Hematopoietic-specific activators establish an
overlapping pattern of histone acetylation
and methylation within a mammalian

chromatin domain

Carol M. Kiekhaefer*, Jeffrey A. Grass*, Kirby D. Johnson, Meghan E. Boyer, and Emery H. Bresnick"

Molecular and Cellular Pharmacology Program, Department of Pharmacology, University of Wisconsin Medical School, 1300 University Avenue,

383 Medical Sciences Center, Madison, WI 53706

Edited by Mark T. Groudine, Fred Hutchinson Cancer Research Center, Seattle, WA, and approved August 20, 2002 (received for review July 1, 2002)

Posttranslational modification of histones through acetylation,
methylation, and phosphorylation is a common mode of regulating
chromatin structure and, therefore, diverse nuclear processes. One
such modification, methylated histone H3 at lysine-4 (H3-meK4),
colocalizes with hyperacetylated histones H3 and H4 in mammalian
chromatin. Whereas activators directly recruit acetyltransferases,
the process whereby H3-meK4 is established is unknown. We
tested whether the hematopoietic-specific activators NF-E2 and
GATA-1, which mediate transactivation of the p-globin genes,
induce both histone acetylation and H3-meK4. Through the use of
NF-E2- and GATA-1-null cell lines, we show that both activators
induce H3 acetylation at the promoter upon transcriptional acti-
vation. However, analysis of H3-mek4 revealed that NF-E2 and
GATA-1 differentially regulate chromatin modifications at the
Bmajor promoter. NF-E2, but not GATA-1, induces H3-meK4 at the
promoter. Thus, under conditions in which NF-E2 and GATA-1
activate the transcription of an endogenous gene at least 570-fold,
these activators differ in their capacity to induce H3-meK4. Despite
strong H3-meK4 at hypersensitive site 2 of the upstream locus
control region, neither factor was required to establish H3-meK4 at
this site. These results support a model in which multiple tissue-
specific activators collectively function to assemble a composite
histone modification pattern, consisting of overlapping histone
acetylation and methylation. As GATA-1 induced H3 acetylation,
but not H3-meK4, at the promoter, H3 acetylation and H3-meK4
components of a composite histone modification pattern can be
established independently.
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hromatin structure at the promoters and over broad chromo-

somal segments is a critical determinant of gene expression, and
therefore, chromatin modification is an essential step in transcrip-
tional control. The acetylation of core histones in nucleosomes
represents a major mode of chromatin modification (1-3). Histone
acetylation increases the accessibility of nucleosomal DNA through
structural transitions at the level of the nucleosome (4, 5) and
higher-order chromatin structure (6). In addition to directly mod-
ifying chromatin structure, the acetyllysine residue can be recog-
nized by regulatory factors, e.g., bromodomain-containing coacti-
vators (7-9). Such coactivators catalyze additional chromatin
modification and interact with components of the transcriptional
machinery, thereby stimulating transcription (10).

Besides acetylation, histones are subjected to methylation, phos-
phorylation, and ubiquitination (11). Given the combinatorial
complexity of histone modifications, a “histone code” hypothesis
has been proposed, which assumes that distinct patterns of modi-
fications confer unique functional consequences (12). For example,
distinct methyltransferases methylate histone H3 at either lysine-4
(H3-meK4) (13-15) or lysine-9 (H3-meK9) (16), and the distribu-
tion of H3-meK4 and H3-meK9 delineates functionally unique
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chromosome segments. Analysis of histone modifications within the
chicken B-globin locus (17), heterochromatic regions of fission yeast
(18), and the inactive human X chromosome (19) revealed that
H3-meK9 was enriched in hypoacetylated, transcriptionally inactive
chromatin, whereas H3-meK4 occurred predominantly at hyper-
acetylated, transcriptionally active chromatin. H3-meK9 is recog-
nized by the chromodomain of heterochromatin protein 1 (HP1)
(20-22), which participates in heterochromatin formation and gene
silencing (23). H3-meK4 inhibits binding of the nucleosome re-
modeling deacetylase (NURD) repressor complex to the amino-
terminal tail of histone H3, which may favor the transcriptionally
active state (21). Thus, analogous to the acetylated H4-
bromodomain interaction, methylated species of H3 engage in
functionally important protein—protein interactions.

