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Erythroid Krüppel-like factor (EKLF) is an essential transcription factor for mammalian �-like globin gene
switching, and it specifically activates transcription of the adult � globin gene through binding of its zinc
fingers to the promoter. It has been a puzzle that in the mouse, despite its expression throughout the erythroid
development, EKLF activates the adult �maj globin promoter only in erythroid cells beyond the stage of
embryonic day 10.5 (E10.5) but not before. We show here that expression of the mouse �maj globin gene in the
aorta-gonad-mesonephros region of E10.5 embryos and in the E14.5 fetal liver is accompanied by predomi-
nantly nuclear localization of EKLF. In contrast, EKLF is mainly cytoplasmic in the erythroid cells of E9.5
blood islands in which �maj is silenced. Remarkably, in a cultured mouse adult erythroleukemic (MEL) cell
line, the activation of the �maj globin gene by dimethyl sulfoxide (DMSO) or hexamethylene-bis-acetamide
(HMBA) induction is also paralleled by a shift of the subcellular location of EKLF from the cytoplasm to the
nucleus. Blockage of the nuclear import of EKLF in DMSO-induced MEL cells with a nuclear export inhibitor
repressed the transcription of the �maj globin gene. Transient transfection experiments further indicated that
the full-sequence context of EKLF was required for the regulation of its subcellular locations in MEL cells
during DMSO induction. Finally, in both the E14.5 fetal liver cells and induced MEL cells, the �-like globin
locus is colocalized the PML oncogene domain nuclear body, and concentrated with EKLF, RNA polymerase
II, and the splicing factor SC35. These data together provide the first evidence that developmental stage- and
differentiation state-specific regulation of the nuclear transport of EKLF might be one of the steps necessary
for the switch-on of the mammalian adult � globin gene transcription.

In mammals, the �-like and �-like families are individually
clustered on different chromosomes. Functional members of
both gene clusters are arranged in the order of their expression
during erythroid development (globin switch). In the mouse,
the �-like globin locus is arranged as follows: 5�-εy (embry-
onic)-�h1 (embryonic)-�maj (fetal and adult)-�min (fetal and
adult, minor species)-3� (21, 2a) (top diagram in Fig. 1B). The
hematopoietic cells, including the erythroid ones in the em-
bryo, initially arise in the blood island that forms at embryonic
day 7.5 (E7.5) (17). Within the primitive erythroblasts derived
from the yolk sac are the embryonic genes, including εy and
�h1, as transcribed previously (26). The adult �maj globin gene,
on the other hand, is silenced in E9.5 yolk sac, but it starts to
be expressed on E10.5 in the erythroblasts in the aorta-gonad-
mesonephros (AGM) region and the fetal liver of the embryo
(26, 38, 54, 56). During development, the major site of the
erythropoiesis shifts to the fetal liver and then again to the
bone marrow at the time of birth. The erythroid cells gen-
erated in the latter-named two tissues represent a definitive
lineage (2).

Like other gene systems, both cis-acting DNA elements and
trans-acting factors are involved in the control of globin switch.
The cis-acting sequences include the locus control regions
(LCRs) and the upstream promoters of the individual genes
(30). The mouse � locus control region (�-LCR) spans 5 to 25
kb upstream of εy (Fig. 1B), and it consists of five erythroid-
specific DNase I-hypersensitive sites (HS), HS1 through HS5.
The structure and function of the human �-LCR is similar to
that of the mouse �-LCR (5, 15). Through binding to the
cis-acting DNA elements in the LCRs and the globin promot-
ers, directly or indirectly, the trans-acting factors are also re-
quired for regulation of the mammalian globin switch (refer-
ences 1, 9, 24, 44, 48, 55, and 59 and references therein). In
particular, the functions of two erythroid-enriched factors,
NF-E2 and GATA-1, in the modulation of the modification
patterns of histones across the globin gene clusters have been
addressed by the chromatin immunoprecipitation (ChIP) assay
(1, 24, 25, 44, 48). Overall, a general model for regulation of
the mammalian globin loci could be formulated in which the
transcriptional activation of the globin genes involves the phys-
ical and functional interactions between the multiple protein
complexes formed at LCRs and the different globin promoters
(5, 10, 12, 30). In particular, the LCR facilitates the loading of
transcriptionally competent RNA polymerase II (RNAP II)
molecules from the LCR to the active globin promoter(s) (22,
25, 44). This is in line with the observation that in embryonic
and fetal erythroid cells, the mammalian � globin locus is
colocalized with the RNAP II factories (37, 47).

Beside NF-E2 and GATA-1, another key transcription fac-
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tor for mammalian globin switch is erythroid Krüppel-like fac-
tor (EKLF), first identified in mouse adult erythroleukemic
(MEL) cells (34). EKLF is essential for the switch-on and
activation of the adult � globin gene of either mice (36, 41) or

humans (40, 58). In particular, EKLF-knockout mice died of
anemia by embryonic day 16 due to failure to express the
mouse �maj globin gene (36, 41). Also, it appeared to be im-
portant for the maintenance of an active spatial organization of

FIG. 1. (A) Upper panels, specificity test of the AEK-1 antibody. Left panel, AEK-1 was used to probe Western blots containing whole-cell
extracts prepared from MEL cells, 293T cells, and 293T cells transfected with pHA-EKLF. As a control, the blot was also probed with antitubulin.
The positions of HA-EKLF and EKLF are indicated with open and black arrowheads, respectively. Right panel, Western blot analysis of whole-cell
extracts prepared from 293T cells with or without transfection with pFlag-EKLF, pFlag-EKLF (1–296), and pFlag-3F (282–376), with anti-AEK-1,
anti-Flag, and antitubulin used as the probes. Note the lack of AEK-1 signals in the lanes of 293T and 293T (Flag-3F). Shown in the lower panel
are the expression patterns of EKLF in the mouse tissues. Whole-cell extracts were prepared from different mouse tissues and analyzed by Western
blotting using AEK-1 as the probe. Note the presence of EKLF in the extracts of E9.5 yolk sac, E14.5 fetal liver, and adult spleen (lanes 1, 3, and
5, respectively). See reference 48 for more Western blotting data. (B) ChIP assay of �-like globin locus in murine E14.5 fetal liver. The physical
map of the mouse �-like globin locus is shown on top. Shown in the lower left panel is the agarose gel pattern of PCR products from the
immunoprecipitation reactions using the antibody AEK-1 (lane “EKLF”) or preimmune serum (lane “Pre”). The lane “Input” consists of PCR
bands using the input DNAs as the standard. The relative intensities of the positive signals are given as the severalfold increases over those from
the preimmune samples, and the severalfold differences are given as means � standard errors of the means.
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the �-LCR (11). The activation function of EKLF is carried
out by its proline-rich transcription activation domain at the N
terminus and the three C2H2-type zinc fingers at the C termi-
nus (3). Through its zinc fingers, EKLF activates the mouse
�maj globin gene by binding to the CACCC promoter box (34).
Indeed, ChIP analysis of the mouse adult and embryonic ery-
throid cell lines has demonstrated the in vivo specificity of
binding of EKLF to the �maj globin promoter (20, 48) but not
to the εy or �h1 promoter, although those promoters also
consist of CACCC boxes (48). In addition to the �maj promoter
results, EKLF binding was also detected at the HS2 site of
�-LCR in these cells (20, 48). A model for EKLF activation of
the adult � globin genes has been suggested in which the
interaction between the zinc fingers of EKLF and the SWI/
SNF complex targets the former to the � globin promoter,
leading to the opening of the local chromatin (23).

