed, and 
the cells were lysed and homogenized in T-PER Reagent (PIERCE) 
with the ratio of 0.1 g tissue per 200 µl of the reagent. 

Western blotting analysis
For Western blot assays, aliquots (20 µg) of the whole cell extracts 

were electrophoresed on 10% sodium dodecyl sulfate/10%-polyacryl-
amide gel (SDS-PAGE), and electrotransferred to a nitrocellulose 
membrane (Amersham Biosciences). Staining with PonceauS (Pierce) 
was used to estimate the loading and blotting efficiencies. The blots 
were hybridized with the primary and then the secondary antibodies 
prepared in Tris-buffered saline solution containing 5% dry milk. The 
hybridizing bands were identified by the enhanced chemilumines-
cence (ECL) detection system (Amersham Biosciences).

Northern blot analysis
The Northern blot hybridization procedures essentially followed 

those of Liu et al. [31]. The total RNAs were extracted by means of 
the commercial Trizol reagent (Invitrogen), loaded on 1% agarose 
gels containing 6% formaldehyde, and transferred to a nylon mem-
brane. After hybridization with radioactive DNA probes amplified 
by PCR, the blots were subjected to autoradiography.

Immunoprecipitation (IP)
The IP experiments were done as follows. The cells were lysed 

in the Mammalian Protein Extraction Reagent (M-PER Pierce) con-
taining the protease inhibitor cocktail from Roch, 1 mM PMSF, 60 
µg/ml MG132 (Calbiochen), and 20 µg/ml NEM (Sigma). The lysates 
were incubated with the anti-EKLF or anti-HA antibody (Sigma) for 
4 h, added the protein A and G Sepharose beads (Pharmacia), and 
further incubation was carried out for another 3 h. The beads were 
then spun down, washed three times with the lysis buffer, boiled in 
the SDS sample buffer, and finally loaded on the SDS-PAGE gel. 
The gel was then blotted and hybridized with anti-EKLF or anti-HA 
as described above. 

Chromatin immunoprecipitation (ChIP)
The ChIP analysis followed the procedures by Daftari et al. [32]. 

2×106 confluent MEL cells with or without treatment with 1.5% 
DMSO for 96 h were fixed at room temperature for 10 min in 60 
ml of DMEM medium containing 1% formaldehyde. After sonica-
tion, the protein-DNA complexes were immunoprecipitated with 
anti-EKLF, anti-p45, anti-H3MeK4, anti-AcH3 or anti-pol II. The 
precipitated chromatin DNAs were purified and amplified by PCR 
reactions using the appropriate primers: 95ºC for 7 min, followed 
by 34 cycles at 94ºC for 30 s, 55ºC for 40 s, and 72ºC for 40 s. The 
primers used in PCR of different mouse genomic regions and the 
lengths of the PCR fragments generated are as follows: HS3 (283 
bp), 5'-GAG GAG AAA ACA AAC AGG AGG TCT-3' and 5'-CCT 
TTG TCC TAC TGC TCT CAT GTT-3'; HS2 (277 bp), 5'-CAC TTC 
TTC ATA TTC TCT CTC TAG-3' and 5'-CTT ATT TTC TTT TCA 
CCT TCC CTG-3'; βmaj promoter regions (217 bp), 5'-GAC AAA 
CAT TAT TCA GAG GGA GTA-3' and 5'-AAG CAA ATG TGA 
GGA GCA ACT GA T-3' [33]; α MRE (HS26) (311 bp), 5'-ACC 
CAT CTG GAA CCT ATG AG-3' and 5'-GAA AGT CTT CCC AAC 

TGC AG-3'; α1 promoter region (243 bp), 5'-CTT CCC AAA CTG 
CCA TCA CT-3' and 5'-TCT TGG ACC TGC AGC AAG TA-3', ζ 
promoter region (234 bp) 5'-AAT GAC CTC CTG ACA TGG CT-3' 
and 5'-TAT ACA CAT GGT CAG GGA CC-3'. Those for the two 
intergenic regions are α intergenic (520 bp), 5'-AGA ACC TTC AAG 
GCG GAT GCT-3' and 5'-GTC CCA GAC AAG TAA GTG GCT-
3'; β-intergenic (271 bp), 5'-TCC TGG TTT ATG AGC GAG AAG 
AA-3' and 5'-AGA CCT GAT CCC CAT TCC TAT TCC-3' [33]. The 
DNA amounts used for PCR were determined by the intensities of 
the β-actin signals. The PCR signals were first normalized to those 
from the β-actin region. The different target/ β-actin ratios were 
then further normalized against the target/ β-actin ratios of the input 
samples, and used to plot the histographs. The relative intensities of 
the positive signals were given as the folds of increase over those 
from the preimmune samples. Each histogram consists of averages 
of data derived from 2-3 sets of PCR analysis conducted with the 
use of chromatin DNAs precipitated from at least two different MEL 
pools. The folds of differences are given as mean±SEM.

