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Inhibition of β protein 1 expression enhances β-globin promoter activity
and β-globin mRNA levels in the human erythroleukemia (K562) cell line
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Objective. In this paper, we report new observations related to the mechanism of the negative
regulation of the important adult b-globin gene in the erythroid cells at the embryonic-fetal
stage of their development. We focused on the role of the silencer II region located upstream
of the b-globin gene, which along with its cognate binding protein BP1, negatively regulates
b-globin transcription.

Materials and Methods. We prepared plasmid constructs containing the wild-type silencer II
sequence, a mutated silencer II sequence, or a mutated control sequence in the b-globin promoter
690-bp insert, which in turn was linked to an enhanced green fluorescent protein (EGFP)
reporter gene. A human erythroleukemia cell line (K562) with embryonic-fetal phenotype was
transfected with these EGFP constructs.

Results. Flow cytometry and fluorescence digital imaging showed about threefold increase in
the b-globin promoter activity of the mutated silencer II construct. Introduction of a small
interfering RNA (siRNA) complementary to BP1 into the cells caused a 75% decrease in BP1
expression and a simultaneous ∼40% elevation of b-globin promoter activity as well as an
increase in b-globin mRNA levels, as compared with controls. We detected no changes in the
mRNA levels of positive regulators of hemoglobin transcription such as EKLF and GATA-1.

Conclusion. Our results support the involvement of BP1 in the mechanism of the negative
regulation of b-globin transcription. A better understanding of this mechanism may lay
the groundwork for novel gene therapy approaches to inhibit the expression of abnormal
structural variants of adult b globin, such as sickle hemoglobin. � 2004 International Society
for Experimental Hematology. Published by Elsevier Inc.
Expression of globin genes within the β-globin cluster is
regulated to produce different hemoglobin β chains during
the embryonic (ε), fetal (γ), and adult (β) stages of erythroid
cell development. Each distinct hemoglobin tetramer exhib-
its a different affinity for oxygen, resulting in optimal O2/
CO2 exchange between the developing fetus and mother.
Thus, developmentally appropriate transcriptional activation
of each different β chain is essential. This is achieved by
the binding of transcriptional activator proteins to the succes-
sive β-chain promoters; the locus control region (LCR),
consisting of five DNase I–hypersensitive sites (HS1-5) lo-
cated from 8 to 22 kbp 5′ to the ε-globin gene, also
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participates in transcriptional activation [1–4]. Analysis of
LCR function at its endogenous location in cell lines suggests
that its function is limited to globin gene transcription activa-
tion [5,6], whereas transgenic mice experiments suggest that
the LCR is also responsible for the open chromatin structure
of the β-globin locus.

Accurate developmental expression of globin genes is
achieved through a precise balance of negative and positive
regulation. Positive regulation is provided by transcription
factors such as GATA, CACCC binding protein(s), β-DRE,
and stage-selecting factor [7–11]. These proteins bind to
sites in the β-like globin promoters and exert lineage-specific
and/or gene-specific activation. Negative regulation occurs
by competition between genes for interaction with the LCR
[12,13] and by autonomous gene silencing, involving se-
quences located in the proximal and distal promoters. Several
silencers have been identified in the β-globin cluster, particu-
larly upstream of the embryonic globin gene [14–17]. The
r Experimental Hematology. Published by Elsevier Inc.
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adult β-globin gene includes two upstream silencer regions,
and a common effector, termed β protein 1 (BP1), binds to
both of these regions [18]. BP1 binds within silencer I at
�530 bp and within silencer II at �300 bp relative to the
cap site (�1). At both silencers, architectural chromatin
proteins of the high mobility group (HMG) bind to and
bend the DNA, possibly providing access for BP1 and other
repressor proteins. HMG-I (Y) bends DNA at or near the
BP1 binding site in silencer I but not in silencer II [19];
HMG1 bends DNA near the silencer II [20].

BP1, the repressor protein that binds both β-globin silenc-
ers, is found in vivo in the fetal liver during erythropoiesis;
in vitro, it is gradually extinguished during erythroid differ-
entiation of the human cell line MB-02 [21]. The BP1 gene
belongs to the Distal-less (DLX) family of homeobox genes,
which are expressed during early development. This gene
shares extensive identity with DNA sequence of human
DLX4 and appears to be a splice variant of DLX4. BP1
maps near a cluster of other homeobox genes on human
chromosome 17q21-22 [22].