Key questions still remain to be answered regarding the
mechanisms of EKLF involvement in globin switching. Al-
though EKLF appears to be mainly responsible for turning on
the � globin gene expression at the adult stage, EKLF mRNA
and protein are present throughout development in erythroid
tissues, including the embryonic yolk sac as early as day E7, the
fetal liver, and the adult erythroblasts (34, 48, 49). Evidence
has been presented that EKLF is functional in the primitive
erythroid lineage, but its activity with respect to turning on the
adult � globin gene is greatly suppressed in the early embry-
onic erythroid cells for unknown reasons (see references 3 and
54 and references therein). Also, overexpression of EKLF
leads to increased transcription of the adult � globin gene and
an earlier switch from fetal � to adult � globin expression (33,
53), while decreasing the concentration of EKLF results in
lowered expression of � with a reciprocal increase in � gene
expression (58).

Thus, how the cellular concentration and activity of EKLF
are negatively and positively regulated during development is
an interesting puzzle. In relation to this, both the human and
mouse � globin loci in the erythroid cells have been shown to
be colocalized with the RNAP II factories (37, 47). In addition,
the transcription factor p45/NF-E2 is clustered in the human �
globin locus-containing promyelocytic leukemia (PML) pro-
tein oncogene domain nuclear body, POD (47). These two
observations suggest that the local concentrations of RNAP II
and NF-E2 might be important for transcriptional activation of
the � globin locus. Is EKLF also locally concentrated in the
vicinity of the globin loci? Second, previous overexpression
studies of EKLF in COS, a monkey kidney fibroblast cell line,
and K562, a human embryonic/fetal erythroid cell line with no
EKLF, showed that efficient nuclear localization of EKLF re-
quired at least two nuclear localization signals (NLS), 275–296
and 293–376, respectively (39, 42). More recently, Zhou et al.
have shown that hemagglutinin (HA)-tagged EKLF protein
expressed from a homologously replaced mouse EKLF gene
locus was located in the nucleus, as suggested by CHIP analysis
of E10.5 yolk sacs and E14.5 fetal livers and by anti-HA im-
munostaining of adult bone marrow erythroblasts (59, 60).
However, the subcellular locations of endogenous EKLF pro-
tein in the erythroblasts during development have remained
unknown, mainly due to the lack of appropriate anti-EKLF
antibodies. In the following, we provide the first evidence that
expression of the mouse adult �maj globin gene in the erythroid

cells is closely associated with developmental stage- as well as
differentiation state-specific processes of the nuclear import
and nuclear positioning of the EKLF molecules.

MATERIALS AND METHODS

Mouse tissues and cell lines. The blood islands of E9.5 yolk sacs, the periph-
eral blood cells of the AGM region of E10.5 embryos, and fetal livers of E14.5
fetuses from pregnant female B6 or BALB/c mice were isolated and disrupted by
repeated pipetting in phosphate-buffered saline (PBS) (10 mM phosphate, 0.15
M NaCl [pH 7.4]). The murine adult erythroleukemia cell line MEL (35) and
human 293T cells were both cultured in Dulbecco’s modified Eagle medium
containing 20% fetal bovine serum (Gibco), 50 units/ml of penicillin, and 50
�g/ml of streptomycin (Invitrogen). For induction, MEL cells at a density of 5 �
105 N/ml were supplemented with 2% dimethyl sulfoxide (DMSO; Merck) or 5
mM hexamethylene-bis-acetamide (HMBA; Sigma), and the culturing was con-
tinued for another 24 to 96 h. For blocking of the EKLF transport, MEL cells
were treated with 1 �M of Ratjadone A (Calbiochem) for 2 h before the addition
of 2% DMSO. The human embryonic/fetal erythroleukemia cell line K562
(ATCC accession no. CCL-234) was cultured in RPMI medium containing 10%
fetal bovine serum (Gibco), 50 units/ml of penicillin, and 50 �g/ml of strepto-
mycin (Invitrogen).

Plasmid construction and DNA transfection. pGEM-T �maj plasmid was con-
structed in the following way. �maj globin cDNA (amino acids [aa] 1 to 148) was
synthesized by reverse transcription and PCR using murine E14.5 fetal liver
RNA as the template. It was cloned into pGEM-T Easy vector (Promega),
resulting in pGEM-T �maj. To construct plasmids expressing Flag-tagged EKLF
(aa 1 to 376), Flag-tagged EKLF (aa 1 to 296), Flag-tagged 3F of EKLF (aa 282
to 376), and HA-tagged EKLF (aa 1 to 376), the corresponding cDNA regions
were PCR amplified from the reverse transcription products of DMSO-induced
MEL RNA and cloned into the vectors pCMV-Flag (Invitrogen) or pCMV-HA
(Clontech), resulting in pFlag-EKLF, pFlag-EKLF (1–296), pFlag-3F, and pHA-
EKLF, respectively. The inserts of all the plasmids were verified by DNA se-
quencing before use.

The MEL cells were transfected using Optifect reagent (Invitrogen). The total
amount of transfected DNA was kept constant by the addition of the carrier
DNA. A 0.1 �g to 1 �g volume of pFlag-EKLF, pFlag-EKLF (1–296), pFlag-3F,
or pHA-EKLF was mixed with 9.9 �g to 9 �g of carrier DNA (salmon sperm
DNA) and transfected into 4 � 105 N/ml cells. For induction, 2% DMSO was
added to the medium at 24 h posttransfection. The K562 cells were transfected
by electroporation. A 0.5 �g to 10 �g volume of pFlag-EKLF, pFlag-EKLF
(1–296), pFlag-3F, or pHA-EKLF was mixed with 0 �g to 6 �g of carrier DNA
(salmon sperm DNA) and transfected into 1 � 107 N/ml cells. The 293T cells
were transfected using the calcium phosphate precipitation method.