Results

Analysis of the levels of EKLF protein during development 
with an affinity purified polyclonal antibody (AEK-1)

For the purpose of analysis of EKLF expression and 
its targets of binding in vivo in erythroid cells, we have 
produced a rabbit anti-mouse EKLF antibody, AEK-1, 
using the approach by Hsu et al. [30]. This method takes 
advantage of the fact that tandem repeats of an epitope 
sequence often possess potent antigenicity [30].

Previously, the expression of EKLF in different cell lines 
and tissues has been analyzed only by Northern blotting 
[10, 11, 34]. In those studies, it was found that the human 
EKLF RNA was detectable in bone marrow cells and the 
erythroleukemia cell lines HEL, JK1 and OCIM1, but not 
in the erythroid K562 nor in the myeloid or lymphoid cell 
lines [11]. Mouse EKLF RNA was expressed in the adult 
bone marrow, spleen, MEL and mouse bone marrow-de-
rived cell lines [10]. To examine the tissue-specificity and 
stage-specificity of the expression of the EKLF protein, 
we analyzed by Western blotting the extracts prepared 
from the murine embryo yolk sac (E 9.5 day), different 
tissues from E 14.5 day fetal mice, and different tissues of 
2 month old mice. 

As shown in Figure 1A, use of AEK-1 as the probe for 
Western blotting detected a single band of the approximate 
molecular weight 40 kDa in MEL cell extract (lane 1, Figure 
1A), which is absent in the 293 extract (lane 2, Figure 1A). 
It could also recognize the tagged HA-EKLF expressed in 
transfected 293 cells (lane 3, Figure 1A). The IP property 
of AEK-1 was demonstrated in Figure 1B, in which AEK-1 
could specifically pull down EKLF from MEL cell extract 
(lane 1 of the left panel, Figure 1B), but not from those 
of the non-erythroid HeLa and 293 cells (lanes 2 and 4 of 
the left panel, Figure 1B). The antigenecity of AEK-1 was 
supported by IP experiments of the transfected 293 cells 
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(middle and right panels, Figure 1B). 
As seen in Figure 1C, the EKLF protein is expressed 

in the embryonic yolk sac, the fetal liver, and the adult 
spleen, all of which are the mouse erythroid tissues. Due 
to the heterogeneity of erythroid cell populations in the 
different tissues, it is difficult to have an accurate quanti-
tative comparison. However, Western blot analysis, with 
actin as the control, showed that the level of EKLF protein 
is highest in the adult spleen, followed by the fetal liver, 
and then the yolk sac. This is similar to the changes of the 
EKLF mRNA levels during development, as observed by 
Southwood et al. [34].

Analysis of in vivo binding of EKLF in the murine β-like 
globin gene cluster of MEL

Based on the IP quality of the antibody AEK-1, we have 
used it to investigate EKLF-binding in vivo in the β-like 
globin locus as analyzed by the mammalian ChIP method 
[32]. This approach has been used to analyze factor-chro-
matin interaction or the mammalian β-like [32, 33, 35-41] 
and α-like globin loci [32, 42, 43] of different erythroid 

cell lines and tissues.
To do this, we fixed MEL cells with or without DMSO 

induction by formaldehyde before sonication, and immu-
noprecipitated the fixed chromatin fragments with AEK-1 
and with antibodies directed against p45/NF-E2, histone 
H3 methylated at K4 (H3MeK4), acetylated histone H3 
(AcH3), and RNA polymerase II (pol II). as described in 
the Materials and methods.

The precipitated DNAs were then analyzed by PCR for 
the extents of enrichment of different genomic region, as 
shown in the panels of Figure 2A and 2B.

