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ABSTRACT

Strong transactivation of the β-globin genes is
conferred by the β-globin locus control region (LCR),
which consists of four erythroid-specific DNase I
hypersensitive sites (HS1–HS4). HS2 has a powerful
enhancer activity dependent upon tandem binding
sites for the erythroid cell- and megakaryocyte-
specific transcription factor NF-E2. An important
co-activator-mediating transactivation by HS2 is the
histone acetyltransferase (HAT) CREB binding
protein (CBP). We showed previously that recruit-
ment of a GAL4-CBP fusion protein to HS2 largely
bypassed the requirement of the NF-E2 sites for
transactivation. To determine whether GAL4-CBP
recruitment is sufficient for transactivation, we
assessed the importance of cis-elements within HS2.
Docking of GAL4-CBP upstream of an Aγ-globin
promoter lacking HS2 only weakly activated the
promoter, indicating that HS2 components are
required for GAL4-CBP-mediated transactivation.
Sequences upstream and downstream of the NF-E2
sites were required for maximal GAL4-CBP-mediated
transactivation, and HAT catalytic activity of GAL4-
CBP was critical. No single factor-binding site was
required for GAL4-CBP-mediated transactivation.
However, deletion of two sites, a CACC site and an
E-box, abolished transactivation in transient and
stable transfection assays. These results suggest
that NF-E2 recruits CBP as a critical step in trans-
activation, but additional components of HS2 are
required to achieve maximal enhancer activity.

INTRODUCTION

Long-range transcriptional activation of the β-globin genes is
conferred by four erythroid-specific DNase I hypersensitive
sites (HS1–HS4) referred to as the β-globin locus control
region (LCR) (1,2). These hypersensitive sites (HSs), located
8–50 kb upstream of the β-globin genes (3), contain many

binding sites for diverse transcription factors (4). Stable
transfection (5,6) and transgenic studies (7–9) provided
evidence that the HSs synergize to confer long-range activation in
a heterologous chromosomal environment. One model to
explain the synergism is that multiple protein–protein and
protein–DNA interactions involving components at all HSs are
required to assemble a large ordered nucleoprotein complex or
a holo-LCR (5,10). Given the fact that certain HSs such as HS2
have strong enhancer activity (11–19), subcomplexes forming
on the individual HSs may have to interact specifically to form
a holo-LCR. In contrast to the studies noted above, knockouts
of individual murine HSs via homologous recombination, and
analysis of mutant alleles in heterozygotes showed an additive
effect of the HSs (20), inconsistent with the holo-LCR model.
Thus, there is still much to be learned about the structure and
function of the β-globin LCR.

Identifying factors responsible for conferring strong
enhancer activity is important for elucidating the mechanism
of long-range transactivation by the LCR. Multiple factors
have been implicated in HS2 enhancer activity including
NF-E2 (21–23), GATA-1 (21,24–26), TAL-1 (27,28), CBF1
(29,30), USF (17,31) and YY-1 (17,32). Intriguingly, in K562
erythroleukemia cells that express these hematopoietic and
ubiquitous transcription factors, there is an absolute require-
ment for the tandem NF-E2 sites in conferring strong trans-
activation in transient and stable transfection assays
(13,29,33). Although mutations of other sites have partial
inhibitory effects in K562 cells (27,29), disruption of the NF-E2
sites abolishes enhancer activity. Thus, NF-E2 may be required
to assemble the HS2 complex, and in its absence, other factors
would not associate stably with HS2.