Antibodies. Anti-RNAP II rabbit antibody N-20, anti-PML goat antibody
L-16, anti-NF-	B goat antibody C-19, anti-NF-	B p65 goat antibody, anti-
GATA-1 goat antibody M-20, anti-p45/NF-E2 rabbit antibody C-19, anti-CBP
rabbit antibody A-22, and anti-hnRNP A1 mouse monoclonal antibody 4B10
were purchased from Santa Cruz Inc. Antitubulin, anti-SC-35, and anti-Flag M2
mouse monoclonal antibodies were from Sigma. The mouse monoclonal anti-HA
antibody used was from Roche. The generation of the polyclonal rabbit antibody
AEK-1 recognizing mouse EKLF has been described previously (48). Following
the approach of Hsu et al. (19), a polypeptide consisting of tandemly arranged,
trimeric repeats of the sequence SEETQDLGPG (aa 51 to 60 of mouse EKLF)
was purified from bacterial culture and used as the antigen for antibody gener-
ation in rabbits. The antibody was then purified from sera with use of an affinity
column, concentrated, and stored at 
20°C before use (see references 19 and 48
for more details).

Western blot analysis of extracts. For Western blotting, a whole-cell extract of
MEL was prepared by lysis of the cell pellets containing 5� 106 N PBS-washed
cells in 300 �l of ice-cold M-PER reagent (PIERCE). For preparation of extracts
from different mouse tissues, E14.5 B6 or BALB/c mice were sacrificed, and the
tissues were dissected and homogenized in T-PER reagent (PIERCE) at a ratio
of 0.1 g tissue per 200 �l of reagent.

The preparation of the nuclear and cytoplasmic extracts followed the proce-
dures by Chen et al. (6) but with some modifications (47). MEL cells (5 � 106 N),
E9.5 yolk sacs, E10.5 AGMs, and E14.5 fetal livers were washed with PBS and
resuspended in 100 �l of ice-cold sucrose buffer I (0.32 M sucrose, 3 mM CaCl2,
2 mM magnesium acetate, 0.1 mM EDTA, 10 mM Tris-HCl [pH 8.0], 1 mM
dithiothreitol, 0.5% NP-40) containing protease inhibitor cocktail (1 mM phenyl-
methylsulfonyl fluoride, 1 �g/ml of leupeptin, 1 �g/ml of pepstatin). The sus-
pension was centrifuged at 500 � g for 10 min. The supernatant was mixed with
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22 �l of 5� cytoplasmic extraction buffer (0.15 M HEPES-NaOH [pH 7.9], 0.7
M KCl, 0.015 M MgCl2), resulting in the cytoplasmic extract. The pellet was
processed to prepare the nuclear extract as described previously (47).

For Western blotting assays, aliquots of the extracts (for whole-cell extracts, 40
�g per lane; for nuclear or cytoplasmic extracts, the equivalent from 2 � 104 N
cells) were electrophoresed on a 10% sodium dodecyl sulfate–10% polyacryl-
amide gel and then electrotransferred to a nitrocellulose membrane (Amersham
Biosciences). Staining with Ponceau S (Pierce) was used to estimate the loading
and blotting efficiencies. The blots were hybridized with the primary antibodies,
and then the secondary antibodies were prepared in Tris-buffered saline solution
containing 5% nonfat dry milk. The hybridizing bands were identified by use of
an enhanced chemiluminescence (ECL) detection system (Amersham Bio-
sciences).

ChIP. The mammalian ChIP procedures described previously by Daftari et al.
(9) were used to analyze EKLF binding in the murine �-like globin locus of the
E14.5 fetal liver. Fetal liver cells (5 � 106 N) were fixed at room temperature for
10 min in 60 ml of Dulbecco’s modified Eagle medium containing 1% formal-
dehyde. After sonication, the protein-DNA complexes were immunoprecipitated
with the anti-EKLF antibody AEK-1 (48). The precipitated chromatin DNAs
were purified and amplified by PCRs using the appropriate primers as follows:
95°C for 7 min followed by 30 to 35 cycles at 94°C for 30 s, 58°C for 40 s, and 72°C
for 40 s. The primers used for PCR amplification of the regions of HS2 (34
cycles), HS3 (32 cycles), the �maj promoter (34 cycles), and actin and intergenic
� (30 cycles) have been described previously (48). The primers for amplifications
of HS1 (34 cycles), HS4 (34 cycles), and the εy (32 cycles) and �h1 (33 cycles)
promoter regions and the lengths of the PCR fragments generated were as
follows: for HS1 (336 bp), 5�-CTCTCCCATAACCCATACCTCTT-3� and 5�-C
CAATTTTCTCCCTCCATGTTCTTCT-3�; for HS4 (309 bp), 5�-TTGCCCTC
TCTTACATCTAGCAGC-3� and 5�-CACACACACCAAAACAAAACCCC
A-3�; for the εy promoter (241 bp), 5�-GAGAGTTTTTGTTGAAGGAGGAG
C-3� and 5�-CAGGAGTGTCAGAAGCCAGTACGT3� (45); and for the �h1
promoter (321 bp), 5�-TTGCAAATCTCCTGTTGGGGGAAG-3� and 5�-ATG
GTGTGAGGTCTAGAAGCTTGG-3�. The DNA amounts used for the indi-
vidual PCRs were determined according to the intensities of the �-actin signals.
The calibration of the PCR signals was done as described preciously (48). Pre-
sumably due to the differential effects of the qualities and quantities of DNA
samples on the PCR amplifications of different genomic regions, the signals from
the input DNA and preimmune serum (see lanes Input and Pre in the Fig. 1B
legend) differed from region to region. Each histogram consists of the averages
of data from two to three sets of PCR analyses of chromatin DNAs precipitated
from two different fetal liver preparations. The severalfold differences are given
as means � standard errors of the means.

Northern blot analysis. The Northern blotting procedures followed those of
Liu et al. (32). The total RNAs were extracted by means of the use of commercial
TRIzol reagent (Invitrogen), loaded on 1% agarose gels containing 6% formal-
dehyde, and transferred to a nylon membrane. The blots were analyzed by
autoradiography after hybridization with radioactive DNA probes amplified
by PCR.

Immunostaining. The procedures followed essentially those described previ-
ously (47). The cells were fixed in 4% formaldehyde for 20 min, permeabilized
with 0.1% Triton X-100–PBS, blocked in 10% normal donkey serum (Jackson
ImmunoResearch), and incubated with the appropriate antibodies at 4°C over-
night. Secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 546, or
Alexa Fluor 647 (Molecular Probes) were then added, and the incubation con-
tinued for another 2 h at 25°C. Staining of DNA was carried out using DAPI
(4�,6�diamidino-2-phenylindole; Molecule Probes). MetaMorph software (Meta
Imaging Series version 6.1; Universal Imaging Corporation) was used to quantify
the relative levels of the signals of immunostaining in the nucleus and cytosol.

