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A cDNA encoding a novel Krüppel-type zinc finger protein, FKLF, was cloned from fetal globin-expressing
human fetal erythroid cells. The deduced polypeptide sequence composed of 512 amino acids revealed that, like
Sp1 and EKLF, FKLF has three contiguous zinc fingers at the near carboxyl-terminal end. A long amino-
terminal domain is characterized by the presence of two acidic and two proline-rich regions. Reverse tran-
scription (RT)-PCR assays using various cell lines demonstrated that the FKLF mRNA is expressed predom-
inantly in erythroid cells. FKLF message is detectable by RT-PCR in fetal liver but not in adult bone marrow
cells. As predicted from its structural features, FKLF is a transcriptional activator. In luciferase assays FKLF
activated the g- and «-globin gene promoters, and, to a much lower degree, the b-globin promoter. Studies of
HS2-g gene reporter constructs carrying CACCC box deletions revealed that the CACCC box sequence of the
g gene promoter mediates the activation of the g gene by FKLF. Other erythroid promoters (GATA-1,
glycophorin B, ferrochelatase, porphobilinogen deaminase, and 5-aminolevulinate synthase) containing
CACCC elements or GC-rich potential Sp1-binding sites were activated minimally, if at all, by FKLF, indi-
cating that FKLF is not a general activator of genes carrying the CACCC motifs. Transfection of K562 cells
with FKLF cDNA enhanced the expression of the endogenous «- and g-globin genes, suggesting an in vivo role
of FKLF in fetal and embryonic globin gene expression. Our results indicate that the protein potentially
encoded by the FKLF cDNA acts as a transcriptional activator of embryonic and fetal b-like globin genes.

The programmed expression of globin genes is tissue and
developmental stage specific. In humans, five b-like globin
genes (ε, Ag, Gg, d, and b) form a cluster on the short arm of
chromosome 11, and their expression is characterized by two
major switches initially from embryonic (ε) to fetal (Ag and Gg)
and subsequently to adult (d and b) globin gene expression
(39). Although a number of cis-acting elements of globin genes
and corresponding trans-acting factors have been identified (9,
27), the precise molecular mechanisms of globin gene regula-
tion are still unclear. Especially limited is the information on
the trans-acting factors involved in the developmental control
of fetal and embryonic globin genes.

The CACCC (or GT) box is a cis-acting element found in a
variety of genes expressed in erythroid and nonerythroid tis-
sues. Each b-like globin gene (except the d gene) has one or
two CACCC boxes among the conserved promoter sequences.
The importance of the CACCC box for b-globin gene tran-
scription has been demonstrated by naturally occurring muta-
tions which cause b thalassemia (20, 28, 29). A role of CACCC
box in g gene expression is supported by several pieces of
evidence. First, CACCC box-deleted g gene promoters display
reduced activation of linked genes in K562 cells by transient
(21, 45) and stable (6) transfection assays. Second, transgenic
mice carrying a truncated Ag promoter construct which lacks a
functional CACCC box show decreased Ag gene expression in
all developmental stages (38). Third, in vivo footprinting stud-
ies have shown that the g CACCC sequence shows significant
protein binding in g gene-expressing cells but not in b-gene-
expressing cells (16). Collectively, these results suggest that the
CACCC box is one of the key cis-acting elements for g gene
expression.

Among the proteins binding to the CACCC boxes of the
globin genes, Sp1, a ubiquitous (18) Krüppel-like zinc finger
protein, and EKLF, an erythroid tissue-specific (24), Krüppel-
like zinc finger protein, are well characterized. Sp1 is known to
interact with the ε (47)-, g (13)-, and b (15)-globin gene
CACCC boxes. However, Sp12/2 mice express embryonic glo-
bin genes at a reduced but still significant level (22), suggesting
that this ubiquitous protein is not sufficient, at least in the
embryonic stage, for globin gene transcription. In contrast,
EKLF binds to the proximal b gene CACCC box (5, 24) and
plays a critical role in b-globin gene expression (26, 32). Stud-
ies of EKLF-deficient mice carrying human b-globin loci, how-
ever, revealed that the g gene expression is not dependent on
EKLF (31, 46).

The specificity of interaction of EKLF with the b gene
CACCC box is achieved by a 9-bp sequence (CCA CAC CCT),
which can be recognized by the three zinc fingers of EKLF
(24). The analogous sequence of the CACCC box of the g-glo-
bin gene promoter is CTC CAC CCA, and it is also found in
the mouse εy gene promoters. We assumed that a factor having
Krüppel-type zinc finger structures such as Sp1 and EKLF
exists and functions as an activator of the fetal globin gene
promoter. Human fetal liver erythroid cells were screened for
Sp1- or EKLF-type cDNAs by PCR (30), and a cDNA which
encodes a novel Krüppel-type zinc finger protein, FKLF (em-
bryonic/fetal b-like globin gene-activating Krüppel-like factor),
was isolated. We show that the FKLF gene is preferentially
expressed in erythroid cells and that it strongly activates ε- and
g-globin gene promoters.

