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A fungus-derived compound (OSI-2040) which induces fetal globin expression in the absence of erythroid
cell differentiation was identified in a high-throughput drug discovery program. We utilized this compound to
isolate g-globin regulatory genes that are differentially expressed in OSI-2040-induced and uninduced cells in
the human erythroleukemia cell line K562. Representational difference analysis (RDA) of cDNA revealed sev-
eral genes that were significantly up- or down-regulated in OSI-2040-induced cells. One gene whose expression
was markedly enhanced was the gene for the helix-loop-helix (HLH) transcription factor Id2. Southern analysis
of RDA amplicons demonstrated progressive enrichment of Id2 with each successive subtraction of uninduced
cDNA from induced cDNA. Northern analysis of OSI-2040-induced K562 cells confirmed that Id2 expression
was directly up-regulated coordinately with g-globin. Analysis of other inducers of fetal globin demonstrated
up-regulation of Id2 with sodium butyrate but not with hemin. Retrovirus-mediated overexpression of Id2 in
K562 cells reproduced the enhancement of endogenous globin expression observed with OSI-2040 induction.
Functional assays demonstrated that an E-box element in hypersensitivity site 2 is required for Id2-dependent
enhancement of g-promoter activity. Protein binding studies suggest that alterations in E-box site occupancy
by basic HLH proteins may influence this activity, thus expanding the potential role of these factors in globin
gene regulation.

The genes of the human b-globin locus (ε, Gg, Ag, d, b) are
regulated in a developmental and tissue-specific manner. In-
herent to this control are cis-acting promoter sequences which
flank the genes themselves and distal regulatory sequences
which reside 6 to 20 kb 59 of the ε-gene, known as the locus
control region (LCR). The coordinate action of the LCR and
globin gene promoters results in high levels of expression of
the individual genes at distinct developmental stages. The
ε-gene is expressed during embryonic erythropoiesis and the
g-genes are expressed during fetal development, while expres-
sion of the d- and b-genes is confined to adult erythroid cells
(42). Studies of the globin promoters and the four erythroid-
cell-specific DNase I hypersensitivity sites (HS1 through -4)
which define the LCR have identified numerous protein-bind-
ing motifs for a variety of ubiquitous (Sp1, USF, YY1, and
others) and erythroid-cell-specific (GATA-1, NF-E2, EKLF,
and others) transcription factors (20, 35). Many of these pro-
teins have been identified through recognition of their cognate
binding sites in globin regulatory regions, although several
have been defined through biochemical purification or molec-
ular cloning techniques. These proteins are thought to act as
transcriptional activators or modifiers of the chromatin struc-
ture of the locus. Despite these important functions, few of
these factors have been shown to have discriminatory roles in
the regulation of specific globin genes. EKLF is one exception

to this, as mice nullizygous for the EKLF gene retain normal
embryonic and fetal globin expression but die of a b-thalasse-
mic illness at the onset of adult hematopoiesis (34, 37). An-
other exception appears to be the stage selector protein, which
binds to the proximal g-promoter and preferentially recruits
the LCR during fetal erythropoiesis (21, 22).

The existence of other factors capable of altering the devel-
opmental profile of the b-globin cluster is suggested by studies
of a diverse group of genetic mutations unified phenotypically
by persistent fetal globin expression after birth. These muta-
tions are known collectively as hereditary persistence of fetal
hemoglobin (HPFH) and are largely due to point mutations in
the g-promoter that alter the binding of transcriptional activa-
tors or repressors (39). However, several kindred have been
identified with HPFH that is not linked to the b-globin cluster,
indicating the presence of as-yet-unknown trans-factor muta-
tions that influence the developmental profile of g-gene ex-
pression (12, 14). These factors may not be tissue-specific or
developmentally restricted in their expression patterns but may
exert their influence by augmenting the transcriptional activity
of an already active g-promoter. The importance of such fac-
tors lies in the observation that elevated levels of fetal hemo-
globin have a protective effect on patients who inherit the
devastating b-chain disorders b-thalassemia and sickle-cell dis-
ease (33). Hence, the identification of proteins capable of
inducing fetal globin gene expression may provide treatment
alternatives for these disorders through gene therapy or phar-
macological strategies.