DNA FISH. A fluorescence in situ hybridization (FISH) probe for the murine
�maj globin locus was generated by nick translation of the DNA insert of
pGEM-T �maj. The DNA probe was labeled with biotin by PCR. The protocols
used for the FISH experiments were similar to those described previously (31,
47). After hybridization, the biotin-labeled probe was detected with an Alexa
Fluor 488 (Molecular Probes)-conjugated antibody.

Immuno-DNA-FISH. To check the relative locations of the murine �-like
globin locus and different nuclear bodies, immuno-DNA-FISH (46) was carried
out by a combination of the procedures of DNA FISH and immunofluorescent
staining as described previously (47).

Image analysis. Image analyses of the fluorescent patterns from DNA FISH
and immunostaining were reframed using a Zeiss LSM 510 Meta confocal mi-
croscope. Images were from single optical section(s). For each set of the analy-
ses, three different pools of the cells were collected for immunostaining and/or
DNA FISH. For each randomly chosen field, the confocal stacks of the single

optimal sections of all the cells observed in the field were collected and analyzed.
The distances between different signals on the three-dimensional reconstructed
image stacks were measured using LSM 5 image analysis software. The associ-
ation-colocalization of signals from DNA FISH and those from immunostaining
using anti-AEK-1, anti-SC35, anti-PML, and anti-RNAP II were assessed by
capturing the image stacks of the nuclei for three-dimensional image reconstruc-
tion. The thickness of the single optical sections ranged between 0.2 and 0.3 �m.
The colocalized signals were then counted. For the “EKLF dots,” the PML
bodies, the RNAP II factories, and the SC-35 speckles, only those with a diam-
eter greater than 0.2 �m were counted and analyzed. For DNA FISH to locate
the �-like globin locus, metaphase cells were first used to validate the signals. We
usually detected one to three spots in MEL cells and one to two spots in the
mouse yolk sac or fetal liver cells. The latter number range is similar to that
reported by Trimborn et al. (54). However, the immunostaining signals found
after DNA FISH were usually weaker due to the step of incubation at 65°C. This
reduced the apparent numbers of the nuclear substructures, e.g., those of the
RNAP II factories and the speckles, under the microscope.

For quantitation of the relative levels of the immunostaining signals in the
nucleus and cytosol, MetaMorph software (Meta Imaging Series version 6.1;
Universal Imaging Corporation) was used. We used DNA-staining DAPI as the
nuclear marker and antitubulin staining for the cytosol. The differential inter-
ference contrast was also used to examine the nucleus and cytosol. The threshold
for analysis of the immunostaining signals was based on the signals from the
parallel use of the preimmune sera.

RESULTS

Binding in vivo of EKLF at the �maj promoter and �-LCR in
mouse E14.5 fetal liver cells. Since the identification of EKLF
in 1993 (see the introduction), it has been difficult to generate
specific and sensitive antibodies against EKLF that are suitable
for Western blotting, ChIP, and immunostaining experiments.
Recently, we produced and purified a rabbit anti-mouse EKLF
antibody, AEK-1, with use of the approach by Hsu et al. (also
see Materials and Methods). This method takes advantage of
the fact that tandem repeats of an epitope sequence often
possess potent antigenicity (19, 48).

The specificity of AEK-1 against EKLF was initially demon-
strated by Western blot analysis of total extracts prepared from
a variety of cell lines and mouse tissues (48). As exemplified in
the upper left panel of Fig. 1A, AEK-1 detected endogenous
EKLF in the mouse adult erythroleukemia cell line MEL and
an HA-tagged mouse EKLF transiently expressed in the hu-
man 293T cells. The specificity of AEK-1 was further demon-
strated by the fact that it detected Flag-EKLF and Flag-EKLF
(1–296), within both of which the epitope used to generate
AEK-1 (aa 51 to 60 of EKLF) resided, but not Flag-3F (282–
376), which lacked the epitope (Fig. 1A, upper right panel).
AEK-1 also detected EKLF in Western blot analysis of E9.5
yolk sac, E14.5 fetal liver, and adult spleen tissues (Fig. 1A,
lower panel, lanes 1, 3, and 5) but not in analysis of nonery-
throid fetal and adult tissues (Fig. 1A, lower panel, lanes 2 and
4). These Western blotting data paralleled the RNA expres-
sion profiles of EKLF during mouse development (34).

AEK-1 was then used in ChIP assays for the analysis of
EKLF binding in vivo in mouse E14.5 fetal liver samples. Fixed
chromatin samples were prepared from the fetal liver cells as
described in Materials and Methods and were immunoprecipi-
tated (IP) with AEK-1 or preimmune serum. DNAs were pu-
rified from the precipitates and supernatants of the IP reac-
tions and subjected to PCR analysis of the enrichment of
different regions of the murine � globin locus in the DNA
samples pulled down by AEK-1.

As shown in Fig. 1B, EKLF binding was detected not only at
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the �maj promoter but also at HS1, HS2, and HS4 of the
�-LCR. Interestingly, we also detected EKLF binding, albeit
relatively weaker, at the embryonic εy globin promoter region
(Fig. 1B). The ChIP data shown in Fig. 1B indicate that EKLF
indeed bound in vivo at the regulatory elements of the murine
� globin locus in erythroid tissue actively transcribing the �maj

globin gene.
Developmental stage-specific localization of EKLF in the

nuclei of mouse erythroid tissues. The subcellular location of

the endogenous EKLF had been unknown before. Based on
the DNA binding (34) and chromatin binding (Fig. 1) (20, 48,
59) properties of EKLF, it was expected to be located mainly
in the nucleus of the erythroid cells. To check the subcellular
locations of EKLF in erythroid cells at different developmental
stages, the affinity-purified antibody AEK-1 was again used to
immunostain cells isolated from blood islands of E9.5 yolk sac
samples, peripheral blood in the AGM of E10.5 embryos, and
E14.5 fetal livers. As shown in Fig. 2, while nonerythroid 293T