MATERIALS AND METHODS

Cell culture and RNA extractions. K562 cells were cultured in RPMI 1640
supplemented with 10% fetal calf serum (FCS). Total RNA was extracted from
erythroid cells of day 67 human fetal liver BFU-E cultured for 11 days in RPMI
1640 supplemented with 10% FCS, stem cell factor, interleukin-6, and erythro-
poietin by standard methods (35). Poly(A)1 fraction of the total RNA was
separated by an oligo(dT)-cellulose spun column (Pharmacia Biotech).
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PCR screening for zinc finger motifs. Poly(A)1 RNA (1.8 mg) was subjected
to reverse transcription, with 50 pmol of a degenerate primer, 59-AG(AG)TG
(AG)TC(AG)(CG)(AT)IC(TG)I(AGC)(AT)(AG)AA-39, in 20 ml of a reaction
mixture (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2, 10 mM dithio-
threitol, 200 mM [each] deoxynucleotide triphosphate [dNTP]) using 200 U of
reverse transcriptase (SuperScript; BRL). Following denaturation at 65°C for 5
min, the reaction mixture was incubated at 42°C for 2 h. Then, the mixture was
heated at 94°C for 10 min to inactivate the reverse transcriptase. All of the
reverse-transcribed products were used as template DNA and amplified in a
reaction volume of 50 ml containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5
mM MgCl2, 0.001% (wt/vol) gelatin, 200 mM (each) dNTP, 0.02 U of Taq DNA
polymerase (AmpliTaq, Perkin-Elmer)/ml, 1 mM (each) degenerate primer de-
scribed above, and 59-CA(CT)AC(AGCT)GG(AGCT)GA(AG)(AC)(AG)(AG)
CC-39. The PCR conditions were as follows: cycle 1, 4 min at 94°C, 2 min at 40°C,
heating for 2 min, and 3 min at 72°C; cycles 2 to 5, 1 min at 94°C, 2 min at 40°C,
heating for 2 min, and 3 min at 72°C; cycles 6 to 45, 1 min at 94°C, 2 min at 50°C,
and 3 min at 72°C. All of the PCR products were run on 2% low-melting-point
agarose gel and stained with ethidium bromide. The expected 150-bp band was
cut out, and the extracted DNA was used for ligation into a plasmid vector (T
vector; Promega). Plasmid DNA was analyzed by restriction enzyme digestion
with PstI and NcoI, and clones containing the insert were sequenced with a kit
(Cyclist; Stratagene).

cDNA cloning. The 39 unknown sequence was obtained by rapid amplification
of cDNA ends (10). First-strand cDNA of human fetal liver cells was synthesized
from 100 ng of poly(A)1RNA by using an adapter-oligo(dT) primer (59-GACT
CGAGTCGACATCGATTTTTTTTTTTTTTTTT-39) as described above. The
39 unknown region was amplified by using an adapter primer (59-GACTCGAG
TCGACATCG-39) and an outer gene-specific primer. A portion of 1/50 of the
products was used as template DNA for the second-step PCR by using the
adapter primer and an inner gene-specific primer.

For the 59 unknown region, ligation-anchored (LA) PCR (43) was performed.
Following ligation of 59-phosphorylated, 39-end-blocked anchor oligonucleotide
(59-pTTTAGTGAGGGTTAATAAGCGGCCGCGTCGTGACTGGGAGCGC
ddA-39) to the first-strand cDNA, PCR was carried out under the same condi-
tions as in the 39-amplification, except that the primers were different. In this
case, two—outer and inner—primers were prepared in the anchor sequence as
follows: outer, 59-CGCTCCCAGTCACGACGC-39; inner, 59-GCCGCTTATTA
ACCCTCACTAA-39. The 59 end of the cDNA was confirmed by repeated
LA-PCR by using different gene-specific primers and cDNAs of different RNA
preparation.

Based on the cDNA sequence determined from the above PCR, a 1.7-kb open
reading frame (ORF) predicted to encode FKLF protein was amplified from
random hexamer-primed cDNA by using the Expand Long PCR System (Boehr-
inger Mannheim). The PCR product was digested with SacII and AvrII and
cloned into the pGEM-5Zf(1) vector (Promega) cut with SacII-SpeI (pGEM/
FKLF). The nucleotide sequence was checked for three clones, and one clone
without mutation was used for further plasmid construction.

Plasmid constructions. Transactivator plasmid of FKLF was prepared as fol-
lows: FKLF cDNA was cut as a SacII (blunted)-NotI fragment from the pGEM/
FKLF and subcloned into pSPORT 1 vector (Life Technologies) digested with
SmaI and NotI (pSPORT/FKLF). Subsequently, an EcoRI-HindIII fragment of
the FKLF cDNA from the pSPORT/FKLF was inserted into an eukaryotic
expression vector pSG5DD (a generous gift from T. Townes) digested with
EcoRI and HindIII (pSG5/FKLF).