Despite this critical role of the NF-E2 sites for strong
enhancer activity of the LCR, mice lacking the hematopoietic-
specific subunit of NF-E2, p45/NF-E2, have nearly normal
erythropoiesis (34,35). p45/NF-E2 null mice die of bleeding
shortly after birth due to impaired megakaryopoiesis. As p45/
NF-E2 null mice have an impaired oxidative-stress response in
red blood cells, they appear to have an intrinsic defect in erythroid
cell function (36). In contrast to in vivo analyses, disruption of
the p45/NF-E2 gene in erythroid cell lines, such as CB3
murine erythroleukemia cells, results in silencing of the endo-
genous β-globin genes. β-Globin transcription is rescued upon
expression of p45/NF-E2 (37–41), thereby confirming a causal
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relationship between p45/NF-E2 loss and β-globin gene
silencing in cell culture. Thus, p45/NF-E2 is critical for
β-globin expression in cell culture systems, but functional
redundancy appears to exist in vivo.

The p45/NF-E2-mediated rescue of β-globin expression in
erythroleukemia cell lines could be direct or indirect, and
considering that multiple factors bind NF-E2 sites (42), it was
unclear whether rescue involved HS2 binding. However, ChIP
analysis showed that p45/NF-E2 could be crosslinked to HS2
in K562 and mouse erythroleukemia (MEL) cells, and in d.p.c.
14.5 murine fetal liver enriched in adult erythroid cells
(41,43,44). Moreover, stable expression of p45/NF-E2 in CB3
cells results in occupancy of HS2 (41). These results strongly
suggest that p45/NF-E2 functions through HS2 and that rescue
involves a direct action through HS2. It thus becomes essential
to understand why p45/NF-E2 has such a unique requirement
relative to other HS2 binding proteins.

An increasing number of studies have implicated the histone
acetyltransferases (HATs) CREB binding protein (CBP) and
p300 as important coactivators for trans-acting factors func-
tioning through promoters and enhancers (reviewed in 45–47).
CBP/p300 has been implicated recently in enhancer-mediated
transactivation over distances greater than several hundred
base pairs (48,49). We demonstrated that CBP/p300 was
required for HS2- and LCR-mediated transactivation in tran-
sient and stable transfection assays, but not for basal activity of
the γ- and β-globin promoters (48). As the CBP/p300 inhibitor
Adenovirus E1A repressed expression of the endogenous
γ-globin genes, it is attractive to propose a model in which
CBP/p300 mediates the enhancer activity of the LCR over
distances up to ~50 kb, the distance between the LCR and the
β-globin promoter (Fig. 1). To test this model, it is important to
define the LCR components required for CBP/p300 recruit-
ment. In this regard, p45/NF-E2 interacts physically and func-
tionally with CBP/p300 (48,50), and the NF-E2 binding sites
of HS2 were required for CBP function through HS2 (48).
Thus, the importance of the NF-E2 sites may be related to the
recruitment of CBP/p300.

In MEL cells, p45/NF-E2 binding to the LCR establishes
histone H3, and to a lesser extent H4, hyperacetylation and
induces RNA polymerase II recruitment at the adult β-globin
promoters (41). As CBP/p300 acetylates histones and tran-
scription factors, including the MafG subunit of NF-E2 (51)
and GATA-1 (52,53), the mechanism of the CBP/p300
requirement for LCR-mediated transactivation might have
multiple components. Here we describe how recruitment of
CBP to the NF-E2 binding region of HS2 requires interactions
with other components of HS2 to confer strong transactivation
in transient transfection assays and in a chromosomal context.
These results are discussed vis-à-vis a multi-step model of
coactivator usage by HS2.

MATERIALS AND METHODS

Plasmid construction

The reporter plasmid HS2γluc was described previously (5).
HS2 mutations were constructed from pHS2γluc by standard
PCR-based mutagenesis or by double-stranded oligo replace-
ment and confirmed by sequencing. For all plasmids
containing a GAL4 site in HS2, an adjacent XhoI (CTCGAG)