FIG. 2. Subcellular locations of EKLF. 293T cells (top row), blood islands of E9.5 mouse yolk sacs (second row), peripheral blood cells of E10.5
AGM (third row), and E14.5 fetal liver cells (bottom row) were stained with AEK-1 and examined with the confocal microscope. The broken lines
in the first column indicate the boundaries of the nuclei, as defined by the DAPI staining. Lower-magnification pictures are shown in the last
column. The percentage values represent the fractions of EKLF-positive cells containing the majority of EKLF (more than 90%) in the nucleus.
n values represent the numbers of cells analyzed for each set of the experiments. Each set consists of three or more independent analyses. Western
blot analysis results of the nuclear (Nu) and cytoplasmic (Cyto) extracts prepared from the blood island cells of E9.5 yolk sacs, peripheral blood
cells of the E10.5 AGM, and E14.5 fetal liver cells are shown in the lower panel, with tubulin as the cytoplasmic marker and hnRNP A1 as the
nuclear marker.
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FIG. 3. DNA-FISH immunostaining of mouse fetal liver and yolk sac cells. Combined DNA-FISH immunostaining of cells from murine E14.5
fetal livers and blood islands of E9.5 yolk sacs was carried out using DNA probe specific for the mouse � globin locus and different antibodies.
Note that the immunostaining signals after DNA FISH were usually weaker due to the step of incubation at 65°C. This was already mentioned
previously in reference 47. (A) Colocalization of EKLF with the � globin locus in the E14.5 fetal liver but not the E9.5 yolk sac. The arrows point
to the two � globin alleles in the cells shown. The diagram shows the locations of the EKLF dots (red) and the � globin alleles (green). The
percentage values represent the fractions of EKLF-positive and two allele-exhibiting cells that have at least one of their � globin alleles colocalized
with an EKLF dot. (B) Colocalization of the � globin locus with EKLF, POD, RNAP II factory, and SC35 speckles in the fetal liver cells. DNA
FISH was combined with double immunostaining and use of the antibody pairs AEK-1/anti-PML (top row), AEK-1/N-20 (middle row), and
AEK-1/anti-SC35 (bottom row). The fractions (%) of cells in which at least one � globin allele was colocalized with the pair(s) of nuclear bodies
and/or RNAP II factory are indicated. n represents the numbers of cells analyzed for each set of the experiments.
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cells exhibited no obvious staining of EKLF (exemplified in the
first row shown in Fig. 2), EKLF proteins in the EKLF-positive
cells in AGM of E10.5 embryos and in E14.5 fetal livers, both
of which expressed the �maj globin gene, appeared to be dis-

tributed mainly (63% and 81%, respectively) in the nucleus,
with a dotted pattern (exemplified in the third and fourth rows
of Fig. 2). The numbers of these EKLF “dots” ranged from 5
to 28 per nucleus, and their diameters ranged from 0.2 �m to

FIG. 4. Subcellular location of EKLF in MEL cells. (A) Subcellular location of the endogenous EKLF in MEL cells. The locations of EKLF
in MEL cells before (top row) and after DMSO (middle row) or HMBA (bottom row) induction were examined by immunostaining with AEK-1
(first column). The nuclei were identified by DAPI staining. The fractions (%) of cells with the majority (more than 90%) of EKLF present in the
nucleus are indicated. The subcellular distributions of EKLF in MEL cells were further analyzed by Western blotting of the whole-cell extract
(Total), nuclear extract (Nu), and cytoplasmic extract (Cyto). Note the absence of the control tubulin bands in the “Nu” lanes. Also, most of the
EKLF of MEL (�) DMSO and MEL (�) HMBA cells were in the nuclear fraction. (B) Changes of the expression levels of the �maj globin gene
and the subcellular location of EKLF during MEL differentiation. The expression levels of �maj and G3PDH genes in MEL cells at different days
after induction with DMSO were analyzed by Northern blotting. The fractions of cells containing the majority (more than 90%) of EKLF in their
nuclei were also scored by immunostaining, as indicated below the Northern panel. Note the apparently concomitant appearance of �maj RNA and
the abrupt increase in the fraction of cells containing nuclear EKLF on day 2 of the induction.
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0.5 �m. In great contrast, the majority (95%; n � 42) of the
EKLF-positive cells in the blood islands of E9.5 yolk sacs,
which expressed embryonic εy and �h1 but not adult �maj,
contained EKLF proteins mainly in their cytoplasm (exempli-
fied in the second row of Fig. 2). Western blotting of the
nuclear and cytoplasmic extracts has confirmed the immuno-
staining result (Fig. 2, lower panels). Thus, there appeared to
be a tight correlation between the switches of the �maj globin
gene transcription and the subcellular locations of EKLF dur-
ing development. As shown later, this correlation was also
observed for the inducible activation of �maj in a mouse adult
erythroid cell line.

Colocalization of the � globin locus with POD/RNAP II
factory containing concentrated EKLF and SC35 in mouse
fetal liver cells. Previously, it had been shown that in mouse or
human erythroid cells, the � globin locus is colocalized with
nuclear substructures, including the RNAP II factory and the
nuclear bodies POD and speckles (see references 4, 37, and 47;
see also the latter sections of Results and Discussion). To
investigate whether the nuclear substructure (the dots) formed
by EKLF in the fetal liver was also colocalized with the �
globin locus, we carried out combined DNA-FISH immuno-
staining analysis as described before (47). Among the 38 fetal
liver nuclei analyzed that both were EKLF-positive and exhib-
ited two � globin alleles, 36 (95%) of them had at least one of
their � globin alleles colocalized with an EKLF dot (Fig. 3A).
Of these 36 nuclei, 31 (86%) of them had only one of the �
globin alleles colocalized with an EKLF dot, as exemplified in
Fig. 3A. In the rest of the nuclei examined, 8% (3/36) exhibited
two � globin alleles each colocalized with an EKLF dot and 6%
(2/36) had both alleles colocalized with the same EKLF dot
(data not shown).

To further examine whether the EKLF dot coinciding with
the � globin locus also colocalized with other nuclear substruc-
tures or nuclear bodies in the fetal liver cells, we carried out
DNA FISH in combination with immunostaining using AEK-1
as well as antibodies against RNAP II, the POD signature
protein PML, and the splicing factor SC35 (Fig. 3B). Interest-
ingly, there was a high percentage of colocalization of the
EKLF dots with the � globin locus, the POD, the RNAP II
factories, and the SC35-staining speckles. As exemplified in
Fig. 3B, in approximately 76% of the EKLF-positive fetal liver
cells, at least one of their � globin alleles was colocalized with
an EKLF dot and a POD; in 83% of them, the EKLF-� com-
plexes were colocalized with the RNAP II factories. Relatively
fewer of the EKLF-� complexes were colocalized with the
speckles (Fig. 3B).

These DNA-FISH immunostaining data indicated that
EKLF proteins were concentrated in the PODs and/or the
RNAP II factories previously shown to be colocalized with the
� globin loci in erythroid cells in humans (47) and mice (37).
The data further suggested that not only the nuclear localiza-
tion of EKLF but also the concentration in specific nuclear
substructures colocalizing with the � globin locus is crucial for
the adult � globin switch.

