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Control of Beta Globin Genes

Milind C. Mahajan, Subhradip Karmakar, and Sherman M. Weissman*

Department of Human Genetics, Yale University School of Medicine, New Haven, Connecticut

Abstract The developmental changes in expression of the beta like genes from embryonic to adult stages of human
life are controlled at least partially at the level of the promoter sequences of these genes and their binding factors, and
competition for promoter specific interactions with the locus control region (LCR). In recent years, the control of beta
globin genes has also been investigated at the level of chromatin structure involving the chemical modification of histones
andtheirremodelling by DNA dependent ATPases (SMARCA) containing protein complexes. The role of intergenic RNA is
also being investigated with renewed interest. Although a wealth of information on the structure/function relationship
of the LCR and globin promoters has been gathered over more than two decades, the fundamental nature of the control of
these genes at the molecular level is still not completely understood. In the following pages, we intend to briefly describe
the progress made in the field and discuss future directions. J. Cell. Biochem. 102: 801-810, 2007.  © 2007 Wiley-Liss, Inc.
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Hemoglobin is a heme containing tetrameric
protein comprising two alpha and two beta-like
chains. The a- and B-globin gene loci contain
several genes arranged in tandem whose
expression is developmentally regulated. Major
genes of the o cluster are a { gene expressed
in the embryonic stage and o« — 1 and o — 2 genes
expressed throughout fetal and post-natal life.
Both these genes share a strong enhancer
(HS40) situated at —40 kb from the { gene. The
B-globin locus contains one embryonic ¢ gene,
two fetal Ay and Gy genes one pseudogene (\)
and two adult genes called delta (8) and beta (j).
All these genes share the same enhancer HS2
situated in the locus control region (LCR) at
10 kb upstream of the e-gene. Remarkably,
despite the differences in the control regions,
alpha like and beta like genes are expressed at
equal levels throughout development. Muta-
tions in the o and B genes and their regulatory
sequences that alter their expression levels
and/or protein structure lead to thalassemia, a
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condition that is one of the more frequently
occurring genetically inherited disorders. The
B-globin locus is an excellent model system to
study the molecular mechanism of several
aspects of control mechanisms of gene express-
ion, as it contains a multiplicity of different
regulatory sequences (Fig. 1).

DEVELOPMENTAL CONTROL OF
GLOBIN GENES

Studies deleting portions of the LCR sequences,
changingthe gene order, and varying the distance
between the promoter and LCR have led to the
suggestion that there is both competition for
the gene specific LCR-promoter interactions and
autonomous gene silencing mechanisms for the
globin gene switching [Stamatoyannopoulos,
2005]. Several in vivo and in vitro DNase foot-
printing studies revealed the presence of
erythroid specific protein binding sites on the
beta like globin promoters and the LCR [Reddy
et al.,, 1994; Ikuta et al., 1996]. Over the years, the
prominent erythroid sequence specific DNA bind-
ing proteins have been cloned, and efforts have
been made towards the biochemical analysis of
the DNA—protein complexes at a limited number
of such protein binding sites of the promoter
sequences and DNase hypersensitive sites (HS) of
the LCR. Several partially or largely erythroid
and sequence-specific DNA binding proteins have
been studied including GATA 1, EKLF/KLF1 and
NF-E2. These proteins interact with the beta
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Fig. 1. Beta globin locus and its regulatory sequences serve as a poster boy for studying the regulation of
gene expression. A: A cartoon describing a gene locus and its multiple regulatory sequences. B: Structure of
the beta globin locus consisting of beta like genes arranged in tandem and its regulatory sequences.

globin promoters and the LCR in a cell-type
specific manner. GATA-1 and EKLF are essential
for the erythroid maturation as well as for globin
production [Weiss et al., 1994; Bieker, 2005].
Although EKLF is present at all the stages
of development, it has been proposed to be a
preferential adult globin transcription activator
[Bieker, 2005]. A helicase like transcription
factor (HLTF) binds to a sequence at —140 bp to
the B-globin promoter. Over expression of HLTF
activates the p-globin transcription in K562
cells [Mahajan and Weissman, 2002]. On the
other hand, even though NF-E2 binds to the core
enhancer sequence of the HS2 and participates in
the recruitment of Pol II to its cognate promoter
[Johnson et al., 2001], the phenotype of the NF-E2
knockout mice suggests that it is not an essential
protein either for erythropoiesis or for globin
transcription [Andrews, 1998].

