z
/|
~ |

Developmental stage differences in chromatin
subdomains of the B-globin locus
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The mammalian B-globin loci each contain a family of develop-
mentally expressed genes, and a far upstream regulatory element,
the locus control region (LCR). In adult murine erythroid cells, the
LCR and the transcribed p-globin genes exist within domains of
histone acetylation and RNA polymerase Il (pol ll) is associated with
them. In contrast, the silent embryonic genes lie between these
domains within hypoacetylated chromatin, and pol Il is not found
there. We used chromatin immunoprecipitation and real-time PCR
to analyze histone modification and pol Il recruitment to the globin
locus in human erythroid K562 cells that express the embryonic
£-globin gene but not the adult B-globin gene. H3 and H4 acety-
lation and H3 K4 methylation were continuous over a 17-kb region
including the LCR and the active e-globin gene. The level of
modification varied directly with the transcription of the ¢-globin
gene. In contrast, this region in nonerythroid Hela cells lacked
these modifications and displayed instead widespread H3 K9
methylation. pol Il was also detected continuously from the LCR to
the e-globin gene. These studies reveal several aspects of chroma-
tin structure and pol Il distribution that distinguish the globin locus
at embryonic and adult stages and suggest that both enhancer
looping and tracking mechanisms may contribute to LCR-promoter
communication at different developmental stages.

he human B-globin locus consists of a family of erythroid

specific genes and a far upstream regulatory element termed
the locus control region (LCR) (1). The genes are expressed
sequentially during development, beginning with the e-globin
gene, which is closest to the LCR, and proceeding to the more
distant genes. This organization is mirrored in the murine globin
locus. Homologous recombination studies that deleted the LCR
in its natural chromosomal context show that the LCR is
required for high-level expression of all of the genes, thus
fulfilling at a minimum the definition of an enhancer (2-4).
There is a different spatial arrangement of the genes in the
chicken globin locus, with the adult B-globin genes flanked by the
two embryonically expressed genes and a strong bidirectional
enhancer located internally within the locus between the adult
B-globin gene and the embryonic e-globin gene (5, 6).

Current views of gene regulation incorporate the concept that
two types of complexes participate in the establishment of a
chromatin structure which is accessible for transcription factors
and the RNA polymerase II (pol II) transcriptional machinery
(7, 8). Nucleosome remodeling complexes of the SWI/SNF type
use the energy of ATP hydrolysis to alter nucleosome structure
and/or move nucleosomes along the chromatin fiber (9). Other
enzymatic complexes covalently modify the N-terminal tails of
histones by acetylation, methylation, phosphorylation, and ubiq-
uitinylation (10). Core histone H3 and H4 acetylation and H3 K4
methylation are modifications strongly associated with active
chromatin (11-13). Conversely, H3 K9 methylation and the
presence of the linker histone H1 are associated with condensed
and inactive chromatin (14, 15).

The mechanism by which the mammalian globin LCR/
enhancers participate in recruitment of chromatin remodeling
complexes and pol II, which eventually manifest their activity at
the distant promoters, is unclear. Models include (i) tracking
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along the chromatin between the enhancer and promoter (16)
and (ii) direct contact between enhancer and promoter with
looping out or linking of the intervening DNA (17, 18). Facil-
itated tracking is an intermediate view in which components
tracking along chromatin toward a promoter retain contact with
the enhancer, eventually resulting in loop formation (19). De-
velopmental stage specific domains of intergenic transcription
and chromatin remodeling in the human globin locus are sup-
portive of a processive LCR activation mechanism (20). Recent
experiments have provided strong evidence that the LCR DNase
I hypersensitive sites (HSs) and an active globin promoter are
held in close physical proximity when transcription is active,
compatible with looping or facilitated tracking (21-23).