and a GAL4 binding site (CGGAAGACTCTCCTCCG) were
substituted for the tandem NF-E2 sites (CAATGCTGAGT-
CATGATGAGTCA). All ∆5′ plasmids were truncated at the
XhoI site and lacked HS2 sequences upstream of the Gal4
binding site. These plasmids contained additional pBluescript
sequence (GGGCCCCCC) between the KpnI site of pγluc (5)
and the XhoI site. Mutations of individual binding sites were
accomplished by conservative 6 bp substitutions; replacing the
E-box (CAGATG) with an SpeI site (ACTAGT), CACC site
(GTGTGT) with an AflII site (CTTAAG), the consensus
GATA-1 site (CTATCT) with a MluI site (ACGCGT) and
conserved site X (GCTGAG) with a BsiWI site (CGTACG).
To generate the HS2(∆5′,Gal4,∆C-G)γluc plasmid, 80 bp
between, and including, the NF-E2 and GATA-1 sites were
replaced with an adjacent XhoI and GAL4 binding site. The
endpoints of the deletion are denoted by asterisks in Figure 1.
HS2 core plasmids were derived from corresponding ∆5′ plas-
mids and therefore lack HS2 sequences upstream of the GAL4
site. Sequences downstream and including the consensus
GATA-1 site were removed by replacement of the consensus
GATA-1 site with a MluI site. Lastly, the HS2 sequence
between this MluI site and the MluI site of pγluc was deleted.
For the plasmids TWIST5 and TWIST10, the spacing between
the GAL4 binding site and CACC site was increased by addi-
tion of the sequences TGATCT and TCGAGATCTGT,
respectively; these sequences were substituted for the nucle-
otide marked by the solid circle in Figure 1. For the plasmid
(GAL4)γluc, a Gal4 binding site was introduced between the
KpnI and MluI sites of the pγluc plasmid. A 5.1 kb MluI
fragment from phage λ was introduced into the MluI site of
(GAL4)γluc to yield (GAL4)5.1γluc.

Expression plasmids encoding the GAL4 DNA binding domain
(amino acids 1–147), pRc/RSV-GAL4, and a GAL4 DNA
binding domain fusion to human CBP, pGAL4-CBP(FLAG),
were gifts from Dr John Chrivia (54). The expression plasmid
pGAL4-CBPHAT– is identical to pGAL-CBP(FLAG) except at
positions Tyr1540Tyr1541 within the coenzyme A binding domain,
which were changed to alanines to disrupt acetyltransferase
activity as described previously (55). The integrity of the
constructs was confirmed by restriction enzyme digestion
analysis and DNA sequencing.

Cell culture

The human erythroleukemia cell line K562 was propagated in
Iscove’s Modified Eagle’s Medium (Biofluids, Rockville,
MD) containing 25 µg/ml gentamycin, 1% antibiotic/anti-
mycotic and 10% fetal calf serum (Gibco-BRL, Rockville,
MD) (complete IMEM). Cells were grown in a humidified
incubator at 37°C in the presence of 5% carbon dioxide.

Transient transfection analysis

K562 cells (5 × 105) were collected by centrifugation at 240 g
for 6 min at 4°C and were resuspended in complete IMEM. For
each transfection, 3 µg total DNA was suspended in 150 µl of
complete IMEM, incubated with 4 µl of Superfect (Qiagen,
Valencia, CA) for 15 min at room temperature and then added
to cells. Except where noted, each transfection contained 1 µg
of reporter plasmid and 1 µg of expression plasmid. The
constitutively active β-galactosidase expression vector
pCMVβ-Gal (0.1 µg) (Pharmacia, Piscataway, NJ) was
included in each transfection reaction to assess differences in
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the transfection efficiency. After incubating for 40 h, cells were
harvested and assayed for luciferase activity. β-Galactosidase
activity was assayed with a luminescent substrate (Galacton
Plus) according to the manufacturer’s instructions (TROPIX,
Inc., Bedford, MA). The luciferase activity (relative light
units = RLU) was normalized by the protein content (deter-
mined by Bradford assay using γ-globulin as a standard) and
the β-galactosidase activity of the lysates. Similar results were
obtained when the luciferase values were normalized by the
protein content of lysates alone versus normalizing to both
protein content and β-galactosidase activity.

