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To investigate the molecular basis of �-globin gene activation, we analyzed factor recruitment and histone
modification at the adult �-globin gene in wild-type (WT)/locus control region knockout (�LCR) heterozygous
mice and in murine erythroleukemia (MEL) cells. Although histone acetylation and methylation (Lys 4) are
high before and after MEL differentiation, recruitment of the erythroid-specific activator NF-E2 to the
promoter and preinitiation complex (PIC) assembly occur only after differentiation. We reported previously
that targeted deletion of the LCR reduces �-globin gene expression to 1%–4% of WT without affecting
promoter histone acetylation. Here, we report that NF-E2 is recruited equally efficiently to the adult �-globin
promoters of the �LCR and WT alleles. Moreover, the LCR deletion reduces PIC assembly only twofold, but
has a dramatic effect on Ser 5 phosphorylation of RNA polymerase II and transcriptional elongation. Our
results suggest at least three distinct stages in �-globin gene activation: (1) an LCR-independent chromatin
opening stage prior to NF-E2 recruitment to the promoter and PIC assembly; (2) an intermediate stage in
which NF-E2 binding (LCR-independent) and PIC assembly (partially LCR-dependent) occur; and (3) an
LCR-dependent fully active stage characterized by efficient pol II elongation. Thus, in its native location the
LCR functions primarily downstream of activator recruitment and PIC assembly.
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In higher eukaryotes, gene activation involves several
events including chromatin opening, activator binding
to regulatory regions, recruitment of basal transcription
factors (TFIIA to TFIIJ) and RNA polymerase II (pol II) to
the promoter [preinitiation complex (PIC) assembly], and
transcription elongation. A general model has emerged
in which activators function to stabilize or modulate
transcription through interactions with histone acetyl-
transferases, as well as components of the basal tran-
scription machinery, such as TATA binding protein
(TBP), TBP-associated factors (TAFs), and TFIIB (for re-
view, see Lemon and Tjian 2000). PIC assembly is fol-
lowed by initiation and elongation, during which the C-
terminal domain (CTD) of the RPB1 subunit of pol II is
phosphorylated (for review, see Dahmus 1996).

These steps in gene activation are often regulated by
distal elements called enhancers (for review, see Black-
wood and Kadonaga 1998; Martin 2001). Enhancers in-
crease either the rate of transcription, the number of the
templates engaged in transcription, or both. Studies us-
ing transgenes or in vitro templates have linked en-
hancer activities to various events such as PIC assembly
(Kim et al. 1998; Yie et al. 1999), histone acetylation at
the promoter (Madisen et al. 1998), and nuclear localiza-
tion (Francastel et al. 1999). However, it is poorly under-
stood which events in transactivation are the actual tar-
gets of long-range enhancer function at native gene loci.
The murine �-globin gene locus is a model system for

studying the molecular mechanisms of enhancer-depen-
dent gene activation at a native locus. The locus con-
tains embryonic and adult �-like globin genes that are
ordered as they are expressed during development. High-
level expression of the �-globin gene cluster is regulated
by the locus control region (LCR), which consists of sev-
eral DNase I hypersensitive sites (HSs) distributed in the
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region 30–60 kb upstream of the adult �majglobin gene.
Transient and stable transfection assays as well as stud-
ies in transgenic mice have suggested that the LCR not
only enhances transcription but also has dominant chro-
matin opening activity (for review, see Bulger and Grou-
dine 1999).
Surprisingly, studies of the targeted deletion of the

LCR from the endogenous �-globin gene locus (�LCR)
have revealed that the LCR is not required for the gen-
eralized DNaseI sensitive conformation of the locus or
chromatin remodeling and histone hyperacetylation of
the �-globin promoter (Epner et al. 1998; Bender et al.
2000; Schübeler et al. 2001); however, transcription from
the �LCR allele is decreased to 1%–4% of wild-type
(WT) levels (Bender et al. 2000; Schübeler et al. 2001).
These results suggest that the LCR stimulates transcrip-
tion at an event downstream of promoter remodeling,
although the molecular mechanism of LCR function has
not been determined.
Several recent chromatin immunoprecipitation (ChIP)

