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The hematopoietic transcription factor GATA-1 regulates erythropoi-
esis and �-globin expression. Although consensus GATA-1 binding
sites exist throughout the murine �-globin locus, we found that
GATA-1 discriminates among these sites in vivo. Conditional expres-
sion of GATA-1 in GATA-1-null cells recapitulated the occupancy
pattern. GATA-1 induced RNA polymerase II (pol II) recruitment to
subregions of the locus control region and to the �-globin promoters.
The hematopoietic factor NF-E2 cooperated with GATA-1 to recruit
pol II to the promoters. We propose that only when GATA-1 attracts
pol II to the locus control region can pol II access the promoter in a
NF-E2-dependent manner.

Eukaryotic DNA wraps �1.7 times around a core histone oc-
tamer to form nucleosomes, which in turn, fold into highly

condensed chromatin. The role of chromatin structure in regulating
gene expression is established through extensive analysis in diverse
systems (1–8). An important consequence of chromatin folding is
the regulation of cis-element accessibility, thereby preventing the
constitutive loading of trans-acting factors and RNA polymerase II
(pol II). Coactivators and corepressors are recruited to chromo-
somal sites via interactions with transcription factors and catalyze
chromatin remodeling (9, 10). Although certain factors can recog-
nize binding sites on nucleosomal DNA, others are occluded (11,
12). Factors capable of binding nucleosomal sites would not likely
be able to access sites in condensed chromatin. Thus, site occupancy
in vivo cannot be predicted by sequence analysis, but rather requires
analysis of binding in living cells.

We use the murine �-globin locus to investigate how transcrip-
tional control occurs within chromatin domains (13, 14). The
�-globin locus consists of several genes arrayed in the order of their
developmental expression (15). High-level transcription of these
genes requires an upstream locus control region (LCR) (16–19),
comprised of four DNaseI hypersensitive sites, HS1–HS4 (20, 21).
Besides an erythroid-specific enhancer function, the LCR counter-
acts transgene silencing (16, 22).

A common feature of active chromatin is core histone acetylation
(23). We hypothesized that LCRs function by recruiting histone
acetyltransferases that establish broad acetylation patterns (24).
Analysis of the human GH domain in transgenic mice has provided
strong evidence for the hypothesis that LCRs can establish broad
acetylation patterns (25). Analysis of acetylation at the murine
�-globin locus in adult erythroid cells revealed enrichment of
acetylated histones H3 and H4 at the LCR and the adult globin
genes, �major and �minor (24, 26). Much less acetylation was
evident over a �30-kb region spanning the silent embryonic
�-globin genes Ey and �H1, and between the adult �-globin genes.
In embryonic erythroid cells, acetylation was high at the LCR, the
embryonic �H1 promoter and the inactive �minor promoter (24).
Although the LCR confers high-level �-globin expression, deletion
of HS1–HS4 from the murine locus did not abrogate hyperacety-
lation of the locus (27). In contrast, deletion of human HS1–HS4
reduced H3 acetylation at the adult promoters (26). Similarly, loss
of the hematopoietic transcription factor and LCR component

p45�NF-E2 (28, 29) in CB3 erythroleukemia cells (30), which have
greatly reduced �-globin expression, decreased acetylation at the
adult promoters 2- to 3-fold (31). As a 2-fold increase in acetylation
prevents higher-order chromatin folding in vitro (32), changes of
this magnitude are likely to be important.

To elucidate factors that establish the erythroid-specific chro-
matin structure of the �-globin domain, it is necessary to define
proteins that occupy cis elements of the domain. Although many of
these elements are predicted to be factor binding sites, and in vivo
footprinting has provided evidence for occupancy of certain sites
(33–35), only NF-E2 and GATA-1 have been shown to directly bind
the endogenous domain. Chromatin immunoprecipitation (ChIP)
analysis revealed NF-E2 crosslinking to the LCR (31, 36–38), strong
at HS2 and weak at HS1, HS3, HS4 (31, 37), and the adult
promoters (38). Transcriptional activation by NF-E2 requires the
histone acetyltransferase CBP (CREB binding protein) (39–41)
and results in pol II recruitment to the adult promoters in adult
erythroid cells (31). Pol II also associates with the LCR in the
absence of NF-E2, but this requires erythroid-specific factors (31).