In our earlier studies of BP1 function in K562 cells, an
erythroleukemia cell line with an embryonic-fetal pheno-
type, we have shown that introduction of multiple mutations
in two BP1 binding sites (silencer I and silencer II) results in
enhanced β-globin promoter activity [23]; thus, BP1 dow-
nregulates β-globin transcription when the silencers are
intact. In the present study we explored the mechanisms by
which BP1 negatively regulates β-globin gene expression.
We investigated whether multiple mutations near but not at
silencer II enhanced the activity of the β-globin promoter,
as do mutations in the silencer II BP1 binding site. We also
probed the role of the BP1 protein itself: we suppressed
BP1 protein synthesis in K562 cells by transfecting cells
with a small RNA duplex corresponding to 21 bases of
the BP1 mRNA, and then examined its effect on β-globin
promoter activity, β-globin mRNA levels, and expression
of GATA-1 and EKLF, which are positive regulators of
β-globin transcription.

Materials and methods

Cell culture
K562 cells (ATCC, Manassas, VA, USA) were grown in RPMI
1640 culture medium supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin.
Cells were regularly subcultured to maintain exponential growth.

Plasmid construction
Three DNA clones of a 690-bp fragment of the adult human
β-globin regulatory region, from �640 to �50 relative to the cap
site (�1), were amplified by the polymerase chain reaction (PCR)
from a 35-kb cosmid containing the β-globin gene locus. The 690-bp
PCR product, containing the β-globin promoter and an upstream
regulatory region including silencers I and II, was coupled to the
HindIII/BamHI cloning sites of the multisite promoterless vector
pEGFP-1 (Clontech, Palo Alto, CA, USA) to drive transcription
of an enhanced green fluorescent protein (EGFP) reporter gene.
Mutations in the previously determined BP1 binding site (silencer II,
positions �294 to �302) were introduced as described earlier
[20]. The wild-type silencer II sequence, 5′-TTCAATATG-3′, was
mutated to 5′- TTGCTCGAC-3′. To form the mutant control con-
struct, the sequence 5′-TCAAT-3′ (nucleotide positions �340 to
�345, near but not within silencer II) was mutated to 5′-GTCGA-
3′ by the “megaprimer” method of site-directed mutagenesis [24].
All mutations were confirmed by automated DNA sequencing. The
experimental constructs are diagrammed in Figure 1.

Transfection and RNA interference experiments
Transfection of K562 cells was performed using an electropora-
tion apparatus (Nucleofector System, Amaxa, Koeln, Germany).
K562 cells (2 × 106) were transiently transfected with 5 µg of
plasmid DNA (EGFP reporter constructs) and/or 1 µg of double-
stranded RNA (dsRNA) (Xeragon, Qiagen, Germantown, MD, USA)
using the manufacturer’s recommended Nucleofector kit (Amaxa).
The small interfering RNA (siRNA) oligos used were as follows:
effective BP1 siRNA, sense GCUCCUGAAGCAGAAUUCUdTdT,
anti-sense AGAAUUCUGCUUCAGGAGCdTdT; ineffective BP1
specific siRNA, senseCAGUUAGAGGAGAAAAAGGdTdT, anti-
sense CCUUUUUCUCCUCUAACUGdTdT. The EGFP siRNA
and control (nonsilencing) siRNA were obtained from Xeragon,
Qiagen. Control siRNA, which is also referred in the text as nonspe-
cific siRNA, did not have any matches with mRNAs sequences
existing in Gene Bank.

Fluorescence-activated cell sorting (FACS) analysis
Transfected K562 cells (∼1 × 106) were washed once in phosphate-
buffered saline (PBS) and resuspended in 1.5 mL of PBS. EGFP
expression in K562 cells was detected by a FACScan (Becton-
Dickinson, San Jose, CA, USA) flow cytometer equipped with
an argon laser emitting at 488 nm, and analyzed using CellQuest

Figure 1. EGFP reporter constructs used in this study. Part of the human
β-globin gene cluster map is expanded to show the location of the β-globin
promoter and the upstream promoter element (690-bp fragment) used to
drive expression of the EGFP reporter gene. Within this 690-bp region
(from �640 to �50 relative to the cap site at �1), the constructs contain one
of the following: a wild-type silencer II sequence (Wt); its mutated version
(MtBP1); or a mutated control sequence (Mt Cont). LCR, locus control
region.
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(Becton-Dickinson) software. In each experiment, at least 10,000
cells were analyzed using the FL1 emission channel to monitor
GFP fluorescence.

