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Chromatin Loop Formation in the -Globin Locus
and Its Role in Globin Gene Transcription

AeRi Kim', and Ann Dean*

Although linearly distant along mouse chromosome 7 and
human chromosome 11, the mammalian p-globin gene is
located in close proximity to the upstream locus control
region enhancer when it is actively transcribed in the nu-
clear chromatin environment of erythroid cells. This or-
ganization is thought to generate a chromatin loop be-
tween the LCR, a powerful enhancer, and active globin
genes by extruding intervening regions containing inactive
genes. Loop formation in the p-globin locus requires
erythroid specific transcriptional activators, co-factors and
insulator-related factors. Chromatin structural features
such as histone modifications and DNase | hypersensitive
site formation as well as nuclear localization are all in-
volved in loop formation in the locus through diverse
mechanisms. Current models envision the formation of the
loop as a necessary step in globin gene transcription acti-
vation, but this has not been definitively established and
many questions remain about what is necessary to achi-
eve globin gene transcription activation.

INTRODUCTION

During the last ten years, evidence has been presented for
chromatin loop formation between distant transcriptional regula-
tory elements, such as enhancers, insulators and locus control
regions (LCRs) and the genes whose transcription they influ-
ence (Kadauke and Blobel, 2009). Experimental evidence sup-
porting this idea is based on the chromosome conformation
capture (3C) assay and its successors (Dekker et al., 2002;
Ethier et al., 2012). The formation of looped structures is be-
lieved to be a critical step for the transcriptional activation of
genes but why this is the case is still unclear. Mechanistic stud-
ies of chromatin loop formation have primarily addressed the
proteins associated with the looping interactions and the chro-
matin structural features that appear to be involved.

Chromatin loop formation in mammalian nuclei was first re-
ported for the B-globin locus, which has a complex structure
and developmental gene activation pattern (Palstra et al., 2003;
Tol-huis et al., 2002). This locus is the best studied from this

perspective and remains one of the paradigms for understand-
ing regulation of gene transcription by chromatin loop formation.
In this review, we would like to present an overview of these
studies and discuss the role of proteins involved in loop forma-
tion of the B-globin locus (Table 1) and how chromatin structure
and nuclear positioning of the locus are involved.

Chromatin loop formation in the human and mouse
B-globin loci

The mammalian B-globin loci each contain a family of genes
that are activated at specific times in development and a far
upstream powerful enhancer, the LCR, that is characterized by
four DNase | hypersensitive sites (HSs) (Fig. 1). Transcription
of the globin genes is regulated by the LCR in a tissue and
developmental stage specific manner. In the early embryo, the
mouse gy and BH1 genes and the human ¢ gene are tran-
scribed while in the adult the mouse pmaj and Bmin and the
human & and B genes are expressed. In humans, additional
duplicated y genes are expressed specifically at the fetal stage
of development. In erythroid cells, the LCR achieves close
proximity with the transcribed globin gene but not with the re-
pressed genes, revealing a looped structure (Fig. 2). In the
mouse f-globin locus, the transcriptionally active pmaj and
Bmin globin genes are closely positioned to the LCR HSs
(Carter et al., 2002; Palstra et al., 2003; Tolhuis et al., 2002).
HSs at both ends of the locus, 5'HS -62/-60, HS5 and 3'HS1,
are also in close proximity to the active genes and LCR. How-
ever the inactive embryonic expressed globin genes and the
intervening region between 5HS -62/-60 and the LCR are
looped out. The structure comprising the active globin gene and
HSs has been named an active chromatin hub (Palstra et al.,
2003).

Similar chromatin loop structures are formed in the human -
globin locus. In this case it was possible to show that the active
fetal y-globin genes loop to the LCR during the period that are
expressed in transgenic mouse erythroid cells and the close
interactions switch to the B-globin gene and LCR later in devel-
opment (Palstra et al., 2003). The active globin genes are also
in proximity with 3'HS1 in transgenic mice (Fang et al., 2007;
Palstra et al., 2003). However it is not clear whether the region
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Table 1. Proteins involved in loop formation of the B-globin locus

Erythroid specific transcriptional

: EKLF, GATA-1, NF-E2
activators

Co-factors NLI/Ldb1, Brg1

CTCF, Rad21, SMC1, SMC3

Insulator-related proteins

that is equivalent to the mouse 5'HS -62/-60 is closely posi-
tioned with the LCR in an erythroid specific and/or globin gene
transcription-related manner because this region (5'HS-111)
showed modestly elevated interaction frequency with the LCR
in both human erythroid K562 cells and non-erythroid GM06990
cells (Dostie et al., 2006). HS3 appears to be critical for LCR-j3-
globin loop formation as shown in transgenic mice where the
HS3 was deleted (Fang et al., 2007; Patrinos et al., 2004). In
these studies, deletion of the B-globin promoter did not interrupt
loop formation, indicating that regions other than the promoter
participate in the long range interactions. The relatively short
linear distance between the LCR and the embryonic genes has,
so far, precluded demonstration that they loop to the LCR when
active, leaving open the possibility of other mechanisms such
as enhancer tracking (Dean, 2006; Zhao and Dean, 2004).