analyses of factor binding in the �-globin locus of cul-
tured erythroid cell lines have provided clues to under-
standing the regulation of �-globin gene expression (for
review, see Bulger et al. 2002). NF-E2, an erythroid-spe-
cific activator, appears to play an important role in �-glo-
bin expression by stimulating PIC assembly. NF-E2 is
composed of two subunits: p45 NF-E2 and p18 NF-E2
(Andrews et al. 1993a, 1993b; Chan et al. 1993; Ney et al.
1993), the latter of which is a member of the small Maf
protein family, MafK (Igarashi et al. 1994; for review, see
Motohashi et al. 1997). p45 NF-E2, which contains a
transactivation domain, interacts with TAFII130 (Am-
rolia et al. 1997) and CBP in vitro (Cheng et al. 1997;
Hung et al. 2001) and is required for pol II recruitment to
the �majglobin gene promoter in mouse erythroleukemia
(MEL) cells (Johnson et al. 2001). Recently, we reported
that NF-E2 binds to both the LCR and the �-globin pro-
moter region, even though no canonical NF-E2 binding
sites are present in the promoter (Sawado et al. 2001).
This observation has reinforced speculation that the
LCR functions through interactions with the promoter.
To gain insight into which transcription events are

influenced by the LCR, we have performed ChIP analy-
ses of histone modifications and factor recruitment at
the adult �-globin gene in two model systems: (1) differ-
entiation of 745A MEL cells, a process accompanied by a
greater than 100-fold increase in �-globin gene expres-
sion (Sawado et al. 2001); and (2) primary erythroid cells
derived from �LCR/WT heterozygous mice.
We find a high level of histone acetylation of the �-glo-

bin gene in uninduced MEL cells, and this does not
change significantly upon differentiation. In contrast,
significant binding of NF-E2, TFIIB, and pol II to the
promoter, as well as efficient pol II elongation, is ob-
served only in differentiated cells, consistent with the
large increase in �-globin gene transcription. Analysis of
wild-type and �LCR �-globin alleles in the �LCR/WT
heterozygous mice suggests that NF-E2 binding to the
�-globin promoter region occurs independent of the
LCR, and that the LCR has only a small effect on PIC

assembly. In contrast, deletion of the LCR dramatically
decreases phosphorylation of the C-terminal domain
(CTD) of pol II and pol II elongation, consistent with the
large decrease in transcription observed. Our results sug-
gest that the LCR plays multiple roles in the transition
from an intermediate to a fully active stage, including a
major effect on the transition from transcription initia-
tion to elongation.

Results

Transcription factor recruitment to the promoter
correlates with the conversion from basal to high level
transcription during MEL cell induction

To gain insight into the pathway of �-globin gene acti-
vation, we analyzed recruitment of activators and com-
ponents of the basal transcription machinery to the �maj-
globin gene in MEL cells. MEL cells are blocked at an
early stage of erythropoiesis and morphologically re-
semble proerythroblasts. In MEL cell clone 745A, �maj-
globin gene transcripts are detectable in the uninduced
state only by reverse transcriptase PCR (RT–PCR), and
expression increases by >100-fold upon DMSO-mediated
induction of terminal differentiation (Sawado et al.
2001). We performed ChIP with cross-linked chromatin
from uninduced and differentiated MEL cells, using an-
tibodies that recognize NF-E2, members of the PIC and
histone modifications that are known markers for eu-
chromatic genes. Using primer sets for the promoter re-
gion or exon 3 of the �majglobin gene, the enrichment of
these factors/histone modifications at the �majglobin
gene relative to myoD1 was determined by duplex PCR
under conditions of linear amplification (Sawado et al.
2001). The myoD1 gene, which like the �-globin gene
locus is located on murine chromosome 7, is expressed
only in skeletal muscle and its precursors (Weintraub et
al. 1991); thus, it serves as a negative control. The ratio
of the two PCR products was determined for the anti-
body-bound fraction and normalized to the ratio of the
control IgG-bound fraction.
High levels of histone modifications such as acetyla-

tion of H3 (Lys 9 and/or Lys 14) and H4 (Lys 5, Lys 8, Lys
12, and/or Lys 16), dimethylation of H3 (Lys 4), which
are known markers for euchromatic genes, are present at
the promoter before induction and remain high through-
out differentiation (Fig. 1; Sawado et al. 2001). In con-
trast, p45 NF-E2 recruitment is detectable only after in-
duction (Fig. 1A,B), and the threefold enrichment in
MafK binding at the �majglobin promoter before induc-
tion increases to >20-fold upon differentiation, as previ-
ously reported (Fig. 1A,B; Sawado et al. 2001). Consistent
with the observation that NF-E2 is required for pol II
recruitment (Johnson et al. 2001), high levels of pol II
enrichment, as measured with an antibody that detects
both phosphorylated and unphosphorylated forms, are
detected only after induction. TFIIB, a component of the
PIC, is enriched only 2.2-fold before induction, and this
enrichment increases to 29.6-fold after induction (Fig.
1A,B). Pol II enrichment at the third exon of the �majglo-
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bin gene is also detectable after induction, indicating
efficient transcription elongation (Fig. 1C). No enrich-
ment of these factors or histone modifications is ob-
served at the �majglobin gene in a pro-B cell line (data not
shown). These results suggest that, in MEL cells, an
“open” chromatin conformation is present prior to in-
duction, and that ensuing steps such as NF-E2 complex
formation, PIC assembly, and transcription elongation at
the �-globin gene are distinct from chromatin opening
and are correlated with high levels of expression.