The ultimate test of the histone code hypothesis, especially in
the context of mammalian transcriptional control, will require
detailed knowledge of how complex histone modification pat-
terns are established and maintained within native chromatin
domains. Localized acetylation can be established by means of
direct recruitment of histone acetyltransferases (HATSs) by
DNA-bound activators (2). However, there is still much to be
learned about how broad histone modification patterns arise
across entire chromosomal segments (24). Chromatin immuno-
precipitation (ChIP) analysis has enabled the definition of
locus-specific, broad histone modification patterns (25, 26). The
B-globin locus, containing the erythroid-specific and develop-
mentally regulated B-globin genes, has been a particularly in-
formative system for investigating the structure/function of
histone modification patterns (25, 26). H3 and H4 acetylation
exists throughout the entire ~60-kb chicken B-globin locus in
erythroid cells (27, 28). Rather than having uniform acetylation,
the murine B-globin locus in adult erythroid cells is characterized
by hyperacetylation at the locus control region (LCR), which
confers high-level transcription to the B-globin genes (29-31),
and at the adult B-globin genes (Bmajor and Bminor) residing at
the 3’ side of the locus (32, 33) (Fig. 1). In contrast, the
embryonic/fetal B-globin genes (Ey and BHI), located centrally
within the locus, reside within an ~30-kb hypoacetylated sub-
domain. Thus, tissue-specific acetylation patterns within mam-
malian chromatin domains can be segregated into structurally
unique subdomains. However, histone acetylation can be en-
riched within entire mammalian domains, as histone H4 acety-
lated at lysine-5 exists throughout the human a-globin locus in
erythroid cells (34).
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Fig. 1. Organization of the murine g-globin locus. The locus contains two
embryonic/fetal (Ey and BHT) and two adult (Bmajor and Bminor) p-globin
genes. Hypersensitive site 2 (HS2) resides 40 and 54 kb upstream of the Bmajor
and Bminor promoters, respectively. The B-globin genes are depicted as boxes,
and HSs are depicted as circles. Bars below the locus depict hyperacetylated
zones defined by ChIP analysis with anti-acetylated H3 and H4 antibodies in
MEL cells and in 14.5 days postcoitum (dpc) fetal liver (32). GATA-1 and NF-E2
crosslinking data, derived from ChIP analysis in MEL and G1E-ER-GATA-1 cells,
are also depicted (40). Large +, strong crosslinking; small +, weak crosslinking;
—, no or very weak crosslinking.

How are composite histone modification patterns consisting of
acetylation and methylation established? Histone acetyltrans-
ferases and methyltransferases might be recruited to a chromatin
template by a single activator. Alternatively, multiple activators
might be required to recruit both enzymes. We have used the
endogenous murine B-globin locus to investigate this issue. Two
hematopoietic-specific activators required for B-globin expres-
sion, GATA-1 (35-37) and NF-E2 (38, 39), cooperatively recruit
RNA polymerase II (pol II) to the murine adult B-globin
promoters (40). GATA-1 is the founding member of the GATA
family of zinc-finger activators, which control diverse aspects of
development (41). Erythroid progenitors in GATA-1-null mice
fail to survive and mature, and the embryos die of anemia (42).
Whereas GATA-1 sites are distributed throughout the B-globin
locus, GATA-1 binds to hypersensitive site (HS)1, HS2, HS3,
and HS4, and to the Bmajor promoter in vivo (40) (Fig. 1). NF-E2
is a heterodimeric transcription factor consisting of a hemato-
poietic-specific basic leucine zipper subunit, p45/NF-E2 (38,
39), and a broadly expressed subunit, a member of the Maf family
of basic leucine zipper proteins (43). NF-E2 is required for
megakaryopoiesis (44) and has been implicated in the control of
B-globin expression (45-48). Conserved, consensus NF-E2 bind-
ing sites reside within HS2 of the LCR (49), whereas additional
nonconserved, imperfect sites exist at other HSs of the LCR and
at the Bmajor promoter (40). NF-E2 binds to HS2, and, to a
lesser extent HS1, HS3, and HS4, and to the Bmajor promoter in
vivo (40, 50) (Fig. 1).