Histone modifications have been studied extensively within
vertebrate globin loci in erythroid cells expressing the adult
B-globin gene (24, 25). There is widespread H3 and H4 acety-
lation across the loci compared to the pattern in nonerythroid
tissues, with peaks of acetylation at the LCR and at the active
B-globin genes, although such peaks at the active genes were not
notable in the chicken locus (4, 26-30). In chicken embryo
erythrocytes, both the active B-globin gene and the develop-
mentally silenced embryonic globin genes exist within the hy-
peracetylated domain (28). In contrast, in MEL cells and murine
fetal liver that express the adult B-globin genes, the globin locus
contains a hypoacetylated subdomain, within which reside the
silenced embryonic genes (27, 30). This unmodified subdomain
makes it unlikely that histone modifications are propagated from
the LCR to the adult genes. Interestingly, at the yolk sac stage
of murine erythropoiesis, when the embryonic genes are ex-
pressed and the adult genes are silenced, high levels of acetyla-
tion were observed over both the active and inactive genes, but
the subdomain structure was not investigated (27).

In addition to comprising foci of histone hyperacetylation,
LCR/enhancers recruit pol 11, which is associated with the LCR
HSs and the active B-globin gene in MEL cells and in mouse
erythroid cells, but absent both at the inactive embryonic
g¥-globin gene and at sequences between it and the LCR (31-34).
The LCR sites of pol II detection are among the nongenic globin
sequences that are transcribed at a low rate by pol IT in MEL cells
and human erythroid K562 cells and within a human globin locus
transgene (20, 34-36). Such transcription could potentially
deliver pol II to a distant promoter via a tracking mechanism.
However, the absence of detectable pol II within the interposed
hypoacetylated embryonic subdomain is more consistent with
remote transfer of pol IT (LPT, long-range polymerase transfer)
from the LCR to the B-globin promoter (31, 34). In other
enhancer-dependent loci, activators, pol II, and histone acety-
lation have been detected at both the gene promoter and the
enhancer (37, 38), and sometimes in sequences between, con-
sistent with a tracking mechanism of enhancer action (39, 40). In
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one instance, investigators demonstrated that an activator/
HAT/SWI/SNF complex is detected at the 6.5-kb distant en-
hancer of the HNF-4a gene, subsequently at the intervening
sequences between the enhancer and promoter, and finally at
both the enhancer and promoter presumably as part of a looped
structure, providing an example of facilitated tracking (39).

The human embryonic e-globin gene is considerably closer, at
~6 kb, to the LCR than is the adult B-globin gene (60 kb). Here,
we investigated histone modification and pol II recruitment to
the LCR and e-globin gene in the human globin locus at the
embryonic stage when this gene is active, as exemplified by the
well studied K562 cell model. In contrast to murine erythroid
cells expressing the adult globin genes, in K562 cells the domain
encompassing the LCR and the active e-globin gene was en-
riched for acetylated H3 and H4, and the level of histone
modification was directly related to the level of e-globin tran-
scriptional activity. pol II was also detected broadly in the
domain. Thus, distinctive differences in chromatin modification
characterize the B-globin locus at embryonic (e-globin gene is
active) and adult (B-globin gene is active) stages. The continuity
of histone modifications and of pol II detection between the
LCR and the relatively nearby e-globin gene in an embryonic
stage milieu, compared to the discontinuous nature of the
modified regions in the adult stage locus, suggests that different
mechanisms may contribute to the propagation of the modifi-
cations and possibly the transfer of pol II to the active promoter
at the two stages of development.

Methods

Cell Culture and Hemin Induction. K562 cells were grown in RPMI
medium 1640 containing 10% FBS. For induction, cells at a
concentration of 5 X 10* cells per ml were incubated with 30 uM
hemin for 4 days. HeLa cells were cultured in DMEM, and MEL
cells were cultured in RPMI medium 1640 with 10% FBS.
Induction of MEL cells was performed by addition of 2% DMSO
for 4 days.

RNase Protection Assay. RNA was prepared from 5 X 10° cells by
using the PUREscript kit (Gentra). RNase digestion and gel
analyses were performed according to the protocol of manufac-
turer of the reagent (Ambion, Austin, TX, RPA II kit). Actin
served as the loading control.