Allele-specific ChIP analysis for �LCR/WT
heterozygous mice

Analysis of targeted deletions of the endogenous �-glo-
bin LCR in mice and in cultured cells have revealed that

the LCR is not required for initiation or maintenance of
general DNase I sensitivity of the locus, hyperacetyla-
tion of histones, or low-level transcription, but it is es-
sential for achieving high levels of transcription (Epner
et al. 1998; Bender et al. 2000; Schübeler et al. 2001).
Given the similar chromatin structure and expression of
the �-globin loci in uninduced MEL cells and the �LCR
cells, we wished to determine if the differentiation-de-
pendent events such as NF-E2 binding, PIC assembly,
and elongation were LCR-dependent steps. Thus, we
compared factor recruitment and histone modification at
the �LCR with WT �-globin promoters in vivo.
We developed a novel ChIP assay that allows simulta-

neous determination of factor enrichment and histone
modification in each �-globin allele in cells derived from
�LCR/WT heterozygous mice (Fig. 2). There are two ad-
vantages in analyzing heterozygous mice. First, using al-
lele specific ChIP analysis, the �LCR and WT alleles are
examined in the same ChIP reaction, allowing quantifi-
cation of potentially subtle differences in factor recruit-
ment or histone modification state between the WT and
�LCR alleles. Second, by assessing factor recruitment or
histone modification state in the same nuclear environ-
ment, we can exclude the possibility that differences in
erythroid factor concentrations or the spectrum of ery-
throid cells present in the two homozygous mouse lines
might bias assessment of factor enrichment or histone
modification at one allele relative to the other.
To distinguish between binding at WT and �LCR al-

leles of heterozygous mice in ChIPs, we used mice con-
taining two different murine �-globin haplotypes, HbbS

(S) and HbbD (D). �maj and �S, which are the primary
adult �-globin genes of the D and S alleles, respectively,
are highly homologous; for example, the nucleotide se-
quence in the upstream promoter region of the two genes
(−249∼−1) is identical (data not shown). However, a �S-
specific HaeIII site is located ∼100 bp downstream of the
Cap site, and a �maj-specific BstXI site is located in the
third exon (Fig. 2A; Fiering et al. 1995). ChIPs were per-
formed using spleen cells from �LCR (D)/WT (S) hetero-
zygous mice. After coamplification of both alleles with a
single set of primers, the PCR products from the WT (S)
and the �LCR (D) alleles were digested with restriction
enzymes recognizing these polymorphisms (Fig. 2B). The
amount of a particular sequence in the antibody-bound
chromatin was determined by duplex PCR and standard-
ization to the amount of themyoD1 gene (not expressed
in erythroid cells) in the bound fraction, as described
previously (Sawado et al. 2001). Enrichment of signals
from the WT (EWT) and �LCR (E�LCR) alleles relative to
myoD1 and the ratio of E�LCR to EWT (E�LCR/EWT) were
determined as described in Materials and Methods.

NF-E2 and pol II recruitment to the �-globin promoter
are LCR-independent

NF-E2 interacts not only with the LCR (Daftari et al.
1999; Forsberg et al. 2000; Sawado et al. 2001), but also
with the promoter region, even though no canonical NF-

Figure 1. Factor recruitment and histone modifications at the
�majglobin gene during MEL cell differentiation. Chromatin
samples for immunoprecipitations were obtained from unin-
ducedMEL cells (A,C; −I) and inducedMEL cells (B,D; +I). Lanes
are labeled with the antibodies used for ChIP. Duplex PCRs
were performed with a primer set for myoD1 and a primer set
for the promoter region (A,B) or the third exon of the �majglobin
gene (C,D). Enrichments relative to myoD1 are shown below
the gels.