Another hematopoietic factor that regulates �-globin transcrip-
tion is GATA-1 (42, 43). Given its critical role in erythropoiesis
(44–46) and its binding to the LCR (47, 48) and the G�-globin
promoter in human K562 erythroleukemia cells (48), GATA-1 may
be required for assembling the erythroid-specific �-globin domain.
We asked whether GATA-1 discriminates between the abundant
GATA-1 sites of the �-globin locus and describe the importance of
GATA-1 vis-à-vis assembly of the �-globin domain.

Materials and Methods
Cell Culture and Transfection. Mouse erythroleukemia (MEL) and
CB3 cells were maintained in DMEM (Biofluids, Rockville, MD)
containing 1% antibiotic�antimycotic (GIBCO�BRL) and 10%
FCS. The p45�NF-E2 expression vector has been described (49).
Stably transfected clones of CB3 cells expressing p45�NF-E2 were
selected and maintained in 1 mg�ml G418 sulfate (Calbiochem).
G1E cells (50) were maintained in Iscove’s modified Dulbecco’s
medium (GIBCO�BRL) containing 2% penicillin-streptomycin
(GIBCO�BRL), 2 units�ml erythropoietin, 120 nM monothioglyc-
erol (Sigma), 15% FCS, and 0.6% conditioned medium from a kit
ligand producing Chinese hamster ovary cell line. G1E-ER-GATA
cells (51), which stably express GATA-1 as a fusion to the human
estrogen receptor ligand binding domain, were maintained in 1
�g�ml puromycin.

ChIP Assay. ChIP analysis of p45�NF-E2 and pol II was performed
as described (14, 31). MEL and CB3 cells were incubated for 4 days
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with 1.5% DMSO (Sigma), and G1E and G1E-ER-GATA cells
were incubated for 48 h with 1 �M tamoxifen (Sigma). ChIP
analysis of GATA-1 binding required a rabbit anti-rat IgG antibody
precoupled to the protein A-Sepharose (2 �g antibody��l settled
bed volume resin) to efficiently immunoprecipitate complexes with
a rat anti-GATA-1 mAb. Antibodies used for ChIP are described
in additional Materials and Methods, which are published as sup-
porting information on the PNAS web site, www.pnas.org. Immu-
noprecipitated DNA was analyzed by PCR with primers that
generate 250- to 350-bp products. After 31–33 PCR cycles, products
were resolved on 1.6% agarose gels containing ethidium bromide
and quantitated by using National Institutes of Health IMAGE 1.61.
Band intensities are expressed relative to signals obtained from
0.06% input. Signals were proportional to the amount of DNA
input, and PCR primers (24, 52) amplified a single fragment of the
expected size. Results were validated by real-time PCR (Applied
Biosystems Prism 7000). Primers were designed by PRIMER EXPRESS
1.0 software (Perkin–Elmer Applied Biosystems) to amplify 50- to
150-bp subregions within the endpoints of the corresponding stan-
dard PCR primers. Primers (see the additional Materials and
Methods) were based on Hbbd haplotype sequences (GenBank
accession nos. Z13985, X14061, AF128269 and AF133300). Sam-
ples from three independent immunoprecipitations were analyzed
in duplicate. Product was measured by SYBR green fluorescence in
25-�l reactions, and the amount of product was determined relative
to a standard curve generated from a titration of input chromatin.
Denaturation curves postamplification showed that primer pairs
generated single products.

RNA and Protein Detection. RNA and protein were prepared from
the same cell cultures used for ChIP. Total RNA was purified with
Trizol (GIBCO�BRL). Real-time reverse transcription–PCR was
performed as described in the additional Materials and Methods.
Protein isolation and analysis and antibodies are described in the
additional Materials and Methods.

Results and Discussion
Selective Occupancy of GATA-1 Sites Throughout the Murine �-Globin
Locus. To understand the role of GATA-1 in long-range transacti-
vation of the �-globin genes, it is necessary to identify cis elements
occupied by GATA-1 in vivo. Because the consensus GATA-1 site
is a simple hexanucleotide sequence (A�TGATAA�G) (53, 54), it
occurs with high frequency throughout mammalian genomes. The
murine Hbbd �-globin locus contains 271 consensus GATA-1 sites
(see Fig. 2A). Given this formidable number of sites, one cannot
predict which sites would be accessible in chromatin. Thus, we used
ChIP analysis to define where GATA-1 binds within the endoge-
nous �-globin locus of MEL cells (Fig. 1A).