RT-PCR and quantitative real-time PCR assay
Total RNA was isolated using TRIzol (Life Technologies, Rock-
ville, MD, USA), according to the manufacturer’s protocol and
quantitated by absorbance at 260 nm. About 200 µg of total RNA
was digested with 10 U RNase-free DNase I (Ambion, Austin, TX,
USA) for 30 minutes at 37�C, extracted with phenol and chloroform,
and stored at �80�C until needed for reverse transcriptase (RT)-
PCR. Each 50-µL RT reaction (Ready-to Go RT-PCR beads, Amers-
ham Biosciences, Piscataway, NJ, USA) contained 1 µg total RNA,
250 ng oligo-dT, 200 mM concentrations of each dNTP, 200 U of
Reverse Transcriptase and Ribonuclease Inhibitor, and 2.0 U of Taq
DNA polymerase. The reaction mixture was incubated at 42�C for
30 minutes, then at 95�C for 5 minutes. The reverse-transcription
reaction mixture then was subjected to PCR conditions, after adding
100 ng of a gene-specific primer set to each tube. Primers used
(and resultant product size) were as follows. BP1 forward primer, 5′-
GCTGAAAGAGGCTCAGAGAGA-3′;BP1reverseprimer,5′-AGG-
TCTGGGAAGACAGCTTTG-3′ (224 bp); β-globin forward primer,
5′-CTTTAGTGATGGCCTGGCTC-3′; β-globin reverse primer, 5′-
GGCAGAATCCAGATGCTCAAG-3′ (338 bp); γ-globin forward
primer, 5′-GAACGTCTGAGATTATCAAT-3′; γ-globin reverse
primer, 5′-GAAATGGATTGC CAAAACGG-3′ (397 bp); GATA1
forward primer, 5′-CCATTGCTCAACTGTATGGAG-3′; GATA1
reverse primer, 5′-ACTATTGGGGACAGGGAGTGATG-3′ (249
bp); EKLF forward primer, 5′-GCAAGAGCTACACCAAGAGC-
3′; EKLF reverse primer, 5′-GCTGTC TATGGGTCCGTGTT-3′
(410 bp); β-actin forward, 5′-CCTCGCCTTTGCCGATCC-3′; β-
actin reverse primer, 5′-GGATCTTCATGAGGTAGTCAGTC-3′
(626 bp). β-actin was an internal control for all samples. PCR
conditions were as follows: 95�C for 30 seconds, 58�C for 30
seconds, 72�C for 1 minute; 19 cycles were used for GATA-1, γ-
globin, and β-actin, and 28 cycles for other genes. The amplified
fragments were separated by 1% agarose gel electrophoresis along
with molecular weight markers and stained with ethidium bromide.
Band intensities were assessed using Image-Pro Plus software, ver-
sion 4.1 (Media Cybernetics, Des Moines, IA, USA). Alternatively,
the Agilent 2100 bioanalyzer (DNA1000 LabChip) was used for the
analysis of RT-PCR products. The LabChip (Caliper Technologies,
Mountain View, CA, USA) separates nucleic acid fragments by cap-
illary electrophoresis in a chip with microfabricated channels and
automates the detection as well as on-line data evaluation.

Quantitative real-time PCR assays of transcripts were carried
out with the use of gene-specific double-labeled fluorescent probes
in a 7700 Sequence Detector (PE Applied Biosystems, Foster City,
CA, USA) as previously reported [25]. We used 6-carboxyfluores-
cein (FAM) as the 5′ fluorescent reporter; we added tetramethylrho-
damine (TAMRA) to the 3′ end as a quencher. The following primer
and probe sequences were used: β-globin forward primer, 5′-CT
CATGGCAAGAAAGTGCTCG-3′; β-globin reverse primer, 5′-AAT
TCTTTGCCAAAGTGATGGG-3′; β-globin probe, 5′-FAM-CGT
GGATCCTGAGAACTTCAGGCTCCT-TAMRA-3′; γ-globin for-
ward primer, 5′-GGCAACCTGTCCTCTGCCTC-3′; γ-globin reverse
primer, 5′-GAAATGGATTGCCAAAAC-GG-3′; γ-globin probe, 5′-
FAM-CAAGCTCCTGGGAAATGTGCTGGTG-TAMRA-3′. All probes
were designed to span exon junctions in the fully processed message.
Standard curves were based on accurately deter mined dilutions
of plasmids containing γ- or β-globin cDNA as a template. Plasmid
dilutions covered a dynamic range of 5 logarithmic orders or
greater.