The LCR functions downstream of initiation
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E2 binding sites are present in the promoter (Sawado et
al. 2001). Previously, we proposed two models for se-
quence-independent NF-E2 recruitment to the promoter:
NF-E2 may be recruited to the promoter via interaction
between the LCR and the promoter; alternatively, NF-E2
may reside in two independent protein complexes that
bind to the LCR and the active promoters (Sawado et al.
2001). ChIP analyses of the WT and �LCR alleles in pri-
mary erythroid cells allow us to distinguish between
these models.
Using allele specific ChIP analyses, we find that NF-E2

is recruited to the adult �majglobin promoter of the
�LCR allele as strongly as to the �Sglobin promoter of
the WT allele (Fig. 3A). The ratio of enrichment on the
�LCR allele to WT (E�LCR/EWT) for MafK and p45 NF-E2
are 0.96 and 0.83, respectively (Fig. 3C). Therefore, NF-

E2 recruitment to the promoter is minimally affected by
deletion of the LCR, and NF-E2 recruitment to the pro-
moter is not dependent on an interaction between the

Figure 3. Allele-specific analysis of factor binding in the pro-
moter-proximal region and third exon in �LCR(D)/WT(S) het-
erozygous mice. Lanes are labeled with the antibody used. The
regions tested are promoter-proximal (A,B) and third exon (D,E)
of the �majglobin and �Sglobin genes. Enrichment of the �-glo-
bin gene relative to myoD1 in WT (EWT; indicated as dark-gray
bars) or �LCR (E�LCR; indicated as light-gray bars) alleles in
sample materials relative to those in control IgG or IgM bound
materials are shown in C and F. The ratios between the WT and
�LCR allele PCR products (E�LCR/Ewt) are shown at the right of
graphs. A table showing these data is included in Supplemental
Material.

Figure 2. Allele-specific ChIP analysis. (A) Structures of the
�majglobin and �Sglobin genes with polymorphisms for HaeIII
(H) and the BstXI sites (Bs) are shown. PCR primer pairs for
allele-specific ChIP analysis were designed to amplify both the
�majglobin and �Sglobin genes and are indicated by arrowheads.
Positions are relative to the Cap site (+1) of the �majglobin gene.
(B) An allele-specific ChIP analysis of �LCR (D)/WT (S) hetero-
zygous mice is shown. Further details are presented inMaterials
and Methods.

Sawado et al.

1012 GENES & DEVELOPMENT



LCR and the promoter. We also found that pol II is sig-
nificantly enriched at the promoter-proximal region
even in the absence of the LCR (Fig. 3A), although this
enrichment is reduced. E�LCR/EWT for pol II is 0.54 (Fig.
3C), indicating that the number of pol II molecules in the
promoter-proximal region of the �LCR allele is ∼50%
of WT.
To examine the possibility that the LCR in the WT

allele promotes factor recruitment to the �majglobin pro-
moter of the �LCR allele in trans, we also performed the
ChIP assays using WT or �LCR homozygous mice (Fig.
4). As shown, MafK, p45 NF-E2, and pol II were all en-
riched relative to myoD1 at the �majglobin promoter-
proximal region in both WT and �LCR loci (Fig. 4). In
addition, and consistent with our previous analysis in
MEL cells, both components of NF-E2 were enriched
relative to myoD1 at HS2 in the WT locus (Fig. 4A).

The LCR has only a twofold effect on PIC assembly

Because the size of the chromatin used in these ChIP
analyses is 300–800 bp, the 50% reduction in pol II en-
richment in the �LCR allele could occur at the level of
pol II recruitment to the promoter and/or pol II elonga-

tion. To determine the effect of deletion of the LCR on
PIC assembly, we determined the levels of general tran-
scription factor (GTF) recruitment to the promoter-
proximal regions in the WT and �LCR alleles. As shown
in Figure 3A, TFIIB, a component of the PIC, is enriched
in both WT and �LCR alleles, although enrichment is
reduced in the �LCR allele (the E�LCR/EWT for TFIIB is
0.45; Fig. 3C). TFIIE and TFIIH stimulate promoter melt-
ing and promote the initial stage of transcription elon-
gation (for review, see Hampsey 1998). Both TFIIE�, a
subunit of TFIIE, and ERCC3, a helicase subunit of
TFIIH, are enriched in both alleles (Fig. 3A). The E�LCR/
EWT for TFIIE� is 0.47 and the E�LCR/EWT for ERCC3 is
0.51 (Fig. 3C). We obtained similar results for TFIIE�,
another subunit of TFIIE (data not shown). These results
suggest that the LCR promotes PIC assembly approxi-
mately twofold. Importantly, despite dramatically de-
creased expression from the �LCR allele (1%–4% of WT;
Schübeler et al. 2001), recruitment of GTFs and pol II
remains significant. This suggests that the LCR func-
tions primarily at a step downstream of PIC assembly.
Therefore, we investigated the possibility that transition
from initiation to elongation is affected by the LCR de-
letion.