MEL cells express the GATA-1-regulated adult �-globin genes
(�major and �minor) (55). The �-globin locus of MEL cells has a
pattern of histone acetylation similar to 14.5 days postcoitum fetal
liver (24), which is highly enriched in adult erythroid cells. Fur-
thermore, pol II and p45�NF-E2 associate with the HSs of the LCR
similarly in MEL cells and fetal liver (31). Thus, multiple param-
eters of the native structure of the �-globin locus are indistinguish-
able between MEL cells and primary, adult erythroid cells, thereby
justifying the physiological relevance of this system.

An anti-GATA-1 mAb that reacted only with GATA-1 in
Western blots of MEL cell lysates (Fig. 1B) was used to immuno-
precipitate sonicated MEL cell chromatin with an average size of
�400 bp (Fig. 1C). The amount of PCR product was proportional
to the chromatin input (Fig. 1D). Immunoprecipitation with the
anti-GATA-1 antibody resulted in recovery of HS2 DNA in an
immune-specific manner. In contrast, the active cad promoter (56)
lacking consensus GATA-1 sites was not recovered. Similarly, as
described (31), an anti-p45�NF-E2 antibody immunoprecipitated
HS2 but not cad DNA, whereas an anti-pol II antibody immuno-
precipitated both HS2 and cad DNA.

Immunoprecipitated MEL cell chromatin was analyzed with
primers spanning multiple regions of the �-globin locus to deter-
mine whether GATA-1 discriminates between the abundant
GATA-1 sites (Fig. 2A). GATA-1 was crosslinked to chromatin at
all four HSs of the LCR (HS1–HS4) and the adult �major promoter
(Fig. 2B). GATA-1 was not crosslinked to the Ey promoter, and
only very weak signals were detected at chromatin upstream of HS5
(HS5�6), HS5, and the intergenic site IVR4. These regions con-
tained one, one, two, and one consensus GATA-1 sites, respec-
tively, within the PCR product. By comparison, GATA-1 was
strongly crosslinked to HS2, which contains one consensus
GATA-1 site. Thus, clustered consensus sites are not required for
strong crosslinking. This analysis shows that GATA-1 discriminates
between the many sites, suggesting that a subset of the sites are
occluded. As the central portion of the locus is hypoacetylated in
adult erythroid cells, especially for histone H3 (24, 26), hypoacety-
lation might restrict site access. However, trichostatin A-induced
hyperacetylation did not induce GATA-1 binding at the Ey pro-
moter or IVR4 (unpublished data).

The GATA-1 occupancy pattern of MEL cells was different from
human K562 cells (48), which express embryonic and fetal �-globin
genes (57). Using a coupled ChIP-microarray chip method,
GATA-1 was crosslinked only to HS2 and the G� promoter, one of
the two fetal promoters. GATA-1 was not crosslinked to the other

Fig. 1. GATA-1 binding to the endogenous �-globin locus of MEL cells. (A)
Structure of the murine Hbbd �-globin locus. (B) Specificity of anti-GATA-1
antibody. Western blot analysis of total MEL cell lysate with anti-GATA-1 anti-
body. The sole reactive band, GATA-1, is indicated by the arrow. (C) Agarose gel
analysis of sonicated chromatin. The representative ethidium bromide-stained
agarose gel shows input DNA isolated from chromatin after reversal of crosslinks
and deproteination. The average size of the chromatin is �400 bp. (D) ChIP
analysis of pol II, p45/NF-E2 (p45), and GATA-1 binding to HS2 of the endogenous
murine �-globin locus. The representative ethidium bromide-stained agarose gel
shows PCR products obtained by ChIP from MEL cell lysates with HS2 and cad
promoter primers. The numbers indicate the percent of input DNA used in the
corresponding PCRs. Only HS2 DNA was specifically immunoprecipitated with
anti-p45 and anti-GATA-1 antibodies, whereas HS2 and cad promoter DNA were
specifically immunoprecipitated with anti-pol II antibody. Rat, rat IgG; PI, rabbit
preimmune sera.
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HSs, the embryonic � promoter, nor the A� promoter. The unique
pattern might reflect developmental stage or unidentified variables.