Fluorescence intensity analysis of digital images
Fluorescence was measured by capturing digital fluorescent ima-
ges (1200 × 1600 pixels) from transfected K562 cells growing in
12-well plates, using a digital RT-Slider Spot camera (Diagnostic
Instruments, Sterling Heights, MI, USA) mounted on an inverted
fluorescence microscope (Zeiss Axiovert S100TV; Zeiss, Ober-
kochen, Germany) equipped with a 100-W mercury lamp. Off-
line image analysis was performed using Image-Pro Plus software,
version 4.1 (Media Cybernetics, Des Moines, IA, USA). Mean
pixel intensity (8-bit pixel depth) was calculated from each cell;
background fluorescence was subtracted from all values. Statisti-
cal significance was determined by Student’s t-test or ANOVA with
post hoc comparisons of means using Bonferroni’s t-procedure.

Results

EGFP reporter constructs
To determine whether multiple mutations near but not at
silencer II of the β-globin sequence enhanced the activity
of the β-globin promoter as effectively as mutations in
silencer II itself, we analyzed β-globin promoter activity
in three EGFP-reporter constructs: one contained a wild-type
silencer II sequence (Wt); the second contained a mutated
silencer II sequence (MtBP1); the third, a mutated control
sequence (Mt Cont) bearing multiple mutations slightly
upstream of silencer II. The region chosen for the mutant
control (Fig. 1) is a CAAT box with sequence similarity to
the binding core element of BP1 but residing outside the
silencer II element; it does not interfere with HMG or other
known protein binding sites.

We transfected K562 erythroleukemia cells with these
three EGFP-reporter constructs and then evaluated EGFP
expression using digital fluorescence microscopy (Figs. 2
and 3). K562 cells normally express BP1 at a high level
and β-globin mRNA at a low level. Quantitative GFP-based
fluorescence intensity analyses showed that mean cell fluo-
rescence values 24 hours after transfection were similarly
low in cells transfected with the wild-type construct (Fig.
2A–D and Fig. 3) and the mutant control construct (Fig. 2E–
H and Fig. 3). However, mean cell fluorescence increased
threefold in K562 cells transfected with the construct
mutated in the BP1 site (Fig. 2I–L and Fig. 3).

RNA interference
We hypothesized that inhibition of BP1 expression may
enhance β-globin promoter activity. To test this hypothesis we
used RNA interference. We used 21-nucleotide duplexes of
siRNAs targeting two different sequences of the BP1 coding
region. In K562 cells cotransfected with these siRNAs and
our EGFP constructs, we measured the effects of RNA inter-
ference on inhibition of BP1 expression, first by EGFP re-
porter assays and then by quantitative PCR. siRNAs were
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Figure 2. Digital fluorescence microscopy analysis of EGFP expression driven by the three β-globin promoters used in this study from one representative
experiment. Quantitative fluorescence intensity analyses of digital images of K562 cells transfected with the wild-type construct (A–D), with the mutant
control construct (E–H), and with the mutated BP1 binding site construct (I–L). A, E, I: phase contrast images; B, F, J: fluorescent images; C, G, K: surface
plots of fluorescence intensity in images shown in B, F, J, respectively. Note higher fluorescence intensity in cells transfected with MtBP1 construct (K)
as compared with cells transfected with Wt (C) or Mt Control (G). D, H, L: fluorescence histograms of images shown in B, F, J, respectively. Note pixel
intensity redistribution with increase in the number of pixel with higher mean fluorescence value displayed by the MtBP1 (L).
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Figure 3. Statistical analysis of β-globin promoter activity data shown
in Figure 2. The means and standard deviations of GFP-based fluorescence
are shown. Statistical significance was determined by Student’s t-test or
ANOVA with post hoc comparisons of means using Bonferroni’s t-proce-
dure. ****, p � 0.0001. Four culture wells were imaged to make each
measurement. The average number of measured cells per image is indicated
beside each bar.

introduced into the cells with the Nucleofector device
(Amaxa, Koeln, Germany).