Chromatin Immunoprecipitation (ChIP). Analysis of histone modi-
fication was carried out as described (28, 41). Briefly, nuclei from
5 X 107 K562 cells were digested with different MNase concen-
trations (0.0025 units/ul, 0.01 units/ul, and 0.04 units/ul) for 10
min at 37°C and combined. Soluble chromatin was fractionated
on a sucrose gradient (5-30%), and mono- and dinucleosomes
were pooled. Chromatin was precleared by incubation with
protein A agarose and reacted with antibodies. Unbound chro-
matin in the “no antibody” sample was used as input. For analysis
of histone H1 and pol II, 2 X 107 cells were cross-linked with
0.4% formaldehyde for 10 min at room temperature and soni-
cated to 200- to 500-bp fragments (41, 42). Antibodies used were
anti-di-acetylated (K9, K14) histone H3, anti-tetra-acetylated
(K4, K7, K11, K15) histone H4, anti-di-methylated H3 (K4),
anti-di-methylated H3 (K9), and anti-H1 (Upstate Biotechnol-
ogy, Lake Placid, NY), and normal rabbit IgG and anti-pol II
(Santa Cruz Biotechnology).

Quantitative Real-Time PCR Analysis, Primers, and TagMan Probes.
Immunoprecipitated DNA was analyzed by quantitative real-
time PCR (ABI Prism 7700) using TagMan probes and primers
(Primer Express 1.0, PE Applied Biosystems). DNA was quan-
tified by using picogreen. DNA immunoprecipitated by anti-
histone antibodies and input DNA (1 ng each) was amplified
with 200 nmol of TagMan probes and 900 nmol of primers in a
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25-ul reaction volume (41). Data were collected at the threshold
where amplification was linear. The fold difference for each
primer pair was determined by comparing the amount of target
sequence in immunoprecipitated DNA to the amount of target
sequence in input DNA (28). For anti-pol II antibodies, the fold
difference was determined by comparing the amount of target
sequence in 2.5% of specifically immunoprecipitated DNA to
the amount of target sequence DNA precipitated by normal
rabbit IgG. Sequences of primers and TagMan probes are given
in Table 1, which is published as supporting information on the
PNAS web site and in ref. 41.

Reverse-Transcription Reaction. Two micrograms of RNA was
treated with RNase-free DNase I for 15 min at 25°C, and then
1 ng of RNA was reverse transcribed by using superscript II as
suggested by the manufacturer (Invitrogen). cDNA was diluted
to 400 ul, and 5 ul of cDNA was amplified in a 25-ul reaction
volume by real-time PCR. The amount of cDNA was compared
with genomic DNA and then corrected by the amount of actin
cDNA compared with genomic DNA.

Results and Discussion

Histone Modification Is Continuous Between the LCR and the Active
£-Globin Gene. Histone H3 and H4 acetylation are widespread in
adult stage globin loci (24, 25). However, a domain of hypoacety-
lation encompasses the silent embryonic genes (27, 30). Con-
siderably less is known about histone modification across the loci
at earlier developmental stages. We asked in what ways this
pattern was altered in human erythroid K562 cells that express
the embryonic e-globin gene but not the adult B-globin gene
(Fig. 1). ChIP was performed by using antibodies to acetylated
H3 and H4, and to methylated H3 K4 a modification also
associated with actively transcribed genes. Chromatin of mono-
and dinucleosome size (41) (and see Fig. 64, which is published
as supporting information on the PNAS web site) was immuno-
precipitated with antibodies, and the purified DNA was quan-
titatively analyzed by real-time PCR at 22 sites across the LCR,
embryonic e-globin gene, and adult B-globin gene.

Within LCR HS3 and HS2, acetylation of H3 and H4 and H3
K4 methylation levels were high (Fig. 1); detection of these
modifications was lower at the HS2 core itself, consistent with
earlier studies (41). In contrast to what is found in erythroid cells
that express adult B-globin genes, H3 and H4 acetylation and H3
K4 methylation continued to be elevated between the LCR and
the e-globin gene. AcH3 and acH4 elevation persisted through
the e-globin gene 5’ flank and coding sequences, whereas H3 K4
methylation levels diminished at these sequences. We conclude
that, in an embryonic erythroid milieu, in contrast to the
situation in adult stage cells, H3 and H4 acetylation and K4
methylation extend in an uninterrupted fashion from the LCR to
the transcribed e-globin gene.