SSP and DRED are among the other DNA
binding protein complexes that are implicated
in the gene specific transcription activation and
repression [Tanabe et al., 2002; Zhao et al.,
2006]. The stage selector element at the vy
promoter aids in the promotion of the LCR-y
promoter interaction in the fetal liver. Spl and a
stage selector protein (SSP) interact with this
specific sequences (the stage selector element
SSE) in the y-globin promoters. The SSP is a
heterodimer consisting of a ubiquitous protein
CP2 and an erythroid specific 22 kDa subunit
called NF-E4 [Zhao et al., 2006]. This dimer
preferentially activates gamma globin expres-
sion in the fetal liver. A 14 kDa isoform of NF-E4
that is made by alternate initiation of trans-
lation functions as a repressor of the y-gene
transcription.

Naturally occurring mutations at the beta
like globin promoters have been studied to
understand their transcriptional control. For
example, some point mutations in the y-globin

promoter induce y-globin production even in the
adult stage leading to a clinical condition known
as hereditary persistence of fetal hemoglobin
(HPFH). Proteins have been identified that bind
selectively to the wild type or HPFH mutant
sequences, but their role in hemoglobin switch-
ing is uncertain. One such HPFH mutation
occurs in a direct repeat element (DR1) that
reduces the binding of the nuclear orphan
receptors TR2 and TR4 containing repressor
complex called DRED [Tanabe et al., 2002].
The TR2/TR4 heterodimer is a repressor for
the &- and y-globin gene transcription. The
HPFH mutation at their binding sequence
may be responsible for the y-globin production
in the adult erythrocytes. On the other hand, a
DNA methyltransferase 1 (DNMT1) containing
protein complex binds to a DNA sequence with
HPFH point mutation at —198 bp on the y-gene
promoter [Olave et al., 2007]. However, the
significance of its binding to the onset of
the HPFH phenotype is not clear.

Several of these transcription factors in-
volved in the erythroid maturation and globin
transcription exist in multi-protein complexes
of varying size. Functionally, these protein
complexes range form the chromatin remodel-
ing factors to the transcriptional activators/
repressors (Table I). EKLF recruits nucleosome
remodeling SWI/SNF complex to the B-globin
promoter [Armstrong et al., 1998]. The Ikaros
transcription factor, in association with the
NurD and SWI/SNF complexes, binds to an
pyrimidine rich sequence upstream of the
d-globin gene [Bank et al., 2005]. Deletion of
the Tkaros-complex binding sequence delays the
switch from fetal to adult globin in transgenic
mice. An LCR associated remodeling complex
(LARC) that is more than 2 mDa in size is re-
cruited to the HS2 region of the LCR [Mahajan
et al., 2005].
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As described above, a 450 kDa gamma promoter
binding DRED complex and the stage selector
protein (SSP) are among the smaller protein
complexes recruited on the beta like promoters.
Recently, a multi-protein complex containing
DNMT1 and transcriptional co-activators p52,
SNEV and RAP74 was purified [Olave et al.,
2007]. This complex binds to the sequence with
a HPFH point mutation at —198 bp in the v-
promoter. GATA-1 exists in several independ-
ent pre-formed protein complexes some of which
are transcriptional activators while others are
repressors [Grosveld et al., 2005]. It is not clear
if any of these GATA-1 complexes binds to the
beta globin locus. These complexes are sug-

v-Globin promoter

Nudeophosmin, PARP, 40S ribosomal subunits, topoisomerase II, lamin A/C, histones