Specific binding of p45/NF-E2, H3MeK4, AcH3 and 
pol II at HS2 as well as the βmaj globin promoter could be 
easily detected in uninduced MEL, but the levels were not 
very high (-DMSO, Figure 2A). For example, the relative 
enrichments of these factors at HS2 were 3.3-, 1.4-, 1.8, and 
1.4-fold, respectively. The binding of these proteins were all 
elevated in DMSO-induced MEL, in which the βmaj globin 
gene became transcriptionally active (+DMSO, blank bars, 
Figure 2A). For example, the relative enrichments of bind-
ing of the four factors at HS2 became 9-, 6-, 4-, and 2-fold, 

Figure 1 Western blotting analysis of mouse EKLF. (A)Western blotting property of AEK-1. The anti-mouse EKLF rabbit antibody 
AEK-1 was used to probe Western blot containing whole cell extracts prepared from: lane 1, MEL cells; lane 2, 293T cells; lane 3, 
293T cells transfected with pHA-EKLF. As control, the blot was also probed with anti-tubulin. The positions of HA-EKLF and EKLF 
are indicated with the open and black arrowheads, respectively. (B) IP property of AEK-1. Left panel-Whole cell extracts prepared 
from MEL (lane 1), HeLa (lane 2), and 293T (lane 4) cells were immunoprecipitated with AEK-1 and then analysed by Western 
blotting as probed with AEK-1. The IP of MEL was also carried out with preimmune serum (PI, lane 3). The black arrowhead points 
to the expected gel position of EKLF. Middle and right panels-Whole cell extracts prepared from 293T cells transfected with pEF-
HA-EKLF were immunoprecipitated with anti-HA (middle panel) and AEK-1(right panel), and then analyzed by Western blotting 
as probed with the anti-HA antibody. (C) Expression patterns of EKLF in different mouse tissues. Whole cell extracts were prepared 
from different mouse tissues and analyzed by Western blotting with AEK-1 as the probe. The open arrowhead points to the gel posi-
tion of a non-specific band on the blot. Note the presence of EKLF in the extracts of yolk sac, fetal liver and adult spleen.
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respectively, in DMSO-treated MEL (black bars, Figure 
2A). The data are consistent with the previous studies [32, 
33, 35-41], although we have observed an induction, instead 

of reduction, of the levels of H3MeK4 binding at both the 
βmaj promoter and HS2 in DMSO treated MEL.

More interestingly, use of AEK-1 has demonstrated 

Figure 2 Chromatin immunoprecipitation assay (ChIP) of the mouse β-like globin gene locus. ChIP was used to analyze the associa-
tion in vivo of different protein factors with HS2, HS3, and βmaj promoter of the mouse β-like globin locus. The map of the globin 
locus is shown on top of (A). DNA precipitated from MEL (A and B) and CB3 (C) cells, with (+) or without (-) DMSO induction, 
with the use of different antibodies and preimmune serum (PI) were analyzed by PCR using primers specific for HS2 and HS3 of 
β-LCR, βmaj promoter, an intergenic region, and β-actin gene, respectively. The PCR products were then analyzed by agarose gel 
electrophoresis. The DNA amounts used for PCR were determined by the intensities of the β-actin signals. The PCR signals were 
first normalized to those from the β-actin region. The different target/β-actin ratios were then further normalized against the target/
β-actin ratios of the input samples, and used to plot the histographs. The relative intensities of the positive signals were given as the 
folds of increase over those from the preimmune samples. Each histogram consists of averages of data derived from 2-3 sets of PCR 
analysis conducted with the use of chromatin DNAs precipitated from three different cell pools. The folds of differences are given 
as mean ± SEM. Negative controls of the ChIP samples were prepared with the use of the preimmune serum. The relative intensities 
of the positive signals were given as the folds of increase over those from the preimmune samples.
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with respect to factor-chromatin interaction, we have car-
ried out ChIP analysis of CB3.

As expected, no p45-binding could be detected at all of 
the genome regions assayed, including HS2, the βmaj pro-
moter, an intergenic region of the β-like globin locus, and 
the β-actin gene (Figure 2C). On the other hand, the patterns 
and inducibility of binding of EKLF, pol II, H3MeK4, and 
AcH3 at HS2 were all similar to those observed in MEL 
(compare Figures 2C to 2A). In interesting contrast to HS2, 
the levels of induced binding of the above four proteins 
at the βmaj promoter all decreased significantly in CB3 as 
compared to MEL (compare the histographs of Figure 2C 
and 2A). Consistent with the previous studies [35, 39-41], 
this result indicated that null-expression of p45 in CB3 had 
a greater effect on the chromatin structure and factor-bind-
ing in the βmaj promoter region than those in HS2 of the 
β-LCR. Our data also suggested that if EKLF was involved 
in HS3 mediated activation of the β globin gene promoter 
[14], it might not do so through binding at HS3.