To define the nucleoprotein composition of the MEL cell
�-globin domain in more detail, ChIP analysis was used to measure
NF-E2 and pol II occupancy. Only two consensus NF-E2 sites
(C�TGCTGAC�GTCAC�T) (28) exist within the �-globin locus:
the tandem NF-E2 sites of HS2. However, 12 additional sites are
present if a single nucleotide mismatch is allowed (Fig. 2A).
p45�NF-E2 was shown via ChIP to occupy the tandem sites of HS2
in K562 and MEL cells (36, 37) and in 14.5 days postcoitum murine
fetal liver (37). Some p45�NF-E2 crosslinking was observed at the
�major promoter in MEL cells (58), which has a nonconserved,
imperfect NF-E2 site. It was suggested that LCR-bound NF-E2
could be crosslinked to the promoter because of the close proximity
of the two regions, or that p45�NF-E2 might interact directly with
promoter-bound factors.

We tested whether p45�NF-E2 could be crosslinked to other
functionally important regions of the locus. Weak crosslinking
occurred at HS1, HS3, and HS4 (Fig. 2B). Although the recovery
of these HSs was only slightly higher than background, the ratios of
p45�NF-E2 to control signals were consistently higher than was
detected at the hypoacetylated subdomain and the cad promoter. It
was shown previously that p45�NF-E2 could be crosslinked to
multiple HSs of the LCR in K562 cells (36). Although this was not
done quantitatively, the highest crosslinking was at HS1, HS2, and
HS4. p45�NF-E2 crosslinking was also seen at the �major promoter
(Fig. 2B), analogous to the recent report (58). Thus, strong
crosslinking of p45�NF-E2 occurred at HS2 containing consensus
NF-E2 sites, whereas weaker crosslinking was apparent at other
HSs and at the �major promoter.

Pol II associates with HS1, HS2, HS3, and the �major promoter,
but not with the intergenic site IVR2 nor the Ey promoter in MEL
cells (31). This analysis was extended to include HS4, HS5, and the
additional intergenic sites, HS5�6 and IVR4. Pol II was crosslinked
to HS1, HS2, HS3, and HS4, very weakly to HS5�6, but not to HS5,

the Ey promoter, nor IVR4. Intriguingly, both GATA-1 and pol II
localize to the four HSs of the LCR, suggesting a functional
connection between these factors at the HSs.

GATA-1-Dependent Pol II Recruitment to the LCR and the Adult
�-Globin Promoters. The GATA-1-null G1E erythroid cell line (50)
was used to define the consequences of GATA-1 binding to the
�-globin locus. G1E cells were derived from GATA-1�/� embryonic
stem cells and express low levels of adult �-globin. Conditional
expression of GATA-1 via tamoxifen activation of an estrogen
receptor hormone binding domain-GATA-1 fusion (ER-GATA-1)
induced erythroid differentiation (51, 59) and increased adult
�-globin expression 1,090-fold as determined by real-time PCR (48
h postinduction). We asked whether activation of ER-GATA-1
induces a pattern of GATA-1 occupancy similar to MEL cells. As
ER-GATA-1 was not entirely inactive in uninduced G1E cells (data
not shown), we compared tamoxifen-treated G1E with tamoxifen-
treated G1E-ER-GATA-1 cells. ER-GATA-1 activation resulted in
GATA-1 crosslinking to HS1, HS2, HS3, HS4, and the �major
promoter, but not to the Ey promoter (Fig. 3), recapitulating the
MEL cell pattern (Fig. 2B). Thus, we asked whether GATA-1
regulates pol II and NF-E2 recruitment to the �-globin domain.

NF-E2 is not required to recruit pol II to the LCR, but is critical
for pol II recruitment to the �major promoter (31). The lack of pol
II binding to the LCR in nonerythroid cells suggested that other
erythroid-specific factors attract pol II to the LCR, and therefore
we tested whether GATA-1 is such a factor. Similar to MEL cells
(Fig. 2B), pol II resided at all HSs of the LCR, at the �major
promoter, but not at the Ey promoter, in G1E-ER-GATA-1 cells
(Fig. 3). In G1E cells, no pol II crosslinking was detected at HS3,
whereas considerably reduced crosslinking was apparent at HS1
and HS2. In contrast, GATA-1 deficiency had no impact on pol II
crosslinking to HS4. Lastly, pol II crosslinking to the �major
promoter was strongly GATA-1-dependent. Intriguingly, the anal-
ysis revealed distinctions between the association of pol II at