g gested to be erythroid differentiation stage
£ specific. Detailed analysis of the formation of
% these complexes and their association with the
B beta globin locus during primitive and definitive
qf erythropoiesis is needed to fully delineate the
g role of GATAL in globin gene regulation.
g The insulator binding protein CTCF is asso-
° ciated with nucleolar nucleophosmin and
E PARP, 40S ribosomal subunits, topoisomerase
& II, lamin A/C, histones H2A and H2Az, and
E template activating factor Taf-1/set [Yusufzai
! et al., 2004]. The in vivo association of these
& CTCF binding proteins at the insulator se-
g quence and their significance for the insulator
L S activity is yet to be described.
%g £ Apart from existence of a transcription factor
s g in several distinct protein complexes, exchange
5 & of transcription factors in a complex may occur
52| B during development and differentiation [Brand
5% z et al.,, 2004]. In the undifferentiated mouse
T ol ; erythroleukemia cells (MELs), an NF-E2p18/
:%j: g5 MafK-Bachl heterodimer is associated with
g; g a large protein complex containing known
EE s repressors. Upon differentiation, Bachl is
£ replaced with p45 NF-E2, and other trans-
g criptional activators that may be responsible
g for the activation of their cognate promoter
g [Brand et al., 2004]. Full biochemical analysis of
_Eg these Bachl and NF-E2 containing complexes
= in primitive and definitive erythropoiesis is
;;f) needed. Several other large multi-protein com-
% plexes of unknown composition exist on the LCR
& and beta like gene promoter sequences (our
= unpublished observations). Biochemical ana-
a lysis of these multi-protein complexes and their
Z :% variants with respect to the protein composition
= % during development and differentiation is
&g required for further understanding of the con-
e trol of the beta globin locus. Such analysis also
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has the potential for the discovery of new
functions of the LCR, mechanistic details of
enhancer—promoter interaction and tissue and
development specific promoter activation and
inactivation.

CONTROL OF BETA GLOBIN LOCUS ACTIVITY
BY LOCUS CONTROL REGION (LCR)

The locus control region of the beta globin
genes takes part in several aspects of the control
of beta globin locus such as enhancement of
transcription, chromatin structure, insulation
and positioning of the locus in the nucleus.
The LCR spans 16 kb of DNA beginning 5 kb
upstream of the e-globin gene. It contains
five DNase hypersensitive sites (HS) called
HS1, HS2, HS3, HS4, and HS5 that con-
tain phylogenetically conserved sequences
[Stamatoyannopoulos, 2005]. Further up-
stream are the HS6 and HS7 that are not
erythroid specific. Among these DNase hyper-
sensitive sites, HS2 and HS3 have been investi-
gated in some detail for their role in the
enhancement of transcription and chromatin
opening activity. The classical enhancer func-
tion of the LCR lies within the HS2 region
and has tandem overlapping sites for the
transcription factors AP1/NF-E2. An erythroid
restricted p45 NF-E2 and ubiquitous p18 Maf
are associated with this site. The LCR seems to
enhance the transcription by recruiting NF-E2
to its cognate promoter [Johnson et al., 2001].
However, in the MELs, the deletion of the LCR
does not alter the recruitment of the NF-E2 to
the promoter, but it dramatically reduces the S-
5 phosphorylation of RNA Pol II, a modification
associated with early stages of transcription
[Sawado et al., 2003]. These experiments
suggest a role for the LCR in promoting the
elongation of transcription by inducing the
phosphorylation of the Pol II at the trans-
cription initiation site. Phosphorylation at this
site is accomplished by kinases that are part
of the general transcription initiation factor
TFIIH and the recruitment of this and other
initiation factors to the globin promoter are yet
to be investigated in this system.

Strong evidence for the dominant chromatin
modifying activity of the LCR and/or the
sequences beyond it comes from the occurrence
of the naturally occurring Hispanic deletion of
LCR and a large portion of DNA 5’ to LCR that
keeps the rest of the chromatin in the closed

configuration [Li et al., 2002]. Experimental
evidence for the chromatin opening activity of
the LCR comes from the suppression of position
effect variegation in transgenic mice and bio-
chemical purification of LARC that is recruited
adjacent to the AP1/NFE2 site of the HS2 [Li
et al., 2002; Mahajan et al., 2005]. LARC is a
large combinatorial complex of SWI/SNF and
MeCP1 complexes that are the chromatin
remodeling complexes situated at the active
gene and denser inactive chromatin, respec-
tively. Interestingly, LARC contains hnRNP
C1/C2 as an integral component and it seems
to be responsible for the recruitment of the
complex on HS2. A current model is that, on
being recruited to the LCR, LARC spreads to
the downstream beta like globin promoters.
Remodeling complexes are also locally recruited
on the promoters and adjoining sequences
by transcription factors [Armstrong et al.,
1998; Mahajan and Weissman, 2002; Bank
et al., 2005]. It will be interesting to determine
the sequence of the recruitment of these
remodeling complexes on the B-globin locus
and to establish which among these are the
dominant remodellers. These studies are
required to understand the mechanism of
the tissue specific domain opening of the beta
globin locus. So far, experiments with the LCR
and LARC suggest it to play dominant role in
the chromatin remodeling, followed by which
the remodeling of the beta like globin promoters
might occur. More studies are required to
investigate this hypothesis.

