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DNA-dependent adenosine triphosphatase (helicaselike transcription factor)
activates�-globin transcription in K562 cells
Milind C. Mahajan and Sherman M. Weissman

Correct developmental regulation of �-like
globin gene expression is achieved by
preferential transcription of a gene at a
given developmental stage, silencing of
other �-like gene promoters, and compe-
tition among these promoters for interac-
tion with the locus control region (LCR).
Several evolutionarily conserved DNA el-
ements in the promoters of the �-like
genes and LCR have been studied in
detail, and the role of their binding factors
has been investigated. However, the �-glo-
bin promoter includes additional evolu-
tionarily conserved sequences of un-
known function. The present study

examined the properties of a 21-base pair
(bp) promoter-conserved sequence (PCS)
located at positions �115 to �136 bp
relative to the transcription start site of
the �-globin gene. A helicaselike tran-
scription factor (HLTF) belonging to the
SWI2/SNF2 family of proteins binds to the
PCS and a partly homologous sequence
in the enhancer region of the LCR hyper-
sensitive site 2 (HS2). Elevation of the
level of HLTF in K562 erythroleukemic
cells increases �-promoter activity in tran-
sient transfection experiments, and muta-
tions in the PCS that remove HLTF-
binding regions abolish this effect,

suggesting that HLTF is an activator of
�-globin transcription. Overexpression of
HLTF in K562 cells does not affect the
endogenous levels of �- and �-globin
message, but it markedly activates �-glo-
bin transcription. In conclusion, this study
reports a transcription factor belonging
to the SWI2/SNF2 family, which preferen-
tially activates chromosomal �-globin
gene transcription and which has not
previously been implicated in globin gene
regulation. (Blood. 2002;99:348-356)

© 2002 by The American Society of Hematology

Introduction

The expression of globin genes is controlled at several levels in
vivo. Temporal switching from embryonic to fetal and then to adult
globin is a much-discussed subject.1,2 In addition, globin produc-
tion becomes a progressively larger part of total protein synthesis
as erythroid precursors divide and mature. The levels of production
of the�- and non–�-globin chains are precisely balanced, although
there is no evident feedback regulation of�-globin transcription by
�-globin gene activity or vice-versa.3 Thus, the balanced activity of
the�- and�-like promoters appears to be intrinsic to the structure
of cis-acting elements, even though the promoters and related
enhancers are considerably different in structure, and the genes are
differently expressed during development.4,5

The�-like globin promoters contain several transcription factor
binding sites such as GATA, CACCC,�-DRE, and stage-selecting
factor binding sites.6-11 Several of the factors binding to these sites
are restricted to a limited number of hematopoietic lineages,
including erythrocyte precursors, and some act specifically on one
or more of the globin genes. Negative as well as positive regulation
of globin genes is crucial for their correct developmental regula-
tion. Globin genes are turned off by 2 general mechanisms:
autonomous gene silencing involving sequences located in the
proximal and distal promoters and competition between genes for
interaction with the locus control region (LCR).12 Silencers have
been identified in the�-globin cluster, particularly upstream of the
embryonic globin gene.13-16 In the case of adult�-globin, an
upstream promoter element between�500 and�250 base pair

(bp) region that harbors binding sites for BP1 and BP2 proteins
has been shown to participate in the negative regulation of
transcription.17-19

�-Globin transcription is also modulated by LCRs.20 The
�-globin LCR is located 50 Kb upstream from the adult�-globin
gene. It contains 4 regions that exhibit erythroid-specific DNase
hypersensitivity in vivo (HS1, HS2, HS3, and HS4) in order
proceeding upstream from the�-globin gene cluster. Among these,
HS2 harbors typical enhancer activity in transfected cells.21-23The
NF-E2 site of HS2 is critical for this enhancing function.24,25 A
basic leucine zipper protein called p45 NF-E2 and several of its
related factors in association with the p18 Mafs bind to the NF-E2
DNA sequence,26-28but they may not be the only factors mediating
its activity.29-31

Although a variety of transcription factors have been identified
that bind to the LCR and promoters of the�-like genes, the overall
molecular mechanism of globin gene switching is not fully
understood. Identification of any additional transcription factors
that normally act on the LCR or globin gene promoters is an
essential step toward understanding the molecular mechanisms
involved in globin gene switching. Phylogenetic footprints at
different regions of the�-locus have proved to be useful in
identifying the regulatory elements and their binding factors based
on the consensus binding motifs.32-35 However, there are several
conserved regions of unknown function on the�-locus that do not

From the Department of Genetics, Boyer Center for Molecular Medicine, Yale
University School of Medicine, New Haven, CT.

Submitted February 28, 2001; accepted August 24, 2001.

Supported by grant CA42556 from the National Cancer Institute, National
Institutes of Health, Bethesda, MD. M.C.M. acknowledges a research
fellowship from Cooley’s Anemia Foundation.

Reprints: Sherman M. Weissman, Department of Genetics, Boyer Center for
Molecular Medicine, Yale University School of Medicine, 295 Congress Ave,
New Haven, CT 06536; e-mail: sherman.weissman@yale.edu.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734.

© 2002 by The American Society of Hematology

348 BLOOD, 1 JANUARY 2002 � VOLUME 99, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/1/348/1679597/h80102000348.pdf by guest on 05 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V99.1.348&domain=pdf&date_stamp=2002-01-01


match with the consensus binding sites for the known DNA-
binding proteins.

In the present study we have concentrated on a 21-bp (�115 to
�136 bp) sequence on the �-promoter (the PCS) that is phylogeneti-
cally conserved. A helicaselike transcription factor (HLTF) with
DNA-dependent adenosine triphosphatase (ATPase) activity and
homology to the SWI2/SNF2 family of proteins binds to this
sequence and its homologous counterpart at the NF-E2 site of the
HS2. Mutational analysis of PCS coupled with transient transcrip-
tion studies indicates that HLTF is an activator of the �-globin
transcription. Finally, we show that increased expression of HLTF
activates transcription of the endogenous �-globin gene in
K562 cells.

Materials and methods

Cell growth and nuclear extracts

K562 cells were grown on RPMI 1640 (with 300 mg/L glutamine)
supplemented with 10% fetal bovine serum and 1� antibiotics and
antimycotic (100 U/mL ampicillin, 100 U/mL streptomycin, and 0.25
�g/mL amphotericin). Nuclear extracts were prepared as described previ-
ously.36 About 14 to 18 mg nuclear extracts at 10 �g/�L concentration were
obtained from 109 cells and stored in 20-�L aliquots at �80°C.