The LCR acts primarily at the transition
from initiation to elongation

The high homology between the 5� portions of the four
adult �-globin genes in the D and S alleles has precluded
the use of conventional run-on assays to compare elon-
gation efficiency in the �-globin locus of heterozygous
mice. Therefore, we used allele-specific ChIP assays to
compare pol II elongation efficiency in the �maj and
�Sglobin genes on �LCR (D) and WT (S) alleles, respec-
tively. In contrast to the nearly twofold higher enrich-
ment of pol II in the promoter-proximal region in the WT
compared to the �LCR allele, we detected an at least
fivefold higher enrichment of pol II in the third exon (∼1
kb downstream of the promoter) in the WT compared to
the �LCR allele. As shown in Figure 3D and F, pol II is
enriched 6.1-fold in exon 3 in the WT allele, but no
enrichment is observed in exon 3 in the �LCR allele.
This result suggests that despite significant pol II recruit-
ment to the promoter-proximal region of the �LCR allele
(Fig. 3A,C), no pol II enrichment is detectable at the third
exon. Similarly, we detected significant enrichment of
pol II ∼600 bp downstream of the poly-A site in the WT,
but not the �LCR allele (data not shown). These results
suggest that pol II elongation is either blocked or ineffi-
cient in the absence of the LCR.
One prominent event during the transition from ini-

tiation to elongation is phosphorylation of the CTD of
the RPB1 subunit of pol II (for review, see Dahmus 1996).
Two residues in the CTD, Ser 2 and Ser 5, are known
targets for phosphorylation during transcription en-
hanced by the HIV-1 long terminal repeat (Barboric et al.
2001), as well as transcription of several mammalian
(Nissen and Yamamoto 2000; Soutoglou and Talianidis
2002) and yeast genes (Komarnitsky et al. 2000; Cho et

Figure 4. ChIP analysis of occupancy of NF-E2 and pol II at
HS2 and the �majglobin gene promoter in WT (A) and �LCR (B)
homozygous mice. Chromatin were immunoprecipitated with
control IgG, anti-p45 NF-E2, anti-MafK, and anti-pol II. Enrich-
ment relative to myoD1 is shown below the gels.

The LCR functions downstream of initiation
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al. 2001). In the �-globin locus, the Ser 5 phosphorylated
form of CTDwas shown to be enriched at the �majglobin
promoter after MEL cell induction (Johnson et al. 2001).
To determine if CTD phosphorylation is affected by the
LCR, we performed an allele-specific ChIP analysis using
an antibody against the phosphorylated CTD. As shown
in Figure 3B and C, Ser 5 phosphorylation of the CTD is
present at the promoter-proximal region in the WT al-
lele, but is significantly (fourfold) reduced in the �LCR
allele. These results suggest that even though pol II is
enriched at the �LCR promoter-proximal region (Fig.
3A), the CTD is not highly phosphorylated in the ab-
sence of the LCR.
The difference in CTD phosphorylation between the

WT and the �LCR alleles becomes even more prominent
at the third exon (Fig. 3E,F), which is due in part to the
relative inefficiency of pol II elongation in the �LCR
allele (Fig. 3D). Considering the slight reduction in pol II
enrichment at the third exon in the WT allele, the in-
crease of CTD phosphorylation of Ser 5 in the third exon
is most likely due to hyperphosphorylation of the CTD
(see Discussion).

Discussion

Mechanisms of NF-E2 recruitment
to the promoter-proximal region

Previously we reported that subunits of NF-E2 are re-
cruited to both the LCR and the promoter upon MEL cell
induction (Sawado et al. 2001). Although there are mul-
tiple NF-E2 binding sites in the LCR, the promoter does
not contain any canonical NF-E2 binding sites. Thus,
NF-E2 may be recruited to the promoter via communi-
cation with the LCR, or NF-E2 may interact with both
the LCR and the promoter independently (Sawado et al.
2001). Here, we find that NF-E2 recruitment to the pro-
moter does not require the LCR. This result suggests
that NF-E2 recruitment to the promoter may be medi-
ated by interactions with proteins associated with the
promoter-proximal region, for example, CBP (Cheng et
al. 1997; Hung et al. 2001) and/or TafII130 (Amrolia et al.
1997).

Three distinct stages of �-globin gene activation

Together with our previous observations (Epner et al.
1998; Bender et al. 2000; Sawado et al. 2001; Schübeler et
al. 2001), the results presented here suggest a three-step
model for �-globin gene activation (Fig. 5). The first step
is represented by uninduced MEL cells. Histone H3 and
H4 acetylation, and H3 dimethylation (Lys 4) at the �maj-
globin promoter occur prior to formation of a functional
NF-E2 complex and PIC. Interestingly, we find a twofold
reduction in dimethylation of histone H3 at Lys 4 in the
promoter region. It is not clear whether this modest de-
crease is due to conversion of the dimethyl to the tri-
methyl form of H3 upon high level of transcription, as
recently suggested (Santos-Rosa et al. 2002) or caused by
demethylation of H3. Regardless, in uninduced MEL
cells the �majglobin promoter is in a “potentiated” state,