H3 and H4 acetylation was also detected at the B-globin gene,
which is inactive in K562 cells, as was the case for the inactive
B-globin gene in 11.5-day mouse fetal yolk sac, suggesting that,
insofar as histone modification is concerned, the adult gene
exists in a prepared state before its transcription is activated (27).
Results in the two systems argue that, at early developmental
stages, both the active and inactive globin genes exist in acety-
lated chromatin, in contrast with adult stages in which the
inactive embryonic gene and surrounding chromatin are
hypoacetylated.

Histone Modification Levels Are Related to the Transcriptional Activity
of the =-Globin Gene. Histone acetylation at active genes corre-
lates globally with transcriptional activity (43). Very high level
H3 and H4 acetylation throughout the chicken B-globin gene, in
comparison to more limited hyperacetylation of a housekeeping
gene, was most simply interpreted as related to the rate of
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Fig. 1. Histone modification extends between the LCR and the active
e-globin gene. The human g-globin locus is diagrammed at the top and the
positions of amplicons used for real-time PCR are indicated below. IVR denotes
positions between the LCR and the gene (IRV 2, —4,801; IVR 1, —3,097). The
’N"" sites are nucleosome positions relative to the e-globin transcription start
site and extend to —1,708 with respect to the e-globin transcription start site
(56). Mono- and dinucleosomes were prepared from K562 cells by MNase
digestion and reacted with antibodies to diacetylated H3, hyperacetylated H4,
and H3 dimethylated at K4. Immunoprecipitated DNA was quantitatively
analyzed by real-time PCR. The fold difference was determined by comparing
the amount of target sequence in immunoprecipitated DNA to the amount of
targetsequence ininput DNA. The results of three chromatin preparations are
shown =+ SEM. Bent arrow indicates the e-globin transcription start site.

transcription of each of the genes (44). However, MEL cell
induction by DMSO increases B-globin transcription 100-fold,
with only an accompanying 2-fold increase in B-globin H3
acetylation (45). Similarly, only modest 2- to 6-fold differences
in H3 acetylation accompanied drastic reduction in B-globin
transcription in mutant MEL cell lines lacking either the en-
hancer factor NF-E2 (31) or GATA-1 (46).

Although the e-globin gene is transcribed in K562 cells, globin
gene expression is much lower than in normal erythroid cells.
K562 cells can be induced to higher levels of e-globin gene
transcription, without loss of growth potential, by hemin (47). To
address the relationship between e-globin gene transcription and
histone modification, K562 cells were studied with or without
induction by 30 uM hemin. HeLa cells served as a nonerythroid
control. An RNase protection experiment in which three RNA
samples were analyzed for each cell type is shown in Fig. 24, and
the data are depicted graphically in Fig. 2B. Hemin induction
resulted in a ~2.5-fold increase in e-globin RNA, commensurate
with earlier data (48). e-globin RNA was undetectable in HeLa
cells.
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Fig.2. Transcription of the e-globin gene in K562 cells is induced by hemin.
(A) RNase protection analysis was performed by using RNA from uninduced
and hemin-induced K562 cells and from nonerythroid Hela cells. For induc-
tion, K562 cells were grown in medium containing 30 uM hemin for 4 days.
Three RNA preparations for each type of cell is shown. The e-globin-protected
band is indicated by an arrow on a denaturing gel. RNase protection probes,
with (+) or without (—) RNase treatment, are as labeled. Actin served as the
loading control. (B) The results are depicted graphically = SEM.

Hemin induction of K562 cells resulted in elevated levels of
acH3 and acH4 compared to uninduced cells in both genic and
nongenic regions from the LCR through the e-globin gene (Fig.
3 A and B). H3 K4 methylation was also increased after hemin
induction at most, but not all, positions studied (Fig. 3C).
Although hemin induction increased the H3 K4 methylation in
e-globin coding sequences, the levels were never as high as within
LCR HS3 and HS2 (but see below). H3 K9 methylation,
associated with repressed chromatin, was low at all locations
tested in K562 and decreased after hemin induction (Fig. 3D), an
inversion of the pattern seen with H3 and H4 acetylation and K4
methylation (49).