Stable transfection analysis

Pools of stably transfected K562 cells were generated as
described previously (5). Cell lysates were assayed for
luciferase activity, and the luciferase activity was normalized
by the protein content of the lysates as described above.

RESULTS

CBP recruitment upstream of an Aγ-globin promoter is
insufficient for strong transactivation

Studies on the mechanism of the erythroid-specific enhancer
activity of the LCR have been carried out in both in vitro and
in vivo systems. Importantly, in numerous reports, the
cis-acting and trans-acting requirements for LCR-mediated
transactivation in transient and stable transfection assays were
similar if not identical. For example, as noted above, the
tandem binding sites for NF-E2 within HS2 are critical for
strong enhancer activity in transient and stable transfection
assays and in transgenic mice. A conserved E-box within HS2
contributes to the strong transactivation in transient and stable
transfection assays, but is considerably less important than the

NF-E2 sites (27,29). Moreover, a recently characterized negative
element of HS2 was active in both transient and stable trans-
fection assays (56). Based on these common requirements, and
considering that multiple co-activators have been identified
and characterized through transient transfection analyses
(57–61), transient assays were used herein to assess how
CBP/p300 is utilized by HS2.

Previously, we generated a reporter, HS2(GAL4)γluc, in
which the tandem NF-E2 sites of HS2 were replaced with a
single GAL4 binding site, while maintaining the spacing
between neighboring cis-elements of HS2 (48). Expression of
GAL4-CBP strongly activated HS2(GAL4)γluc (14.3-fold)
(Fig. 2). A GAL4 fusion to the unrelated HAT PCAF did not
activate the reporter in transfected K562 cells (K.D.Johnson,
J.E.Norton and E.H.Bresnick, unpublished data), even though
the identical GAL4-PCAF construct conferred activation
through a GAL4 site placed within the SV40 enhancer, posi-
tioned 3.1 kb downstream of a synthetic promoter in a transient
transfection assay in B78 melanoma cells (49). Thus, not all
HATs can function through the NF-E2 binding region of HS2.

To assess whether CBP recruitment is sufficient for activation
of the Aγ-globin promoter, we tested whether GAL4-CBP can
activate reporters containing a GAL4 site immediately
upstream [(GAL4)γluc] or 5.1 kb upstream [(GAL4)5.1γluc] of
an Aγ-globin promoter. In contrast to HS2(GAL4)γluc, GAL4-
CBP only weakly influenced the activity of the promoter-only
constructs (1.9- and 1.8-fold, respectively) (Fig. 2). This result
suggests that recruitment of GAL4-CBP near the promoter is
insufficient for strong activation, and that additional components
of HS2 are required. As the GAL4 site replaced the tandem
NF-E2 sites of HS2(GAL4)γluc, and GAL4-CBP strongly
activates this reporter, one can rule out NF-E2 as being essential
for GAL4-CBP-mediated activation, once recruitment has
taken place.

Figure 1. Organization of the human β-globin locus. The human β-globin gene cluster consists of one embryonic gene (ε), two fetal genes (Gγ and Aγ), one minor
adult gene (δ) and one major adult gene (β). Four erythroid-specific HSs at the 5′ end of the locus constitute the LCR, which is critical for high-level expression of
the β-globin genes. A 3′ erythroid-specific HS and a ubiquitous 5′-HS (HS5) are also shown. The organization of transcription factor binding sites within HS2 is shown in
the middle. The sequence of a portion of HS2 is shown at the bottom. The asterisks denote the limits of an internal deletion of HS2 in HS2(∆5′,GAL4,C-G)γluc. The solid
circle denotes the base that was substituted with 5- and 10-bp sequences to generate TWIST5 and TWIST10 plasmids. GC, GC-rich sequences; NF-E2, tandem
binding sites for the erythroid cell- and megakaryocytic-specific transcription factor NF-E2; CACC, conserved sequence with no established endogenous inter-
actor; CBF1/TAL1, overlapping binding sites for C-promoter binding factor 1 (29) and TAL1 (27); GATA-1, binding site for the erythroid cell- and megakaryocyte-
specific transcription factor GATA-1; E, E-box; USF, binding site for the upstream stimulatory factor; YY1, binding site for ying-yang 1.
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CBP cooperates with multiple components of HS2 to
confer strong transactivation