Efficacy of siRNA-mediated silencing
To establish the efficacy of RNA interference in our experi-
mental paradigm, we evaluated RNA interference in cells
transfected with a siRNA directed against the GFP coding
sequence. In these experiments we used an EGFP reporter
plasmid (pEGFP-C1, Clontech, Palo Alto, CA, USA). The
expression of EGFP in this plasmid is driven by a cytomega-
lovirus promoter. Two groups of K562 cells were cotrans-
fected with EGFP plasmid along with nonspecific
(nonsilencing) siRNA or with GFP-specific siRNA. The
third group of cells (control) was transfected with plasmid
alone, without siRNAs. Quantitative fluorescence intensity
analysis of digital images detected only a minor (about 10%)
decrease in EGFP expression 24 hours later in cells
transfected with nonspecific siRNA, as compared with con-
trol cells (25.7 � 0.8 grey shadows/pixel , n � 467 vs 22.9 �
0.8 grey shadows/pixel, n � 443, p � 0.05). In contrast,
cell transfection with EGFP-siRNA resulted in up to 70%
decrease in mean cell fluorescence (25.7 � 0.8 grey shad-
ows/pixel, n � 467 vs 9.6 � 0.3 grey shadows/pixel,
n � 444, p � 0.0001). Altogether, our data indicated that
using this method, EGFP siRNA was effectively inserted
into the cells, where it exerted specific suppression of
EGFP synthesis.

siRNA-mediated BP1 silencing
We selected a specific and effective siRNA targeted against
BP1 by using RT-PCR. For this purpose, two groups of K562
cells were transfected with siRNAs targeting two different
sequences from the BP1 coding region. We isolated total
RNA from these cells 24 hours later. Total RNA was reverse
transcribed into cDNA and amplified by PCR using BP1-
specific primers. PCR products from five independent exper-
iments were quantitated by digital image analysis. One
siRNA (referred to as non-siRNA) did not change the BP1
mRNA level as compared with the controls used: cells
transfected with nonspecific siRNA, and cells transfected
withbufferalone(datanot shown). In thecells transfected with
the effective siRNA, BP1 expression as measured by integral
fluorescence decreased from 75 to 90% as compared with
the control (Fig. 4).

Analysis the activities of b-globin promoters
using EGFP reporter assays in combination with FACS
We used flow cytometry to monitor the effect of siRNA-
mediated BP1 suppression on the activity of wild-type and
mutated β-globin promoters in EGFP reporter constructs.
To perform reporter-gene assay experiments, we transfected
siRNAs and EGFP constructs into three groups of K562
cells by electroporation. Each group of cells was cotrans-
fected with one of three EGFP constructs (wild-type; mutant
control; or mutant silencer II) together with one of three
types of siRNAs: nonspecific siRNA; a BP1-specific but
ineffective siRNA; or a siRNA effective against BP1. We
analyzed GFP fluorescence by FACS 24 hours after transfec-
tion. Electroporation resulted in 70 to 75% of the cell popula-
tion expressing GFP from the transfected reporter constructs.

When cells were cotransfected with nonspecific (control)
siRNA or ineffective BP1 siRNA and one of the three β-
EGFP-reporter constructs, GFP fluorescence did not change
significantly from levels seen in the absence of any siRNA
(data not shown). The differences in fluorescence intensity
previously observed among cells transfected with the three

Figure 4. Selection of an effective siRNA directed against BP1, using RT-
PCR. Conditions of RT-PCR reaction described in Materials and methods.
BP1 PCR products (224 bp) from one representative experiment (we per-
formed five independent experiments) were separated by 1% agarose gel
electrophoresis along with molecular weight markers.
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EGFP-reporter constructs themselves persisted in the pres-
ence of these inactive siRNAs. EGFP expression driven by
the β-globin promoter with mutated BP1 binding site was
up to 2.8-fold higher than that seen with wild-type or mutant
control constructs (Fig. 5). Importantly, these data were com-
parable with the results of digital image analysis (Figs. 2
and 3).