EKLF binding in the murine α-like globin locus
We have also used ChIP to analyze the chromatin struc-

that EKLF indeed binds at the βmaj promoter region in 
DMSO-induced MEL (Figure 2A). This is consistent with 
our earlier genomic-footprinting analysis, in which it was 
shown that the promoter was empty in uninduced MEL, and 
it became occupied with factor(s) upon DMSO induction 
[44]. On the other hand, no apparent enrichment of EKLF 
binding in the εy and βh1 globin promoter could be detected 
(data not shown). Interestingly, induced EKLF-binding 
could also be detected at HS2 of the β-LCR (Figure 2A). 
In contrast to HS2, there was little, if any, binding of EKLF 
at HS3 site of the β-LCR (Figure 2B). The above ChIP data 
suggested that EKLF could directly bind in vivo at both the 
βmaj promoter and HS2 of β-LCR. Alternatively, this might 
be the result of the close proximity of the two regulatory 
elements during looping of the chromosomal domain of 
the β-like globin gene cluster (1-4). 

Reduced EKLF binding in the β-like globin locus in the 
p45-null cell line CB3

CB3 is a derivative of MEL in which the p45 expres-
sion is blocked due to a viral integration event [28]. To see 
whether there is a functional link between p45 and EKLF 

Figure 3 ChIP analysis of the mouse a-like globin locus. ChIP analysis was preformed as described in Figure 2, except that PCRs 
of the precipitated chromatin DNAs were carried out with the use of primers specific for the α-MRE (H 26), the α promoter, the ζ 
promoter, and an intergenic region of the mouse α-like globin locus, the map of which is shown on top of (A). Again, both the MEL 
(A) and CB3 (B) cells were analyzed.
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ture and factor-binding of the murine α-like globin locus 
in MEL as well as in CB3. As shown in Figure 3A, we 
observed enriched and DMSO-induced binding of p45, 
pol II, H3MeK4, and AcH3 at the α globin promoter and, 
to a less extent, αMRE (HS26), which is the upstream en-
hancer/LCR sequence of the murine α-like globin locus. 
The binding patterns of these four proteins are in general 
agreement with the previous studies [42, 43]. Interestingly 
but also surprisingly, DMSO-induced binding of EKLF was 
detected at the HS26 as well as the a promoter (Figure 3A), 
the regulation of which has never been linked to EKLF 
(see discussions later). In contrast, there was no apparent 
enrichment of EKLF binding at either the embryonic z 
globin promoter or the intergenic region of the murine a 
locus (Figure 3A).

Similar to the β locus, a significant effect of null-expres-
sion of p45 on the chromatin structure and factor-binding 
of the α-like globin locus was also observed as well. The 
inducibilities of binding of all five proteins including EKLF 
were significantly lower in CB3 than in MEL (compare 
Figure 3B to 3A).

Reduced expression of EKLF in CB3 cells
The reduced binding of EKLF at the two murine globin 

loci in CB3 than in MEL could be the result of inefficient 

assembly of EKLF into multiple protein-DNA complexes at 
the LCRs and the promoters due to the lack of p45, which 
also binds in vivo to a set of regulatory elements that EKLF 
binds to (Figure 2 and 3). Alternatively, the reduced bind-
ing might be simply because of a reduced level of EKLF 
protein in CB3 than in MEL. 

To partially answer this, we have analyzed, by Northern 
and Western blotting, the levels of EKLF in CB3 and MEL. 
As shown in Figure 4A, both the mRNA and protein levels 
of EKLF in CB3 are approximately 50% that of MEL. This 
data suggest that at least the lower amount of EKLF in CB3 
has contributed to the reduced binding of this factor in the 
regulatory regions of the two globin loci in this cell line. 

It is not known, however, whether and how p45 might 
regulate the expression of EKLF in MEL cells. It is worthy 
to mention here that overexpression of human p45 in CB3 
could not rescue the expression level of EKLF (Figure 
4B).

Discussion

Unlike the other erythroid-enriched transcription fac-
tors including NF-E2 and GATA-1, report on the status 
of EKLF-binding in the regulatory regions of the β-like 
globin locus has been lacking, possibly due to the avail-
ability of suitable antibodies. In this study, we have used 
a newly acquired anti-EKLF antibody, AEK-1, to directly 
study the physical interaction between EKLF and the 
globin gene regulatory regions in erythroid cells by the 
mammalian ChIP method [32]. Our results have provided 
further support to some of the previous structural analysis 
of the chromatin domain of the β-like globin locus. More 
importantly, the data also shed new light on the functional 
aspects of EKLF in globin gene regulation.