Various reporter plasmids were constructed from pHS2bCAT and pHS2gLuc
(2, 8). A BglII site was created between the b promoter (2265 to 148) and the
CAT gene of the pHS2bCAT by in vitro mutagenesis (Altered Sites II in vitro
mutagenesis systems; Promega) according to the manufacturer’s instructions.
Briefly, a PstI-BamHI fragment of pHS2bCAT was subcloned into PstI- and
BamHI-digested pALTER-1 vector (Promega). The BglII site was generated by
using the 59 phosphorylated oligonucleotide 59-pCGCCAAGCTCAGATCTAG
GTGTCTGTT-39. The BglII site-introduced PstI-BamHI fragment was rein-
serted into PstI-BamHI sites of the pHS2bCAT. Subsequently, the 1.5-kb HS2
fragment was cut out as a PstI (blunted)-BglII fragment, and the 0.3-kb b
promoter fragment was cut out as a BglII fragment. The HS2 fragment was
inserted into KpnI (blunted)-BglII sites of the pGL2-Basic vector (pHS2Luc),
and then the b promoter was cloned into the BglII site of the pHS2Luc
(pHS2bLuc). Similarly, CACCC box deletion mutants of pHS2gLuc were con-
structed by in vitro mutagenesis. Briefly, a KpnI-BamHI fragment of pHS2gLuc
was subcloned into KpnI- and BamHI-digested pALTER-1 vector. Each CACCC
box was deleted by using oligonucleotides 59-pCATGCTGAGGCTTGCCCAG
ATGTTCTC-39 for pHS2DCAC2gLuc, 59-pGTCGGGGTCAGTGCGCCTTCTG
GTTC-39 for pHS2DCAC3gLuc, and 59-pGTCCCTGGCTAAATGGGTTGGCC
AG-39 for pHS2gDCACLuc. The CACCC-deleted KpnI-BamHI fragments were
reinserted into the KpnI-BamHI sites of the pHS2gLuc. A luciferase reporter
construct just driven by the g gene promoter (pgLuc) was generated by deleting
the HS2 fragment from the pHS2gLuc with KpnI and BglII digestion, followed by
self-ligation. A BamHI-PvuII fragment of the ε gene promoter (2178 to 122)
was subcloned into BamHI-EcoRV sites of pSP72 vector (Promega). Subse-
quently, the ε promoter was cut out as a BamHI-BglII fragment and inserted into
the BglII site of pHS2Luc (pHS2εLuc). Constructs generated by in vitro mu-
tagenesis were verified by sequencing.

DNA fragments of promoter of GATA-1 (2499 to 221) (48), porphobilino-
gen deaminase (PBGD; 2244 to 159) (23), glycophorin B (GPB; 2158 to 142)
(34), ferrochelatase (FC; 2181 to 149) (44), and 5-aminolevulinate synthase
(ALAS; 2298 to 1100) (42) were obtained from HEL cell genomic DNA by
PCR. Numbers represent base pair distances from the transcription start site
except for in GATA-1 promoters, in which numbers represent the distance from
the end of exon 1. The DNA fragments obtained by PCR were cloned into the
BglII site of the pHS2Luc, generating pHS2-GATA-Luc, pHS2-PBGD-Luc,
pHS2-GPB-Luc, pHS2-FC-Luc, and pHS2-ALAS-Luc. Each construct was ver-
ified by sequencing. Information on primers and PCR conditions that were used
for amplification will be provided upon request.

Transactivation analysis. Transient transfections of K562 cells were per-
formed as previously described (2) with minor modifications. Briefly, reporter,
expression (in molar concentration 10 times higher than that of the reporter
plasmid), and pSG5 vectors (to total 50 mg) were electroporated at 960 mF and
320 V by Gene Pulser (Bio-Rad) into 1.5 3 107 to 2 3 107 log-phase K562 cells,
in RPMI 1640 medium without serum. After being placed at room temperature
for 10 min, the cells were plated in 10 ml of the complete medium and incubated
at 37°C for 24 h. The cells were harvested, and cell extracts were prepared by
using 400 ml of reporter lysis buffer (Promega). One hundred microliters, some
of which was diluted to 1:10, 1:50, or 1:100, was analyzed by using the luciferase
assay system (Promega). All transfection assays were performed multiple times
and with different preparations of the same plasmid. Luciferase activities ob-
tained were corrected for transfection efficiencies by protein concentration of the
cell extract measured by A570 (protein assay; Bio-Rad). A series of experiments
have shown that under the conditions of our studies, FKLF and EKLF are
overexpressed relative to the promoters, resulting in maximal activation of the
globin gene promoters, thus allowing rational comparisons of promoter activa-
tion by FKLF and EKLF.

To examine effects of FKLF on endogenous globin gene expression, K562 cells
were transiently transfected with 40 mg of either pSG5/FKLF or pSG5DD and 10
mg of pSVb-Gal. Each transfection was done in duplicate. On day 1 an aliquot
of cells was harvested for b-galactosidase (b-Gal) assay (2), and cells which gave
a higher b-Gal activity by the duplicate assays were further incubated. On day 3
the cells were harvested, and total RNA was extracted.

Northern blotting and mRNA detection by PCR. Northern blotting was per-
formed with RNA probes by the standard method (3). The RNA probes were
prepared by using Riboprobe in vitro transcription systems (Promega) from a
PCR fragment which was cloned into the T vector. Studies of gene expression
were done by semiquantitative reverse transcription (RT)-PCR. First-strand
cDNA was prepared from 2 mg of tRNA by using a random hexamer from
various cell lines (see Results) and fetal liver and adult bone marrow cells. Each
cDNA sample was appropriately diluted to give similar amplifications of 28S
rRNA under the same PCR conditions. The primer sequences and cycling con-
ditions were as follows: for 59-ACGGTAACGCAGGTGTCCT-39 and 59-CCT
CTCGTACTGAGCAGGA-39, 95°C for 3 min followed by various cycles of 95°C
for 40 s, 56°C for 30 s, and 72°C for 60 s for 28S rRNA; for 59-TCTGACTCT
GGGGATGTCAC-39 and 59-CGGCAATCTGGAGTCTGGA-39, 95°C for 3
min followed by various cycles of 95°C for 40 s, 58°C for 40 s, and 72°C for 60 s
for FKLF; for 59-TGCTGAGGAGAAGGCTGCCG-39 and 59-GGCTTGAGG
TTGTCCATGTTT-39, 95°C for 3 min followed by various cycles of 95°C for 40 s,
56°C for 40 s, and 72°C for 40 s for ε globin; and for 59-AGAGGAGGACAAG
GCTACTA-39 and 59-CCCTTGAGATCATCCAGGTGC-39, 95°C for 3 min
followed by various cycles of 95°C 40 s, 58°C for 40 s, and 72°C for 40 s for g
globin.