A simple model to explain the results in Figure 2 is that NF-E2
engages in a protein–protein interaction with CBP/p300,
allowing it to dock on HS2. The strong enhancer activity of
HS2 would then require additional components of HS2 to
functionally interact with CBP/p300. To define cis-elements of
HS2 required for GAL4-CBP-mediated activation, we
generated HS2 mutants lacking sequences at the 5′-side of
the GAL4 site with [HS2(∆5′,GAL4,∆C-G)γluc] or without
[HS2(∆5′,GAL4)γluc] an internal deletion on the 3′-side of the
GAL4 site, which removed three conserved factor binding
sites, a CACC site, an E-box and a GATA-1 site. As in
Figure 2, GAL4-CBP weakly (1.8-fold) and strongly
(11.3-fold) activated (GAL4)γluc and HS2(GAL4)γluc
reporters, respectively (Fig. 3). Deletion of the 5′ sequences
lowered GAL4-CBP-mediated activation to 5.8-fold, while
mutation of additional CACC, E-box and GATA-1 sites

strongly reduced activation to 2-fold, comparable with
(GAL4)γluc. Thus, sequences at the 5′- and 3′-ends of HS2 are
important for GAL4-CBP-mediated activation of HS2.
Considering that multiple additional factor binding sites reside
on the 3′-side of the internal deletion (4), these remaining sites
are insufficient to confer strong activation by GAL4-CBP.

Since HS2(∆5′,GAL4,∆C-G)γluc, lacking HS2 sequences on
the 5′-side, and CACC, E-box and GATA-1 sites on the 3′-side
of the GAL4 site, were not strongly activated by GAL4-CBP,
and HS2(∆5′,GAL4)γluc was activated 5.8-fold, we asked
whether an HS2 fragment containing the GAL4 site, the 3′
CACC site and the neighboring E-box [HS2core(GAL4)γluc]
was sufficient for strong activation. GAL4-CBP activated
HS2core(GAL4)γluc 9.9-fold compared with 13.6-fold for
HS2(GAL4)γluc (Fig. 4). Single mutations of the E-box or

Figure 2. CBP recruitment is insufficient for strong transactivation of an
Aγ-globin promoter. (A) Structure of test constructs. (B) K562 cells were tran-
siently co-transfected with test constructs and either the blank vector pcDNA3
or expression vectors encoding the DNA binding domain of GAL4 alone or the
GAL4 DNA binding domain fused to CBP. The graph depicts the luciferase
activities normalized by the protein content of the lysates (mean ± SE, n ≥ 6).
Fold activation values are also shown. Note that the activity of
HS2(GAL4)γluc is similar to the promoter-only construct (GAL4)γluc, as the
NF-E2 sites are critical for the enhancer activity of HS2 in this assay.

Figure 3. Strong GAL4-CBP-mediated transactivation of an Aγ-globin
promoter requires sequences upstream and downstream of the NF-E2 sites of
HS2. (A) Structure of test constructs. (B) K562 cells were transiently co-trans-
fected with test constructs and either the blank vector pcDNA3 or an expres-
sion vector encoding GAL4 fused to CBP. Expression of the GAL4 DNA
binding domain alone yielded activities comparable with that of the pcDNA3
control. The graph depicts the absolute luciferase activities normalized by the
protein content of the lysates (mean ± SE, n = 6). Fold activation values are
also shown.
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CACC site, in the context of the minimal core construct, only
caused a small reduction in GAL4-CBP-mediated activation
(7.9- and 7.2-fold, respectively). Thus, sequences at the 3′-side
of the NF-E2 sites containing the E-box and CACC site
mediate strong activation, but neither site is essential.