One approach to identifying these novel factors is the study
of compounds that induce g-gene expression in vitro or in vivo.
To this end, we recently identified a fungus-derived compound
(OSI-2040) which enhances g-globin gene expression in the
human erythroleukemia cell line K562 (29). This fungus-de-
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rived compound was found in a high-throughput robotic drug
screen designed to identify agents which specifically transcrip-
tionally activate target genes. The activity of this compound is
comparable to that of the other potent g-globin inducers, so-
dium butyrate and hydroxyurea. In this study, we employed
representational difference analysis (RDA) of cDNA to iden-
tify genes differentially expressed coordinately with g-gene in-
duction by OSI-2040. Our results demonstrate that transcrip-
tion factor Id2, a member of the helix-loop-helix (HLH) family
of proteins, is up-regulated in OSI-2040-induced K562 cells.
Retrovirus-mediated overexpression of Id2 in K562 cells re-
produces the induction of g-gene expression observed with
OSI-2040, suggesting that this factor may play a direct role in
the regulation of the b-globin cluster.

MATERIALS AND METHODS

Isolation of OSI-2040. A library of fungal broth extracts (OSI Pharmaceuticals,
Inc.) was screened against a stable human erythroleukemia cell line, K562,
containing an HS2-g–luciferase reporter gene. A total of 54,656 entities were
screened. The fungal extract file yielded 460 hits from 378 different organisms.
Compounds were prioritized on the basis of efficacy, potency, and cytotoxicity at
24- and 48-h exposure time points for bioassay-guided fractionation and purifi-
cation by sequential organic extraction, reverse-phase high-pressure liquid chro-
matography (HPLC), and countercurrent liquid phase chromatography. The
biological activity of pure compounds was further characterized by tissue culture
(see Results), while the compound structures were determined by mass spec-
trometry and nuclear magnetic resonance imaging. OSI-2040 increased g-globin
transcription and g-globin protein expression in three distinct assays: a hemo-
globin-staining assay, a fetal hemoglobin (HbF) enzyme-linked immunosorbent
assay, and a cation-exchange HPLC assay (16).

Cell lines. The human erythroleukemia cell lines K562 and HEL were grown
in RPMI medium supplemented with 10% fetal calf serum. Cells were induced
with OSI-2040 at 0.8 mM, 25 mM hemin, or 1 mM sodium butyrate for 48 h prior
to RNA extraction. The human embryonal kidney cell line 293T and the human
hepatocellular carcinoma cell line Hep3B were grown in Dulbecco’s modified
Eagle medium supplemented with 10% fetal calf serum.

RNA isolation and Northern analysis. Two methods were used to isolate
poly(A)1 RNA. For RDA, total RNA was isolated from 5 3 107 K562 cells by
guanidinium isothiocyanate lysis (RNAzol; Biotecx Laboratories, Inc.) as de-
scribed by the manufacturer. Polyadenylated RNA was then isolated with bio-
tinylated oligo(dT) primers and streptavidin coupled to magnetic particles
(PolyATract; Promega). Aliquots of 2 mg of poly(A)1 RNA were converted to
cDNA by using an oligo(dT) primer and the RiboClone cDNA synthesis system
(Promega).

For Northern analysis, poly(A)1 RNA was isolated from pools of 2.5 3 107

K562 cells with oligo(dT) cellulose (Boehringer). Northern analysis was per-
formed as previously described (41).

RDA of cDNA. Analyses of cDNAs prepared from drug-induced and unin-
duced K562 cells were performed as previously described with minor adjust-
ments (19, 27). K562 cells were induced with OSI-2040 (0.8 mM) for 48 h, and
RNA and cDNA were prepared as detailed above. Prior to the initial subtractive
hybridization, DpnII-digested cDNA fragments were electrophoresed on a 1%
agarose gel, transferred to a nitrocellulose filter, and probed with b-actin to
normalize the pools. The tester and driver amplicons were hybridized to each
other at molar ratios of 1:100, 1:400, and 1:80,000 for each successive round of
RDA. The driver amplicons derived from uninduced cells were spiked with the
g-globin cDNA. After three rounds of hybridization and PCR, discrete DNA
bands visualized on 1% agarose gels were excised, isolated, and cloned into the
BamHI site of M13 mp19. They were then sequenced with an ABI dideoxy
terminator cycle sequencer (Applied Biosystems) and compared to the GenBank
and expressed sequence tag (EST) databases by using BLAST algorithms.

Reverse Northern blotting. The M13 mp19 clones of the RDA fragments (100
ng) were blotted onto Genescreen Plus membranes in duplicate with a slot blot
apparatus (Schleicher and Schuell). Fragments from several housekeeping genes
(actin, S14, and ribosomal protein genes) were also included. The membranes
were baked for 2 h at 80°C. Equivalent amounts of uninduced and drug-induced
K562 cDNAs were radiolabelled by reducing the concentration of dCTP in the
PCR to 42.5 mM and including 5 ml of [a-32P]dCTP in a 12-cycle PCR (95°C for
1 min and 72°C for 3 min). The labelled cDNAs were then purified through a
Sephadex G-50 column (Pharmacia) and hybridized with filters as previously
described (41). The signals from housekeeping genes were compared to ensure
that cDNA probes with similar specific activity had been used.