The B-globin locus in HeLa cells had very low levels of H3 and
H4 acetylation and H3 K4 methylation, and elevated levels of H3
K9 methylation, consistent with inactive chromatin. However,
some enrichment of H3 K4 methylation was detected at HS2 in
HeLa cells. The maintenance of this modification may be related
to the moderate sensitivity of HS2 to DNase I in HeLa cells (50).
Interestingly, hemin induction resulted in increased H3 and H4
acetylation at the B-globin gene in HeLa cells despite a lack of
transcription (see below).

From these results, we conclude that increased H3 and H4
acetylation over a broad region from the LCR to the active
e-globin gene correlates with increased transcriptional activity of
the e-globin gene in K562 cells. These results are strengthened
by our observations that, on minichromosomes, where &-globin
transcription is increased a further 2-fold over hemin-induced
K562 cells (on a per copy basis), hyperacetylation of H3 from
HS2 to the linked e-globin gene is also increased an additional
2-fold (41). Interestingly, on minichromosomes H3 K4 methyl-
ation in the e-globin coding region is greatly increased, as in
highly transcribed yeast genes (43).

Kim and Dean
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Fig. 3. Hemin induction of &-globin transcription in K562 cells increases

histone acetylation broadly in the globin locus. ChIP experiments were per-
formed by using Hela cells and uninduced and hemin-induced K562 cells.
Antibodies used included, anti-acH3 (A), anti-acH4 (B), anti-H3-meK4 (C), and
anti-H3-meK9 (D). Immunoprecipitated DNA was analyzed by real-time PCR at
22 sites as shown in Fig. 1. The fold difference of immunoprecipitated DNA
compared to input DNA is presented for HelLa (blue), uninduced K562 (red),
and induced K562 (yellow) cells. The results of three independent experi-
ments = SEM are depicted. Bent arrow indicates the s-globin transcription
start site.

Erythroid Cell-Specific Depletion of Linker Histone H1 and Localized
Nucleosome Eviction at HS2 of the LCR. Linker histone HI1 is
thought to antagonize transcription and stabilize higher-order
chromatin structure. However, the magnitude of H1 depletion
in active chromatin is modest. H1 had ~2-fold lower density in
transcribed B-globin chromatin in chicken erythrocytes com-
pared to nontranscribed albumin chromatin (51). Similarly, we
have reported a 2- to 3-fold decrease in H1 over the active
versus inactive e-globin gene on minichromosomes (41, 52),
but there is no information about H1 in the endogenous human
globin locus. We investigated H1 levels by ChIP in both
induced and uninduced K562 cells and in HeLa cells. Cells
were cross-linked with formaldehyde and the chromatin son-
icated to 200- to 500-bp fragments (ref. 41 and see Fig. 6B),
immunoprecipitated by H1 antibodies, and analyzed by real-
time PCR. Fig. 44 indicates that, in K562 cells, H1 occupancy
was 30-80% relative to that seen in HeLa cells, consistent with
a transcriptionally active locus. In general, up-regulation of
e-globin transcription by hemin did not affect H1 levels
further. However, at a few positions, H1 detection was in-
creased by hemin; notably at HS3 and exon 1(N1+) of e-globin
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Fig. 4. Erythroid cell-specific depletion of linker histones and localized
nucleosome eviction at HS2. (A) Hela cells and uninduced and induced K562
cells were cross-linked with formaldehyde and the chromatin sonicated to
200- to 500-bp fragments and immunoprecipitated by H1 antibodies. DNA
was analyzed by real-time PCR. Primers and probes were as in Figs. 1 and 3
but without the HS3 3’ and the IVR 2 probes. The fold difference of immuno-
precipitated DNA compared to input DNA (results of three independent
experiments = SEM) is graphed. Bent arrow indicates the e-globin transcrip-
tion start site. (B) Total genomic DNA from Hela cells and K562 cells
was fragmented with EcoRI. After amplification by real-time PCR, the fold
difference was determined by comparing the amount of target sequence in
total DNA to the amount of target sequence in DNA prepared by MNase
digestion as described in Fig. 1. The results of three independent experi-
ments = SEM are graphed. (C) MEL cells were uninduced (yellow) or induced
(orange) with DMSO. Mono- and dinucleosomal DNA and fragmented
genomic DNA were prepared as in B, and amplified with primers at six
locations in mouse HS2 and HS3. The results of three independent experi-
ments = SEM are graphed.