Interestingly, the Hispanic LCR deletion
mutation also exhibits altered origin of replica-
tion of the DNA at the beta globin locus
[Aladjem, 2004]. In the normal situation,
the origin of DNA replication is situated 5 to
the B-globin gene and the firing of the replica-
tion takes place in the early S phase. However,
in the Hispanic deletions, the origin of the
replication shifts to the 3’ end of the B-globin
genein the late S phase. Additional evidence for
the role of LCR in the control of DNA replication
comes from the analysis of ectopic sites with
LCR-globin gene fusion constructs. The LCR
sequences inserted in various random locations
within murine chromosomes can confer tissue-
specific replication timing of adjacent globin
genes. However, deletion of the LCR did not
affect either the timing of the replication or
the site of origin of replication [Aladjem,
2004]. These conflicting data with LCR deletion
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studies suggest the role for the sequences
beyond the LCR as evidenced by the effects of
the Hispanic deletion on DNA replication and
chromatin opening activity.

In addition to the enhancement of the
transcription and chromatin remodeling, the
LCR also harbors insulator activity. Typically,
an insulator functions as a blocker of the
enhancer—promoter interaction and a check
for the spread of the heterochromatin. Although
the HS5 region of the mouse and human beta
globin LCR is suggested to be an insulator
[Tanimoto et al., 2003], much of the informa-
tion on the insulator properties of the LCR
comes from the chicken HS4 sequence [Gaszner
and Felsenfeld, 2006]. A zinc finger containing
CTCF transcription factor interacts with
insulator sequence at the HS4 region of the
chicken LCR [Gaszner and Felsenfeld, 2006].

The LCR also participates in proper positioning
of the beta globin locus in the transcriptionally
active foci in erythroid cells [Ragoczy et al., 2006].
In immature erythroid cells, the beta globin locus
is situated in the transcriptionally unfavorable
nuclear periphery. During erythroid differentia-
tion and maturation, the beta globin locus moves
away from the periphery to the transcriptionally
active inner location of the nucleus. Deletion of
the LCR significantly effects the movement of the
locus in the mature erythroid cells.

DNase hypersensitive sites HS1 to HS5 span
about 16 kb of the LCR. A significantly large
portion of this LCR sequence is phylogenetically
conserved [Hardison et al., 1997]. Out of these, a
small number of sequences at HS2, HS3, and
HS5 are implicated in the function of the LCR. A
high throughput screen for the analysis of the
rest of the large chunk of the conserved region of
the 16 kb LCR is necessary to thoroughly comb
for the details of the known functions. Although
this task seems enormous, advances being made
in the genomics and proteomics could make
such an exercise a distinct possibility.

EPIGENETICS OF THE BETA GLOBIN LOCUS

Genomic DNA exists in complexes with
several proteins that together constitute the
chromatin. Within the chromatin, most of the
DNA is wrapped around nucleosomes that
consist of a histone octamer made up of four
basic histones. In addition to the sequence
of the genome, DNA methylation and post-
translational modification of histone tails alter

the chromatin structure either for the activa-
tion or repression of the gene. Thus, the DNA
sequences associated with the chemically modi-
fied histones and methylated bases constitutes
the epigenome.

Several types of chemical modifications occur
on histone tails. These include acetylation,
methylation, ribosylation, sumoylation, ubiqui-
tinylation, and phosphorylation [Kouzarides,
2007]. The basic amino acids arginine and
lysine are the targets for acetylation and/or
methylation and serine residues are the sub-
strates for phosphorylation. The type of modi-
fication and position of the modified amino acid
on histone tail reflect and influence whether
the gene is inactive, primed or transcribing.
Generally, acetylation of the histones reflects an
open chromatin state that harbors active genes.
On the other hand, methylation of histones can
belinked to either activation or repression of the
gene transcription. Methylation of lysines at
positions 4, 36, and 79 on histone H3 correlate
with the activity of genes, where as methylation
of H3 at lysine 9 and 27 is predominantly
associated with transcriptionally repressed
chromatin [Berger, 2007]. Acetylation of lysines
at Histone H3 and H4 as well as dimethylation
of the Lys 4 of Histone H3 is the signature of
the transcriptionally favorable environment.
Trimethylation of the Histone H3 Lys 4 is
present on the actively transcribing gene pro-
moters. Transcriptionally silent heterochroma-
tin contains di and trimethylated histone H3
Lys9[Berger, 2007]. Methylation of Lysine 36 of
histone H3 generally marks the actively trans-
cribing coding region beyond the transcrip-
tion initiation site [Kim et al.,, 2007a,b]. In
recent years, considerable attention has been
given to the relation between histone modifica-
tions and the expression of beta globin genes
(Table II).