Isolation of Id2 coding sequence. The Id2 coding sequence was amplified from
an lZAP K562 library with the primers 59 CGGTCTCGAGTTCCTCGCGGTC
and 39 GAACCTCGAGTATTCAGCCACACAGTG, which correspond to nu-
cleotides 72 to 93 and 488 to 514 (Genbank sequence HUMID2HC), respectively
(44). The primers also incorporate an XhoI site for subsequent cloning. The
first-round PCR included 200 ng of library DNA, 100 pmol of vector primer and

39 Id2 primer, 0.4 mM deoxynucleoside triphosphates, 1 U of Taq polymerase,
and 13 Taq buffer (Boehringer). PCR conditions were 95°C for 30 s, 55°C for 1
min, and 72°C for 1 min for a total of 33 cycles. Nested PCR was then performed
with 1 ml of the first-round reaction product with both Id2-specific primers for 25
cycles. The integrity of the final PCR product was confirmed by sequencing as
detailed above.

Generation of amphotropic retroviral supernatant and transduction of K562
cells. The Id2 coding region was cloned into the retroviral vector plasmid
MSCV-HA at a unique XhoI site (17, 38). This bicistronic vector contains (i) the
murine stem cell virus (MSCV) 59 long terminal repeat, (ii) a hemagglutinin
(HA) epitope tag with the Id2 coding sequence in frame, (iii) the encephalo-
myocarditis internal ribosomal entry site (IRES), (iv) the green fluorescent
protein (GFP) cDNA, and (v) the MSCV 39 long terminal repeat (see Fig. 5A).
The plasmid was cotransfected with an amphotropic packaging plasmid into
293T cells by calcium phosphate precipitation. After 48 h, the supernatant
containing the amphotropic particles was harvested, filtered, and added to either
K562 or HEL cells every 12 h for 3 days. The K562 cells were allowed to recover
for 72 h and then were analyzed for GFP expression by flow cytometry. The
highest-expressing 10% of cells were sterilely sorted and subsequently expanded
in pools. A biological titer of the supernatant on NIH 3T3 cells was equivalent to
a concentration of 106 CFU/ml.

Oligonucleotides, nuclear extract, and EMSA. The sequences of the top strand
of the duplex oligonucleotides used for an electrophoretic mobility shift assay
(EMSA) were the 8762 E-box sequence (CTAGAGGGCAGATGGCAA) and
the USF consensus site (CACCCGGTCACGTGGCCTACACC). Nuclear ex-
tract of K562 cells was prepared by Dounce homogenization of isolated nuclei
and utilized in EMSA as described previously (21).

DNA construction and transfection. Constructs containing the HindIII-XbaI
fragment of HS2 linked to the g-promoter–luciferase gene or b-promoter–lucif-
erase gene have been described previously (1). Constructs containing the mutant
8701 or 8762 E boxes were described in reference 15. Transient-transfection
experiments were repeated six times with at least two independent preparations
of DNA, as described previously (2). Reporter assays were performed with the
luciferase assay kit from Promega according to the manufacturer’s instructions.

RESULTS

Identification and preliminary characterization of OSI-2040.
OSI-2040 is a fungus-derived compound identified as part of a
proprietary high-throughput drug screening program designed
to isolate novel agents which could induce fetal globin produc-
tion (see Materials and Methods for details of isolation and
purification). In the initial screening approach, a K562 cell line
stably transfected with an artificial promoter construct contain-
ing the HS2 region of the LCR and a 2260 g-promoter fused
to the luciferase gene was used (Fig. 1A). Transcriptional ac-
tivity of the g-promoter was increased in these cells in response
to exposure to OSI-2040 for 24 h in a dose-dependent manner
(Fig. 1B). No increase in the activity of a control bcr promoter-
reporter in OSI-2040-induced K562 cells or of a control eryth-
ropoietin promoter-reporter in OSI-2040-induced Hep3B cells
was observed (data not shown). To examine the effects of
OSI-2040 in the context of the endogenous g-globin genes,
K562 cells were exposed to the drug for 96 h and stained with
benzidine. Cells treated with hydroxyurea and sodium butyrate
served as controls. As seen in Fig. 1C, globin synthesis in-
creased with all three agents. These findings were confirmed by
HbF enzyme-linked immunosorbent assay and combined
HPLC-mass spectrometry studies (data not shown).