Antibodies and Western blotting

The rabbit polyclonal Rush-1 and Rush-2 antibodies were kind gifts from
Beverly Chilton’s laboratory (Texas Technical University Health Science
Center, Lubbock, TX).37 We refer to these antibodies as peptide antibody A
and antibody B, respectively. Affinity purified and lyophilized antibodies
were dissolved in 10 mM Tris-HCl pH 8.0 and stored at �80°C. Antibody A
was raised against amino acids 8 to 38 (which is identical to the HLTF
peptide at the same position), and antibody B was raised against amino
acids 370 to 387 (that has 65% identity and 88% similarity with the HLTF
peptide at the same position) of the Rush-1� protein, a rabbit homologue of
human HLTF.37 Antibodies against p18 Maf and Sin3A and His tag were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). For Western
blots, 50 to 70 �g nuclear or total protein extract per lane was resolved on a
12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a Hybond nylon blotting membrane (Amer-
sham Pharmacia Biotech, Piscataway, NJ). The membranes were blocked
with 5% milk and 0.05% Tween 20 in phosphate-buffered saline (PBS) and
probed with anti-HLTF antibodies A and B or anti-His antibody for 1 hour at
room temperature in PBS containing 1% nonfat dry milk and 0.05% Tween
20 at 1:2000 dilution. Horseradish peroxidase–tagged rabbit anti-
immunoglobulin G in mouse was used as a secondary antibody at 1:200 000
dilution. The blots were developed by the Super Signal West Femto kit
supplied by Pierce Company (Rockford, IL).

Transfections

A lipofectin-based transfection protocol supplied by Gibco BRL (Rockville,
MD) was used. For each transfection, 3 � 106 K562 cells, 5 �g pGL3
plasmid construct, and 20 �L lipofectin were used. Transfection was
allowed to continue for 5 hours after which time cells were allowed to
recover for 40 hours in RPMI medium. In case of transient transfections,
cells were harvested at the end of recovery, washed twice with 2 mL PBS,
and used to prepare cell-free extract as per the protocol supplied with
Luciferase assay kit from Promega. The same assay kit was used to assay
luciferase activity in the cell-free extracts. The photon emission in each
assay was measured for 10 seconds on a Lumat LB9501 luminometer
(EG&G Wallace, Gaithersburg, MD). The luciferase activities represent the
averages of 3 to 8 separate experiments, most of which were done in
duplicate. To generate a pool of stably transfected cells, G418 (neomycin)
was added at the end of the 40-hour recovery period at a concentration of
0.8 mg/mL, after which time the cells were incubated in a standard CO2

incubator at 37°C for 3 to 4 weeks or until the neomycin-resistant cells start
growing actively. Every 3 days, the cells were fed with fresh medium and
G418. Two preparations of DNA were used in separate transfection
experiments for each construct.

Statistical analysis

Pairwise comparisons of luciferase activities of all the transient transfec-
tions in each experiment were done by Student t test. Unless otherwise
indicated, only statistically significant results are discussed in the text. Only
those differences with P values � .05 were taken as significant.

Electrophoretic mobility shift assays

The double-stranded DNA (100 ng) was labeled by a polynucleotide kinase
reaction using [�-32P] adenosine triphosphate (ATP). Aliquots (20 �L) of
the nuclear extract were used in the electrophoretic mobility shift assay
(EMSA). The binding buffer contained 10 mM HEPES pH 7.9, 50 mM
KCl, 10% glycerol, and 0.02% NP40. A typical 20-�L binding reaction
contained 1 �g poly dIdC, 1 mM dithiothreitol, 2 ng 32P DNA probe
(�100 000 cpm), and 5 �g nuclear extract in the binding buffer. Binding
took place at room temperature for 10 minutes. The mixture was loaded on a
5% polyacrylamide gel and run for 2.5 hours at 200 volts (25 mAmp) in
0.5� 45 mM Tris-Borate and 1 mM EDTA ph 8.0 (TBE).

Complementary DNA screening

An oligo dT and random-primed K562 	 gt-11 complementary DNA
(cDNA) library (Clontech, Palo Alto, CA) was screened with 2 double-
stranded synthetic oligonucleotides. The sequences of the positive strands
of these double-stranded oligonucleotides are described as oligonucleotides
11 and 12 in Table 1. The specific activity of the radioactive probes was
8 � 107 cpm/�g. The amount of each probe added was 4 � 106 cpm per
filter. Two million clones from a 	 gt11 cDNA library spread over 40 plates
(150 � 12 mm) were screened according to standard protocols.38

Table 1. Oligonucleotides used in the present study

Oligonucleotide sequence (5
 to 3
)

1 GCCAAGGACAGGTACGGCTGTCATCACTTAGA*

2 GCCAAGGACAGGTACGGCTGTCCCCACTTAGA*

3 GCTAGCCCGGGCTCGAGCGGCTGTCATCACTTAGA*

4 TAGCCCGGGCTCGAGGACAGGTAGTCATCACTTAGA*

5 GAAGATCTCTCGAGGACAGGTACGGCTGTCATCACTTAGA

6 GAAGATCTCTCGAGGACAGGTACGGCTGTCCCCACTTAGAC

7 GAAGATCTCTCGAGCGGCTGTCATCACTTAGAC

8 GAAGATCTCTCGAGGACAGGTAGTCATCACTTAGAC

9 CCCAAGCTTGGTACCGGTGTCTGTTTGAGGTTGC

10 CAAGCACAGCAATGCTGAGTCATGATGAGTCATGC*

11 AGGACAGGTACGGCTGTCATCACTTAGAC*

12 GCCAAGGACAGGTACGGC*

13 CTTTAGTGATGGCCTGGCTC

14 GGCAGAATCCAGATGCTCAAG

15 GAGCCTCAGGATCCAGCACAC

16 GATATGTGCTGCTGCCTCTC

17 GAACGTCTGAGATTATCAAT

18 GAAATGGATTGCCAAAACGG

19 GGCGGACTATGACTTAGTTG

20 CTTTTAGGATGGCAAGGGAC

21 CTGGCATTGCCCTCAACGAC

22 GATGGTACATGACAAGGTGC

23 ACGTGCGCGCACCCGGGTTG

24 CTTCATGTGCAAGGCCAGGTG

25 GAAGTCCAACTCCTAAGCCAGTGCCAGAAGGATC

26 CTTCTGGCACTGGCTTAGGAGTTGGACTTCGATC

27 TCCTGGATGTTCAAGAGGG

28 CTTTACCTTCTTCAGTAGATTC

*Sequences of the positive strands of the double-stranded oligonucleotides were
used in this study.
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Mutagenesis and preparation of plasmid constructs

A polymerase chain reaction (PCR)–based strategy was used to clone the
wild-type �-globin promoter and its mutant variants in pGL3 vector. A
DNA fragment from �270 to �54 bp served as the template. Forward
primers included the mutations of choice and appropriate restriction
enzyme sites. After the PCR, the DNA fragments were digested with the
restriction enzymes, purified on a 1% agarose gel, ligated to pGL3 plasmid,
and transformed into Escherichia coli (DH5�). Unless otherwise indicated
all the promoters were cloned at HindIII-XhoI sites and HS2 at SalI-BamHI
sites. Wild type and mutant �-promoter constructs were confirmed by DNA
sequencing. Large-scale plasmid preparations of 2 clones of each construct
were made by the Qiagen maxi-kit protocol.