Fig. 2. Occupancy of GATA-1 sites throughout the murine �-globin domain. (A) Distribution of GATA-1 and NF-E2 sites. Consensus sequences are defined on the right.
Vertical lines indicate consensus GATA-1 sites and NF-E2 sites that conform to the consensus as well as those deviating from the consensus by 1 nt. Tandem sites within
HS2 are the only consensus NF-E2 sites. (B) ChIP analysis of binding by GATA-1, p45�NF-E2, and pol II within the �-globin locus in MEL cells. (Upper) The linearity of input
signals. (Lower) Signals obtained for immunoprecipitated samples expressed relative to the 0.06% input. Shown is the relative intensity of PCR products from 3–5
independent experiments (mean � SEM). IgG, rabbit IgG; Rat, rat IgG; PI, rabbit preimmune sera.
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different HSs. GATA-1 induced pol II recruitment to HS1, HS2,
and HS3, whereas pol II recruitment to HS4 was GATA-1-
independent. The HS4 result was surprising, as cis elements of HS4
bind GATA-1 in vitro and are required for maximal nuclease
sensitivity of HS4 in stable transfection assays (60). Accordingly,
GATA-1 deficiency might render HS4 less accessible to all factors.
However, because GATA-1 was not required for pol II loading at
HS4, this assumption seems unlikely.

GATA-1-Dependent NF-E2 Recruitment to Regions Lacking Consensus
NF-E2 Sites. Because GATA-1 induces crosslinking of pol II to
subregions of the LCR (Fig. 3B), it was important to determine
whether the recruitment of other factors was affected similarly.
ChIP analysis of p45�NF-E2 binding to HS2 containing the con-
sensus, tandem NF-E2 sites revealed only slightly less p45�NF-E2
crosslinking in G1E versus G1E-ER-GATA-1 cells (Fig. 3B). Thus,
under conditions in which GATA-1 deficiency strongly reduced pol
II crosslinking at HS2, the majority of p45�NF-E2 remained bound
to the chromatin. In contrast, weaker crosslinking of p45�NF-E2 to
regions lacking consensus NF-E2 sites (HS1, HS3, HS4, and �major
promoter) was abolished upon loss of GATA-1. Of particular
interest was HS4, in which GATA-1 deficiency abolished p45�
NF-E2 but not pol II crosslinking. This result provides evidence that
GATA-1 does not simply increase accessibility to all factors and
reinforces our previous conclusion that NF-E2 is not essential for
pol II recruitment to the LCR (31).

Real-time PCR, which considerably increased the signal-to-noise
ratio, was used as an alternative mode of analysis. Analysis of
GATA-1, p45�NF-E2, and pol II crosslinking to HS2, HS3, HS4,
and the �major promoter revealed a pattern identical to the results
of Figs. 2 and 3 (Fig. 4). The extent of GATA-1 crosslinking at HS2,
HS3, HS4, and the �major promoter was comparable. Second,
GATA-1 was critical for p45�NF-E2 crosslinking to regions lacking

consensus NF-E2 sites (HS3, HS4, and �major promoter), whereas
strong crosslinking of p45�NF-E2 to HS2 was largely GATA-1-
independent. Lastly, GATA-1 increased pol II crosslinking to HS2,
HS3, and the �major promoter, whereas pol II crosslinking to HS4
was GATA-1-independent.

Although the mechanism of GATA-1-dependent p45�NF-E2
crosslinking to regions lacking consensus NF-E2 sites is unclear, it
is instructive to consider four models. First, GATA-1 might induce
a higher-order chromatin transition, bringing together physically
segregated sites. Thus, HS2-bound p45�NF-E2 would gain access to
HS1, HS3, HS4, and the �major promoter. Second, p45�NF-E2
might localize to the promoter via interaction with promoter-bound
factors. These models were considered in a previous study describ-
ing p45�NF-E2 crosslinking to the promoter in MEL cells (58).
Alternative possibilities are that GATA-1-containing complexes at
the LCR increase accessibility of nonconsensus sites, leading to
NF-E2 binding, or cooperative interactions enhance the affinity of
NF-E2 for nonconsensus sites.