Given the GATA-1-NF-E2 cooperativity to recruit pol 11, it is
instructive to ask whether these factors induce identical or
distinct histone modifications at the promoter and neighboring
chromatin. We showed that NF-E2 induced H3 and, to a lesser
extent, H4 acetylation at the adult B-globin promoters (47). The
potential role of NF-E2 in regulating histone methylation and of
GATA-1 in regulating histone acetylation and methylation have
not been described. ChIP analysis revealed that NF-E2 strongly
induced H3-meK4 at and near the adult B-globin promoters,
whereas both NF-E2 and GATA-1 induced hyperacetylation.
These results are discussed vis-a-vis prospective mechanisms for
how composite histone modification patterns are established in
mammalian chromatin.

Materials and Methods

Cell Culture and Transfection. Mouse erythroleukemia (MEL) and
CB3 cells were maintained in Dulbecco’s modified Eagle’s
medium (Biofluids, Rockville, MD) containing 1% antibiotic/
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antimycotic (GIBCO/BRL) and 10% FBS. The p45/NF-E2
expression vector has been described (51, 52). Stably transfected
clones of CB3 cells expressing p45/NF-E2 (CB3-6 and CB3-9)
were selected and maintained in 1 mg/ml G418 sulfate (Cal-
biochem). G1E cells (53) were maintained in Iscove’s modified
Dulbecco’s medium (GIBCO/BRL) containing 2% penicil-
lin/streptomycin (GIBCO/BRL), 2 units/ml erythropoietin,
120 nM monothioglycerol (Sigma), 15% FBS, and 0.6% condi-
tioned medium from a Kit-ligand-producing CHO cell line.
G1E-ER-GATA-1 cells, which stably express GATA-1 as a
fusion to the human estrogen receptor ligand binding domain
(54) were maintained identical to G1E cells except that media
contained 1 pg/ml puromycin.

Quantitative ChIP Assay. ChIP analysis was performed as described
(25, 47). MEL, CB3, CB3-6, and CB3-9 cells were incubated for 4
days with 1.5% DMSO (Sigma). G1E and G1E-ER-GATA-1 cells
were incubated for 48 h with 1 uM tamoxifen (Sigma). Immuno-
precipitated DNA was analyzed by real-time PCR (Applied Bio-
systems Prism 7000). Primers were designed by PRIMER EXPRESS 1.0
software (PE Applied Biosystems) to amplify 50- to 150-bp subre-
gions within the endpoints of the corresponding standard PCR
primers (32). Primers were based on Hbb? haplotype sequences
(GenBank accession nos. Z13985, X14061, AF128269, and
AF133300). Samples from at least two independent immunopre-
cipitations were analyzed. Product was measured by SYBR green
fluorescence in 25-ul reactions, and the amount of product was
determined relative to a standard curve generated from a titration
of input chromatin. Dissociation curves after amplification showed
that primer pairs generated single products.

Forward and Reverse Primers for Quantitative ChIP Assay. (5'-3'):
HS2, AGTCAATTCTCTACTCCCCACCCT and ACTGCTG-
TGCTCAAGCCTGAT; IVR3, TGTGCTAGCCTCAAGCTC-
ACA and TCCCAGCACTCAGAAGAAGGA; IVRS, GTATG-
CTCAATTCAAATGTACCTTATTTTAA and TTACCTCT-
TTATTTCACTTTTACACATAGCTAA; Bmajor promoter,
CAGGGAGAAATATGCTTGTCATCA and GTGAGCAGAT-
TGGCCCTTACC; pmajor-3', GCCCTGGCTCACAAGTACCA
and TTCACAGGCAAGAGCAGGAA; IVR6, ATAGGAAA-
GAAAATGCACACATAGATTC and CCCACGCCTCATT-
TATACTTTCAG; Bminor promoter, CCTCACCCTGCAAGG-
TAACAC and TGCTCAGCTTTATATACCCAATGC; IVRI1e,
TGGCCATTTTTACTATGTTAATTTTGC and TAGACTT-
GTCATGGTTATGGATTGG.