The initial partial HLTF cDNA clone isolated by screening the 	 gt11
cDNA library of K562 cells was cloned into a pTrcHis2TOPO vector and
transformed into TOP10 E coli cells (Invitrogen, Carlsbad, CA). A HLTF
cDNA coding for aa 2 to aa 332 was generated by PCR, using the HLTF
cDNA clone isolated by 	 gt11 screen as a template. Oligonucleotides 27
and 28 (Table 1) were used as forward and reverse primers, respectively.
The plasmid DNA from recombinant clones was sequenced to check the
proper orientation of the clone and exclude internal mutations. HLTF
expression in the bacteria was induced with 1 mM isopropyl thiogalactoside
(IPTG) in a 50-mL culture for 4 hours to obtain a 38-kd HLTF protein with
Myc and His tags at its C-terminal end. At the end of the induction, the cells
were harvested and suspended in 1 mL ice-cold HEPES buffer pH 7.9
containing 300 mM NaCl. The protein extract was prepared by sonicating
the cells on a Branson cell disruptor fitted with a micro tip with 60% duty
cycles and output control of 6 in a 1-second pulsed mode. The cells were
subjected to 6 rounds of 30 pulses each with 2 minutes’ incubation on ice
between each round. The clear sonicated extract was centrifuged at 15 000g
for 15 minutes, and supernatant was used for the EMSA and to detect the
induced protein on SDS-PAGE.

Total RNA and reverse transcriptase-PCR

RNAwiz reagent from Ambion (Catalog No. 9736; Austin, TX) was used to
isolate total RNA from K562 cells. The RNA isolation procedure was as per
the manufacturer’s protocol. About 200 �g total RNA was digested with 10
U Rnase-free DNase for 30 minutes at room temperature, extracted with
phenol chloroform and stored at �80°C until further use for reverse
transcriptase (RT)–PCR. The 20-�L RT reaction contained 10 �g total
RNA, 200 ng oligo dT, 0.5 mM dNTP, 1 �L RNase inhibitor, 5 mM
dithiothreitol, and 200 U superscript II from GibcoBRL. The reaction was
started by the addition of the enzyme and incubated at 42°C for 1 hour. One
microliter of this RT reaction was used as a template for the PCR reaction. A
typical 25-�L PCR reaction in 1� Perkin-Elmer (Boston, MA) buffer with
2.5 mM MgCl2 contained 1 �L RT product as template, 200 �M dNTPs, 0.5
�Ci (1.85 � 104 Bq) [�-32P]dCTP, 100 ng of each gene-specific primer set,
and 0.2 U Platinum DNA polymerase (Gibco-BRL). The conditions for the
18- and 22-cycle PCR were as follows: 94°C for 1 minute, 55°C for 1
minute, and 72°C for 1 minute. We aligned �-, �-, 
-, and �-globin cDNA
sequences and designed gene-specific primers from the nonhomologous
regions. The gene-specific primer sets are as follows: primers 13 and 14 for
�-globin (338-bp PCR product), primers 15 and 16 for �-globin (194-bp
PCR product), primers 17 and 18 for �-globin (397-bp PCR product),
primers 19 and 20 for �-actin (299-bp PCR product), primers 21 and 22 for
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (290-bp PCR prod-
uct), and primers 23 and 24 for EKLF (239-bp PCR product). The
sequences of these primers are listed in Table 1.

Results

Conserved sequences in the �-promoter do not entirely
coincide with binding sites for known factors

Alignment of �-globin promoter sequences from mouse to human
shows a conserved region, the PCS at �115 to �139 bp from the
transcription start site (Figure 1A). Two segments of this region, a

GTCATCA sequence and a trinucleotide GCT, are distinctly
conserved. The third segment comprising the CCAAGGACAGG
sequence at the 5
 end is partially conserved. The GCTGTCA
sequence that includes the GCT trinucleotide and the first half of
the GTCATCA sequence correspond to the binding site for TGIF, a
homeodomain-containing transcription factor.39,40 However, the
majority of this conserved region is not a binding site for known
transcription factors, and none of the EMSA bands formed with the
PCS oligonucleotide are affected by an antibody to TGIF (data not
shown). Interestingly, the conserved segments of the �-promoter
are homologous to sequences overlapping the AP1/NF-E2 site of
HS2 (Figure 1C) that are also conserved from mouse to human
(Figure 1B) and are needed for the core-enhancing activity of the
LCR.25,41,42 To emphasize its homology with the PCS, we call the
LCR sequence HS2-CS for HS2-conserved sequence. Among the 3
segments, an AGCACAGC sequence from the 5
 portion of the
HS2-CS shows partial phylogenetic conservation. A comparative
look at these partially conserved sequences on PCS and HS2-CS
from mouse to human shows a common AGG/CACAGG/C
sequence pattern. Such a homology between the PCS and HS2-CS
sequences raises the possibility of related roles for these 2 DNA
elements in �-promoter transcription.

DNA-protein complexes are formed on the �-PCSs

Previously, an in vivo footprint was detected at the PCS region of
the �-promoter in human–mouse erythroleukemic hybrid lines,
A181� and A181�.43 To investigate whether DNA-protein com-
plexes are formed on the PCS in K562 cells, we carried out EMSAs
with an oligonucleotide representing the �140 to �110 bp region
of the �-promoter and K562 nuclear extracts that displayed
multiple protein-DNA complexes (Figure 2). The EMSA bands
could be competed by progressively increasing molecular excess of
nonradioactive PCS DNA. The EMSA bands 1 to 5 and 8 were not
competed by a 100-fold excess of nonspecific oligonucleotide,
suggesting that the DNA-protein complexes in these bands are
sequence specific. However, EMSA bands 6 and 7 were competed
by the nonspecific oligonucleotide as well, indicating their relaxed
sequence specificity for DNA binding (Figure 2).

Figure 1. Phylogenetically conserved sequences in the �-globin promoter and
the HS2. (A) Conservation of the �112 to �140 bp region from the transcription start
site of the adult human �-globin promoter. The conserved sequences are underlined.
The number at the left-hand side of the human sequence is the nucleotide number
from the human globin locus (GenBank locus HUMHBB). (B) Comparison of the HS2
sequences at the NF-E2 region from mouse to human. The tandem NF-E2/AP1
sequences are double underlined. The numbers at the left-hand side of the
sequences are the nucleotide numbers assigned to the respective globin locus.
(C) Homology between the �112 to �139 bp �-promoter sequence (PCS) and the
NF-E2 site (HS2-CS) of the HS2. The homologous sequences are underlined.
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A protein with helicase domains is present in the DNA-protein
complexes formed on PCS

We used 2 double-stranded synthetic oligonucleotides of the PCS
sequence to screen a K562 cDNA library in the 	 gt-11 expression
vector (oligonucleotides 11 and 12 described in the “Materials and
methods” section). After screening 2 million plaques, we obtained
one positive cDNA clone of 2.85 Kb. This clone contained
sequences coding for the N-terminal 332 amino acids of a
mammalian gene variously known as HLTF, HIP116, RUSH1, and
Zbu1.44-48 There is a bias for detecting truncated forms of the
cDNA in expression libraries, particularly when the DNA-binding
domain is situated at the 5
 end of a relatively large protein like
HLTF. The truncated form of HLTF obtained by us could have been
derived from incompletely spliced products that retained the
DNA-binding domain. The full-length human HLTF gene codes for
a 1006 amino acid protein that has been shown to possess
DNA-dependent ATPase activity. The predicted amino acid se-
quence is homologous to the SWI2/SNF2 family of helicases with
7 helicase domains and also has a C3HC4 zinc-binding motif called
a ring finger located between the helicase motifs in an arrangement
similar to that found in the yeast RAD5 and RAD 16 proteins.43,46

The clone that we have isolated is a short fragment of HLTF
spanning the DNA-binding domain and an NTP-binding domain.
Structural analysis of the predicted amino acid sequence with the
COILS program on the Expasy web site (www.ch.embnet.org/
software/coils_form.html) revealed 3 coiled coil regions between
aa 104 to aa 125, aa 151 to aa 168, and aa 202 to aa 231. Each of
these coiled coil structures harbors 3 leucine heptads.