Statistical analysis. Data were analyzed by two sample t tests with STATIS-
TICA (StatSoft) computer software.

RESULTS

Cloning of FKLF cDNA. To clone cDNAs encoding EKLF-
or Sp1-type zinc finger proteins by PCR, a set of degenerate
primers was designed on the basis of the amino acid homology
of zinc finger region of Sp1 family genes and EKLF. The
upstream and the downstream primers were prepared from the
conserved amino acid sequences HTGE(KR)P and F(SM)RS-
DEL, respectively (Fig. 1A). The PCR fragment amplified
from human fetal liver cell cDNA was cloned into plasmid, and
51 individual clones were sequenced. Among them, 20 clones
had deduced amino acid sequences which were compatible to
Cys2-His2-type zinc finger motifs. Neither EKLF nor Sp1 was
found.

Three types of zinc finger structures similar to those of
EKLF or Sp1 were found in the 20 clones. One was the human
homologue of BKLF (7), and the other two were novel pro-
teins (data not shown). On the basis of its properties (see
below), one of the two novel genes was designated FKLF. The
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59 and 39 unknown regions of the cDNA were obtained by
PCR, and the reconstituted 2,012-bp FKLF cDNA included an
ORF which potentially encodes 512 amino acids (Fig. 1A).

FKLF is a new member of the Sp1- or EKLF-type zinc finger
proteins. Inspection of the deduced polypeptide sequence of
the FKLF reveals three contiguous zinc fingers present near
the carboxyl-terminal end and two domains, a long amino-
terminal domain and a short carboxyl-terminal domain, sepa-
rated by the zinc finger domain (Fig. 1A and B). The structure
of the zinc finger is C-X4-C-X12-H-X3-H-X7-C-X4-C-X12-H-
X3-H-X7-C-X2-C-X12-H-X3-H (where X represents any amino
acid residue), which is the same as those of Sp1 (18), EKLF
(24), and other proteins of their family (1, 19). Figure 2 shows
amino acid identities of zinc fingers of proteins which have the
same finger structure. Notably, Sp1, Sp2, Sp3, and Sp4 form a
high-homology group with 70 to 90% amino acid identities
(Sp1 family). Similarly, EKLF, BTEB2, BKLF, LKLF, and
GKLF form another high-homology group (the EKLF family).
The amino acid identity across the two groups is relatively low,

i.e., 50 to 60%. FKLF, TIEG, and BTEB show intermediate
homologies (60 to 70%) to both the Sp1 and the EKLF protein
families.

In contrast to the zinc finger region, the amino- and carbox-
yl-terminal domains of the FKLF protein show no homology to
known proteins by GenBank homology search. The amino-
terminal domain is characterized by high contents of proline
and acidic amino acids (aspartic and glutamic acids) (Fig. 1A).
The acidic residues are accumulated at amino acids 5 to 49 and
194 to 221 containing net charges of 28 and 26, respectively,
and in these regions the proline residue is almost nonexistent.
Therefore, the amino-terminal domain is composed of four
subdomains, two acidic and two proline rich (Fig. 1B). Com-
puter analyses of the polypeptide sequence with Wisconsin
package version 9.1 (Genetics Computer Group) reveal that
the acidic subdomains fold into a helices. Acidic amino acids
occasionally appear to be accumulated on one face in a short
stretch of the a helices, and in such a case hydrophobic amino
acid residues appear on another face in the stretch. For exam-
ple, an alignment around the a helix of 13 amino acid residues
(no. 17 to 29), which comprises 3.6 a helical turns, shows that
hydrophilic and hydrophobic residues are well separated and
that acidic residues are accumulated on one face, suggesting
that these amino acid residues form an amphipathic a helix.

The presence of acidic and proline-rich domains as well as
that of the zinc finger domain suggests that the FKLF protein
may function as a DNA-binding transcriptional activator (25).

FKLF is expressed predominantly in erythroid cells. To
examine the tissue specificity of FKLF mRNA expression,
Northern blotting analyses were performed. Firstly,
poly(A)1RNA of K562 (erythroid phenotype) and Jurkat (T-
cell phenotype) lines was analyzed. As shown in Fig. 3, a 2.3-kb
band (estimated from the positions of 18S and 28S ribosomal
RNA) was detected in the RNA of K562 cells but not in that
of Jurkat cells. Subsequently, we blotted a commercially avail-
able membrane (MTN Blots Human III), which contains
poly(A)1RNA extracted from human stomach, thyroid gland,
spinal cord, lymph node, trachea, adrenal gland, and bone
marrow. We failed to detect a significant band in any of these
tissues (data not shown), suggesting that FKLF has a restricted
pattern of expression or that it is expressed at a very low level,
if at all, in adult human tissues. Subsequently, the expression of
FKLF mRNA in human fetal liver and adult bone marrow was
compared by RT-PCR. As shown in Fig. 4A, the amplification
of FKLF gene from the bone marrow cDNA was inefficient
compared with that from the fetal liver cDNA, whereas these
cDNAs gave similar band patterns in the amplification of 28S
rRNA. These results confirm the very low level of expression,
if any, of FKLF mRNA in adult human bone marrow and its
expression in the cells of the erythroid human fetal liver.