Antibodies. Rabbit anti-pol II (N-20, sc-899) was obtained from
Santa Cruz Biotechnology. Anti-acetylated histone H3 (06-599),
anti-tetraacetylated H4 (06-866), and anti-H3-meK4 (07-030)
antibodies were obtained from Upstate Biotechnology (Lake
Placid, NY). Preimmune serum served as controls for each of the
antibodies. For Western analysis, protein A—peroxidase (Sigma)
and goat anti-rat IgG conjugated with horseradish peroxidase
(Santa Cruz Biotechnology) were used to detect p45 /NF-E2 and
GATA-1, respectively.

RNA Isolation and Analysis by Quantitative RT-PCR. RNA and protein
were prepared from the same cell cultures used for ChIP. Total
RNA was purified with Trizol (GIBCO/BRL). RNA (1 ug) was
used to prepare cDNA by annealing with 250 ng of a 5:1 mixture
of random and oligo(dT) primers heated at 68°C for 10 min. This
procedure was followed by incubation with reverse transcriptase
(Superscript 1I, GIBCO/BRL) combined with 10 mM DTT,
RNasin (Promega), and 0.5 mM dNTPs at 42°C for 1 h. The
reaction mixture was diluted to a final volume of 150 ul and heat
inactivated at 95-99°C for 5 min. RT-PCRs (25 ul) contained 2.5
ul of cDNA, 12.5 ul of SYBR green (Applied Biosystems), and the
appropriate primers. Product accumulation was monitored by
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Fig.2. Quantitative ChIP analysis reveals differential H3-meK4 at the Bmajor
promoter in MEL and CB3 cells. Cells were incubated for 4 days with 1.5%
DMSO. (A) p45/NF-E2 expression in DMSO-induced CB3, MEL, CB3-6, and
CB3-9 cells. The arrows depict p45/NF-E2 isoforms. (B) Quantitative real-time
RT-PCR analysis of B-globin expression in CB3, MEL, CB3-6, and CB3-9 cells.
Relative levels of B-globin expression were normalized to the expression of
GAPDH. The graph depicts data from three (MEL, CB3, and CB3-9) and two
(CB3-6) independent experiments. (C) SYBR green fluorescence (relative units)
was plotted vs. the initial MEL and CB3 cell input DNA concentration. The plot
illustrates the linearity and range of signals used to measure the relative
amounts of target DNA in samples. (O) CB3 cells. (®) MEL cells. (D) A repre-
sentative amplification plot for quantitative analysis of H3-meK4 at the
Bmajor promoter in MEL and CB3 cells. Pl, preimmune. (E) Dissociation curves
of the amplicons illustrated in D. The homogeneity of the curves reflects the
generation of a single amplicon.

SYBR green fluorescence. Relative expression levels were deter-
mined from a standard curve of serial dilutions of MEL cDNA
samples. Forward and reverse primers for real-time RT-PCRs
(5'-3"): B-globin, CAGCCTCAGTGAGCTCCACTG and GAT-
CATATTGCCCAGGAGCC; GAPDH, GAAGGTACGGAGT-
CAACGGATTT and GAATTTGACCATGGGTGGAAT.

Protein Analysis. Total protein was prepared by boiling cells for 5
min in SDS sample buffer [50 mM Tris (pH 6.8)/100 mM
DTT/2% SDS/0.1% bromophenol blue/10% glycerol]. Ex-
tracts from 1 X 10° cells were resolved on SDS /polyacrylamide
gels, transferred to Immobilon P membranes (Millipore), and
analyzed by Western blotting. Proteins were visualized by using
ECL-Plus (Amersham Pharmacia).

Results and Discussion

NF-E2 Requirement for Establishing an Overlapping Pattern of H3-
meK4 and H3 and H4 Acetylation. A quantitative real-time PCR-
based ChIP assay was developed and used to determine whether
the endogenous murine B-globin locus was enriched in H3-meK4
in erythroid cells and, if so, whether the hematopoietic activator
NF-E2 regulates H3-meK4. Previously, we showed that NF-E2
induced H3, and to a lesser extent, H4 acetylation at and near the
adult B-globin promoters (47). H3-meK4 was measured at the
Bmajor promoter in erythroleukemia cells expressing NF-E2
(MEL), in NF-E2-null erythroleukemia cells (CB3) (45), and in
two clonal lines of CB3 cells (CB3-6 and CB3-9) that stably
express NF-E2 at physiological levels (Fig. 24). NF-E2 exists as
two isoforms that result from alternative translational start sites,
although no functional distinctions have been ascribed to the
isoforms (38, 39). NF-E2 expression in CB3 cells reactivated the
silent Bmajor gene (Fig. 2B), as has been described (45, 46),
demonstrating the NF-E2 requirement for B-globin transcrip-
tion. Real-time PCR was used to quantitate Bmajor promoter
DNA immunoprecipitated by anti-H3-meK4 or preimmune (PI)
antibodies. Assays were done under conditions in which product

Kiekhaefer et al.