To establish if the bands in the gel mobility shift assay contain
the HLTF protein, we used 2 affinity-purified antibodies. Western
blotting of K562 nuclear extracts with these antibodies exhibited a
single prominent 115-kd band (Figure 3A). HLTF antibody A as

well as antibody B neutralized gel shift bands 1, 2, 4, 5, and 8 in an
EMSA with K562 nuclear extracts, confirming the presence of
HLTF in these DNA-protein complexes (Figure 3B). Normal rabbit
serum and purified antibodies against Sin3A and p18 Maf did not
disturb any of these EMSA bands. Similarly, we have tested
antibodies against YB1, HDAC1, Fos, and NF-E2. None of them
had any effect on these EMSA bands (data not shown). In another
control experiment, these antibodies did not disturb EMSA bands
obtained with an oligo that binds the ATF transcription factor and
K562 nuclear extracts (data not shown). These control experiments
together with appearance of a single 115-kd band on the Western
blot (Figure 3A) demonstrate the specificity of the antibodies for
HLTF. The DNA-binding region of the HLTF lies between aa 123
to aa 219.47 Antibody A was raised against amino acids 8 to 38 and
antibody B was raised against amino acids 370 to 387. As these
antibodies were raised against polypeptides that are near the
DNA-binding site of the HLTF, we observe disappearance of the
gel shift bands instead of super shifts.

HLTF is also present in some of the DNA-protein complexes
formed on the HS2-CS sequence

We looked for the presence of HLTF in the DNA-protein com-
plexes formed on the HS2-CS site of the HS2, because this site has
significant homology with the PCS. EMSA with an oligonucleotide
containing the HS2-CS sequence displayed 5 major bands of which
bands 1 to 4 could be specifically competed by nonradioactive
HS2-CS oligonucleotide probe (Figure 4A). EMSA band 5 is
nonspecific, as it could also be competed by 100-fold excess of a
nonspecific oligonucleotide. Bands 3 and 4 in the EMSA were
abolished by the addition of the anti-HLTF antibodies A and B,
indicating the presence of HLTF in these DNA-protein complexes
(Figure 4B).

Figure 2. Electrophoretic mobility shift assay (EMSA) to show in vitro sequence-
specific binding of proteins to the PCS. The control lane displays EMSA bands
obtained by incubating 5 �g nuclear extract with 2 ng 32P-labeled double-stranded
PCS (oligo 1). In oligonucleotide competition assays, the 32P-labeled double-
stranded PCS of the �-promoter (oligo 1) was mixed with various amounts (molar
excesses) of nonradioactive PCS-DNA as indicated at the top of the figure. A
double-stranded oligonucleotide from �142 to �171 bp relative to the transcription
start site of the �-promoter was used as a nonspecific (NS) oligonucleotide (oligo 25
and 26). The band between band 4 and 5 inconsistently appears on the gel. The
EMSA bands are numbered and indicated by arrows.

Figure 3. HLTF is present in several major DNA-protein complexes formed on
the PCS. (A) Western blot of the K562 nuclear extract with HLTF antibody A and B
shows a prominent band of 115 kd. A minor faint band below may be the degradation
product. K562 nuclear extract (50 �g) was resolved on a 12% SDS-PAGE. The HLTF
antibodies are indicated on the top, and the molecular weight markers are indicated at
the left-hand side. (B) EMSA with 32P-labeled PCS oligonucleotide (oligo 1) and K562
nuclear extracts in the presence (�) and absence (�) of HLTF antibodies A and B.
Normal rabbit serum and antibodies against p18 Maf and Sin3A served as control. In
a standard 20-�L EMSA reaction mixture, 2 �L each of the antibody mentioned at the
top of the panel and 5 �g nuclear extracts were preincubated for 10 minutes before
the addition of the 32P-labeled DNA probe. The binding mix was incubated for an
additional 10 minutes at room temperature after the addition of the DNA probe and
analyzed on a 5% polyacrylamide gel.
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Correlation between �-promoter transcription and binding of
HLTF to the PCS

We created mutations in 3 conserved segments of the PCS to
determine the bases necessary for the binding of HLTF (Figure
5A). The functional consequence of disturbance of various EMSA
bands with PCS mutations was investigated by constructing pGL3
vectors with a normal �-promoter and its mutant variants, tran-
siently expressing them in K562 cells, and measuring luciferase
activity (Figure 5B). Comparison of the strengths of the �-pro-
moter fragments from �136 to �54 bp that include the PCS and its
mutant variants were made in the presence of a 736-bp core HS2
(from nucleotides 8486 to 9222 on the human globin locus
sequence) placed at the enhancer site of the pGL3 vector.

Deletion of the CGGCT sequence from the PCS selectively
abolishes HLTF-containing band 2 and a non-HLTF band 7, and
decreases transcription to half (P � .01). However, an AT to CC
substitution mutation abolishes the HLTF-containing EMSA bands
1, 4, 5, and 8 along with non-HLTF bands 3, 6, and 7 and stimulates
transcription by 2.5-fold (P � .03) (Figure 5B). One possible
explanation for the difference in the effects of these 2 mutations
would be that HLTF acts as a transcriptional activator and
transcription factors present in the non-HLTF EMSA bands down-
regulate transcription. This explanation is consistent with the
additional observation that deletion of the GACAGGTA sequence
from PCS selectively abolishes non-HLTF EMSA bands 6 and 7,
and in transient transcription assay this deletion mutation stimu-
lates the �-promoter activity (P � .002). Further characterization

of the various proteins in these EMSA bands and their functional
significance is needed.

To demonstrate the direct binding of the N-terminal 38-kd
initial recombinant HLTF isolated by screening the 	 gt11 expres-
sion cDNA library of K562 cells, we cloned the cDNA of this
protein in pTrcHis2 TOPO vector and expressed it in E coli with
Myc and His tags at the C-terminal end. The EMSA with the
bacterial extracts expressing the 38-kd HLTF and gel supershift/
neutrilization assay with antibody A showed direct binding of the
recombinant HLTF with the PCS (Figure 6). The binding properties
of native HLTF in K562 cells and the recombinant 38-kd HLTF are
similarly affected by the AT to CC substitution mutation and �
GACAGGTA mutation in the PCS (Figures 5 and 6). However,
unlike the native HLTF in EMSA band 2 with K562 nuclear
extracts, the 38-kd HLTF binds to the PCS with � CGGCT
mutation. Therefore, there appears to be at least 2 sequence-specific
HLTF-containing protein complexes that differentially interact
with the PCS in K562 cells.