Nuclear import of EKLF accompanied with induced �maj

globin gene activation of MEL cells. MEL is a mouse adult
erythroleukemia cell line. Upon treatment with different re-
agents such as DMSO, HMBA, etc., the MEL cells differenti-
ate and a number of erythroid-specific genes, in particular the

adult � and �maj globins, become transcriptionally active (35).
It was thus interesting to see whether nuclear import of EKLF
is involved in turning on the �maj promoter during MEL dif-
ferentiation, as suggested by the different subcellular locations
of EKLF in the mouse E14.5 fetal livers and blood islands of
E9.5 yolk sacs.

As shown in Fig. 4A, both immunostaining and Western
blotting experiments demonstrated that the EKLF proteins
were indeed located in the cytosol of most (80% or so) of the
MEL cells prior to induction. Upon induction with either
DMSO or HMBA, a major portion of the EKLF proteins
became located in the nucleus. Furthermore, a dotted pattern
of nuclear distribution of EKLF was also observed in the in-
duced MEL cells (Fig. 4A). In fact, as shown by Northern
blotting, the nuclear import of EKLF upon induction of MEL
by DMSO paralleled well with the induced transcription of the
�maj globin gene (Fig. 4B). These data indicated that there was
an active nuclear import process of EKLF during erythroid
differentiation of the MEL cells and that the nuclear import of
EKLF might be required a priori for the induced activation of
the �maj transcription by DMSO.

The nuclear positioning of the � globin locus relative to the
distributions of PODs, RNAP II factories, and speckles in
DMSO-induced MEL cells has also been analyzed by com-
bined DNA-FISH immunostaining. In similarity to the E14.5
fetal liver results, there was also a high frequency of colocal-
ization of the � globin locus with these three classes of nuclear
substructure (Fig. 5).

Repression of �maj globin gene transcription in DMSO-
induced MEL cells by blockage of the nuclear import of EKLF.
In order to examine whether the nuclear import of EKLF was
one of the essential steps for activation of the �maj globin gene
during DMSO induction of MEL cells, we have attempted to
use several inhibitors of nuclear import or export to block
DMSO-induced EKLF import into the nuclei of MEL cells.
Due to the intrinsic properties of these drugs and the relatively
long time of DMSO induction, most of the drugs were not
suitable for our purpose (data not shown). However, a known
distinct inhibitor of the nuclear export factor CRM1 (chromo-
some region maintenance 1), Ratjadone A (28), was found to
effectively block the nuclear import of EKLF. As shown in the
immunostaining patterns of Fig. 6A, inclusion of Ratjadone A
during DMSO treatment of MEL kept EKLF (exemplified in
the second row of Fig. 6A), but not GATA-1, CBP, and p45/
NF-E2 (exemplified in the third, fourth, and bottom rows,
respectively, of Fig. 6A), from being imported into the nuclei.
As a control, a high portion of the p65 subunit of NF-	B was
retained in the nucleus upon Ratjadone A treatment, as shown
by Western blotting (Fig. 6B) and by immunostaining (data not
shown).

Significantly, this blockage of EKLF import by Ratjadone A
was accompanied by transcriptional repression (by more than
80%) of �maj as well as of the erythroid-specific �-aminolae-
vulinate synthase gene (ALAS-E), another erythroid gene
known to be activated by EKLF (18, 51) (compare lane 5 to
lane 2 in Fig. 6C). On the other hand, DMSO-induced tran-
scription of the other erythroid genes tested, such as � globin
and porphobilinogen deaminase (PBGD), was not affected
(Fig. 6C). Thus, the process of nuclear import of EKLF ap-
peared to be specifically required for transcriptional activation
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of EKLF-regulated genes, including the �maj globin, during
MEL differentiation as induced by DMSO.

Mapping of EKLF domain(s) required for its induced nu-
clear import in DMSO-treated MEL cells. It would be helpful
to map the domain(s) of EKLF required for its DMSO-in-
duced nuclear import in MEL cells. Previously, two nuclear
localization signals of murine EKLF, NLS1 (aa 275 to 296) and
NLS2 (aa 293 to 376), have been mapped by immunostaining
of exogenously expressed, green fluorescent protein-tagged
EKLF in the human erythroid cell line K562 and in nonery-
throid monkey CV1 cells (42). Of the two NLSs, NLS1 covers
a basic region while NLS2 encompasses the three zinc fingers
of EKLF (top diagram in Fig. 7A) (42).

To see whether either or both of these NLSs mediated
DMSO-induced nuclear import of EKLF in MEL cells, we
have made constructs capable of expressing EKLF, aa 1 to 296
of EKLF, and aa 282 to 376 of EKLF, each tagged with a Flag

epitope. These constructs were transfected into different cell
lines, including MEL, and the immunostaining patterns as
stained by anti-Flag were examined (Fig. 7). In similarity to the
results of previous studies (39, 42), the transfected Flag-EKLF
was almost exclusively localized in the nuclei of transfected
K562 (Fig. 7A). However, in similarity to the results for en-
dogenous EKLF shown in Fig. 4A, few (approximately 7%) of
the Flag-EKLF proteins were located in the nuclei of unin-
duced MEL cells, but the nuclear content of Flag-EKLF
greatly increased (to approximately 82%) upon DMSO induc-
tion (second row of Fig. 7B). Flag-EKLF lacking the NLS1
region of aa 275 to 296 behaved similarly to the full-length
Flag-EKLF (Y.-C. Shyu and C.-K. J. Shen, unpublished re-
sults). In contrast, there was no regulation of the nuclear im-
port of transfected Flag-EKLF (1–296) or Flag-3F (282–376).
Flag-EKLF (1–296) was present in both the cytosol and nuclei
of transfected MEL cells with or without DMSO induction