but not active state. Previously we reported that neither
histone acetylation (Schübeler et al. 2001) nor remodel-
ing of the adult �-globin promoter (Epner et al. 1998;
Bender et al. 2000) require the LCR. Using �LCR/S het-
erozygous mice, we find that NF-E2, pol II, and general
transcription factors are recruited to the promoter-proxi-
mal region in the absence of the LCR. Thus, the status of
the promoter on the �LCR allele appears to represent an
intermediate stage in the pathway that leads to fully ac-
tivated transcription. The third step (fully active stage),
characterized by high levels of CTD phosphorylation and
efficient elongation, occurs in the WT but not the �LCR
allele, and is thus LCR-dependent. In this model, the
LCR functions primarily to promote the transition from
the intermediate to fully active stage.

Relationship between expression levels
and PIC assembly

In numerous genes in yeast, it has been shown that TBP
and TFIIB binding are strictly correlated with transcrip-

Figure 5. �-globin gene activation can be divided into three
distinct steps. An LCR-independent potentiated stage is char-
acterized by histone acetylation and methylation (Lys 4) in the
absence of NF-E2 complex and PIC assembly at the promoter.
An intermediate stage is characterized by LCR-independent NF-
E2 binding and partially LCR-dependent PIC assembly at the
promoter. An LCR-dependent, fully active stage is characterized
by CTD phosphorylation and efficient pol II elongation. The
unknown factor (indicated by question mark) shown binding to
the LCR may play a role in the transition to full activation (see
Discussion). Each exon of adult �-globin is shown by a black
bar.
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tion levels (Kuras and Struhl 1999; Li et al. 1999); how-
ever, we find that removal of the LCR leads to only a
twofold reduction in recruitment of GTFs and pol II to
the promoter, while the rate of transcription is reduced
25- to 100-fold (Schübeler et al. 2001). Therefore, PIC
assembly does not reflect the level of expression in the
�-globin gene locus. Similar inconsistencies between ex-
pression level and PIC assembly were observed in the
HMRa1 and HSP82 genes in yeast, where PIC assembly
takes place even in silent chromatin (Sekinger and Gross
2001). In a small subset of yeast promoters, TBP binding
is high even when gene activity is low and increases only
modestly with high expression levels (Kuras and Struhl
1999). Also, GTFs bind to Drosophila promoters that are
repressed by Polycomb group proteins (Breiling et al.
2001). It has been shown that chromatin remodeling of
the �1-antitrypsin gene promoter occurs after PIC as-
sembly (Soutoglou and Talianidis 2002), and that elon-
gation is the rate-limiting step in the regulation of many
genes, including c-myc (Bentley and Groudine 1986;
Krumm et al. 1992), c-fos (Plet et al. 1995), heat-shock
protein (Brown et al. 1996; Lis 1998), and transcription
regulated by the HIV-1 LTR (Marciniak and Sharp 1991;
for review, see Jones and Peterlin 1994). These observa-
tions demonstrate that events downstream of PIC as-
sembly can be rate-limiting steps in transcription, and
may represent common mechanisms for establishing an
active state in many genes. Surprisingly, our results re-
veal that the �-globin LCR functions primarily at just
such downstream steps, because it mediates the transi-
tion from a state defined by PIC assembly, low CTD
phosphorylation and inefficient elongation to a fully ac-
tive stage.
Our results implicating a primary function of the LCR

downstream of PIC assembly contrast with a recent re-
port showing that the endogenous 3� TCR� enhancer
(E�) acts to modify chromatin and in the recruitment of
pol II, TBP, and transactivators at the upstream pD�1
promoter (Spicuglia et al. 2002). Clearly, these differ-
ences could be due to different technical approaches (e.g.,
ChIP procedures). However, the order of chromatin
modification and factor recruitment is not the same at
different gene loci (Cosma et al. 1999; Agalioti et al.
2000), and this may reflect different enhancer-mediated
steps in gene activation.

LCR-dependent CTD phosphorylation

One major effect of the LCR is CTD phosphorylation at
Ser 5, which is required for the transition from transcrip-
tion initiation to elongation. We find that although basal
levels of CTD phosphorylation can be detected at the
�LCR allele, high-level CTD phosphorylation requires
the LCR. Our observation that CTD hyperphosphoryla-
tion of Ser 5 is detected at the 3� end of the gene does not
correlate with previous analyses of several yeast genes
(Komarnitsky et al. 2000; Cho et al. 2001) and the human
�1-antitrypsin gene (Soutoglou and Talianidis 2002). In
these genes, the Ser 5 phosphorylated form of the CTD is
enriched only at the promoter-proximal region, and not

at the 3� end, whereas Ser 2 phosphorylated CTD is de-
tected at the 3� end. Despite using several different an-
tibodies, we failed to detect the Ser 2 phosphorylated
form of the CTD in the �-globin gene in murine ery-
throid cells, and Ser 2 phosphorylation of the CTD is not
observed in the myoD1 gene in murine muscle cells (B.
Penn and S. Tapscott, unpubl.). Moreover, hyperphos-
phorylation at Ser 5 of the CTD, in the absence of Ser 2
phosphorylation, is sufficient for optimal transcription
of the Drosophila sgs genes (Kaplan et al. 2000).
Several CTD-kinases such as TFIIH-associated kinase