RDA of cDNA of OSI-2040-induced and uninduced K562
cells. Based on these findings, we proposed that OSI-2040
might be acting through a transcriptional mechanism involving
a regulator of g-gene expression. To identify a putative factor
involved in this process, we performed RDA of cDNA, a PCR-
based subtraction strategy on mRNA from OSI-2040-induced
and uninduced K562 cells (see Materials and Methods). This
procedure was performed with uninduced mRNA subtracted
from induced mRNA to detect transcripts which were up-
regulated by OSI-2040 (forward direction) and with induced
RNA subtracted from uninduced RNA to detect suppressed
transcripts (reverse direction). As seen in Fig. 2A, the com-
plexity of the cDNA species decreased with successive rounds
of subtraction and amplification in both directions. Discrete
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bands were then excised from agarose gels and cloned. To
determine whether the isolated cDNAs were truly differential-
ly expressed, a reverse Northern analysis was performed. As
shown in Fig. 2B, the majority of clones isolated in the forward
direction showed significant up-regulation (2- to 16-fold) in the
induced cDNA pool. Clones isolated in the reverse direction
were down-regulated in the induced pool (3- to 15-fold), indi-
cating that both subtractions had identified differentially ex-

pressed genes. The identity of these genes was determined
through sequence analysis and BLAST database searches. As
seen in Table 1, a variety of clones was obtained, many with a
role in cell-signaling pathways or cell cycle regulation. Of note
was the isolation of an up-regulated transcription factor, Id2, in
the induced pool.

Id2 is up-regulated in OSI-2040-induced K562 cells. To
validate that Id2 was differentially enriched during RDA,
cDNA amplicons obtained at each step of the forward and
reverse procedures were analyzed by Southern blotting with a
full-length Id2 cDNA probe. As seen in Fig. 3A, no signal was
observed in uninduced (lane 2) K562 cells or in amplicons
derived from one or two rounds of reverse subtraction (lanes
R1 and R2). In contrast, the Id2 signal was apparent after drug
treatment alone (lane 1), with dramatic enhancement ob-
served with sequential subtraction in the forward direction
(lanes F1 to F3). To directly assess the effects of OSI-2040
treatment on Id2 expression, K562 cells were cultured in the
presence of the drug for 48 h, and mRNA was prepared. As
seen in Fig. 3B, Northern analysis revealed a significant up-
regulation of Id2 in this setting. Concomitant up-regulation of
endogenous g-gene expression was also evident with OSI-2040
treatment. In contrast, other markers of erythroid-cell differ-
entiation, including GATA-1 and glycophorin A, were not
increased (data not shown). To assess the effects of OSI-2040
on other globin genes, we performed Northern analysis on
induced K562 cells with ε-, b-, and a-globin probes. Interest-
ingly, a significant induction of ε-gene expression was ob-
served. No induction of either b- or a-globin expression was
seen (Fig. 3C). We also examined the effects of OSI-2040 on
another human erythroleukemia cell line, HEL, which consti-
tutively expresses fetal globin genes. No induction of Id2 or
g-gene expression was observed with Northern analysis of this
line. Reverse transcription-PCR analysis of uninduced and in-
duced HEL mRNA revealed that Id2 was not expressed in this
line (data not shown).

To determine whether other compounds capable of inducing
fetal globin expression also induced Id2, we performed North-
ern analysis on K562 cells treated with sodium butyrate or
hemin. As seen in Fig. 4, butyrate induced a significant in-
crease in Id2 expression with a concomitant increase in g-glo-
bin message (lane 2). In contrast, hemin failed to induce Id2
expression, despite effectively increasing the levels of g-gene
transcripts (lane 3). Quantitation of these results revealed that
OSI-2040 induced g-globin 4.9-fold and Id2 11-fold, whereas
butyrate induced g-globin 2.9-fold and Id2 7.9-fold when cor-
rected for expression of the housekeeping gene S14. These
results further indicated that a significant correlation existed
between Id2 and g-gene induction.

Overexpression of Id2 in K562 cells induces g-gene expres-
sion. To directly test whether Id2 alone could induce g-gene
expression, we constructed an MSCV-based retroviral vector
containing Id2 cDNA. This bicistronic vector contains the GFP
cDNA linked by the encephalomyocarditis IRES to the Id2
cDNA tagged with an HA epitope (Fig. 5A). The K562 cells
were transduced with an amphotropic retrovirus derived from
this vector, and positive cells were selected by repeated fluo-
rescence-activated cell sorter sorting for green fluorescence
(Id21 K562 cells). Cells transduced with the MSCV vector
lacking the Id2 cDNA served as the control (Id22 K562 cells).
Multiple pools of Id21 and Id22 K562 cells were obtained and
analyzed by Northern analysis. As seen in Fig. 5B, a significant
increase in Id2 expression was observed in all pools transduced
with the Id2-containing vector (mean, 15-fold). Reprobing of
the Northern blot with a g-gene-specific probe demonstrated a
concomitant increase in expression of the g-gene in all Id21