First, consistent with the previous genomic footprinting 
analysis [44], while little, if any, EKLF binding could be de-
tected in the βmaj promoter in MEL cells, there was already 
some, although not much, EKLF-binding in HS2. Upon 
DMSO induction, both regions became highly enriched 
in EKLF (Figure 2A). This result is in striking similarity 
to the change of p45/NF-E2 binding at the βmaj promoter 
and HS2 during MEL induction [33, 36, 37]. In particular, 
Groudine and his colleagues have suggested that before 
DMSO induction of MEL, HS2 was bound predominantly 
with sMafK/Bach 1 heterodimer although some NF-E2 
molecules, which are heterodimers of p45 and sMafK, 
could also be detected at the site [36, 45]. Upon DMSO 
induction, it was mainly NF-E2 binding at HS2. Concomi-
tant with this, the level of binding of p45/NF-E2 at the βmaj 
promoter was also significantly enhanced [33, 36, 37]. We 
suggest that during MEL differentiation, EKLF and NF-E2 
may be coregulated through similar pathway(s) with respect 
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Figure 4 (A) Comparison of EKLF expression levels of  MEL and 
CB3. The expression levels of EKLF in MEL and CB3, with (+) or 
without (-) DMSO induction, were analyzed by Northern blotting 
and Western blotting analyses. As the control, the expression levels 
of G3PDH and tubulin were also analyzed. The non-erythroid 293T 
sample was included for the purpose of comparison. (B) Failure of 
rescue of EKLF expression by p45. CB3 cell pools overexpressing 
human p45 were established, and the levels of p45, EKLF and tubulin 
were analyzed by Western blotting. Note that the level of EKLF was 
not significantly increased, as exemplified for one of the CB3 (p45) 
pools, by the overexpression of human p45. 
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to their physical movements to the β-like globin locus and 
the consequent activation of the adult βmaj globin gene. The 
exact reason for why EKLF binds more efficiently to the 
globin loci in DMSO-induced MEL cells remains unknown 
at the moment. It could be due to cooperative interaction 
among EKLF and other factors including NF-E2. Alter-
natively, differences in the post-translational modification 
and/or subcellular location of EKLF, as induced by DMSO, 
may play a role. Further experiments, including the use of 
an antibody suitable for immunostaining, are needed to 
solve this interesting question. 

In relation to the above, Tewari R, et al. have provided 
evidence that EKLF function in mice might also be regu-
lated through HS3 besides HS2 [14]. However, we did not 
detect EKLF binding at the HS3 site in the DMSO-induced 
MEL cells. There are several possible reasons for this. For 
one thing , MEL is a cell line. Secondly, HS3 of MEL cells 
could still have EKLF binding, but in the context of a com-
plex of multiple factors. The EKLF epitope recognizable 
by our antibody might be masked by these other factors 
in the complex.

Second, we have found that EKLF was also bound at 
the regulatory region H26 and the adult α , but not embry-
onic ζ, globin promoter in MEL as well as in CB3 (Figure 
3). This is somewhat surprising because EKLF (-/-) mice 
exhibited little change in their a globin expression. This 
paradox may be similar to that previously documented for 
p45. This factor, as a subunit of the heterodimeric NF-E2, 
is a transcription activator of two globin loci [7] and, yet, 
p45 (-/-) mice showed no defect in globin gene regulation 
[46]. We suggest that, similar to the scenario of “functional 
degeneracy” as proposed for the above observation of p45 
(-/-) mice, EKLF is involved in the regulation of both the 
β- and α-like globin loci in mammals including mice. When 
both EKLF alleles were deleted, the βmaj globin expression 
was blocked because of the lack of EKLF binding at β-LCR 
and the βmaj promoter. However, in the α-like globin locus, 
another factor(s) could move in and take over the physical 
as well as functional positions of EKLF, and thus maintain 
the developmental expression of the α-like globin locus in 
the EKLF (-/-) mice.

Finally, with the availability of AEK-1, it is now possible 
to analyze the developmental stage specificities of EKLF 
binding in the two globin loci, as well as the sub-cellular 
distributions of this factor in the different erythroid tissues 
during development.
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