Cotransfection of cells with an siRNA effective against
BP1 and one of the three β-EGFP-reporter constructs in-
creased the GFP fluorescence driven by each β-globin pro-
moter construct. In the presence of a specific and effective
BP1 siRNA, the wild-type β-globin promoter increased GFP
fluorescence 40% over controls (Fig. 5A); the mutant control
construct increased fluorescence by 45% (Fig. 5B); the con-
struct with mutated silencer II BP1 binding site increased
fluorescence by 75% (Fig. 5C).

b-globin mRNA levels after suppression of BP1 by siRNA
In our study, we used two different methods to analyze the
levels of β-globin transcripts in K562 cells treated with
siRNAs. Firstly, total RNA from three independent RNAi
experiments was subjected to quantitative chip-based RT-
PCR assays. We revealed significant changes in β-globin
transcript synthesis 24 hours after cell transfection with BP1
siRNA (Table 1 and Fig. 6). Specifically, the mean levels
of β-globin transcript in K562 cells were 37% higher than
in controls. Analyses of RT-PCR products showed that BP1
suppression had no effect on the levels of expression of
γ-globin, GATA-1, or EKLF (Fig. 6).

To further investigate changes in β-globin transcript syn-
thesis in siRNA experiments we also used TaqMan PCR.
As shown in Table 1 and Figure 7, β-globin mean transcript
levels value (expressed in attomoles, 10�18 mol) was up
to 40% higher in the cells transfected with BP1siRNA as
compared with the control cells. Real-time PCR did not find
significant changes in γ-globin mRNA levels in K562 cells
transfected with BP1siRNA (data not shown).

Discussion
The major finding of this study is that the inhibition of
BP1 expression by siRNA-mediated knockdown enhances
β-globin promoter activity and increases β-globin mRNA
levels in K562 cells. Specifically, we have made three obser-
vations. First, mutating the DNA sequence of silencer II
(in the MtBP1 construct, Fig. 1) significantly enhanced
expression of the EGFP reporter gene (up to threefold).
Multiple mutations in a control region near but not in silencer
II (the MtCont construct, Fig. 1) did not change promoter
activity. Second, inhibition of BP1 expression by a specific,
effective siRNA resulted in 40% and 75% enhancement
of the β-globin promoter activity of wild-type and mutant
silencer II constructs, respectively. To our surprise, siRNA
suppression of BP1 did not invoke the same degree of pro-
moter activity as we detected for EGFP-reporter construct
ental Hematology 32 (2004) 700–708 705

Figure 5. Analysis of β-globin promoter activity in K562 cells using EGFP
reporter assays in combination with fluorescence-activated cell sorting
(FACS). Positive GFP fluorescence (M2, left panels of Fig. 5) in cells was
defined as fluorescence with intensity greater than that in 99% of control
cells transfected with EGFP promoterless plasmid (M1, black line histo-
gram). Data wereexpressed as mean fluorescence intensity (MFI) of the gated
viable cells. Cotransfection of cells with a siRNA effective against BP1
together with one of the three β-EGFP-reporter constructs increased the
GFP fluorescence driven by each β-globin promoter. As shown in A (left
panel), in the presence of a specific and effective BP1 siRNA (red line
histogram) the wild-type β-globin promoter increased GFP fluorescence over
control (cotransfection experiments using ineffective siRNA against BP1,
gray line histogram). The data show one representative experiment of 3
performed. We detected 40% increase of MFI of EGFP construct with wild-
type β-globin promoter (A; right panel) when MFI values received for this
construct in the experiments using effecive siRNA (red bar) were normalized
to those in control (gray bar). (B): FACS analysis data received after
transfection of K562 cells with another EGFP construct containing β-globin
promoter referred to as mutant control (Mt Cont). The right panel shows
45% increase of MFI of K562 cells cotransfected with this EGFP construct
and effective siRNA (red bar) compare with control (gray bar). (C): FACS
analysis data received after transfection of K562 cells with EGFP construct
containing a mutant BP1 binding site in β-globin promoter (Mt BP1).
Right panel shows 75% increase of MFI of cells cotransfected with this
EGFP construct and effective siRNA (red bar) compare with control (gray
bar). **p � 0.001.

containing mutated sequence of silencer II. Levels of
GATA-1 and EKLF expression were not affected by BP1
suppression.