A 0.8 T T T T T T
c|gae 1
c F | M MEL ]
G — 061 3
52 [|BE :
=t [|@cBs ]
£ 5 oaf|OcCBIS 3
=2 | ]
=8 3
X 0 oo 3
o= "F ]
o c ]

H3 Acetylation
(relative units)

62 3
S E 3
=3 ]
g2 ]
Q= -
< m 1
= o 1
e p
IVR-3 IVR-5 pmajpro pmaj3' IVR-6 Pminpro IVR-16
» A
\ ¥ » 4 'y
% b . \ 1 ) ,‘ 1
\ ~ A 1 s ’ I
\ ~ v 1L ]
i L L
Ey BH1 pmaj fmin
H3-K4 methylation: il [ |
H3 acetylation: (N | [
H4 acetylation: il [ |
Mo (or low level) modification
NF-E2-dependent [ ]
NF-E2-independent [ |
No NF-E2 rescue I
Fig.3. NF-E2-dependent H3-meK4 and H3 and H4 acetylation patterns of the

endogenous murine B-globin locus. Cells were incubated for 4 days with 1.5%
DMSO. (A) H3-meK4 pattern of the murine B-globin locus in DMSO-induced
MEL, CB3, CB3-6, and CB3-9. The relative level of H3-meK4 was determined
quantitatively and plotted as a function of the position within the locus. (Band
C) H3 and H4 acetylation patterns of the g-globin locus in DMSO-induced MEL,
CB3, CB3-6, and CB3-9 cells. The relative levels of H3 and H4 acetylation were
determined quantitatively and plotted as a function of the position within the
locus. Number of independent ChIP samples analyzed: MEL, n = 5; CB3, n = 5;
CB3-6, n = 3; and CB3-9, n = 2 (IVR-3, IVR-5, Bmajor promoter, IVR-6, and
IVR-16); and n = 3 (Bmajor 3' and Bminor promoter).

accumulated linearly with respect to input DNA (Fig. 2C).
Representative amplification plots are depicted in Fig. 2D.
Strong methylation was apparent at the Bmajor promoter in
MEL cells, whereas considerably less was evident in CB3 cells.
SYBR green fluorescence reflected the expected homogenous
PCR product, as shown by dissociation analysis (Fig. 2EF).

We compared H3-meK4 and H3 and H4 acetylation among
MEL, CB3, CB3-6, and CB3-9 cells (Fig. 3). Analysis of H3-
meK4 at functionally distinct sites of the B-globin locus in MEL
cells yielded a variable distribution at these sites (Fig. 34).
H3-meK4 was high at the Bmajor and Pminor promoters and at
the 3’ end of the Bmajor gene. By contrast, H3-meK4 was low at
an intergenic site (IVR-6) between the Bmajor and Bminor
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genes, and at both upstream (IVR-3, IVR-5) and downstream
(IVR-16) intergenic sites. This pattern resembled the acetylation
pattern mapped previously by using a semiquantitative ChIP
assay (32). The quantitative ChIP assay was also used to measure
histone H3 and H4 acetylation with antibodies recognizing
multiple acetylated forms of these histones (Fig. 3 B and C,
respectively). This analysis confirmed that H3-meK4, and H3
and H4 acetylation shared a similar pattern. The three modifi-
cations were not uniformly enriched throughout the B-globin
domain, but rather, had a highly variable distribution at func-
tionally distinct sites. This result differs from the chicken B-
globin locus, in which high-level modifications were broadly
distributed throughout the domain (17).