The erythroid cell- and megakaryocyte-specific and HS2
binding factor GATA-1 functionally interacts with CBP in the
context of a synthetic promoter containing GATA-1 binding
sites (62). However, the consensus GATA-1 site (24,25) of
HS2 was not required for CBP/p300 recruitment in K562 cells
(48). The activity of an HS2 mutant lacking this site was
abolished by adenovirus E1A, an inhibitor of CBP/p300,
inconsistent with its requirement for CBP/p300 recruitment in
this system. Nevertheless, it is possible that GATA-1 or a
GATA-1-associated co-activator (63) cooperates with CBP/p300

once CBP/p300 docks on HS2. However, as
HS2core(GAL4)γluc lacks a consensus GATA-1 site and was
strongly activated by GAL4-CBP, this site is not required for
GAL4-CBP-mediated activation of HS2. Furthermore, in the
context of HS2(GAL4)γluc, the consensus GATA-1 site is also
not important for strong GAL4-CBP-mediated transactivation
(K.D.Johnson, J.E.Norton and E.H.Bresnick, unpublished
data). Thus, the binding of GATA-1 to the consensus site is
dispensable for strong GAL4-CBP-mediated activation of HS2
once GAL4-CBP has docked on HS2.

To define whether specific combinations of sites are necessary
for strong GAL4-CBP-mediated activation of HS2, additional
site mutations were generated in the context of
HS2(∆5′,GAL4)γluc. GAL4-CBP activated HS2(∆5′,GAL4)γluc
6.6-fold, while single site mutations of the E-box and CACC
site decreased activation to 5.4- and 3.3-fold, respectively
(Fig. 5). As a conserved 6 bp sequence lies just to the 3′-side
of the NF-E2 sites (site X) and is present in the GAL4 site-
substituted constructs, a mutant lacking this site
[HS2(∆5′,GAL4,∆X)γluc] was also generated. GAL4-CBP acti-
vated HS2(∆5′,GAL4,∆X)γluc 6.1-fold, similar to the activation
seen with HS2(∆5′,GAL4)γluc. Constructs containing multiple
site mutations were also generated. Mutation of both the E-box
and CACC site strongly reduced the level of activation to 2.5-
fold, equivalent to that of (GAL4)γluc. Similarly, mutation of
the E-box, the CACC site and site X abolished activation
(1.1-fold). Insertion of 5 or 10 bp spacers between the CACC
site and the GAL4 site (TWIST5 and TWIST10 plasmids,
respectively) only had minor effects on GAL4-CBP-mediated
activation (data not shown), suggesting that the helical orienta-
tion of the CACC site with respect to the docking site of
GAL4-CBP is not critical. Thus, strong GAL4-CBP-mediated
activation of HS2 requires the E-box and CACC site and, as
shown in Figures 3B and 4B, requires sequences at the 5′-side
of the GAL4 site.

As the CACC site and E-box were essential for strong
GAL4-CBP-mediated activation, we asked whether these sites
were important for HS2 enhancer activity upon integration into
chromosomal DNA. Stably transfected pools of K562 cells
were generated with constructs containing the tandem NF-E2
binding sites with [HS2(∆5′)γluc] or without the CACC site
and E-box [HS2(∆5′,∆C,E)γluc]. Mutation of the CACC site
and E-box resulted in considerably lower activity in the stable
transfection assay (Fig. 5C). Thus, under conditions in which
NF-E2 normally mediates CBP/p300 usage by HS2, there is an
important requirement for the CACC site and E-box for strong
enhancer activity.