FIG. 1. OSI-2040 increases g-promoter activity and endogenous fetal globin
expression. (A) Diagrammatic representation of the HS2-g–luciferase construct
used for screening compounds from fungus libraries. The open box represents
the HindIII-BglII fragment of HS2, and the shaded box represents the 2260
g-promoter–luciferase reporter gene. (B) Dose-response curve of g-promoter
induction with OSI-2040. K562 cells containing the HS2-g–luciferase construct
were exposed to increasing concentrations of OSI-2040 as indicated. After 24 h,
the cells were lysed and the reporter gene activity was measured and plotted as
the induction compared with that of uninduced control K562 cells. The OSI-2040
dose axis is not to scale. (C) Benzidine staining in cells treated with g-gene
inducers. K562 cells were treated with OSI-2040 (0.8 mM), butyrate (1 mM), or
hydroxyurea (500 mM) for 96 h. Untreated K562 cells served as a control.
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K562 cell pools, compared with controls (mean, fourfold). No
increase in SCL, GATA-1, or E12 expression was observed
(data not shown). Similar results were also obtained in a sec-
ond g-globin-expressing cell line, HEL, with a threefold induc-
tion of g-gene expression observed in Id21 lines compared
with controls (data not shown). Western analysis of the Id21

K562 cell pools demonstrated Id2 protein expression in all
pools (Fig. 5C). Northern blotting analyses to examine the
direct effect of Id2 on ε- and b-gene expression were also
performed. As seen in Fig. 5D, ε-gene expression was induced
to a level similar to that of the g-gene. No induction of b-gene
expression was observed.

An E-box motif in HS2 is essential for Id2-dependent en-
hancement of g-promoter activity. As Id2 functions as a dom-
inant negative regulator of basic HLH (bHLH) proteins by
preventing their binding to E-box motifs, we examined our
initial screening construct (HS2-g–luciferase) for likely sites of
Id2 activity. Although no E-box elements in the globin pro-
moters have been described, recent studies have documented
the importance of conserved E-boxes in HS2 for enhancer
function. These elements are located within the HS2 core at
positions 8701 and 8762 (15, 24). Our observation that Id2
induced both ε- and g-gene expression, but not a-globin ex-
pression, further suggested that HS2 may contain the se-
quences that mediate the Id2 effect. As a component of the
LCR, HS2 is involved in the regulation of all the b-like genes
but plays no role in a-globin induction. We therefore ascer-
tained whether the HS2 E-box sequences were critical for
Id2-dependent enhancement of g-promoter inducibility. Id21

and Id22 K562 cell pools were transfected with a construct
containing wild-type HS2 linked to a g-promoter–luciferase
reporter gene hybrid or with constructs in which either the
8701 or 8762 E boxes in HS2 had been mutated and linked to
the reporter (Fig. 6A). As shown in Fig. 6B, induction of
g-promoter activity was observed with both the wild-type HS2

and 8701 E-box mutant HS2. In contrast, mutation of the 8762
E-box motif reduced the Id2-dependent induction of g-pro-
moter activity. This effect was observed without loss of activity
of the uninduced construct (reference 24 and data not shown).
To examine these findings in the context of protein binding, an
EMSA was performed by using the 8762 region as the probe.
As seen in Fig. 6C (lane 1), a number of protein-DNA com-
plexes were observed with extract derived from the Id22 K562
cells. These complexes were also observed in extract from Id21

cells (lane 2) with the exception of complexes A and B, which
were absent from the Id21 K562 cell extract. Previous studies

FIG. 2. RDA of cDNA of uninduced and OSI-2040-induced K562 cells. (A) Ethidium bromide-stained agarose gels showing RDA amplicons. Lanes 2 and 1,
cDNAs from uninduced and OSI-2040-induced K562 cells. Lanes F1 to F3 represent successive rounds of subtraction in the forward direction with induced K562 cDNA
as the tester and uninduced K562 cDNA as the driver. Lanes R1 and R2 represent successive rounds of subtraction in the reverse direction with uninduced K562 cDNA
as the tester and induced K562 cDNA as the driver. The migration of molecular weight standards is indicated. (B) Slot blot hybridization of 22 clones demonstrating
differential representation between uninduced and induced amplicons. Actin, which is not differentially expressed, was used as a control.