(cdk7), cdk8, and positive transcription elongation factor
b (P-TEFb) associated kinase (cdk9) are known to phos-
phorylate CTD at Ser 5 in vivo (for review, see Prelich
2002). Although it remains to be determined which CTD
kinase(s) is/are responsible for activation of the �-globin
gene, one possibility is that LCR-bound factors may
stimulate CTD kinase activity in the protein complex at
the �-globin gene. Alternatively, a CTD kinase associ-
ated with the LCR may be directly recruited to the �maj-
globin gene and promote pol II elongation (Fig. 5).

Materials and Methods

Cell lines, culture conditions, and antibodies

The 745A MEL cell line was cultured and induced by DMSO as
described previously (Sawado et al. 2001). Control IgG (normal
IgG), anti-p45 NF-E2, anti-MafK (p18 NF-E2), anti-pol II (for
both phosphorylated and unphosphorylated form), and anti-
TFIIB, anti-ERCC3, and anti-TFIIE�, and anti-TFIIE� were ob-
tained from Santa Cruz Biotechnology. H14, an anti-CTD of
RPB1 (phosphorylated at Ser 5) IgMwas obtained from Covance.
Antiacetylated H3 (Lys 9 and/or Lys 14), antiacetylated H4 (Lys
5, Lys 8, Lys 12, and/or Lys 16), antidimethylated H3 (Lys 4)
were obtained from Upstate Biotech. Control IgM (clone K76)
was a gift from Dr. M. Roth (Fred Hutchinson Cancer Research
Center, Seattle, WA).

ChIP using MEL cells

Chromatin fixation and immunoprecipitation procedures were
as described (Shang et al. 2000). Duplex PCR reactions and
quantifications were performed as described (Sawado et al.
2001).

Conventional or allele-specific ChIP analyses using mouse
splenic cells

Two alleles of the murine �-globin gene,HbbD (D) andHbbS (S),
were analyzed in this study. Previously we showed that the
expression level of the adult �-globin from D and S alleles in
WT(D)/WT(S) mice is quite similar (Fiering et al. 1995). In this
study the D allele contains the �LCR mutation, while the WT
(S) allele is used as a control. For ChIP assays using homozygous
mice, we used WT and �LCR mice with D alleles. Both strains
were also homozygous for a YAC expressing the human �-glo-
bin gene (H) as �LCR homozygous mice are not viable (Bender
et al. 2000). For allele-specific analyses, heterozygous mutant
mice �LCR (D)/WT (S) with or without one copy of the YAC (H)
were used and gave identical results. To increase the erythroid
cell population in spleens, �LCR (D)/WT (S)-H mice were
treated with phenylhydrazine (PHZ) for 3 d and the spleens were
harvested on day 6 (Reitman and Felsenfeld 1990). The spleens
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of �LCR (D)/WT (S) mice consist primarily of erythroid cells;
thus, PHZ was not used. Spleens were harvested from mice and
disrupted in RPMI media containing 2% fetal calf serum to
prepare a single cell suspension. After passage through a 70-µm
Nylon cell strainer (Falcon), cells were washed once with PBS
containing 2% serum and were fixed with 1% formaldehyde for
5 min at room temperature in PBS containing 2% serum. The
cross-linking reaction was terminated by adding 1/20 volume of
2.5 M glycine. Cells were washed twice with ice-cold PBS con-
taining 2% serum and then lysed in buffer containing 1% SDS,
5 mMEDTA, and 50mMTris-HCl (pH 8.1). Chromatin samples
were sonicated to obtain 300–800 bp DNA fragments. Samples
were diluted 10-fold by adding buffer containing 1% Triton
X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl (pH
8.1). For all the antibodies except IgMs, chromatin was incu-
bated with normal serum (Jackson Immunoresearch), protein
A/G beads in the presence of 20 µg/mL of salmon sperm DNA.
Following centrifugation to remove A/G beads, antibodies were
added to the supernatant and incubated overnight at 4°C.
Samples were then incubated with preblocked beads for 1 h. To
harvest immunoprecipitated chromatin, beads were sequen-
tially washed with buffer I (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl at pH 8.1, 150 mM NaCl), buffer II
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at
pH 8.1, and 500 mM NaCl), buffer III (0.25 M LiCl, 1% NP-40,
1% deoxycholate, 1 mM EDTA, 10 mMTris-HCl at pH 8.1), and
then twice with TE. Chromatin was eluted from the beads by
washing with elution buffer containing 1% SDS, 0.1 M
NaHCO3, and 0.1 mg/mL of proteinase K. Soluble chromatin
was reverse-cross-linked overnight in elution buffer overnight
at 65°C. DNA was purified using a PCR purification kit (Qia-
gen). All of the solutions, except TE washes and elution buffer,
contain phosphatase inhibitors (microcystin, sodium fluoride,
and sodium vanadate), a proteinase inhibitor cocktail (Roche),
and histone deacetylase inhibitor (sodium butyrate).
For antiphosphorylated pol II IgM, we used another ChIP pro-