To further test the expression pattern of FKLF, RNA from
a series of human cell lines was analyzed by semiquantitative
RT-PCR. In this assay, template cDNAs were appropriately
diluted to give similar band patterns of 28S rRNA (Fig. 4B).
FKLF cDNA was efficiently amplified from cell lines with ery-
throid features (K562, HEL, CHRF, MB-02, and MEG-O1), a
finding which was consistent in multiple experiments. In con-
trast, we failed to amplify the cDNA from myeloid lines (KG-1
and HL-60) or lymphoid lines (CEM and Russell-Hardy-2; T-
and B-cell phenotypes, respectively). In cell lines originating
from neuroblastoma, kidney epithelium, smooth muscle, fibro-
blasts, and hepatoma, the amplification of FKLF cDNA was
less efficient. The only exception was the endothelial line,
which gave a band pattern similar to that of the erythroid lines.

In conclusion, our expression data based on Northern blot-
ting analyses of primary human tissues, semiquantitative RT-

FIG. 1. (A) Deduced polypeptide sequence of FKLF. Proline residues are
shown in boldface. The sequence of the three zinc fingers is underlined, and the
conserved polypeptide regions used for the preparation of degenerate primers
are shaded. (B) Schematic representation of structure of deduced FKLF protein.
Acidic and proline-rich regions are indicated by shaded and hatched boxes,
respectively. Three zinc fingers are represented by striped boxes. Numbers above
the boxes represent amino acid positions from the first methionine.
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PCR of primary human hematopoietic tissues, Northern blot-
ting analyses of established cell lines, and semiquantitative
RT-PCR of established cell lines show (i) that FKLF is pre-
dominantly expressed in cell lines of the erythroid lineage and
(ii) that in humans, in vivo expression of FKLF is limited to the
cells of fetal liver erythropoiesis.

FKLF is a transcriptional activator. The structural features
of the potential FKLF protein (Fig. 1 and 2) and the prefer-
ential expression pattern of the FKLF gene indicated that
FKLF functions as a transcriptional activator of a gene(s)
expressed in erythroid cells. Therefore, we tested the potential
role of FKLF in globin gene regulation by transient-transfec-
tion assays. The FKLF cDNA in a mammalian expression
vector pSG5DD (pSG5/FKLF) was cotransfected into K562

cells with a reporter construct containing a luciferase gene
which was driven by the b-globin-hypersensitive site 2 (HS2)
and either the b- or the g-globin gene promoter. The HS2 was
chosen as an enhancer because it has been used extensively in
studies of other Krüppel-like factors (1, 2, 8). The luciferase
activities are depicted in Fig. 5 along with those obtained
without transactivator plasmid or with plasmid pSG5/EKLF,
which activates the b gene promoter (2, 8).

FKLF markedly activated the g gene promoter (Fig. 5). In
the presence of exogenous FKLF, the mean luciferase activity
obtained from the g promoter construct (pHS2gLuc) was
528% of that without FKLF, considered as 100% (P 5 0.0001).
With respect to the b-globin gene promoter construct, the
average luciferase activity without FKLF was 1% of that of the
g gene construct lacking stimulation by FKLF (100%), dem-
onstrating that the b promoter activity is considerably lower in
K562 cells than g promoter activity. In the presence of FKLF,
the mean luciferase activity driven by the b promoter was 65%,
while in the presence of EKLF the mean luciferase activity of
the b promoter was 74% and that of the g promoter was 86%
(the luciferase activity of a g construct lacking FKLF was
considered to be 100%). The same pattern of activation of the
promoters was observed in transfections using half amounts of
EKLF and EKLF plasmids (data not shown). Thus, FKLF
activated both b- and g-globin promoters in K562 cells, show-
ing that it functions as a transcriptional activator.

FKLF activates the g-globin gene promoter through its
CACCC box. The fact that FKLF has zinc finger motifs as the
proteins listed in Fig. 2 strongly suggests that FKLF achieves
its function as a transcriptional activator by binding to a target
DNA sequence with its zinc fingers. By analogy to Sp1 and
EKLF, it is reasonable to infer that the CACCC element is the
target DNA sequence of FKLF.

There are four CACCC sequences in the reporter plasmid
pHS2gLuc described in the previous section, three are located
in the HS2 fragment (hereafter referred to as HS-CAC1, HS-
CAC2, and HS-CAC3 [300, 830, and 920 bp downstream of the
KpnI site, respectively]), and the other is located in the g gene
promoter. To clarify whether FKLF activates the g-globin gene
through interaction with the HS2 or g gene promoter CACCC
box and, if so, which CACCC box FKLF uses for globin pro-
moter activation, we generated deletion mutants of the re-
porter construct (Fig. 6) and examined the activation of the g
promoter by FKLF, using transfections of K562 cells.

As shown in Fig. 7, the deletion of HS-CAC2

FIG. 2. Percent amino acid identities of zinc fingers among Sp1- or EKLF-related proteins. Identities with FKLF zinc fingers are shown in boldface. Two shaded
areas indicate high homology groups, i.e., the Sp1 family, including Sp1 (18), Sp2 (19), Sp3 (14, 19), and Sp4 (14), and the EKLF family, including EKLF (24), BTEB2
(37), LKLF (1), BKLF (7), and GKLF/EZF (11, 36). The identity between these two groups, indicated by striped area, is relatively low. Note that BTEB (17), TIEG
(41), and FKLF show identities similar to both the Sp1 and the EKLF family proteins.