TABLE 1. Differential amplicons identified by RDA

Amplicona Fold change in
hybridization signal

Forward direction (increase)
Id2 ........................................................................................... 9
Purine nucleoside phosphorylase ........................................ 2
CD24 ....................................................................................... 12
EST similar to CDC10.......................................................... 6
4-1BB ligand .......................................................................... 5
IL-1-inducible EST................................................................ 16
Hep27...................................................................................... 7
Clusterin ................................................................................. 7

Reverse direction (decrease)
Stat 5a ..................................................................................... 12
MBP-1..................................................................................... 6
Polo-like kinase ..................................................................... 10
EST similar to cyclophilin B................................................ 4
Sorcin ...................................................................................... 15
Lamin B receptor .................................................................. 4
CSA-19.................................................................................... 3

a IL-1, interleukin-1.
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suggested that the presence of complex B may be due to
binding of the bHLH protein USF (15). To confirm this, excess
unlabelled oligonucleotide containing the USF consensus se-
quence was added to extract from the Id22 cells. As seen in
lane 3, complex B was selectively disrupted by this process.
Complex A was not reduced by the USF oligonucleotide and
actually appeared to be enhanced in this setting.

DISCUSSION

We have identified a role for the HLH transcription factor
Id2 in the regulation of human globin gene expression. The
conduit for this finding was a fungus-derived compound, OSI-
2040, which induces g-gene expression in K562 cells. This com-
pound was defined in a high-throughput drug screen designed
to isolate compounds that transcriptionally activate target
genes. Based on this, we postulated that the subtraction of
differentially expressed genes in OSI-2040-induced and unin-
duced K562 cells may identify novel factors that mediate the
induction of g-globin gene expression. A similar approach has
been employed to identify genes responsive to a variety of
stimuli (5, 9, 26). One advantage of our approach is that the
starting material for subtraction is derived from identical K562
cells, which differ only in their exposures to OSI-2040. This is
critical for minimizing the isolation of false-positive clones.
When the powerful RDA subtraction strategy was used, Id2
was isolated as a transcription factor whose expression was
coordinately up-regulated with the g-gene in OSI-2040-in-
duced cells. Although other differentially expressed genes were
also identified, they appeared to involve signaling pathways or
cell cycle regulation. These genes were presumably involved in
drug activation pathways but were unlikely to be involved in
the direct activation of the g-promoter. The absence of g-glo-
bin cDNA amplification in the RDA process was attributable
to the addition of g-globin cDNA to the driver amplicons at
each subtraction step.

Our interest in Id2 as a potential globin regulatory protein
was heightened by two observations further linking Id2 and
g-gene induction. Firstly, the fetal erythroid cell line, HEL, in
which g-gene induction was not initiated by OSI-2040, also did
not express Id2. Secondly, sodium butyrate, a potent fetal-
globin-inducing agent, also markedly induced Id2 expression in
K562 cells. Sodium butyrate is thought to increase g-globin
expression through a direct transcriptional mechanism in con-
cert with its activity as a histone deacetylase inhibitor (6, 30).
Several investigators have localized putative sodium butyrate
target sequences in the g-promoter (30, 36). In addition, a
small region of HS2 that includes the core NF-E2 sites has also
been implicated in sodium butyrate response (40). Studies of
the E-box region of HS2 with sodium butyrate have not been
performed, and the demonstration of enhanced Id2 expression
is also novel in this context. Interestingly, at the completion of
these studies, structural analysis of OSI-2040 revealed that it
was identical to a previously described fungal compound, api-
cidin, which also functions as a potent histone deacetylase

FIG. 3. Id2 and g-globin are up-regulated in OSI-2040-induced K562 cells.
(A) Southern blot of the cDNA pools and amplicons shown in Fig. 2A obtained
with an Id2 probe. Lanes 2 and 1, cDNA from uninduced and OSI-2040-in-
duced K562 cells. Lanes F1 to F3 represent successive rounds of subtraction in the
forward direction with induced K562 cDNA as the tester and uninduced K562
cDNA as the driver. Lanes R1 and R2 represent successive rounds of subtraction
in the reverse direction with uninduced K562 cDNA as the tester and induced
K562 cDNA as the driver. (B) Northern analysis of OSI-2040-induced K562 cells.
Two milligrams of poly(A)1 RNA from uninduced (2) or OSI-2040-induced (1)
K562 cells was analyzed with g-gene and Id2 probes. S14 served as the
control. (C) Northern analysis of OSI-2040-induced K562 cells. Two milli-
grams of poly(A)1 RNA from uninduced (2) or OSI-2040-induced (1) K562
cells was analyzed with ε-gene, b-gene, and a-gene probes. S14 served as the
control.