To further investigate the role of HLTF in �-globin transcrip-
tion, we overexpressed HLTF in K562 cells. For this purpose, we
generated K562 cells that were stably transfected with a pCIneo
vector containing HLTF tagged with poly histidine at its N-terminal
end. Western analysis of the whole cell extracts of these K562 cells
with anti-HLTF antibody A and antibodies against the His tag
confirmed the overexpression of HLTF (Figure 7A). If HLTF is an

Figure 4. Presence of HLTF in some of the DNA-protein complexes formed on
the HS2-CS. (A) In vitro sequence-specific binding of K562 nuclear proteins to the
HS2-CS. The DNA probe used in the EMSA is 32P-labeled double-stranded HS2-CS
sequence (oligo 10). The control lane is EMSA without nonradioactive HS2-CS oligo.
The molar excesses of nonradioactive DNA probe used in the competitive EMSA are
shown on the top of the lanes. The NS oligo is described in Figure 2. The EMSA
bands are numbered and indicated by arrow marks. Free probe lane displays EMSA
pattern in the absence of K562 nuclear extracts. (B) HLTF is present in 2 EMSA bands
obtained with a double-stranded HS2-CS sequence and K562 nuclear extracts. Gel
supershift/neutralization assay with K562 nuclear extract and 32P-labeled HS2-CS
oligonucleotide in the presence (�) and absence (�) of HLTF antibody A and B,
normal rabbit serum, and anti-Sin3A antibody. The assay conditions were the same
as described in Figure 3.

Figure 5. Mutations in the PCS affect EMSA bands and �-promoter transcrip-
tion. (A) Mutations in the PCS influence the DNA-protein complex formation. EMSA
was carried out with the wild-type PCS and its mutant variants by using K562 nuclear
extracts. The 20-�L reaction mixture contained 2 ng 32P-labeled double-stranded
DNA (�100 000 cpm) in the binding buffer and 5 �g nuclear extract. The sequences
of the sense strand of each of the double-stranded 32P-labeled DNA probes is as
follows: wild type, oligo 1; AT to CC substitution, oligo 2; � GACAGGTA, oligo 3; and �
CGGCT, oligo 4 (Table 1). Sequences from the pGL3 plasmid-cloning sites were
included in oligo 3 and 4 to maintain their length equivalent to the wild-type PCS
oligonucleotide. The free probe lane is the mixture of all the above sequences in the
binding reaction mixture without nuclear extracts. The EMSA bands are numbered
and indicated by arrows. (B) Functional effects of mutations in the PCS. The wild-type
�-promoter from �136 to �54 bp and its mutants were generated by PCR and cloned
into the Hind III-XhoI site of the pGL3. The forward primers used in the PCR are as
follows: wild-type �-promoter, oligo 5; �-promoter with AT to CC substitution in the
PCS, oligo 6; �-promoter with � GACAGGTA in the PCS, oligo 7; and �-promoter with
� CGGCT in the PCS, oligo 8. Oligo 9 served as the reverse primer in all the PCR
reactions. A 736-bp HS2 (from nucleotides 8486 to 9222 on the human �-globin
locus) was cloned at the BamHI-SalI site of the pGL3. All the values in the bar
diagram are the averages of 3 to 8 separate experiments, most of which were done in
duplicate. The luciferase activities are normalized as activity per 10 �g total protein.
Horizontal lines above each bar indicate 1 SD in the average of the
experimental values.
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activator of �-globin transcription, overexpression of HLTF in
K562 cells should enhance transient transcription. We tested the
�-promoter activity in these HLTF-overexpressing cells by tran-
sient transfection of the pGL3 constructs containing �-promoter in
the presence and absence of HS2. There was a 5.5-fold increase in
the luciferase activity in HLTF-overexpressing cells that are
transfected with pGL3 containing wild-type �-promoter alone
(Figure 7B). In the presence of HS2, there was a 13-fold average
increase in the transcription in the HLTF-overexpressing cells
(Figure 7C). An AT to CC substitution mutation and deletion of
CGGCT sequence from the PCS that inhibit HLTF binding (Figure
5A) significantly decreases the �-promoter activity in these HLTF-
overexpressing cells (Figure 7C). The P values for the changes in
luciferase activities for �-promoter with AT to CC mutation and
with � CGGCT in comparison to the normal �-promoter activity in
the presence of HS2 are .014 and .006, respectively.

To understand the effect of HLTF on �-promoter transcription
in the context of normal chromatin structure, we estimated the
levels of endogenous �-globin transcript by semiquantitative
RT-PCR experiments using specific primers for �-, �-, and �-glo-
bins (Figure 8). The levels of �-actin and GAPDH messages were
similar in the normal K562 cells and also in those stably transfected
with pCIneo alone and pCIneo with His-tagged HLTF. In all these
cell lines, the levels of �- as well as �-globin messages remain

unaltered, whereas in HLTF-overexpressing K562 cells, we ob-
served substantial increase in the �-globin message. The RT-PCR
band was confirmed to be derived from spliced �-globin mRNA by
sequence analysis. Thus, HLTF can selectively enhance adult
�-globin transcription in K562 cells.

Discussion

In the present study, we have focused on a phylogenetically
conserved �-promoter sequence, the PCS, which lies at �115 to
�136 bp relative to the transcription start site of the human
�-promoter (Figure 1). EMSA with K562 nuclear extracts reveal
multiple bands that bind to the PCS in a sequence-specific manner
(Figure 2). We inquired whether in K562 cells the protein(s)

Figure 6. Binding of the recombinant 38-kd HLTF to wild-type and mutated PCS.
A cDNA clone coding for the N-terminal 38-kd HLTF (aa 2 to aa 332) isolated by
screening the 	 gt11 cDNA library of K562 cells was cloned into pTrcHis2TOPO
vector and expressed in E coli cells. The protein extracts of uninduced and
IPTG-induced bacterial cells were used in the EMSA. The wild-type and mutant
versions of the PCS oligonucleotides are indicated, and their sequences are
described in Figure 5. The 20-�L EMSA binding mixture contained 2 ng 32P-labeled
double-stranded DNA (�100 000 cpm) in the binding buffer and 1 �L E coli protein
extract. The binding reaction was started by the addition of the 32P-labeled DNA
probe. The reaction mixture was incubated for 10 minutes at room temperature and
then analyzed on a 5% polyacrylamide gel. For gel supershift/neutralization assay
with antibody A, the bacterial extract, and the antibody were incubated for 5 minutes
before the addition of the 32P DNA probe. The EMSA band obtained with 38-kd HLTF
is shown by an arrow. The upper EMSA band is due to a bacterial protein in
the extract.