FIG. 5. Combined DNA-FISH immunostaining of MEL cells. MEL cells without (top row) and with DMSO induction for 3 days were analyzed
by combined DNA-FISH immunostaining as described for Fig. 3 for the E14.5 fetal liver cells. Again, the fractions (%) of cells containing at least
one � globin allele colocalized with the nuclear body and/or RNAP II factory are indicated. Note that the immunostaining signals after DNA FISH
were usually weaker due to the step of incubation at 65 °C. This was also evident in the results reported in reference 47.
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FIG. 6. Repression of �maj globin gene transcription by Ratjadone A-mediated blockage of the nuclear import of EKLF. (A) The subcellular locations
of EKLF in MEL cells subjected to 3 days of DMSO induction with (bottom four rows) or without (first row) pretreatment with Ratjadone A were
analyzed by immunostaining. Note that the Ratjadone A treatment prevented the EKLF from entering into the nucleus during DMSO induction (second
row). As controls, anti-GATA-1, anti-CBP, and anti-p45/NF-E2 antibodies were also used to immunostain the (�) Ratjadone A/(�) DMSO cells (bottom
three rows). The fractions (%) of cells with the majority (more than 90%) of the signals in their nuclei are indicated. (B) The subcellular locations of
EKLF in MEL cells subjected to 3 days of DMSO induction with or without pretreatment with Ratjadone A were analyzed by Western blotting. Nu,
nucleus; Cyto, cytosol. (C) Northern blotting of RNAs isolated from uninduced MEL cells (lane 1), MEL cells induced subjected to 3 days of DMSO
induction (lane 2) or HMBA induction (lane 3), MEL cells treated with Ratjadone A for 2 h (lane 4), and MEL cells pretreated with Ratjadone A for
2 h and then induced with DMSO for 3 days (lane 5). Note the significantly lowered RNA levels of �maj globin and ALAS-E in DMSO-induced cells
pretreated with Ratjadone A in comparison to those of DMSO-MEL cells without the Ratjadone A treatment (compare lane 5 to lane 2).
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(third row of Fig. 7B). On the other hand, Flag-3F (282–376),
while being exclusively localized in the nuclei of transfected
K562 cells (Fig. 7A and reference 42), was mainly present in
the cytoplasm of transfected MEL cells before (77%) and after
(61%) DMSO induction (fourth row of Fig. 7B). The data of
Fig. 7 indicated that unlike the results seen for the other cell
types tested, NLS2 encompassing the zinc finger region of
EKLF was the main element responsible for keeping EKLF in
the cytoplasm of MEL cells. Furthermore, it appeared that the
full-sequence context of EKLF was required for its regulated
nuclear import process in DMSO-induced MEL cells and, by
inference, during early erythroid development.

DISCUSSION

It has been clear that mammalian EKLF is an essential
transcription factor for the activation of the adult � globin
gene in erythroid cells of definitive lineage. It is also known
that this function of EKLF requires its direct binding at the
CACCC box in the adult � globin promoter (see the introduc-
tion for references). In this study, we demonstrated that the
mouse � globin locus is physically associated with the nuclear
body POD concentrated with EKLF, RNAP II, and the splic-

ing factor SC35. These data, together with those of our previ-
ous analysis of K562 cells (47), indicate that POD is indeed the
nuclear domain within which transcription of the � globin
locus is regulated. Remarkably, our study has revealed that
activation of the mouse adult �maj globin gene involves regu-
lation of the nuclear transport processes of EKLF in erythroid
cells that are both developmental stage and differentiation
state specific.

We first showed, by ChIP assays using a high-specificity
antibody (AEK-1) against EKLF (Fig. 1A) (48), that in the
E14.5 mouse fetal liver in which 99% of the cells are definitive
erythroid cells (54) expressing the adult �maj globin gene,
EKLF bound at the �maj promoter and HS1, HS2, and HS4
sites of �-LCR and, to a relatively low extent, the embryonic εy

promoter (Fig. 1B). The in vivo binding pattern of EKLF in the
E14.5 fetal liver is in interesting similarity to those in the
DMSO-induced MEL cells (48) and in the E14.5 fetal liver and
E10.5 yolk sac cells from mice with a knocked-in, HA-tagged
EKLF gene (59). Our failure to detect EKLF binding at HS3
might be due to the masking in vivo of the epitope(s) recog-
nized by AEK-1. The binding of EKLF at both the �maj pro-
moter and the HS sites suggested that EKLF could also rec-
ognize and bind at the CACCC boxes within those latter-

FIG. 6—Continued.
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named regulatory elements. Alternatively, the coappearance of
EKLF might reflect the long-range interaction between the
�-LCR holocomplex and the EKLF-�maj promoter complex.
In either scenario, the ChIP analysis results supported the
notion that EKLF is an integral component of the transcription
complex activating the �maj globin promoter in the definitive
erythroid cells.

The binding of EKLF to �-LCR and the �maj promoter in
the fetal liver, as revealed by the ChIP assay results, was ac-
companied by our observation in the DNA FISH-immuno-
staining experiments that EKLF and the splicing factor SC35
were concentrated in the POD-RNAP II factory within which
the � globin locus resided (Fig. 3). Previously, we had shown
that in the human embryonic-fetal erythroid K562 cell line, the
� globin locus is also colocalized with POD containing con-
centrated RNAP II and SC35 as well as sumoylated p45/NF-E2
(47). The data from our DNA-FISH immunostaining analyses
and the RNA-FISH studies by others (4, 37) together point to
a model in which the multiple protein-DNA complexes of the
mammalian � globin locus in actively transcribing erythroid
cells are formed and/or maintained within or near the nuclear
body POD containing concentrated transcription factors, in-
cluding both EKLF and p45/NF-E2 as well as RNAP II. The �
globin locus is organized in POD in a similar fashion (Shyu and
Shen, unpublished data). Presumably, the local concentrations
of RNAP II as well as of different factors, including EKLF in

the � locus-associated POD/RNAP II factory, facilitate the
assembly of the transcription initiation and the propagation of
the transcription as well as splicing of the primary globin tran-
scripts.

Most interestingly, we have identified development stage-
and differentiation state-specific processes of nuclear transport
of EKLF in erythroid cells actively transcribing the adult �maj

globin gene. In particular, the data of Fig. 2 indicated that
during the early developmental stage there was a switch of the
subcellular localization of EKLF in the erythroid cells from the
cytosol to the nucleus. This switch coincided with the timing of
the switch-on of �maj globin gene transcription (13, 26, 38, 54,
57). The nuclear localization of EKLF in the E10.5 yolk sac
and E14.5 fetal liver tissues (Fig. 2) was consistent with the
ChIP analysis of the same two tissues (Fig. 1B) (59) and with
the anti-HA immunostaining pattern of the adult bone marrow
erythroblasts from the genetically engineered mice (60). Thus,
there appeared to be a developmental stage-specific switch of
the subcellular compartments in which the majority of EKLF
proteins were present in the erythroblasts.