FIG. 4. Id2 is induced by sodium butyrate but not hemin. Northern analysis
of butyrate- or hemin-induced K562 cells is shown. Two milligrams of poly(A)1

RNA from uninduced K562 cells or K562 cells induced with either butyrate or
hemin (as indicated) was analyzed with g-gene and Id2 probes. S14 served as the
control.
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inhibitor (13). The mechanism by which these histone-modify-
ing agents induce Id2 expression was not addressed in our
study. One possibility is that acetylation of histones in core
nucleosomes assembled on the Id2 promoter results in en-
hanced transcription-factor binding to this region and in con-
sequent gene activation (46). A similar mechanism could also
occur on the g- and ε-promoters, resulting in local perturbation
of the chromatin structure, which, when combined with the
effects of Id2 on protein binding to the LCR, could alter the
interaction between enhancer-bound proteins and the pro-
moter (43). Alternatively, the effect of Id2 on the LCR could
be reflected in the up-regulation of g- and ε-globin expression,
as these genes are permissive in the embryonic and fetal envi-
ronments of the K562 cell.

In contrast to OSI-2040 and sodium butyrate, hemin induc-
tion of g-gene expression did not involve up-regulation of Id2.
This finding suggests that induction of erythroid-cell differen-
tiation alone is insufficient for increasing the levels of Id2. In
support of this, observations of cultured human hematopoietic
progenitors demonstrate that Id2 expression is down-regulated
at the onset of erythroid-cell differentiation (10). Subsequent
up-regulation of Id2 occurs only during late erythroid-cell mat-
uration (10, 11).

Conversely, OSI-2040-induced K562 cells and Id21 K562
cells did not exhibit other features of erythroid-cell differenti-
ation, with no observed increase in glycophorin A, SCL, or
GATA-1 levels. These findings are similar to those of previous
studies, which demonstrated that enforced overexpression of
Id genes inhibits differentiation of a variety of hematopoietic
cell lineages (23, 28, 45). Interestingly, addition of Id2 anti-
sense oligonucleotides to human progenitor cells significantly
increases erythroid-cell colony formation, suggesting that Id2
has a negative role in erythroid-cell differentiation (10). This
finding further strengthens our hypothesis that the increase in
embryonic and fetal globin expression is due to a direct tran-
scriptional effect of Id2, rather than to an effect mediated by
influences on the erythroid-cell differentiation program.

The transcriptional effects of Id2, a member of the HLH
protein family, are thought to be secondary to sequestration of
the closely related bHLH family of proteins (4, 44). The bHLH
family consists of numerous ubiquitous (E12, E47, and USF)
and cell-specific (SCL and MyoD) factors involved in cell fate
and differentiation (3, 25, 31, 32). DNA binding of these fac-
tors occurs through the formation of obligate homo- or het-
erodimers on a consensus E-box motif (18, 47). Id2 lacks the
basic amino acid domain of the bHLH proteins which is es-
sential for DNA binding, and hence heterodimers of Id2 and
bHLH proteins fail to assemble on E-box sites (4). Recent
studies have examined the role of E boxes in HS2 in the
induction of fetal and embryonic globins (15, 24). They have
identified two E-box sequences at positions 8701 and 8762 in
the core region of HS2, which are conserved between species.
As the original construct used in the screen for OSI-2040
contained HS2 linked to the 2260 g-promoter and as extensive
protein binding studies of the g-promoter have failed to iden-
tify bHLH binding sites, we postulated that the effects of Id2
may be mediated, in part, through the E boxes in HS2. The
induction of ε-gene expression observed with OSI-2040 and the
lack of a-gene induction further supported a role for HS2 in
this process. Our functional studies suggest that Id2 induction
of g-promoter activity is dependent on the presence of an
intact E-box motif at position 8762 in HS2. Although mutation
of this site does little to affect the enhancer activity of HS2 with
either g- (our studies and reference 24) or ε-promoters (15) in
wild-type cells, in Id21 cells induction of the g-promoter is lost.
One explanation of this finding is that a balance of positive and

FIG. 5. Overexpression of Id2 in K562 cells induces g-gene expression. (A)
Diagrammatic representation of the MSCV-Id2-IRES-GFP retroviral vector. The
vector consists of the MSCV retroviral backbone, containing the Id2 coding se-
quence, followed by an IRES from the encephalomyocarditis virus linked to the GFP
gene. (B) Northern analysis of K562 cell pools overexpressing Id2. Two milli-
grams of poly(A)1 RNA from K562 cells transduced with MSCV-Id2 or MSCV
alone were analyzed with g-gene and Id2 probes. S14 served as the control. (C)
Western analysis of K562 cell pools overexpressing Id2. Whole-cell lysates from
K562 cells transduced with MSCV-Id2 or MSCV alone were analyzed with anti-
HA antisera. The specific HA-Id2 band is shown by an arrow. Numbers on the right
represent the migration pattern of protein molecular weight standards (in thou-
sands). (D) Northern analysis of K562 cell pools overexpressing Id2. Two milli-
grams of poly(A)1 RNA from K562 cells transduced with MSCV-Id2 or MSCV
alone was analyzed with ε-gene and b-gene probes. S14 served as the control.