Figure 7. Overexpression of HLTF in K562 cells and its effect on the �-globin
transcription. (A) Western blot of total protein extract of K562 cells stably transfected
with pCIneo vector alone and pCIneo containing HLTF with poly His tag at its
N-terminal end. Protein (70 �g) was loaded in each lane. The cell-free extracts are
indicated at the top of the panel, and standard molecular weight marker positions are
indicated at the left-hand side. The arrows mark points at the HLTF band. The
antibodies against HLTF and poly His used to probe the blot are mentioned at the
bottom of the panel. In the blot probed with the anti-His antibody, multiple bands
found below the 115-kd HLTF band are common to both the lanes. These bands
presumably are due to the binding of anti poly-His antibody to proteins containing
short stretches of histidines. (B) Transient transfections of �136 to �54 bp
�-promoter (cloned into the Hind III-XhoI site of the pGL3) into normal and HLTF-
overexpressing cells. (C) Transient transfection of pGL3 constructs containing
�-promoter and its mutant variants and HS2 at the enhancer site. These constructs
are described in Figure 5. The values in the bar diagram are the averages of 12
experiments, including 3 separate experiments performed in duplicate with each of
the 2 separate pools of K562 cells stably transfected with HLTF. The luciferase
activities are normalized as activity per 10 �g total protein. Horizontal lines above
each bar indicate 1 SD in the average of the experimental values.
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binding to this sequence acts as either an inhibitor or an activator of
transcription of the �-globin gene whose activity is attenuated,
perhaps due to the absence of other globin transcription activators
such as EKLF.49

By screening a K562 cDNA expression library in 	 gt11, we
identified a previously described HLTF belonging to the SWI2/
SNF2 family that binds to an oligonucleotide derived from the PCS
sequence and is part of several of the complexes formed on the PCS
in vitro (Figure 3). The proteins belonging to SWI2/SNF2 family
are found in cells as part of multiprotein complexes.50-52 HLTF is
known to form complexes with SP1 and SP3 in HeLa cells,53 which
speaks to its ability to participate in multiprotein complexes.
Moreover, HLTF contains a C-terminal ring finger domain that
potentially participates in protein-protein interactions. The AT to
CC substitution and � CGGCT mutations in the PCS selectively
abolish one or another HLTF-containing band (Figure 5A), suggest-
ing that there are at least 2 different HLTF complexes that may
form on the PCS.

In the �-globin locus, SWI/SNF complexes are recruited to the
CACCC site of the �-promoter by the transcription factor EKLF
and on a 250-bp AT-rich sequence situated between the � and 

genes by the IKAROS transcription factor.50,51 These complexes
contain a protein called BRG1 that forms their core ATPase
subunit. Structurally and functionally, BRG1 and HLTF have some
similarities and some distinct differences. Both contain DNA-
dependent ATPase activity44 and 7 helicase domains, but neither
has been demonstrated to have helicase activity. Although the
C-terminal regions of both these proteins contain protein-protein
interaction motifs, their structural domains are different. The BRG1
contains a bromo domain, whereas HLTF possesses a ring finger
domain. Significantly, BRG1 does not possess a DNA-binding
domain, whereas HLTF contains a unique DNA-binding motif at
the N-terminal region between aa 123 to aa 219.47

We constructed K562 cells that stably overexpressed HLTF, so
as to study the effect of HLTF on endogenous globin genes as well

as on a transiently transfected reporter plasmid. Overexpression of
HLTF in K562 cells results in an increase in the transcription from
transiently transfected �-promoter luciferase constructs, both in the
absence and in the presence of HS2 (Figure 7). An AT to CC
substitution mutation that removes 4 of the HLTF bands in EMSA
significantly diminishes the stimulatory effect of HLTF overproduc-
tion (Figure 7). Another � CGGCT mutation in the PCS that
removes one of the HLTF gel shift bands also inhibits the
transcription in transiently transfected normal as well as HLTF-
overexpressing K562 cells (Figures 5 and 7). These results argue
that HLTF is an activator of �-globin transcription and acts through
the PCS in transient transfections.

Overexpression of HLTF also significantly increases the endog-
enous levels of �-globin message (Figure 8) but does not alter the
levels of either �- or �-globin messenger RNA (mRNA), suggesting
that HLTF has access to and can specifically act on the endogenous
�-globin gene. Identification of HLTF as an adult �-globin–specific
transcriptional activator strengthens the notion that preferential
activation of transcription is crucial for the developmental regula-
tion of �-like genes. Apart from K562 cells, we have detected
HLTF in adult �-globin–producing mouse erythroleukemic cells
and human MB-02 cells by RT-PCR analysis and gel supershift
assays with antibody A (data not shown). Among the transcription
factors acting on globin genes, only EKLF has been suggested to
preferentially activate �-globin transcription.54 EKLF knock-out
mice die of anemia during fetal erythropoiesis because of severe
deficiency of adult �-globin.55,56 In transgenic mice carrying the
complete human �-like globin locus, expression of the human
�-globin gene is severely hampered in an EKLF�/� back-
ground.57,58 K562 cells do not synthesize EKLF and lack detectable
levels of �-globin mRNA. Because of the absence of EKLF,
chromatin-remodeling activity may not be recruited and may
severely limit the activity of the �-promoter. In this situation, the
exogenous expression of HLTF might have activated EKLF
transcription, which, in turn, elevates the �-globin mRNA levels.
However, the RT-PCR data suggest that the overexpression of
HLTF does not activate EKLF transcription (Figure 8), so that the
induction of �-globin transcription in HLTF-overexpressing K562
cells is independent of this factor.

It remains to be seen whether HLTF action is even partly
analogous to that of the more extensively studied SWI/SNF
complexes. Within the SWI2/SNF2 family of proteins, HLTF is
closest in sequence to yeast DNA repair proteins RAD5 and
RAD16.44 In a recent report, a DNA repair transcription-coupling
factor, CSB, has been shown to possess ATP-dependent chromatin
remodeling activity,59 but a similar activity has not yet been
demonstrated with HLTF. As the PCS and CACC sites of the
�-promoter are adjacent to each other, there may be synergism
between the HLTF and EKLF-bound SWI/SNF complex. However,
the mechanism of HLTF action in �-globin gene transcription
appears to be different than that of EKLF, because overexpression
of EKLF in K562 cells does not activate the endogenous �-globin
gene.54 Further studies with K562 cells simultaneously overexpress-
ing EKLF and HLTF may shed light on these aspects of the
�-globin transcription.

EMSA and transient transfection assays with normal and mutant
PCS indicate that, in addition to activator complexes containing
HLTF, a transcription inhibitor(s) binds to the PCS (Figure 5).
There are at least 2 other instances in the �-globin locus in which
transcriptional activators as well as repressors bind to the same site.
Bach1, a transcriptional activator, and Bach2, a transcriptional

Figure 8. RT-PCR of total RNA from normal and HLTF-overexpressing K562
cells. RT-PCR conditions are described in the “Materials and methods” section. After
18 (left) or 22 (right) cycles, the PCR products were run on a 6% polyacrylamide gel
for 2.5 hours, dried, and exposed to x-ray film. The data are representative of 3
independent experiments. K562 � HLTF transfection-1 and transfection-2 are the 2
pools of K562 cells stably transfected with pCIneo containing HLTF in 2 independent
transfections. The exposure times were adjusted for each set of PCR to obtain bands
of optimum intensity. The autoradiogram exposure times are as follows: 16 hours at
room temperature (RT) for �-globin, 12 hours at �80°C for EKLF, 5 hours at RT for
�-globin, 15 minutes at RT for �-globin, 1 hour at RT for �-actin, and 0.5 hours at RT
for GAPDH.
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repressor, bind to a common DNA sequence in the HS2.60 In
another case, SWI/SNF and NuRD complexes that positively and
negatively influence transcription, respectively, bind to the same
AT-rich sequence between the �- and 
-globin genes.52 Similarly,
HLTF and an unidentified inhibitor(s) of transcription may both
bind to PCS. We are in the process of purification of additional PCS
binding proteins to expedite analysis of their role in the overall
regulation of �-globin transcription.
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(Université de Mons-Hainaut, Mons, Belgium), and A. Raghu-
nathan and Shigeru Yamaga (Weissman lab) for their help in
computer-related work.