Given that CBP and p300 are histone and protein acetylases
and can physically interact with diverse proteins, it was
instructive to ask whether strong GAL4-CBP-mediated trans-
activation requires the acetylase function of CBP. A HAT-
defective mutant of CBP (GAL4-CBPHAT–) was generated,
based on residues known to be important for CBP/p300
catalytic activity, and its ability to activate HS2(GAL4)γluc
was assessed. As shown in Figure 6, GAL4-CBPHAT– only
weakly activated the reporters, confirming that strong activation
requires the acetylase function of CBP.

Figure 4. A minimal core sequence of HS2 is sufficient for strong GAL4-CBP-
mediated transactivation of a Aγ-globin promoter. (A) Structure of test con-
structs. (B) K562 cells were transiently co-transfected with the test constructs
and either the blank vector pcDNA3 or an expression vector encoding the
GAL4 DNA binding domain fused to CBP. Expression of the GAL4 DNA
binding domain alone yielded activities comparable with that of the pcDNA3
control. The graph depicts the luciferase activities normalized by the protein
content of the lysates (mean ± SE, n ≥ 6). Fold activation values are also
shown.
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DISCUSSION

The results described herein are summarized in Figure 7.
NF-E2 physically recruits a CBP/p300-containing coactivator
complex to HS2. In addition to CBP/p300 recruitment, other
components of HS2 are required for strong transactivation.
These components require cis-elements upstream of the NF-E2
sites and a CACC site and E-box downstream of the NF-E2
sites. The requirement for these components may result from
(i) acetylation of the cognate binding proteins by GAL4-CBP,
(ii) direct stimulation of GAL4-CBP HAT activity or (iii)
recruitment of additional factors to HS2 by the cognate binding
proteins, which synergize with GAL4-CBP.

Multiple targets for the acetylase function of CBP have been
implicated, including non-histone proteins (64,65), the
acetylase ACTR (66) and histones (66). An increasing number
of transcription factors have been shown to be acetylated by
CBP/p300 (reviewed in 46,67). GATA-1 is acetylated by
CBP/p300 in vitro and in vivo, and acetylation has been
reported to stimulate transactivation and DNA binding
functions of GATA-1 (52,53). Although the consensus GATA-1
site was not required for GAL4-CBP-mediated activation of
HS2, the presence of an imperfect GATA-1 site immediately
upstream of the consensus site leaves open the possibility that
GATA-1 acetylation may still be relevant. However, as
demonstrated in Figure 5, mutations of the CACC site and
E-box abolish activation despite the presence of the consensus
GATA-1 site. Thus, GATA-1 binding to HS2 is insufficient for
GAL4-CBP-mediated activation. Interestingly, acetylation of
the erythroid-specific transcription factor EKLF increases

Figure 5. Strong GAL4-CBP-mediated transactivation of an Aγ-globin
promoter is abrogated by mutation of multiple cis-elements of HS2 in transient
and stable transfection assays. (A) Structure of test constructs. (B) K562 cells
were transiently co-transfected with the test constructs and either the blank
vector pcDNA3 or an expression vector encoding the GAL4 DNA binding
domain fused to CBP. Expression of the GAL4 DNA binding domain alone
yielded activities comparable with that of the pcDNA3 control. The graph
depicts the luciferase activities normalized by the protein content of the lysates
(mean ± SE, n ≥ 8). Fold activation values are also shown. (C) K562 cells were
stably transfected with the indicated constructs. The graph depicts the
luciferase activities normalized by the protein content of the lysates (mean
± SE, n = 4).