NF-E2-Dependent GATA-1 Recruitment to the �major Promoter. Be-
cause GATA-1 induced p45�NF-E2 crosslinking to certain sites
within the locus, and both GATA-1 and NF-E2 were required for
pol II recruitment to the promoter, we asked whether NF-E2
regulates GATA-1 occupancy at the adult promoters. Clonal cell
lines were generated from p45�NF-E2-null CB3 cells that stably
expressed physiological levels of p45�NF-E2 (Fig. 5A). p45�NF-E2
expression in CB3–2b and CB3–8 lines rescued �-globin transcrip-
tion (Fig. 5B). p45�NF-E2 deficiency caused a 4-fold reduction in
GATA-1 crosslinking to the �major promoter (Fig. 5C), but
significant GATA-1 crosslinking (3-fold higher than controls) re-
mained. Defective GATA-1 loading was rescued in the CB3–2b and
CB3–8 lines, showing that NF-E2 induces GATA-1 binding to the
promoter. CB3 cells also showed reduced GATA-1 binding to HS2

Fig. 3. GATA-1 regulates pol II recruitment to the adult �-globin promoters and the LCR. ChIP analysis of GATA-1, p45�NF-E2, and pol II binding to the �-globin locus
in G1E and G1E-ER-GATA cells. (Upper) Graphs depict the linearity of input signals. (Lower) Signals obtained for immunoprecipitated samples are graphed and are
expressed relative to the 0.06% input. The graphs show the relative intensity of PCR products from at least three independent experiments (mean � SEM). IgG, rabbit
IgG; Rat, rat IgG; PI, rabbit preimmune sera.
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and HS3, but not to HS4 (Fig. 6, which is published as supporting
information on the PNAS web site). As described (31), p45�NF-E2
deficiency nearly abrogated pol II recruitment to the promoter, and
p45�NF-E2 expression rescued pol II recruitment (Fig. 5C). Be-
cause some GATA-1 occupancy was apparent without p45�NF-E2,
and p45�NF-E2 deficiency had a much larger impact on pol II
versus GATA-1 crosslinking (17- versus 4-fold, respectively), the

association of GATA-1 with the promoter seems insufficient to
induce pol II recruitment. An important implication of this result
is that the GATA-1– NF-E2 cooperativity to recruit pol II to the
promoter might not involve NF-E2-dependent loading of GATA-1
on the promoter, because GATA-1 occupancy of the promoter in
the absence of NF-E2 does not suffice to strongly recruit pol II.
However, because GATA-1 occupancy was not entirely NF-E2-
independent, it remains possible that maximal GATA-1 occupancy
is required for pol II recruitment.

Cooperative Activities of Hematopoietic Regulators Recruit Pol II to
the �-Globin Domain. p45�NF-E2 deficiency resulted in a partial
reduction in pol II binding to the LCR (HS1, HS2, and HS3) in CB3
cells, but a considerable amount of pol II remained associated (31).
Although HS4 was not examined previously, the association of pol
II with HS4 does not require NF-E2 (unpublished data). Work
described herein showed that GATA-1 induces pol II recruitment
to HS1, HS2, HS3, and the �major promoter. Thus, GATA-1–
NF-E2 cooperativity is required for pol II loading at the �major
promoter. A simple explanation for the cooperativity is that
GATA-1 and NF-E2 might regulate the synthesis of each other. The
murine p45�NF-E2 gene contains two promoters, one requiring a
GATA-1 site for erythroid-specific activity in transient assays (61).
We measured GATA-1 and p45�NF-E2 levels by Western blotting
in CB3, MEL, G1E, and G1E-ER-GATA-1 cells (Fig. 7, which is
published as supporting information on the PNAS web site).
GATA-1 deficiency in G1E cells and activation of ER-GATA-1 did
not alter p45�NF-E2 levels. Similarly, p45�NF-E2 deficiency in
CB3 cells did not affect GATA-1 levels. Thus, cooperativity cannot
be explained by changes in protein levels. Another model to explain
cooperativity involves physical interactions between these factors.
However, GATA-1 and p45�NF-E2 do not associate by coimmu-
noprecipitation analysis (Fig. 7). We propose that GATA-1 and
NF-E2 regulate unique steps in a multistep pathway.

What might be the nature of such a multistep mechanism?
Because pol II remains at the LCR but not at the promoter without
NF-E2, and NF-E2 induces pol II loading on the promoter, we
proposed the long-range pol II transfer model (31). The absence of
pol II at the LCR in B cells suggests that erythroid-specific factors
other than NF-E2 are required for pol II recruitment to the LCR.
Long-range pol II transfer assumes that such factors would recruit
pol II to the LCR, and NF-E2 would provide a signal to induce pol
II relocalization to the promoter. Because the central region of the
�-globin locus is hypoacetylated (24, 26) and is inaccessible to
endonucleases (unpublished data), and because pol II cannot be
detected within this region, we reasoned that pol II relocalization
might require direct contact between the LCR and the promoter.