FIG. 3. FKLF mRNA expression in K562 and Jurkat cells by Northern blot-
ting. Four micrograms of poly(A)1RNA was run on each lane. After standard
capillary transfer to a nylon membrane, the RNA was blotted with a specific
FKLF probe (upper panel). Subsequently, the FKLF probe was stripped off, and
the membrane was reblotted with a murine GAPDH probe (lower panel). 28S
and 18S rRNA positions are indicated.

3574 ASANO ET AL. MOL. CELL. BIOL.



(pHS2DCAC2gLuc) and HS-CAC3 (pHS2DCAC3gLuc) only
slightly affected the basal luciferase activities obtained in the
absence of exogenous FKLF. By cotransfection with FKLF the
mean luciferase activity from pHS2DCAC2gLuc was 853% of
the activity without FKLF, and that from pHS2DCAC3gLuc was
382%. Both these values are significantly higher than those
obtained without FKLF (P 5 0.005 and P 5 0.002, respective-
ly). FKLF still raised the luciferase activity from the construct
pgLuc, containing just g gene promoter without HS2 (16 ver-
sus 5% without FKLF stimulation; P 5 0.02 [Fig. 7]). This last
result excludes the possibility that HS-CAC1 mediated the g
gene activation by FKLF, because all HS-CAC sites are absent
from the pgLuc construct. By contrast, the reporter construct

composed of the HS2 and a CACCC sequence-deleted g gene
promoter (pHS2gDCACLuc) gave no increased luciferase activ-
ity as a result of the addition of FKLF (P 5 0.91) (Fig. 7).

These data show that the CACCC element of the g gene
promoter is the mediator of g gene activation by FKLF.

FKLF is not a general activator of promoters containing the
CACCC element. CACCC elements are found in the cis-regu-
latory sequences of a variety of genes expressed in both ery-
throid and nonerythroid cells. Hence, our finding that FKLF
activates the g-globin gene promoter through its CACCC ele-
ment may be interpreted as evidence that (i) FKLF functions
as a general activator of genes carrying a CACCC sequence or
that (ii) FKLF activates limited repertoire of genes carrying a

FIG. 4. FKLF mRNA expression in primary cells and established cell lines. First-strand cDNA was transcribed from total RNA by using random hexamers. The
cDNA solution was diluted to give similar band intensities in the same cycles of amplification of 28S rRNA. (A) FKLF expression in adult human bone marrow and
human fetal liver. Note that the amplification of FKLF message is less efficient in the cDNA of the adult bone marrow than in that of the fetal liver, while these cDNAs
gave similar amplification of 28S rRNA. (B) FKLF expression in various cell lines. Total RNA used for the RT-PCR assays was prepared from erythroid lines (K562,
CHRF, MB-02, HEL, and MEG-O1), a T-cell line (CEM), an Epstein-Barr virus-transformed B-cell line (Russell-Hardy-2), myeloid lines (KG-1 and HL-60), a
fibroblastic line (82-6), a neuroblastoma line (SK-N-SH), an endothelial line (CRL1998), a smooth muscle line (CRL1999), a kidney epithelial line (HH-39), and a
hepatoma line (Hu-H7). Three bands in each picture show the results of amplification in different cycles, i.e., from left to right, 35, 33, and 31 cycles for FKLF, and
22, 20, and 18 cycles for 28S rRNA. Note that the FKLF gene was amplified from RNA of all erythroid lines but not from RNA of lymphoid or myeloid lines. FKLF
was also amplified in the endothelial line, which is noteworthy in view of the fact that endothelial cells express other hemopoietic lineage characters such as the
erythropoietin receptor, kit and kit ligand, CD34, etc. Amplification of FKLF cDNA in the other nonhemopoietic cell lines was less efficient.
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CACCC element. To address this question, we tested the ac-
tivation by FKLF of five different promoters of genes ex-
pressed in erythroid tissues, i.e., GATA-1, GPB, FC, PBGD,
and ALAS. The g gene promoter of pHS2gLuc was replaced
by these promoters, generating pHS2-GATA-Luc, pHS2-GPB- Luc, pHS2-FC-Luc, pHS2-PBGD-Luc, and pHS2-ALAS-Luc

(Fig. 8). One to three CACCC elements are found in the
GATA-1, PBGD, and ALAS gene promoters (Fig. 8). GC-rich
sequences (possible binding sites for Sp1 and FKLF) are found
in the GATA-1 and FC promoters (Fig. 8).

These reporter constructs were transiently transfected into
K562 cells with or without pSG5/FKLF. Luciferase activities
driven by the HS2 and six different promoters are shown in Fig.
9. The expected g gene promoter activation by FKLF was
observed; in contrast, FKLF failed to activate the GATA-1
promoter (P 5 0.14) in spite of the fact that it carries three
CACCC elements and one potential Sp1-binding site (Fig. 8).
FKLF could not significantly activate the FC promoter (P 5
0.20), although it has two Sp1-binding sites. Similarly, there
was no significant activation of GPB or PBGD promoters by
FKLF (P 5 0.15 or 0.09, respectively). The ALAS promoter
carrying two CACCC elements was slightly activated by FKLF
(P 5 0.03; Fig. 9). Thus, the mere presence of a CACCC motif
or a GC-rich potentially Sp1-binding site is not sufficient for
activation of a promoter by FKLF. Previously we have shown
that the substitution of the b CACCC box for the g CACCC
box does not result in activation of the g gene by EKLF,
indicating that the activation of the g-globin gene promoter
depends on promoter context (2). A similar conclusion can be
reached on the basis of the results described here. Our results
allow us to conclude that FKLF is not a general activator of
promoters containing CACCC motifs.