References

1. Baron MH. Developmental regulation of the verte-
brate globin multigene family. Gene Expr. 1996;6:
129-137.

2. Blau CA, Stamatoyannopoulos G. Hemoglobin
switching and its clinical implications [In Process
Citation]. Curr Opin Hematol. 1994;1:136-142.

3. Ren S, Li J, Atweh GF. CACCC and GATA-1 se-
quences make the constitutively expressed al-
pha-globin gene erythroid-responsive in mouse
erythroleukemia cells. Nucleic Acids Res. 1996;
24:342-347.

4. Albitar M, Katsumata M, Liebhaber SA. Human
alpha-globin genes demonstrate autonomous
developmental regulation in transgenic mice. Mol
Cell Biol. 1991;11:3786-3794.

5. Trimborn T, Gribnau J, Grosveld F, Fraser P.
Mechanisms of developmental control of tran-
scription in the murine alpha- and beta-globin loci.
Genes Dev. 1999;13:112-124.

6. Miller IJ, Bieker JJ. A novel, erythroid cell-specific
murine transcription factor that binds to the
CACCC element and is related to the Kruppel
family of nuclear proteins. Mol Cell Biol. 1993;13:
2776-2786.

7. Asano H, Stamatoyannopoulos G. Activation of
beta-globin promoter by erythroid Kruppel-like
factor. Mol Cell Biol. 1998;18:102-109.

8. Stuve LL, Myers RM. Identification and character-
ization of a beta-globin promoter-binding factor
from murine erythroleukemia cells. Mol Cell Biol.
1993;13:4311-4322.

9. Amrolia PJ, Cunningham JM, Ney P, Nienhuis
AW, Jane SM. Identification of two novel regula-
tory elements within the 5
-untranslated region of
the human A gamma-globin gene. J Biol Chem.
1995;270:12892-12898.

10. Bottardi S, Santoro C. CTF/NF-1 binds the stage
selector element of the human gamma-globin
gene promoter. Biochem Biophys Res Commun.
1995;215:874-880.

11. Weiss MJ, Orkin SH. GATA transcription factors:
key regulators of hematopoiesis. Exp Hematol.
1995;23:99-107.

12. Li Q, Peterson KR, Stamatoyannopoulos G. De-
velopmental control of epsilon- and gamma-glo-
bin genes. Ann N Y Acad Sci. 1998;850:10-17.

13. Gumucio DL, Heilstedt-Williamson H, Gray TA, et
al. Phylogenetic footprinting reveals a nuclear
protein which binds to silencer sequences in the
human gamma and epsilon globin genes. Mol
Cell Biol. 1992;12:4919-4929.

14. Hardison R, Chao KM, Adamkiewicz M, et al.
Positive and negative regulatory elements of the
rabbit embryonic epsilon-globin gene revealed by
an improved multiple alignment program and
functional analysis. DNA Seq. 1993;4:163-176.

15. Li J, Noguchi CT, Miller W, Hardison R, Schechter
AN. Multiple regulatory elements in the 5
-flank-
ing sequence of the human epsilon-globin gene.
J Biol Chem. 1998;273:10202-10209.

16. Raich N, Clegg CH, Grofti J, Romeo PH, Stama-
toyannopoulos G. GATA1 and YY1 are develop-
mental repressors of the human epsilon-globin
gene. EMBO J. 1995;14:801-809.

17. Berg PE, Williams DM, Qian RL, et al. A common
protein binds to two silencers 5
 to the human

beta-globin gene. Nucleic Acids Res. 1989;17:
8833-8852.

18. Ebb D, Tang DC, Drew L, Chin K, Berg PE, Rodg-
ers GP. Identification of upstream regulatory ele-
ments that repress expression of adult beta-like
globin genes in a primitive erythroid environment.
Blood Cells Mol Dis. 1998;24:356-369.

19. Chase MB, Haga SB, Hankins WD, et al. Binding
of HMG-I(Y) elicits structural changes in a si-
lencer of the human beta-globin gene. Am J He-
matol. 1999;60:27-35.

20. Li Q, Harju S, Peterson KR. Locus control re-
gions: coming of age at a decade plus. Trends
Genet. 1999;15:403-408.

21. Peterson KR, Clegg CH, Navas PA, Norton EJ,
Kimbrough TG, Stamatoyannopoulos G. Effect of
deletion of 5
HS3 or 5
HS2 of the human beta-
globin locus control region on the developmental
regulation of globin gene expression in beta-glo-
bin locus yeast artificial chromosome transgenic
mice. Proc Natl Acad Sci U S A. 1996;93:6605-
6609.

22. Roberts NA, Sloane-Stanley JA, Sharpe JA,
Stanworth SJ, Wood WG. Globin gene switching
in transgenic mice carrying HS2-globin gene con-
structs. Blood. 1997;89:713-723.

23. Bungert J, Tanimoto K, Patel S, Liu Q, Fear M,
Engel JD. Hypersensitive site 2 specifies a
unique function within the human beta-globin lo-
cus control region to stimulate globin gene tran-
scription. Mol Cell Biol. 1999;19:3062-3072.

24. Talbot D, Grosveld F. The 5
HS2 of the globin lo-
cus control region enhances transcription through
the interaction of a multimeric complex binding at
two functionally distinct NF-E2 binding sites.
EMBO J. 1991;10:1391-1398.

25. Sorrentino B, Ney P, Bodine D, Nienhius AW. A 46
base pair enhancer sequence within the locus
activating region is required for induced expres-
sion of the gamma-globin gene during erythroid
differentiation. Nucleic Acids Res. 1990;18:2721-
2731.

26. Andrews NC. The NF-E2 transcription factor. Int
J Biochem Cell Biol. 1998;30:429-432.

27. Blank V, Kim MJ, Andrews NC. Human MafG is a
functional partner for p45 NF-E2 in activating glo-
bin gene expression. Blood. 1997;89:3925-3935.

28. Novotny V, Prieschl EE, Csonga R, Fabjani G,
Baumruker T. Nrf1 in a complex with fosB, c-jun,
junD and ATF2 forms the AP1 component at the
TNF alpha promoter in stimulated mast cells.
Nucleic Acids Res. 1998;26:5480-5485.

29. Shivdasani RA, Orkin SH. Erythropoiesis and glo-
bin gene expression in mice lacking the transcrip-
tion factor NF-E2. Proc Natl Acad Sci U S A.
1995;92:8690-8694.

30. Chan K, Lu R, Chang JC, Kan YW. NRF2, a
member of the NFE2 family of transcription fac-
tors, is not essential for murine erythropoiesis,
growth, and development. Proc Natl Acad Sci
U S A. 1996;93:13943-13948.

31. Kuroha T, Takahashi S, Komeno T, Itoh K, Naga-
sawa T, Yamamoto M. Ablation of Nrf2 function
does not increase the erythroid or megakaryo-
cytic cell lineage dysfunction caused by p45
NF-E2 gene disruption. J Biochem (Tokyo). 1998;
123:376-379.

32. Gumucio DL, Shelton DA, Bailey WJ, Slightom
JL, Goodman M. Phylogenetic footprinting re-
veals unexpected complexity in trans factor bind-
ing upstream from the epsilon-globin gene. Proc
Natl Acad Sci U S A. 1993;90:6018-6022.