Asthe acetylation of histones is most common
with the active genes, early studies on the
epigenetics of beta globin locus started with the
investigation of its acetylation status during
development and differentiation of red cells. In
mouse erythroid cells, acetylation of histone H3
is discontinuous. High levels of acetylation were
observed in the LCR and in the active B-major
and B-minor genes in adult globin expressing
MEL cells. The chromatin at the embryonic Ey
and bhl remained hypoacetylated consistent
with the notion of association of histone H3
acetylation with active genes [Bulger et al.,
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TABLE II. Histone Modifications at the Beta Globin Locus

Transcriptionally inactive

Species Transcriptionally active domains domains

Chicken H4-Ac, H3-AcK9/K14, H3-Me3K4, and H3-Me2K4 H3-MeK9, H3-Ac and H4-Ac, and
H3-Me2K4

Mouse H3-AcK9, H4-Ac, H3-Me2K4 H3-Me3K4, H3-Me3K79, and H3-Me3K9 H3-Me2K4, hypoacetylated H3, and H4

Human H3-AcK9, H4-Ac, H3-Me2K4 H3-Me3K4, H3-Me3K9, and H3-Me3-K36 H3-Me2K4, hypoacetylated H3, and H4

Ac, acetylated; Me, methylated; K, lysine; H3, histone H3; H4, histone H4.

2003]. This hypoacetylated state is proposed
to be maintained by an HDAC-dependent
surveillance mechanism [Im et al., 2002]. The
human beta globin locus in the MELs also
exhibits hyperacetylated histone H3 and H4 in
the active LCR and adult pB-globin genes.
The rest of the locus harboring inactive e-
and v-globin genes remains hypoacetylated
[Schubeler et al., 2000]. In comparison to the
hematopoietic progenitor cells, acetylation of
Histone H4 of the human B-globin promoter
increases in erythroid cells. Interestingly,
acetylation of histone H3 decreases in the
B-globin promoter in erythroid cells [Bottardi
et al., 2003] implying that levels of acetylation is
under tight control. On the other hand, chicken
adult globin expressing erythroid cells have
more or less uniformly hyeracetylated histones
H3 and H4 throughout the beta globin locus
[Litt et al., 2001a,b; Myers et al., 2003]. How-
ever, a 16 kb DNA region upstream of the HS4
boundary of the chicken beta globin locus
remains unacetylated [Litt et al., 2001a,b].
Histone H3 methylation studies on the
chicken globin locus are consistent with the
common histone code for active and inactive
genes [Litt et al.,, 2001a,b; Schneider et al.,
2004]. In fact, these studies served as a model
system among the metazoan genes that estab-
lished the presence of the trimethylated Lys 4 of
Histone H3 at the transcriptionally active
promoters in embryonic as well as adult beta
globin producing chicken erythroid cells, and
the dimethylation of H3-Lys4 was distributed
throughout the locus [Schneider et al., 2004].
Similarly, the methylation of Lys 79 on Histone
H3 was significantly elevated on the active
genes and was at undetectable or low levels in
the inactive beta like genes in the adult as
well as embryonic murine erythroid -cells
[Im et al., 2003]. The methylation and acetyla-
tion of Lys 9 were inversely correlated on the
inactive and active genes of the chicken beta
globin locus, respectively [Litt et al., 2001a,b].