FKLF activates the «-globin gene promoter. To determine
whether FKLF is capable of activating the ε gene promoter, we
performed transient-transfection experiments by using K562
cells and reporter constructs with either the ε, g, or b pro-
moter. Luciferase activities obtained from each construct with

FIG. 5. trans activation of b- and g-globin gene promoters by FKLF com-
pared with EKLF. Reporter constructs containing a luciferase gene driven by
HS2 and either the b or the g gene promoter were transfected into K562 cells
with or without the activator plasmid, pSG5/FKLF or pSG5/EKLF. Luciferase
activities were corrected by protein concentrations and expressed as relative
percentages of luciferase activity of pHS2gLuc which were not cotransfected by
transactivator plasmid (100%). Data are expressed as means (columns) 6 stan-
dard deviations (error bars) derived from multiple transfections with two differ-
ent plasmid sets. Note that FKLF activates g- and b (at a lower level)-globin gene
promoters, while EKLF activates only the b gene promoter.

FIG. 6. Structures of g gene reporter constructs with deletion of a CACCC
box or a whole HS2 sequence. Deletions of 9-bp CACCC sequences of HS2
(HS-CAC2 and HS-CAC3) and the g gene promoter are indicated.

FIG. 7. g gene activation by FKLF with reporter constructs with deletions of
a CACCC sequence or an HS2. Reporter constructs depicted in Fig. 7 were
transiently transfected into K562 cells with or without pSG5/FKLF. Luciferase
activities were corrected by protein concentrations and expressed as relative
percentages of luciferase activity of pHS2gLuc which were not cotransfected by
transactivator plasmid (100%). P values given by statistical comparison of data of
two groups, i.e., the presence and the absence of FKLF, are shown above the
columns. Notice that FKLF activates the g gene promoter of the constructs
pHS2DCAC2gLuc, pHS2DCAC3gLuc, and pgLuc lacking the HS2 element but
failed to activate the g gene promoter in the construct pHS2gDCACLuc.
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or without FKLF are depicted in Fig. 10. The highest activation
was observed in the ε-globin gene promoter, while the levels of
activation of the g and the b gene promoters were consistent
with the data described in the previous sections. Original lu-
ciferase activities (transfections without FKLF) were essen-
tially the same in the ε and the g gene constructs (135 and
100% average, respectively). In the presence of exogenous
FKLF the luciferase activity from the ε gene construct was

2,270% of the activity driven by the g promoter without FKLF,
i.e., approximately fourfold higher than that of the g gene
construct (579%).

FKLF enhances endogenous «- and g-globin gene expres-
sion in K562 cells. To analyze the potential in vivo role of
FKLF in the regulation of ε- and g-globin genes, we transiently
transfected FKLF cDNA into K562 cells and assayed the re-
sulting endogenous ε- and g-globin gene expression by semi-
quantitative RT-PCR. As shown in Fig. 11, in two independent
experiments both the ε- and the g-globin gene were amplified
more efficiently with exogenous FKLF than without it. The
band intensities of ε gene amplicon relative to those of 28S
rRNA (considered as 1) increased from 0.07 and 0.02 without
FKLF to 0.29 and 1.94 with FKLF, and those of the g gene
increased from 0.07 and 0.1 without FKLF to 0.36 and 2.15
with FKLF. Thus, expression of exogenous FKLF enhanced
endogenous expression of the ε- and g-globin genes in K562
cells, providing further evidence that FKLF is a transcriptional
activator of these globin genes in vivo.

DISCUSSION

The identification of transcription factors involved in the
globin gene expression would advance our understanding of
the mechanisms that guarantee the tissue and developmental
stage specificity of globin genes. In view of the evidence that
EKLF activates the b-globin gene through the CACCC ele-
ment (5, 24), we postulated that g gene expression is activated
by a CACCC box binding trans-acting factor. Based on the
expectation that such a factor should have an EKLF-like or
Sp1-like zinc finger domain, we searched for such structures by
screening cDNAs from 50- to 60-day-old human fetal liver. At
this stage of development, the human fetal liver is predomi-
nantly hematopoietic, and over 90% of the cells are of the
erythroid lineage. During this study, a cDNA which potentially
encodes a novel Krüppel-type zinc finger protein, FKLF, was
cloned.

A distinct feature of the family of Sp1- or EKLF-related zinc
finger proteins is the presence of three contiguous Krüppel-
type zinc fingers composed of two cysteine and two histidine

FIG. 8. Reporter constructs containing a luciferase gene driven by the HS2 and a promoter of a gene expressed in erythroid cells. CACCC sequences and GC-rich
potential Sp1-binding sites in the promoters are illustrated with solid rectangles and open ellipses, respectively. Numbers above the promoters are base pair distances
from the cap site (g, GPB, FC, PBGD, and ALAS) or from the end of exon 1 (GATA-1 [GATA]) and indicate the upstream and the downstream ends of the promoter
sequences cloned and the positions of the CACCC or the GC-rich sequences.