cedure described by Nissen and Yamamoto (2000) with minor
modifications.

Semiquantitative PCR for allele-specific analyses

Duplex PCR reactions were performed in 1× buffer II (Applied
Biosystems), 1.25 mM MgCl2, 0.2 mM dNTP, 5–10 pmole of
each globin gene primer set, 5 pmole of themyoD1 gene primer
set, 1 µCi [�-32P] dCTP, and 0.05 units of AmpliTaq Gold. The
PCR reaction included one cycle of 10 min at 95°C, followed by
30 or 31 cycles of 96°C for 30 sec, 54°C for 30 sec, and 72°C for
30 sec. For allele specific analysis, PCR products were digested
with HaeIII for the promoter-proximal region, or BstXI for the
third exon of the �-globin gene. All the PCR reactions were
performed within the range of linear amplification. The PCR
products were separated on a 6% polyacrylamide gel. Quantifi-
cation of the ChIP results using homozygous mice was done as
described previously (Sawado et al. 2001; Schübeler et al. 2001).
Quantification of allele-specific analysis was performed as fol-
lows.
Enrichment of the �-globin gene relative to myoD1 in WT

(EWT) or �LCR (E�LCR) alleles in sample materials relative to
those in control IgG bound materials were calculated by:

EWT or E�LCR =

���-globin signal� × CWT or C�LCR��
��myoD1 signal�� sample signal

���-globin signal� × CWT or C�LCR��
��myoD1 signal��Control IgG signals

To account for differences in incorporation of [�-32P] dCTP, con-
stant values for the WT (CWT) or �LCR (C�LCR) alleles were

determined based on GC contents of PCR products from each
allele. For the adult �-globin promoters, CWT and C�LCR are 1.25
and 1.0, respectively. For the third exon of the adult �-globin
gene, CWT and C�LCR are 1.00 and 1.26, respectively. ChIP ex-
periments were perfomed at least twice and the standard devia-
tion for each value was determined. When the enrichment from
both alleles was significantly high (more than twofold, relative
tomyoD1), the ratio between the WT and �LCR alleles in PCR
products (E�LCR/Ewt) was determined to be significant.
Oligonucleotides for ChIP using homozygous mice and MEL

cells were as described previously (Sawado et al. 2001). Oligo-
nucleotide pairs for PCRs using the heterozygous mice were as
follows: myoD1 gene (268 bp), md2176, TTCCAGTCTAGCA
AGTCCTCAGTT; myoD-s−, TTAGGGATGCCCCCTCTGG
CGGA. Digestion of the myoD1 gene with HaeIII or BstXI
yields products of 148 and 74 bp, 47 bp, or 169 and 100 bp,
respectively. The primer pairs for the �maj and �Sglobin pro-
moter-proximal regions (403 bp) were, �-maj+, GACAAACAT
TATTCAGAGGGAGTA; 114706–114728, TGTCTCCAAGCA
CCCAACTTCTT.
Digestion of the D allele with HaeIII yields products of 211,

127, and 65 bp, while the S-allele yields 170, 127, 41, and 65 bp.
Primer pairs for the 3-exon of �maj and �Sglobin genes (270/273
bp) were: 115558–15583, TAATTTGTCAGTAGTTTAAGGTT
GCA; 115827–15805, CATTGTTCACAGGCAAGAGCAGG.
Digestion of the D allele with BstXI yields products of 217 and

53 bp, while the S-allele yields a 273-bp product. Linear ampli-
fication in duplex PCR reaction was confirmed for each primer
pair. All globin primer pairs were designed to amplify only the
�maj and �Sglobin genes without coamplification of the two
minor adult globin genes (�min and �t) or the human �-globin
genes in YAC.
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