Fig. 4. Quantitative analysis of GATA-1-dependent pol II and
NF-E2 recruitment. Samples from three independent ChIP exper-
iments that were included in the analysis of Fig. 3 were analyzed
by real-time PCR. (Upper) The linearity of input signals. (Lower)
The signals obtained for immunoprecipitated samples are
graphedandareexpressedrelativetoastandardcurvegenerated
from input samples (mean � SEM). Values shown above the bars
represent the ratio of signals obtained relative to the appropriate
control antibody. Variations in background signals alter the ra-
tios, although the variations did not exceed 2-fold. Rat, rat IgG; PI,
rabbit preimmune sera; NC, no chromatin.

Fig. 5. QuantitativeanalysisofNF-E2-dependentGATA-1andpol II recruitment
to the �major promoter. (A) Western blot analysis of p45�NF-E2 expression in
total cell lysates fromMELandCB3cells,andtwoindependentCB3cell lines stably
expressing p45�NF-E2. (B) Real-time PCR analysis of �-globin RNA expression in
the cell lines of A. �-globin RNA levels were normalized to glyceraldehyde-3-
phosphatedehydrogenase(GAPDH). (C)Real-timePCRChIPanalysisofbindingof
GATA-1, p45�NF-E2, and pol II to the �major promoter. Signals obtained for
immunoprecipitated samples from four independent experiments (mean � SEM)
are expressed relative to a standard curve generated from the input samples.
Values shown above the bars represent the ratio of signals obtained relative to
the appropriate control antibody. Rat, rat IgG; PI, rabbit preimmune sera; NC, no
chromatin.
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As the promoter becomes enriched in acetylated H3 upon NF-E2
binding to HS2 and weaker binding to other sites in the locus,
acetylated chromatin of the promoter might be the attracting signal.
p45�NF-E2 crosslinking to the �major promoter in MEL cells has
been described and discussed in the context of a model in which the
LCR contacts the promoter (58).

Our current work provides strong evidence that GATA-1 recruits
pol II to HS1, HS2, HS3, and the adult promoters in physiological
chromatin. It is attractive to propose that GATA-1 recruits pol II
to the LCR, and NF-E2 induces pol II relocalization to the
promoter. If the GATA-1-dependent reaction is impaired, long-
range pol II transfer would not occur, even in the presence of
NF-E2. Such a mechanism would explain the GATA-1–NF-E2
cooperativity to recruit pol II to the promoters. Alternative models
invoke novel activities of LCR-bound pol II, rather than relocal-
ization to the promoters. These activities might involve transcrip-
tion-dependent chromatin remodeling or the generation of regu-
latory transcripts (62, 63).

Intriguingly, pol II crosslinking to HS4 was GATA-1-
independent. HS4 has typical high-affinity GATA-1 sites, and
GATA-1 can be readily crosslinked to HS4. Studies in transgenic
mice containing a human �-globin locus-yeast artificial chromo-
some (�-YAC) have implicated HS4 in conferring high-level �-
globin expression during adult, but not embryonic, erythropoiesis

(64). In another study, deletion of HS4 from a �-YAC strongly
reduced �-globin expression at all developmental stages (65).
Disruption of HS4 from the endogenous murine �-globin locus did
not reveal a role for HS4 in stage-specific expression (66). Impor-
tantly, reductions in �-globin expression in mice containing single
HS deletions (27% decrease upon deletion of HS4) suggest com-
plex and redundant mechanisms to maintain high-level expression.

The GATA-1- and NF-E2-independent pol II crosslinking to
HS4 supports an additional step in the transactivation mechanism,
in which the loading or accumulation of pol II at HS4 is regulated.
Hematopoietic factors implicated in the control of �-globin expres-
sion that might participate in this step include EKLF (67), TAL1
(68, 69), and GATA-2 (45), although these factors have not been
shown to occupy the �-globin domain in living cells. One can
speculate that HS4-bound pol II might gain access to other subre-
gions of the LCR in a GATA-1-dependent manner, as an essential
proximal regulatory step in long-range pol II transfer.
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