CB3 cells had strongly reduced H3-meK4 at all sites that were
shown to be methylated in MEL cells. NF-E2 expression rescued
defective H3-meK4 at the Bmajor promoter and Bmajor 3’ (a
10-fold and 69-fold increase, respectively), but not at the Bminor
promoter, in CB3-6 and CB3-9 cells. The failure of NF-E2 to
rescue H3-meK4 at the Bminor promoter is consistent with
quantitative RT-PCR analysis with Bmajor- and Bminor-specific
primers showing that NF-E2 reactivates only Bmajor expression
in CB3 cells (unpublished data); differential regulation of Bma-
jor and Bminor expression has been observed during normal
murine erythropoiesis (55) and upon the differentiation of MEL
cells (50, 56). Similarly, CB3 cells had reduced levels of acety-
lated H3, consistent with our previous semiquantitative analysis
(47). NF-E2 expression increased H3 acetylation at the Bmajor
promoter and Bmajor 3’ 4.6-fold and 23-fold, respectively. H3
acetylation at the Bminor promoter was not rescued by NF-E2
expression. H4 acetylation at the promoters was very similar
between MEL and CB3 cells. NF-E2 expression increased H4
acetylation at the Bmajor promoter and Bmajor 3’ 2.1-fold and
5.0-fold, respectively. H4 acetylation at the Bminor promoter was
NF-E2-independent. Thus, H3-meK4 had a distribution similar
to H3 and H4 acetylation. Furthermore, the establishment of
both H3-meK4 and H3 acetylation at the Bmajor promoter and
Bmajor 3’ required NF-E2, providing an example of a mamma-
lian activator inducing H3-meK4 in vivo.

Because NF-E2 can be crosslinked to the Bmajor promoter (40,
50), NF-E2 resides in close proximity to the acetylated and meth-
ylated chromatin of the promoter. Although it is unclear as to
whether these observations result from LCR-bound NF-E2 con-
tacting the promoter, or NF-E2 bound directly to nonconsensus
sites on the promoter, the result is consistent with a direct action of
NF-E2 to induce acetylation and H3-meK4. Further support for a
direct function of NF-E2 at the promoter comes from the use of a
combined ChIP-in vivo footprinting assay (57). Chromatin was
immunoprecipitated with an NF-E2 antibody, and the resulting
DNA was subjected to footprinting analysis with dimethyl sulfate to
detect sequence-specific protein-DNA interactions. A footprint
was detected over an imperfect NF-E2 site on the Bmajor promoter
in MEL cells, consistent with NF-E2 binding directly to this site.

GATA-1 Induces Histone H3 Hyperacetylation, but Not H3-meK4, at the
Bmajor Promoter. As NF-E2 cooperates with GATA-1 to recruit
pol IT to the adult Bmajor promoter (40), we asked whether both
activators are able to induce H3-meK4 and acetylation or
whether they have distinct activities. H3-meK4 and H3 acetyla-
tion were analyzed in physiologically relevant G1E cells,
proerythroblast-like cells derived from GATA-1-null murine
embryonic stem cells (53), and G1E cells stably expressing an
estrogen receptor-GATA-1 fusion protein (ER-GATA-1) (54)
(Fig. 44). In contrast to a previous report indicating that
ER-GATA-2 and GATA-2 have opposing effects on erythroid
differentiation (58), ER-GATA-1 and GATA-1 both induce
erythroid differentiation of G1E cells (54, 59, 60). Whereas
ER-GATA-1 activation in G1E-ER-GATA-1 cells strongly in-
duced B-globin expression (574-fold) (Fig. 4B), both G1E and
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Fig.4. Incontrastto NF-E2, GATA-1 does not induce H3-meK4 at the Bmajor
promoter. G1E-GATA-1 and G1E cells were incubated for 48 h with 1 uM
tamoxifen. (A) Western blot analysis of GATA-1 and ER-GATA-1 expression in
total cell lysates from MEL, G1E, and G1E-ER-GATA cell lines. (B) Real-time
RT-PCR analysis of B-globin RNA expression in G1E and G1E-ER-GATA cells.
Relative expression of B-globin RNA levels normalized to GAPDH. The graph
depicts data from four (G1E) and five (G1E-ER-GATA-1) independent RNA
isolations. (C) Real-time PCR ChIP analysis of H3 acetylation, H3-meK4, and pol
Il binding at the Bmajor promoter. Samples from three independent ChIP
experiments were analyzed quantitatively.