Our observation of a developmental coswitch of the subcel-
lular locations of EKLF and the transcription status of the
adult �maj globin gene in the erythroblasts during the E9.5 to
E10.5 transition paralleled the results of the study of EKLF in
the MEL cells (Fig. 4). In differentiated MEL as induced by
DMSO, EKLF joins p18/NF-E2 to undergo active, subcellular

FIG. 7. Mapping of EKLF domains required for DMSO-induced nuclear import of EKLF in MEL cells. (A) The subcellular locations of
transiently expressed Flag-EKLF and Flag-3F in K562 cells. Top, schematic representation of the domain organization of EKLF. The proline-rich
(pro-rich) region and the three-zinc-finger region (aa 292 to 376) are indicated. Shown below the EKLF map are the inserts of plasmid constructs
pFlag-EKLF, pFlag-EKLF (1–296), and pFlag-3F used to transfect K562 and MEL cells. The subcellular locations of Flag-EKLF and Flag-3F in
the transfected K562 cells were detected by immunostaining with anti-Flag. In either case, nearly all of the proteins were located in the nucleus.
(B) The subcellular locations of transiently expressed Flag, Flag-EKLF, Flag-EKLF (1–296), and Flag-3F in MEL cells. Again, the locations of the
exogenous proteins in the transfected MEL cells, before and after DMSO induction, were identified by immunostaining using anti-Flag as the
probe. The nuclei were identified by DAPI staining. MetaMorph software (Meta Imaging Series version 6.1; Universal Imaging Corporation) was
used to quantify the relative amounts of transiently expressed, Flag-tagged proteins in the nucleus and cytosol. For each experimental set, the
percentage value (%) indicates the average fraction per cell of the corresponding exogenous protein located in the nucleus. The comparisons of
the amounts of transiently expressed proteins in MEL cells before (white bars) and after (black bars) DMSO induction are shown schematically
in the histogram for Flag, Flag-EKLF, Flag-EKLF (1–296), and Flag-3F. Note that transfected HA-EKLF behaved similarly to Flag-EKLF in MEL
cells during DMSO induction (Shyu and Shen, unpublished results).
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transport. While p18/NF-E2 migrated from the heterochroma-
tin to euchromatin regions during DMSO induction of MEL
(14), EKLF was imported from the cytosol to the nuclei (Fig.
4), some becoming concentrated in the � globin locus-associ-
ated POD/RNAP II factory (Fig. 5). Interestingly, treatment of
MEL cells with Ratjadone A, the inhibitor of nuclear export,
blocked the DMSO-induced import of EKLF (Fig. 6A and
6B), and it specifically blocked the activation of the �maj globin
gene as well (Fig. 6C). Notably, several transcription factors
known to be activators of �maj globin gene transcription still
remained in the nucleus after Ratjadone A treatment (Fig.

6A). Also, this inhibition of �maj activation by Ratjadone A did
not appear to be the result of blockage of MEL differentiation
per se, since PBGD, one of the marker genes of MEL differ-
entiation, was activated in DMSO-treated MEL cells whether
or not Ratjadone A was present (Fig. 6C). In relation to this,
the transcription of PBGD is known not to require EKLF (18).
On the other hand, ALAS-E, another erythroid gene known to
be activated by EKLF (18, 51), was also repressed in the
presence of Ratjadone A (Fig. 6C). Ratjadone A blocks the
nuclear export of several proteins (28, 50; Shyu and Shen, data
not shown), and it does so by blocking the exportin protein

FIG. 7—Continued.
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CRM1 (28). The mechanism(s) utilized by Ratjadone A to
block the nuclear import of EKLF is unknown at the moment.
It might block the export of a certain vehicle protein(s) re-
quired for the import of EKLF. Alternatively, the suppression
of the �maj globin gene by Ratjadone A could be accomplished
through direct transcriptional repression. In any case, the anal-
ysis of MEL cells (Fig. 4 to 6) further indicated the importance
of nuclear import of EKLF in the transcriptional activation of
�maj in the fetal and adult erythroid cells.

The molecular and cellular basis of the regulated process of
nuclear import of EKLF during erythroid development (Fig. 2)
and differentiation (Fig. 4) is unclear at the moment. Previous
studies of other systems have shown that regulation of the
nuclear import processes could be mediated through protein-
protein interaction, posttranslational modification, and some-
times even conformational changes of the protein (7, 8, 27).
For example, the nuclear translocation of the NF-	B/RelA
proteins is controlled by release of NF-	B from I	B upon
phosphorylation and consequent degradation of the latter (7).
N-terminal phosphorylation signals the nuclear retention of
p53 by blocking its interaction with MDM2, thus inhibiting the
ubiquitination and subsequent nuclear export of p53 (16).
Also, sumoylation of RanGAP1 promotes its interaction with
the Ran-GTP binding protein RanBP2 at the cytoplasmic face
of the nuclear pore complex (43, 52), and sumoylation is re-
quired for the calcineurin-mediated dephosphorylation and
nuclear import of the transcription factor NFAT1 (52).

In the case of EKLF, its regulated nuclear import in MEL
cells during DMSO induction appeared to require the full-
sequence context of the factor (Fig. 7). In particular, the func-
tion of efficient nuclear import-nuclear localization of NLS2
spanning the zinc finger region of EKLF, as observed in the
nonerythroid cells (39, 42; Shyu and Shen, unpublished results)
or erythroid K562 cells (42) (Fig. 7A), was lost in MEL cells
with or without DMSO induction (Fig. 7B). Similarly, there
was no regulation of the nuclear import of the EKLF (1–296)
fragment during DMSO induction of the transfected MEL
cells (Fig. 7B). While identification of the mechanisms and
pathways regulating the EKLF import awaits future investiga-
tion, we speculate, among the different possibilities, on the
following scenario of regulation. In particular, it is suggested
that although the zinc finger region/NLS2 is required for nu-
clear localization of EKLF, this element is also responsible for
the retention of EKLF in uninduced MEL cells, as reflected by
the nuclear fractions of Flag-EKLF and Flag-3F being rela-
tively lower than that of Flag-EKLF (1–296) (Fig. 7B). The
retention is likely mediated through the physical interaction
between NLS2 and a certain cytosolic factor(s). Upon DMSO
induction, this interaction is disrupted, possibly due to an in-
duced covalent modification of EKLF, e.g., phosphorylation or
sumoylation as observed in the other systems mentioned
above, somewhere within the region (1–296) carboxyl to the
zinc finger domain. The originally cytosolic EKLF molecules
are consequently released and transported into the nucleus.
This scenario, which exists in MEL but not in K562 cells, would
partially explain the observations shown in Fig. 7.

In summary, this study revealed a novel pathway for EKLF
to activate the adult �maj globin gene during mouse erythroid
development and during differentiation of the erythroid cells in
culture. The existence of this pathway, i.e., a regulated process

of nuclear import of EKLF, provides a logical explanation for
the silencing of the adult �maj globin gene in embryos before
the stage of E9.5, despite the presence of EKLF in the eryth-
roblasts during early development. Whether a specific protein
modification(s) and/or protein-protein interaction(s) is in-
volved in the initiation of this developmental stage- and dif-
ferentiation state-specific import process is currently under
investigation.
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