coding sequence. The significance of these changes with hemin
is unclear. Overall, the difference in H1 between K562 cells
and Hela cells is opposite to the pattern of H3 and H4
acetylation; this may relate to the reported activity of H1 as a
specific inhibitor of histone acetylation in vitro (53).

As was the case for acetylated and methylated H3 and H4
(Figs. 1 and 3), low levels of H1 were observed in the HS2 core.
We previously reported that HS2 core sequences, but not active
globin promoter sequences, were specifically depleted from the
input DNA in ChIP experiments of acetylated H3 and H4,
consistent with loss of a nucleosome (41). To compare the
MNase sensitivities of HS2 and HS3 and to investigate their
structure in a nonerythroid cell, we compared input DNA to
fragmented total genomic DNA from K562 cells and HeLa cells
by using real-time PCR. This analysis revealed that HS2 core
sequences, but not HS3 sequences, were depleted in K562
cells (values significantly greater than 1) due to extreme sensi-
tivity to MNase attack (Fig. 4B). Hemin induction had no further
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Fig.5. Widespread distribution of pol Il between the LCR and e-globin gene

in embryonic/fetal stage K562 cells. (A) Formaldehyde cross-linked chromatin
was prepared from Hela cells and uninduced and induced K562 cells and
immunoprecipitated with anti-pol Il antibodies or with control normal rabbit
19G. Aliquots were amplified by real-time PCR using the primers and probes
indicated in Fig. 1, without the Hind, Xba, and AT HS2 probes, or the N5- and
N3+ e-globin probes. The fold difference was determined by comparing the
amount of target sequence in immunoprecipitated DNA to the amount of
target sequence in DNA precipitated by normal rabbit IgG. The results of three
independent experiments = SEM are graphed. (B) cDNA was reverse tran-
scribed from 1 ng of RNA from Hela cells and uninduced and induced K562
cells and then amplified by real-time PCR. The amount of cDNA was compared
with genomic DNA and then corrected by the amount of actin cDNA. Probes
and primers were as in A. Genic transcription is beyond the scale presented in
the figure to visualize low level intergenic transcription. The results of three
independent experiments = SEM are graphed. Bent arrow indicates the
e-globin transcription start site.

effect on HS2 or HS3 structure. In HeLa cells, HS2 sequences
were not depleted, consistent with the presence of a nucleosome
at HS2.

To ask whether extreme sensitivity to MNase at HS2 is
uniquely a characteristic of the embryonic erythroid stage
and/or the human globin locus, we studied MEL cells both
before and after induction of adult B-globin transcription by
DMSO. Similar to K562 cells, HS2 sequences, but not HS3
sequences in MEL cells were highly depleted from input DNA
(Fig. 4C), reflecting extreme sensitivity to MNase digestion, even
before chemical induction. Neither DMSO nor hemin induction
affected the MNase sensitivity of HS2, suggesting, as others have
(54), that formation of HS2 is an early step in erythroid
differentiation.

pol Il Is Widely Distributed from the LCR to the Active -Globin Gene.
RNA pol II has been detected by ChIP at the murine $-globin
LCR HSs and at the active B-globin promoter in adult stage
MEL cells (31-34). We investigated the localization of pol II in
the embryonic/fetal globin locus in uninduced human K562 cells
and after hemin induction. ChIP experiments were carried out
by using formaldehyde cross-linked chromatin and antibodies to
the large subunit of pol I. Samples were analyzed by quantitative
real-time PCR.