Elevated levels of methylated histone H3 at Lys
9 were present on the developmentally inactive
globin genes and on the constitutively con-
densed chromatin adjacent to the globin locus.
A combination of histone H3 acetylation at Lys9
and methylation at Lys 4 occurs on the develop-
mentally active beta globin genes [Litt et al.,
2001a,b]. In human K562 cells too, correlation of
di and trimethyl Lys 4 and acetylation on
histone H3 on the active gamma and embryonic
genes was observed [Kim et al., 2007a,b].
However, these modifications were accompa-
nied by trimethylation of Lys 9 on histone H3
that is generally considered to be the signature
of inactive closed chromatin. In murine eryth-
roid cells also, the combination of trimethylated
H3-Lys 4 and H3-Lys 9 residues at the active
B-major gene were found [Vakoc et al., 2005].
The significance of this deviation from the
general rule of occurrence of methylated H3-
Lys 9 in the closed chromatin is yet to be work-
ed out.

The mechanism of the chemically modified
histone domain formation in a gene locus
involves recruitment of appropriate modifying
enzymes [Kouzarides, 2007]. The chromatin
remodeling complexes recruited on the beta
globin locus contain histone modifying enzymes
[Bank et al., 2005; Mahajan et al., 2005].
Transcription factors are also reported to
participate in the histone modification process
on the beta globin locus. NF-E2 and GATA-1
influence the histone acetylation and methyl-
ation of the globin promoters, but the HS2 of the
LCR shows these modifications in cells lacking
NF-E2 or lacking GATAL1 [Kiekhaefer et al.,
2002; Im et al., 2003]. Interestingly, NF-E2
recruits CBP/p300 to the HS2 and acetylates
the downstream promoter [Kim et al., 2007a,b].
Such site specific recruitment of the factors
and their activity at several kilo/bases away
requires either the spreading of the histone
modification activity or the coming together of
the two distant elements. LCR and its cognate
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promoter are known to physically interact with
each other [Brown, 2003]. However, in another
study, deletion of LCR did not cause any change
in the acetylation pattern of the globin pro-
moters [Bulger et al., 2002]. The conflicting data
obtained with the LCR deletion studies may be
due to the recruitment of the LCR binding
proteins on the alternate sites on the rest of the
locus or to differences in the systems being
tested. In addition, it seems probable that not
all the functions of the LCR are being tested
in current systems.

In summary, the chicken beta globin locus
seems to follows the established norm of
the histone modifications at active and inactive
promoters at the different stages of develop-
ment [Litt et al., 2001a,b; Schneider et al.,
2004]. However, the murine and human beta
globin loci exhibit complexities in the histone
modification pattern [Vakoc et al., 2005; Kim
etal., 2007a,b]. So far, epigenetics of beta globin
locus has been investigated with relatively
few histone modification types and patterns
(Table II). A unique combination of histone
modifications may be present on the beta globin
regulatory domains. We speculate that these
may be significant for the transcriptional
switching of these genes during development.
The challenge lies in identifying the specific
modification mix among the possible combina-
tions of modifications and their sites on all
the four major histones. Rapid advances
being made in the genomic, proteomic and
bioinformatics tools should bring such a task
within reach.

INTERGENIC TRANSCRIPTION

In erythroid cells, along with the transcrip-
tion of the appropriate beta like gene trans-
cription, the sequences between the beta like
globin genes and the LCR are also actively
transcribed in the sense orientation in the
direction of the cis-linked promoter [Tuan
et al.,, 1992; Ashe et al., 1997; Xiang et al.,
2006]. The extragenic transcription was
initially described to originate from the HS2
region of the LCR [Tuan et al., 1992]. This RNA
isnuclear and polyadenylated, but does not code
for any protein [Ling et al., 2005]. These
observations correlate with the recruitment of
the RNA Pol II to HS2 [Johnson et al., 2003].
Subsequently, transcription was shown to
originate from an endogenous retroviral long

terminal repeat (ERV9) upstream of HS5 of the
LCR [Plant et al.,, 2001]. The farthermost
region that is transcribed into the embryonic
globin gene in the human K562 cell is situated at
—236 kb from the &-globin gene [Xiang et al.,
2006]. The genic and intergenic transcriptions
seem to be different [Kim et al., 2007a,b]. The
HS2 dependent intergenic transcription is
also associated with the acetylation and Lys
4 methylation of the intervening sequence
between the HS2 and its linked gene. However,
the genic transcription does not participate
in the histone modification [Kim et al.,
2007a,b]. The intergenic RNA is processed by
the dicer dependent turnover mechanism,
unlike the typical mRNA processing of the genic
hnRNA [Haussecker and Proudfoot, 2005], but
upstream globin transcripts may also show
splicing patterns based on the use of con-
ventional splice sites [Xiang et al., 2006].