Figure 6. Requirement of HAT activity for strong GAL4-CBP-mediated
transactivation of an Aγ-globin promoter. K562 cells were transiently co-
transfected with HS2(GAL4)γluc and either the blank vector pcDNA3 or
expression vectors encoding the GAL4 DNA binding domain, the GAL4 DNA
binding domain fused to CBP or the GAL4 DNA binding domain fused to a
HAT-defective mutant of CBP. The graph depicts the luciferase activities nor-
malized by the protein content of the lysates (mean ± SE, n = 6). Fold activa-
tion values are also shown.
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EKLF-dependent transactivation, and EKLF binds CACC sites
(68). As acetylated EKLF has enhanced affinity for the Swi/Snf
chromatin remodeling complex (69), acetylation might
facilitate Swi/Snf recruitment. The requirement of the CACC
site for strong GAL4-CBP-mediated transactivation may be
explained by acetylation of EKLF, and it would be
intriguing if NF-E2-recruited CBP/p300 interacts functionally
with EKLF-recruited Swi/Snf. However, such a mechanism
remains speculative. Lastly, the association of the hematopoietic-
specific transcription factor TAL1 with the Sin3A co-repressor
is destabilized by PCAF-mediated acetylation of TAL1, and
acetylation enhances TAL1 DNA binding (70). As TAL1 can
bind to the E-box of HS2 in vitro (27), cooperation between
GAL4-CBP and TAL1 might be important for strong
GAL4-CBP-mediated activation of HS2.

Interestingly, the acetylation activity of CBP towards
nucleosomal but not free histones increases upon interaction
with certain transcription factors, including p45/NF-E2 (71).
As certain CBP-interacting proteins lacked this activity, CBP
binding was insufficient to stimulate acetylation. Upon recruit-
ment of GAL4-CBP to HS2, factors binding the E-box and
CACC site might stimulate the HAT activity of GAL4-CBP.
p45/NF-E2 regulates histone acetylation based on our recent
analysis of the histone acetylation state of the endogenous β-
globin locus in MEL and CB3 cells (41). Binding of p45/NF-
E2 to the LCR established hyperacetylation at and near the
adult β-globin genes, which reside 40–50 kb downstream of
the LCR. Considering that CBP/p300 is an important p45/NF-E2
coactivator, CBP/p300 is a good candidate for a mediator of
the p45/NF-E2-dependent acetylation changes. As CBP and
p300 are complex proteins with multiple interaction surfaces, it
would not be surprising if multiple functions of CBP/p300
contributed to HS2-mediated activation. Kraus et al. (72)
described four distinct transactivation functions of p300,
which were necessary for estrogen receptor-mediated activa-
tion of transcription from chromatin templates in vitro. The
relative importance of the individual activation functions
differed for two activators, the estrogen receptor and

GAL4-VP16, suggesting that they may function in a context-
dependent manner.

Since our experiments used transient transfection assays, can
one infer that GAL4-CBP-mediated activation of HS2 does not
involve chromatin modification? Transiently transfected DNA
can exist in a heterogeneous state with regard to chromatin
structure (73) but can adopt a nucleosomal structure (74). Even
if only a fraction of the transfected DNA molecules assemble
into chromatin, a coactivator function requiring chromatin
modification would probably be apparent with a mixed
population of templates. Nearly all studies on transactivation
mediated by CBP/p300 have used transient transfections, and
transient assays have been used to analyze the mechanism of
enhancer blocking activity by a chromatin-insulating element
(75). As the critical requirement for the CACC site and the
E-box is apparent upon integration of constructs into chromo-
somal DNA (Fig. 5C), clearly these elements are not only
required in transient assays.

As summarized in Figure 7, a single cis-element, the tandem
NF-E2 sites, is critical for initiating activation, while additional
cis-elements, including the CACC site and E-box contribute in
a combinatorial fashion, potentially at a subsequent step(s).
We propose that this mechanism involving coactivator recruit-
ment, followed by functional interactions between the co-
activator and regulatory factors not mediating recruitment may
be common in long-range transactivation. However, additional
studies are required to define whether the functional interac-
tions occur concomitant with recruitment or post-recruitment.
To further analyze the mechanism, it will be important to iden-
tify physiological components of HS2 cooperating with CBP/
p300 and to determine if related proteins are used by other
long-range regulatory elements, which may share a common
mechanism of regulated coactivator usage.
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