FIG. 9. trans activation of promoters of various genes expressed in erythroid
cells by FKLF. Reporter constructs depicted in Fig. 9 were transiently trans-
fected into K562 cells with or without pSG5/FKLF. Luciferase activities were
corrected by protein concentrations and expressed as relative percentages of
luciferase activity of pHS2gLuc which was not cotransfected by transactivator
plasmid (100%). P values given by statistical comparison of data of two groups,
i.e., the presence and the absence of FKLF, are shown above the columns. Notice
that FKLF activates the g gene promoter as expected, but minimal (if any)
activation of other erythroid promoters by FKLF was detected in spite of the fact
that those promoters contained a CACCC or a GC-rich sequence.
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residues near the carboxyl-terminal end (18). The deduced
polypeptide sequence of FKLF cDNA showed the presence of
such a zinc finger motif, indicating that FKLF is a member of
the multigene EKLF-Sp1 family. Based on the amino acid
homology of zinc fingers, the proteins of this family have been
further classified into two categories, the Sp1 subfamily (19)
and the EKLF subfamily (1), each characterized by a high
degree of amino acid identity among its members. The zinc
fingers of FKLF, BTEB, and TIEG are only 60 to 70% homol-
ogous to those of the Sp1 or the EKLF subfamilies, suggesting
that FKLF, BTEB, and TIEG form a third group, with inter-
mediate homologies to Sp1 and EKLF.

Aside from the zinc finger domain, FKLF shows no signifi-
cant homologies to known proteins, a common characteristic
of all the EKLF-type zinc finger proteins. Two features, the
presence of acidic domains and proline-rich domains, which
are found in a number of transcriptional activators (25), in-
cluding EKLF (24), are characteristic of the amino-terminal
domain of FKLF. A net negative charge and an amphipathic
a-helical structure in a short stretch of amino acids are typical
of the acidic transcriptional activation domain (12). Two acidic
domains of FKLF possess these features, suggesting that FKLF
functions as a transcriptional activator. Transient-transfection
assays with b- and g-globin promoter constructs confirmed this
prediction. Experiments with deletion mutants of FKLF gene
revealed that the main transcriptional activity of FKLF is
present in the amino-terminal domain (data not shown) and
that the two acidic domains constitute a key element for the
trans-activation function of FKLF.

Our results suggest that the embryonic and fetal globin gene
promoters are preferential target DNA sequences for FKLF

among a broad repertoire of genes carrying CACCC motifs in
their promoters. Using CACCC box deletion mutants of re-
porter constructs, we demonstrated that FKLF activates the
g-globin gene promoter through the CACCC element and not
through the CACCC elements present in the HS2 enhancer. It
remains to be clarified whether the interaction between the g
gene CACCC box and FKLF is direct or indirect. Considering
that (i) Sp1 binds to the g CACCC box (13), (ii) the zinc fingers
of FKLF have the same amino acid residues, with Sp1 at the
position most directly determining the site preference to the
target DNA (data not shown [4]), and that (iii) generally, a
DNA-binding trans-activating factor has separable DNA-bind-
ing and transactivation units (25), it is reasonable to assume
that FKLF directly binds to the g CACCC element.

Unlike EKLF, which is a pure b gene activator, FKLF acti-
vates not only the g and the ε gene promoters, but also, to a
much lesser degree, the b gene promoter in K562 cells. Previ-
ously (2) we attributed the specificity of the activation of b-glo-
bin gene promoter by EKLF to the recruitment of transcrip-
tional activators (33, 40) and suggested that the transcriptional
machinery recruited by EKLF is functional on the b gene
promoter but not in the g gene promoter. The transcriptional
machinery recruited by FKLF may be different from that re-
cruited by EKLF, which might be the reason for the preferen-
tial activation of the fetal and embryonic globin genes by this
transcriptional factor.

The finding that FKLF can increase the transcription of
endogenous ε- and g-globin genes of K562 cells suggests that
FKLF is one of the in vivo regulators of embryonic and fetal
globin gene expression. Our data do not answer the question of
whether the primary target of FKLF is the embryonic rather
than the fetal globin gene, a possibility raised by the higher
degree of activation of the ε-globin gene promoter as mea-
sured by the luciferase assays. The ontogenetic expression pat-
tern of FKLF (very low expression in adult bone marrow com-
pared to that in fetal liver) is compatible with a role of FKLF
in the regulation of either the ε- or the g-globin genes. Knock-
out experiments may provide an answer to this question.

FIG. 10. Comparison of activities of FKLF on ε-, g-, and b-globin gene
promoters. Reporter constructs containing a luciferase gene driven by HS2 and
either the ε, the g, or the b gene promoter were transfected into K562 cells with
or without the activator plasmid, pSG5/FKLF. Luciferase activities were cor-
rected by protein concentrations and expressed as relative percentages of lucif-
erase activity of pHS2gLuc which was not cotransfected by transactivator plas-
mid (100%). Note that FKLF activates the ε gene promoter more strongly than
the g gene promoter.

FIG. 11. Activation of the endogenous ε- and g-globin genes by FKLF. FKLF
cDNA was transiently transfected into K562 cells, and the expression of ε- and
g-globin genes was analyzed at day 3 by RT-PCR. Amplifications of the ε- and
the g-globin cDNAs with and without exogenous FKLF cDNA were compared
under conditions which give rise to similar band patterns of 28S rRNA. Three
bands in each picture show the results of amplification in different cycles; i.e.,
from left to right, 28, 26, and 24 cycles for the ε gene; 27, 25, and 23 cycles for
the g gene; and 21, 19, and 17 cycles for the 28S rRNA. The specificity of
amplifications of the ε- and the g-globin genes was confirmed by NcoI digestion
of the PCR products, resulting in 177- and 60-bp bands for the ε gene and 140-
and 97-bp bands for the g gene (data not shown). Note that both the ε- and the
g-globin genes were more efficiently amplified in the presence of exogenous
FKLF than in its absence, indicating that FKLF up-regulated the transcription of
these genes.
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