VOL. 19, 1999 Id2 INDUCTION OF FETAL GLOBIN 4187



negative regulators exists at the 8762 site. Mutation of the site
ablates binding of both of these classes of factors, and thus, no
net effect on enhancer activity is observed (15). In the presence
of increased Id2, the balance is altered by the selective seques-
tration of a negative regulator, thereby mediating increased
enhancer activity. Examination of the protein binding data
with the 8762 E-box probe supports this hypothesis. Two com-
plexes (A and B) are significantly altered in the Id21 K562 cells
compared to wild-type cells (Fig. 6C). While the identity of
complex A remains unknown, complex B contains USF, which
has recently been shown to act as a negative regulator in a
highly functionally analogous enhancer system. Studies of the
immunoglobulin heavy-chain enhancer demonstrate that USF
functions as a negative regulator by competing with other
bHLH proteins for occupancy of a key E-box element (7). As

USF lacks a potent trans-activation domain, its binding to the
enhancer E box creates a dominant negative effect. Although
homodimeric USF is not one of the bHLH complexes known
to be regulated by Id2 (44), the binding of USF to the 8762 site
appears to be heterodimeric (15). Thus, the displacement of
this protein complex may be mediated by Id2 interacting with
the heterodimeric component of the complex. Although no
new activator complex is observed with the 8762 probe with the
displacement of USF binding, EMSA is performed in the pres-
ence of vast probe excess. Therefore, any of the existing com-
plexes defined by Elnitski et al. could play the role of unop-

FIG. 6. An E box in HS2 mediates Id2 induction. (A) Diagrammatic repre-
sentation of the constructs used for transfection into Id21 and Id22 K562 cells.
Wild-type HS2 contains the HindIII-XbaI fragment of HS2 linked to the 2260
g-promoter–luciferase gene hybrid. Conserved and protein binding sites within
HS2 are labelled. Mutated sites are denoted by solid black circles. (B) Fold
induction of the constructs depicted in panel A. The fold increase in luciferase
levels between Id22 and Id21 K562 cells is shown for each construct. Luciferase
values were corrected for the protein concentration of the lysate. Values are the
means of at least three separate transfections of more than 50 pools with at least
two different plasmid preparations. (C) Binding of proteins to the 8762 E box.
EMSA was conducted with nuclear extracts from Id22 (lanes 1 and 3) and Id21

(lane 2) K562 cells. A USF probe, used as an unlabelled competitor, was added
to lane 3 in 50-fold molar excess.
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posed transcriptional activator (15). The ability of Id2 to
stimulate gene transcription has also been examined in studies
of the low-affinity nerve growth factor receptor (p75LNGFR)
gene promoter. Binding of the bHLH factor ME1a to an E box
in the LNGFR promoter specifically represses promoter activ-
ity in a variety of cell lines, including PC12, a pheochromocy-
toma line. Coexpression of Id2 and ME1a in PC12 results in
the formation of a non-DNA binding heterodimer with allevi-
ation of ME1a-dependent repression. In this context, promoter
activation is achieved through other E-box binding proteins
which are unaffected by Id2 (8). These findings are similar to
our own and demonstrate that the Id-like transcriptional reg-
ulators function as either repressors or activators, depending
on the sequence context and on the balance of bHLH proteins
which act on a specific site.

Although Id2 is capable of enhancing embryonic and fetal
globin expression in cells in which the genes are normally
transcribed, it remains to be determined whether Id2 can exert
the same effect on transcriptionally inactive ε- and g-genes.
Our results, demonstrating a failure of Id2 to induce b-gene
expression in K562 cells, suggest that only target promoters
that are transcriptionally active will be responsive. Thus, the
effects of Id2 are not truly developmentally specific but are
dependent on the transcriptional environment of potential tar-
get genes. Nevertheless, induction of Id2 expression in the
context of active fetal globin expression in primary human cord
blood progenitors may generate an HPFH phenotype in which
g-gene expression is unable to be silenced. Ongoing studies will
determine the potential of Id2 for genetic therapy approaches
to the b-hemoglobinopathies.
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