Previous experiments from our and other laboratories have
shown that BP1 represses the β-globin gene [20,22,23].
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Table 1. Quantifications of β-globin transcripts in K562 cells
transfected with BP1 siRNA using Agilent 2100 Bioanalyzer
(DNA1000 LabChip) and TaqMan PCR

TaqMan PCR
DNA1000 LabChip amol globin mRNA/µg

cDNA (ng/µL) total RNA
siRNA mean � SEM mean � SEM

Control siRNA 1.17 � 0.03 (n � 3) 56296 � 1924 (n � 4)
BP1 siRNA 1.60 � 0.06 (n � 3)* 78075 � 4350 (n � 6)*

*p � 0.005 as compared with cells transfected with control siRNA.

The BP1 protein binding site in both silencers has been
determined by DNase I footprint analysis [18], and its
consensus sequence, (A/T)T(A/C)(A/T)ATATG, has been
deduced [21]. BP1 binds within silencer I at �530 bp and
within silencer II at �300 bp relative to the cap site (�1).
Since the sequence of silencer II does not interfere with the
HMG binding sites (as does silencer I), we asked whether
multiple mutations near but not in silencer II would enhance
the activity of the β-globin promoter as silencer II mutations
do. We introduced multiple mutations in the TCAAT (nucle-
otide coordinates �340 to �345) sequence of the β-globin
promoter. The CAAT binding motif was chosen because it

Figure 6. RT-PCR analysis of expression of BP1 (224 bp), GATA-1 (249
bp), β-globin (338bp), γ-globin (397 bp),EKLF (410 bp) andβ-actin (626 bp)
in K562 cells after BP1 suppression by siRNA, determined with Agilent
2100 bioanalyzer software. Total RNA was isolated 24 hours after transfec-
tion of non-siRNA (control, odd numbers on the bottom of the image) or
siRNA against BP1 (even numbers on the bottom) and subjected to RT-
PCR assays as described in Materials and methods. The conditions for PCR
were as follows: 95�C for 30 seconds, 58�C for 30 seconds, 72�C for
1 minute; 19 cycles for GATA-1, γ-globin, and β-actin; 28 cycles for
other genes.
imental Hematology 32 (2004) 700–708

Figure 7. Real-time PCR analysis of β-globin mRNA levels in K562 cells
after BP1 suppression by siRNA. Total RNA was isolated 24 hours after
transfection of cells with non-siRNA (control) or siRNA against BP1 and
subjected to quantitative real-time PCR assays of β-globin transcripts
as described in Materials and methods. β-globin mean transcript level values
(expressed in attomoles) from BP1siRNA-treated cells were normalized to
those in control. Twenty-four hours after transfection of cells with siRNA
effective against BP1, β-globin mean transcript levels were ∼40% higher
than in controls. ***p � 0.005.

is present in the binding sites of DLX4, Dlx2 and Dlx5
[26,27] as well as in the silencer II sequence [18]. Using
EGFP-reporter assays quantitated by digital fluorescence mi-
croscopy, we found that the promoter activities of the wild-
type and mutant-control constructs were similarly very low.
However, digital image analysis showed a threefold increase
in the mean fluorescence of K562 cells transfected with
the construct mutated in the silencer II BP1 binding site.
Thus, the silencer II BP1 binding sequence is required for
repression of β-globin promoter activity.

We hypothesized that inhibition of BP1 synthesis may
de-repress β-globin promoter activity. To test this hypothesis,
we used RNA interference. It has been shown that introduc-
tion of dsRNA into an organism causes specific interference
with gene expression [28,29]. This interference results from
specific targeting of mRNA for degradation by incompletely
characterized cellular machinery present in plant, inverte-
brate, and mammalian cells [30–32].

We used RT-PCR to identify a siRNA that was effective
against BP1, then demonstrated the consequences of BP1
suppression by flow cytometry, RT-PCR, and real-time PCR.
As predicted by our earlier studies [20,23], inhibition of
BP1 expression de-repressed the β-globin promoter activity
of EGFP-reporter constructs. Surprisingly, inhibition of BP1
mRNA in cells with an intact silencer II did not elicit the same
degree of promoter activity as did mutations in the silencer
II sequence. If BP1 is one of two transcript variants of
the DLX4 gene, the other transcript variant may exert some
inhibitory activity at silencer II when BP1 expression is
suppressed.

BP1 is a member of the Distal-less homeobox gene
family. Distal-less is the earliest known gene specifically
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expressed in developing insect limbs; its expression is main-
tained throughout limb development. Many vertebrate genes
have homeoboxes similar in sequence to that of the Drosoph-
ila distal-less gene [26]; the Distal-less (Dlx) family com-
prises at least six different members, DLX1–DLX6. The
DLX proteins are postulated to play a role in forebrain and
craniofacial development. Recent work implicates the Dlx
genes of vertebrates in a variety of other developmental
processes ranging from neurogenesis to hematopoiesis [26].