G1E-ER-GATA-1 cells had similar levels of H3-meK4 at the
Bmajor promoter (Fig. 4C). In contrast, GATA-1 induced H3
acetylation, analogous to NF-E2 in CB3 cells (Fig. 3B) and
strongly induced pol II loading on the promoter (Fig. 4C).
GATA-1 can be crosslinked to the Bmajor promoter (39), which
contains consensus GATA-1 sites, consistent with the direct
action of GATA-1 to induce acetylation and pol II recruitment.
A direct action is further supported by the result that treatment
of GIE-ER-GATA-1 cells for 3 h with tamoxifen induces H3
acetylation at the Bmajor promoter (Gerd Blobel, personal
communication), similar to results described herein with a 48-h
treatment. However, one cannot rule out the possibility that
ER-GATA-1 regulates histone acetylation through an indirect
mechanism involving changes in expression of other factors that
regulate the B-globin genes.

ER-GATA-1 activation in G1E cells increased erythroid
Kriippel-like factor (EKLF) transcripts (59). In addition, other
studies have shown that the EKLF promoter is induced by
GATA-1 in transient transfection assays and in transgenic mice
(61, 62). EKLF is a critical regulator of definitive erythropoiesis
(63) and functions through HS3 of the LCR (64). As shown in
Fig. 6, which is published as supporting information on the PNAS
web site, www.pnas.org, however, EKLF protein levels were
nearly identical in our G1E and G1E-ER-GATA-1 lines. This
result is inconsistent with a mechanism in which GATA-1
increases EKLF levels as a critical step in inducing acetylation at
the Bmajor promoter in this system. ER-GATA-1 activation also
increased Friend of GATA-1 (FOG-1) transcripts (59). GATA-1
utilizes FOG-1 to both activate and repress target genes (65, 66).
By contrast, ER-GATA-1 activation had no effect on
p45/NF-E2 protein levels (40) and decreased GATA-2 tran-
scripts (59). Importantly, as GATA-2 expression is high in G1E
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cells and chromatin at the adult B-globin genes is hypoacetylated
in these cells, GATA-2 lacks the activity of GATA-1 to establish
hyperacetylation at this site. As GATA-2 interacts with HDACS3,
this finding might explain its inability to substitute for GATA-1
to establish hyperacetylation (67).

Based on existing knowledge of how GATA-1 and NF-E2
function, one could not predict whether these factors would have
similar or different influences on histone acetylation and meth-
ylation. Both factors interact with CBP /p300 (68), which could
mediate changes in histone acetylation. However, NF-E2, but
not GATA-1, increased the histone acetyltransferase activity of
CBP toward nucleosomal substrates in vitro (69), suggesting that
NF-E2 might uniquely regulate histone acetylation. Neither
factor, nor related proteins, has been shown to interact with
histone methyltransferases. Because FOG-1 interacts with
GATA-1, but not NF-E2, GATA-1 might exert a mechanistically
unique activity to regulate transcription.

The results of Figs. 3 and 4 show that NF-E2 has an activity
shared with GATA-1 to induce H3 hyperacetylation and a unique
activity to induce H3-meK4. Hypoacetylation in GATA-1-null cells
cannot be attributed to decreased levels of NF-E2 and vice versa
(40), indicating that both activators are required to induce hyper-
acetylation. The collective actions of the two factors thereby
establish a composite histone modification pattern. Alternatively,
because GATA-1 is required only to establish hyperacetylation, it
is possible that GATA-1 is critical for activating transcription, and
hyperacetylation is transcription-dependent. No qualitative differ-
ences in the activities of GATA-1 and NF-E2 in transcription assays
have been described previously, to our knowledge. We have shown
that pol II recruitment to HS1, HS2, and HS3 of the LCR is more
dependent on GATA-1 than NF-E2 (40). However, this differential
activity is likely unrelated to the differential chromatin modifying
activity. Both GATA-1 and NF-E2 are required for pol II recruit-
ment to the Bmajor promoter, which may reflect the cooperative
actions of these factors to establish the composite histone modifi-
cation pattern.