pol IT was detected at HS2 and HS3 in K562 cells (Fig. 54),
consistent with studies in the murine locus (33, 34), and at the
active e-globin gene. Strikingly, however, pol II was associated
with sequences in the region intervening between the LCR and
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the e-globin gene as well as throughout the gene itself. This
result provides a counterpoint to the pattern in the murine
adult globin locus where pol II was not detected between the
LCR and the inactive £¥-globin gene, and these sequences were
part of a hypoacetylated chromatin domain (27, 34). Hemin
induction resulted in increased association of pol II with HS2,
intervening sequences, and the e-globin gene, most notably
within coding sequences, consistent with the increase in
transcription. Surprisingly, pol II was detected at the inactive
B-globin gene in K562 cells and at higher levels after hemin
induction, even in the absence of transcription of the gene (see
below). Similarly, others have found continued association of
pol IT with the inactive B-globin gene when the LCR is deleted
from the mouse globin locus (33). In HeLa cells, pol II
detection was much reduced throughout the globin locus,
albeit with low-level association at HS3, and at the two globin
genes.

Transcription of B-globin locus intergenic regions on the same
strand as that of the globin genes occurs in K562 cells (35, 36).
To investigate whether RNA transcripts characterize both the
intergenic and genic regions in which pol I1 is detected, RNA was
isolated from untreated and hemin-induced K562 cells and from
HeLa cells. Reverse-transcribed cDNA was analyzed by real-
time PCR (Fig. 5B). In e-globin coding sequences, RNA tran-
scripts were abundant (beyond the scale of the graph in Fig. 5B).
A reduced signal at the second intron of the e-globin gene
(asterisk) reflects the level of unspliced transcripts. In the LCR
and the intervening sequences to the e-globin gene, transcripts
were detected at a level greater than that seen in the second
intron, and at ~5% of the level of genic transcripts. Importantly,
even though pol II was detected at the inactive B-globin gene,
transcripts were not detected there, suggesting a block to elon-
gation similar to that seen in a mouse globin locus from which
the LCR had been deleted (33).

Long intergenic pol II transcripts in the globin locus are
suggestive of a tracking process for opening chromatin domains
during development (20). Our results support the possibility that
some pol II may track from the LCR to the embryonic e-globin
gene, the most proximal gene of the locus. Furthermore, the
region between the LCR and the e-globin gene also contains
acetylated histones, which suggests that acetylation could be
established by the tracking of HATS associated with elongating
polymerases (55). In adult stage MEL cells, the patterns of
histone acetylation and pol II distribution in the LCR are not
greatly altered when pol II elongation is inhibited by DRB,
arguing against this mechanism (34), but this may reflect con-
ditions peculiar to the adult, and not the embryonic, stage locus.
Alternatively, histone acetylation and detection of pol IT over a
broad region could result from a local high concentration of
HATs and pol II in the vicinity of an LCR and a proximal
transcribing gene (23).

Our results indicate that, in an embryonic/fetal B-globin
milieu, as exemplified in K562 cells, histone modifications and
pol IT are detected over a broad region including HS3 and HS2
and extending to the active e-globin gene 6 kb distant. In
contrast, in the adult stage globin locus in MEL cells and in
mouse erythroid cells, histone acetylation and pol II associa-
tion are discontinuous, detected at the LCR and at the active
B-globin gene, but not between (27, 30). We propose that
widespread histone modification and the presence of pol II in
intervening sequences between the LCR and the active e-glo-
bin gene reflect activation of this embryonic globin gene by the
LCR. Further, translocation of histone modifying complexes
and pol II could participate in establishment of LCR-gene
proximity (21, 23), consistent with facilitated tracking (19).
Such a processive component of enhancer—promoter commu-
nication at an early erythroid developmental stage may relate
to the 6-kb relative proximity of the e-globin gene to the LCR,
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in contrast with the 60-kb-distant B-globin gene. However, it
is also possible, and consistent with the model proposed by
Gribnau et al. (20), that a processive mechanism underlies
sequential histone modification and opening of chromatin
domains in the globin locus, and establishment of close
contacts between the LCR and the later expressed globin genes
during development. To fully evaluate these possibilities, it will
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