Several of the Dlx genes produce multiple transcripts, due
either to alternative transcription initiation (e.g., Dlx1) [33]
or to alternative splicing (e.g., Dlx5) [34]. Human DLX4
and two other isoforms of this gene, DLX7 and BP1, have
been identified [21,22,27]. BP1 and DLX7 [35] share almost
complete sequence identity from nucleotides 565 to 1251
of BP1 (including their homeoboxes), and they map to the
same chromosomal region, 17q21-22 [22]. A consensus
binding site for DLX7 has not yet been determined; the
DLX7 protein does bind to silencer I DNA, although it lacks
repressor function [22]. BP1 and DLX7 isoforms exhibit
similar binding specificities in vitro because they share
the same homeodomains, but they have different functions,
possibly due to spliced transcripts encoding different activa-
tion or repression domains, or because of binding to different
partner proteins [22].

DLX7 activates both GATA-1 and MYC in hematopoietic
cells [36]. Ectopic DLX7 also can inhibit apoptosis by upreg-
ulating expression of intercellular adhesion molecule 1 [37].
However, it is not known whether DLX7 activates GATA-1,
MYC, or intercellular adhesion molecule 1 directly.

Among the transcription factors known to act on globin
genes, EKLF and GATA-1 have been suggested to prefer-
entially activate β-globin transcription [10,38]. The EKLF-
DNA binding site consensus sequence 5′-NCNCNCCCN-3′
corresponds to a functionally important motif within the adult
β-globin gene promoter. Some patients with β-thalassemia
have mutations of this sequence [39]. Targeted disruption
of the EKLF gene in mice also results in lethal β-thalassemia
[40]. EKLF knockout mice die of severe anemia at the fetal
liver stage, due to failure of adult β-globin gene activation.
EKLF�/� mice bearing a complete human β-globin locus
transgene have reduced levels of β-globin but elevated
levels of γ-globin expression, compared with wild-type mice
bearing the same transgene [41,42]. Our RT-PCR experi-
ments showed that EKLF is expressed in K562 cells, but
no significant difference in EKLF expression was found
between cells transfected with non-siRNA and siRNA
against BP1.

GATA-1, a zinc finger transcription factor, plays a central
role in erythroid development. It was first identified by its
ability to bind functionally important DNA regulatory
sequences found in globin genes [43,44]. Several proteins
have been reported to interact physically with GATA-1, in-
cluding EKLF/Sp1 [45], LMO-2 [46], FOG-1 [47], p300/
CBP [48], and PU.1 [49–51]. We did not find any association
between GATA-1 expression and BP1 inhibition in K562
cells.

The construct with a mutated BP1 site not only had in-
creased β-globin promoter activity by itself, but showed still
greater promoter activity in cells where BP1 expression was
suppressed by RNA interference. It is possible that a decrease
in cellular BP1 levels reduced BP1 binding to the intact
silencer I (in addition to the mutation preventing binding
to silencer II); thus, the promoter would lose two sources
of negative regulation. The observed increase in promoter
activity fits well with our previously described combinatorial
model of adult β-globin gene repression by BP1 [20]. In
this model, BP1 binding to both silencer regions induces
HMG-mediated DNA bending, which brings together the
BP1 molecules to form a stable silencing complex that im-
pairs the binding of positive regulators such as EKLF and
GATA-1. Our current results support this hypothesis and in-
dicate that an inhibition of BP1 and an increase in endoge-
nous β-globin is not directly associated with upregulation
of EKLF or GATA-1.

Previous studies, e.g. [20,23], assessed effect of the mu-
tated silencer II region in β-globin promoter by analyzing
lysed cells. To our knowledge, the current study is the first
one to analyze this effect in live cells. For this purpose we
used combination of fluorescent digital imaging and flow
cytometry. Using live cells in our experiments was important
because we later introduced the β-globin promoter with mu-
tated silencer II sequence into the β-globin locus of 35 kb
cosmid construct. Then this construct was used to produce
transgenic mice. Currently, we are analyzing the mechanism
of regulation of β-globin expression by BP1 (mouse Dlx4)
in vivo.
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