An obvious interpretation of the occurrence of
thisintergenic and extragenic transcription has
been to look if it has any role to play in the
control of globin genes and switching of the
globin gene transcription during development.
The significance of this extragenic and inter-
genic transcription has led to the proposal of
several models for the LCR promoter interac-
tions and structure of the chromatin. By
initiating the transcription, the HS2 was
suggested to track along the DNA to deliver
the enhancer transcription factors to its cognate
promoter. The elongation of the HS2 originated
RNA was drastically inhibited when a trans-
criptional terminator was introduced between
the HS2 and the downstream gene. It also
inhibited the enhancement of the transcription
of the linked &-globin promoter [Ling et al.,
2004]. Extragenic transcription occurs at all
levels of development. However, the intergenic
transcription between the globin genes is
developmental stage specific and is correlated
with the DNase hypersensitivity of the trans-
cribed region [Gribnau et al., 2000]. This
observation led to the proposal that the inter-
genic transcription establishes transcrip-
tionally active and inactive domains in the
beta globin locus. Interestingly, a naturally
occurring Corfu deletion between the y- and
d-globin genes activates the transcription of
the y-globin gene [Chakalova et al., 2005].
This particular Corfu deletion harbors site for
termination of fetal stage intergenic RNA. More
studies are needed to establish if the intergenic
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RNA between y and & genes is involved in the
silencing of the y gene.

UNSOLVED ISSUES AND FUTURE CHALLENGES

There are obvious things we would like to
know about the globin cluster that can at least
be approached with current technology. For
example, one would like to find the chromatin
modifications that are unique for the globin
locus sub-domains in normal embryonic, fetal
and adult red cells, and obtain results of high
throughput screening for the proteins binding
to the entire locus during various stages of
development.

One unsolved issue of general significance is
the role of extragenic transcription in expression
of globin genes. Whether the extragenic trans-
cription is indeed needed for the regulation of
transcription and formation of active/inactive
chromatin domains or has some other role is
still an open question. The globin cluster
offers a challenging model for this study, as
the intergenic transcription is controlled in a
stage specific manner, and has been at least
partially characterized at the level of mature
transcripts.

Another puzzle is why the locus control region
of the beta globin cluster is so complex, with
multiple evolutionarily conserved regions, and
so apparently different from the alpha globin
control region. It may be relevant that the alpha
globin cluster is located adjacent to widely
transcribed genes while the human beta globin
cluster is situated in the middle of a cluster of
olfactory receptor genes that are presumably
not expressed in most cell types, including
erythrocytes.

A third issue is what mechanisms are respon-
sible for the large differences in the relative
accumulation of globin transcripts and progres-
sive decline of most of the transcriptome at
various stages of erythroid precursor develop-
ment. Some of this may be accomplished by
control of mRNA stability but the issue remains
as to whether the same factors that control
transcription in early erythroblasts operate in
the later stages of erythroid development.
The elucidation of the molecular mechanism
that increases the globin transcript with con-
comitant decline in the rest of the transcripts
in a differentiating erythrocyte will be funda-
mental to understanding the regulation of
transcription during differentiation.

A related question is whether the movement
of beta globin genes from heterochromatic
regions into more open nucleoplasm during
erythroid development is solely a passive con-
sequence of transcription initiating within
the cluster, or whether there are additional
changes in the surrounding chromatin that
either mediate or reflect this movement. Sim-
ilarly, is the change from late replication of
globin loci to earlier replication as erythroid
cells develop only a passive consequence of
increased activity of the globin promoters, or is
it secondary to the translocation of the globin
genes or more specific changes in the globin
locus? There could also be special sequences or
mechanisms that cause the change in relative
timing of the replication of this locus.

Some of the more elegant studies of globin
gene regulation are those indicating a switch
back and forth from fetal to adult globin
production at an individual locus. Presump-
tively this switch reflects changes in chromatin
configuration but exactly what these are at the
molecular scale, and what the factors are that
determine the rate of switching remain to be
explored.

Finally, in spite of the obvious nature and
long term interest in the problem, we have
to conclude that the mechanisms controlling
the switching from embryonic to adult globin
during organismal maturation are at best only
partly understood.
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