33. Gumucio DL, Shelton DA, Zhu W, et al. Evolution-
ary strategies for the elucidation of cis and trans
factors that regulate the developmental switching
programs of the beta-like globin genes. Mol Phy-
logenet Evol. 1996;5:18-32.

34. Shelton DA, Stegman L, Hardison R, et al. Phylo-
genetic footprinting of hypersensitive site 3 of the
beta-globin locus control region. Blood. 1997;89:
3457-3469.

35. Hardison R, Slightom JL, Gumucio DL, Goodman
M, Stojanovic N, Miller W. Locus control regions
of mammalian beta-globin gene clusters: combin-
ing phylogenetic analyses and experimental re-
sults to gain functional insights. Gene. 1997;205:
73-94.

36. Dignam JD, Lebovitz RM, Roeder RG. Accurate
transcription initiation by RNA polymerase II in a
soluble extract from isolated mammalian nuclei.
Nucleic Acids Res. 1983;11:1475-1489.

37. Chilton BS, Hewetson A. Zinc finger proteins
RUSH in where others fear to tread. Biol Reprod.
1998;58:285-294.

38. Singh H, LeBowitz JH, Baldwin AS Jr, Sharp PA.
Molecular cloning of an enhancer binding protein:
isolation by screening of an expression library
with a recognition site DNA. Cell. 1988;52:415-
423.

39. Bertolino E, Reimund B, Wildt-Perinic D, Clerc
RG. A novel homeobox protein which recognizes
a TGT core and functionally interferes with a reti-
noid-responsive motif. J Biol Chem. 1995;270:
31178-31188.

40. Burglin TR. Analysis of TALE superclass ho-
meobox genes (MEIS, PBC, KNOX, Iroquois,
TGIF) reveals a novel domain conserved be-
tween plants and animals. Nucleic Acids Res.
1997;25:4173-4180.

41. Ney PA, Sorrentino BP, McDonagh KT, Nienhuis
AW. Tandem AP-1-binding sites within the human
beta-globin dominant control region function as
an inducible enhancer in erythroid cells. Genes
Dev. 1990;4:993-1006.

42. Amrolia PJ, Gabbard W, Cunningham JM, Jane
SM. Maximal activity of an erythroid-specific en-
hancer requires the presence of specific protein
binding sites in linked promoters. J Biol Chem.
1998;273:13593-13598.

43. Ikuta T, Papayannopoulou T, Stamatoyannopou-
los G, Kan YW. Globin gene switching. In vivo
protein-DNA interactions of the human beta-glo-
bin locus in erythroid cells expressing the fetal or
the adult globin gene program. J Biol Chem.
1996;271:14082-14091.

44. Sheridan PL, Schorpp M, Voz ML, Jones KA.
Cloning of an SNF2/SWI2-related protein that
binds specifically to the SPH motifs of the SV40
enhancer and to the HIV-1 promoter. J Biol
Chem. 1995;270:4575-4587.

45. Gong X, Kaushal S, Ceccarelli E, et al. Develop-
mental regulation of Zbu1, a DNA-binding mem-
ber of the SWI2/SNF2 family. Dev Biol. 1997;183:
166-182.

ACTIVATION OF �-GLOBIN TRANSCRIPTION BY HLTF 355BLOOD, 1 JANUARY 2002 � VOLUME 99, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/1/348/1679597/h80102000348.pdf by guest on 05 June 2024



46. Zhang Q, Ekhterae D, Kim KH. Molecular cloning
and characterization of P113, a mouse SNF2/
SWI2-related transcription factor. Gene. 1997;
202:31-37.

47. Ding H, Descheemaeker K, Marynen P, et al.
Characterization of a helicase-like transcription
factor involved in the expression of the human
plasminogen activator inhibitor-1 gene. DNA Cell
Biol. 1996;15:429-442.

48. Hayward-Lester A, Hewetson A, Beale EG,
Oefner PJ, Doris PA, Chilton BS. Cloning, charac-
terization, and steroid-dependent posttranscrip-
tional processing of RUSH-1 alpha and beta, two
uteroglobin promoter-binding proteins. Mol Endo-
crinol. 1996;10:1335-1349.

49. Perkins A. Erythroid Kruppel like factor: from fish-
ing expedition to gourmet meal [In Process Cita-
tion]. Int J Biochem Cell Biol. 1999;31:1175-1192.

50. Armstrong JA, Bieker JJ, Emerson BM. A Swi/
Snf-related chromatin remodeling complex, E-
Rc1, is required for tissue-specific transcriptional
regulation by Eklf in vitro. Cell. 1998;95:93-104.

51. O’Neill D, Yang J, Erdjument-Bromage H, Born-

schlegel K, Tempst P, Bank A. Tissue-specific and
developmental stage-specific DNA binding by a
mammalian SWI/SNF complex associated with
human fetal-to-adult globin gene switching. Proc
Natl Acad Sci U S A. 1999;96:349-354.

52. O’Neill DW, Schoetz SS, Lopez RA, et al. An
ikaros-containing chromatin-remodeling complex
in adult-type erythroid cells [In Process Citation].
Mol Cell Biol. 2000;20:7572-7582.

53. Ding H, Benotmane AM, Suske G, Collen D, Be-
layew A. Functional interactions between Sp1 or
Sp3 and the helicase-like transcription factor me-
diate basal expression from the human plasmino-
gen activator inhibitor-1 gene. J Biol Chem. 1999;
274:19573-19580.

54. Donze D, Townes TM, Bieker JJ. Role of erythroid
Kruppel-like factor in human gamma- to beta-glo-
bin gene switching. J Biol Chem. 1995;270:1955-
1959.

55. Perkins AC, Sharpe AH, Orkin SH. Lethal beta-
thalassaemia in mice lacking the erythroid
CACCC-transcription factor EKLF. Nature. 1995;
375:318-322.

56. Nuez B, Michalovich D, Bygrave A, Ploemacher
R, Grosveld F. Defective haematopoiesis in fetal
liver resulting from inactivation of the EKLF gene.
Nature. 1995;375:316-318.

57. Wijgerde M, Gribnau J, Trimborn T, et al. The role
of EKLF in human beta-globin gene competition.
Genes Dev. 1996;10:2894-2902.

58. Perkins AC, Gaensler KM, Orkin SH. Silencing of
human fetal globin expression is impaired in the
absence of the adult beta-globin gene activator
protein EKLF. Proc Natl Acad Sci U S A. 1996;93:
12267-12271.

59. Citterio E, Van Den Boom V, Schnitzler G, et al.
ATP-dependent chromatin remodeling by the
Cockayne syndrome B DNA repair-transcription-
coupling factor [In Process Citation]. Mol Cell
Biol. 2000;20:7643-7653.

60. Oyake T, Itoh K, Motohashi H, et al. Bach proteins
belong to a novel family of BTB-basic leucine zip-
per transcription factors that interact with MafK
and regulate transcription through the NF-E2 site.
Mol Cell Biol. 1996;16:6083-6095.

356 MAHAJAN and WEISSMAN BLOOD, 1 JANUARY 2002 � VOLUME 99, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/1/348/1679597/h80102000348.pdf by guest on 05 June 2024