H3-meK4 at Hypersensitive Site 2 Is NF-E2- and GATA-1-Independent.
Because all sites of H3-meK4 in the vicinity of the adult B-globin
genes were dependent on NF-E2, it was important to ask whether
NF-E2 is required to establish methylation at other sites within the
B-globin domain. ChIP analysis revealed strong H3-meK4 at HS2
in MEL cells (Fig. 5). Interestingly, CB3 cells lacking NF-E2 had an
equivalent level of H3-meK4. H3-meK4 was similarly high at HS2
in GATA-1-null GIE cells, and the expression of ER-GATA-1 did
not change the methylation state. This result supports a model in
which NF-E2, but not GATA-1, establishes H3-meK4 within a
subregion of the locus containing the adult 3-globin genes, whereas
the establishment of methylation far upstream at HS2 requires
factors distinct from NF-E2 and GATA-1.

Establishment of Composite Histone Modification Patterns in Mam-
malian Chromatin Domains: Mechanistic Considerations. Two lines of
evidence presented in this study support distinct activator require-
ments for establishing acetylation and methylation components of
a composite histone modification pattern. First, analysis of histone
modifications in G1E cells revealed a dissociation of events involved
in establishing H3-meK4 and H3 hyperacetylation (Fig. 4C). As
H3-meK4 was enriched in hypoacetylated chromatin at the Bmajor
promoter in G1E cells, H3 hyperacetylation is not required for the
establishment of H3-meK4. Inversely, H3-meK4 is insufficient to
induce H3 acetylation. Thus, the establishment of H3-meK4 pre-
cedes hyperacetylation. The result is consistent with a model in
which the establishment of H3-meK4 and H3 acetylation requires
multiple activators, potentially with unique activities. H3 hyper-
acetylation requires GATA-1, whereas H3-meK4 does not at the
Bmajor promoter. Second, we have shown that two tissue-specific
activators, GATA-1 and NF-E2, which strongly activate transcrip-
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Fig.5. H3-meK4 at hypersensitive site 2 is NF-E2- and GATA-1-independent.
MEL and CB3 cells were incubated for 4 days with 1.5% DMSO. G1E-GATA-1
and G1E cells were incubated for 48 h with 1 M tamoxifen. Quantitative PCR
ChIP analysis of H3-meK4 at HS2 in MEL, CB3, G1E-ER-GATA-1, and G1E cells
was done. Samples from five (MEL and CB3) and three (G1E-ER-GATA-1 and
G1E) independent ChIP experiments were analyzed quantitatively, relative to
a standard curve generated from input chromatin. The plot depicts relative
levels of H3-meK4 at HS2 in the cell lines.

tion of an endogenous gene, have distinct activities to induce
H3-meK4 and acetylation at the Bmajor promoter. GATA-1 and
NF-E2 share the ability to induce H3 acetylation, whereas only
NF-E2 induces H3-meK4. Although the possibility cannot be
excluded that GATA-1 would induce H3-meK4 in other contexts,
GATA-1 differs from NF-E2 in lacking this ability at the Bmajor
promoter. Intriguingly, neither GATA-1 nor NF-E2 is required for
the establishment of H3-meK4 at HS2, indicating that additional
factors function with GATA-1 and NF-E2 to establish the com-
posite histone modification pattern. Although these conclusions are
based on the analysis of the endogenous B-globin locus in living
cells, MEL, CB3, and GIE cells represent cell lines derived in
different ways. Additional mechanisms might contribute to the
establishment of the composite histone modification pattern during
normal erythropoiesis.

The differential chromatin-modifying activities of GATA-1
and NF-E2 associated with the transcriptional activation of the
Bmajor promoter strongly support the hypothesis that the es-
tablishment of a composite histone modification pattern requires
activators with qualitatively distinct activities. A test of this
hypothesis will require comparative analysis of the activities of
multiple activators that regulate chromatin structure in complex
mammalian systems, such as the B-globin domain. Such analyses
should reveal whether activators can be categorized into a finite
number of groups, based on their intrinsic activities to induce
unique histone modifications. Establishment of physiological
chromatin structure would require the coordinated actions of
representative members of each group. This finding would have
broad mechanistic implications for understanding genetic net-
works that control cell and organismal function.
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