Role of erythroid specific transcriptional activators in
chromatin loop formation

Erythroid specific transcriptional activators including EKLF,
GATA-1 and NF-E2 contribute to a high level of transcription of
globin genes (Cantor and Orkin, 2002). Chromatin structural
changes such as histone modifications and nucleosome re-
modeling are dependent on the binding of these transcriptional
activators to the LCR HSs and globin gene promoters. These
activators also play roles in forming chromatin loops in the -
globin locus.

EKLF occupies the LCR HSs and the promoter of the pmaj
globin gene and is required for loop formation between the
gene and the LCR in mouse erythroid cells when this gene is
actively transcribed (Drissen et al., 2004). However, EKLF is
not necessary for formation of a chromatin hub consisting of the
5'HS -62/-60, LCR HS5 and 3'HS. GATA-1 is required for close
positioning of LCR HS2 and the fmaj gene as shown by stud-
ies using GATA-1 null G1E cells (Vakoc et al., 2005). A similar
requirement for GATA-1 for chromatin loop formation was seen
in the human B-globin locus transcribing the y-globin genes in
K562 cells (Kim et al., 2011). GATA-1 is required for LCR/y-
globin gene proximity as shown by knock down experiments.

Studies in which NF-E2 was reduced by knock down of the
p45 subunit also resulted in loss of LCR/y-globin gene prox-
imity; however, GATA-1 occupancy at these sites was not af-
fected, indicating that GATA-1 is not sufficient for the long
range interactions. Other investigators reduced NF-E2 by
knocking down the MafK subunit in MEL cells and observed a
similar loss of LCR/Bmaj proximity despite normal GATA-1
binding at LCR HSs (Du et al., 2008). These observations from
human and mouse erythroid cell lines reveal that NF-E2 has a
role in looping between the LCR and active globin gene. How-
ever, a study in which p45/NF-E2 knockout mice were exam-
ined concluded that NF-E2 was dispensable for chromatin loop
formation in the mouse B-globin locus (Kooren et al., 2007).
These disparate results may be due to redundancy mecha-
nisms present in vivo in mouse tissue that might be absent in
the cell lines.
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Role of co-factors in chromatin loop formation

Co-factors that do not directly bind to DNA are involved in
chromatin loop formation in the B-globin locus. The widely ex-
pressed nuclear protein NLI/Ldb1 forms a complex with ery-
throid specific activators GATA-1 and SCL/TAL1 (Wadman et
al., 1997) that binds to the LCR HSs of the human and mouse
B-globin loci (Brand et al., 2004; Kiefer et al., 2011; Song et al.,
2007). Reduction of NLI/Ldb1 by RNAi in MEL cells inhibits
transcriptional activation of the fmaj globin gene with loss of
spatial proximity between LCR HS2 and Bmaj (Song et al.,
2007). In addition, occupancy of GATA-1 and SCL/TAL1 at the
LCR HSs and the B-globin gene promoter was decreased by
reduction of NLI/Ldb1 (Song et al., 2010). Interestingly, in the
human B-globin locus, the NLI/Ldb1 complex occupies a posi-
tion 3 of the y-globin genes that is the site of an erythroid spe-
cific non-coding transcript (Kiefer et al., 2011). This region also
comes into proximity with the LCR when the y-globin genes are
active, suggesting that not all LCR loops are directly to globin
genes. NLI/Ldb1 appears to be the subunit of its complex that
is responsible for loop formation and/or stabilization as its self-
interaction domain is necessary and sufficient for loop formation
(Krivega and Dean, in preparation).

Brg1, the ATPase component of nucleosome remodeling
complex SWI/SNF, is required for the formation of a chromatin
loop between the LCR and pmaj globin gene. This long range
interaction was abrogated by mutant Brg1 in mouse fetal liver
(Kim et al., 2009). It appears to be an indirect effect because
LCR HSs lose hypersensitivity to DNase | in these mutant mice
(Bultman et al., 2005). However, the binding of GATA-1 and
NF-E2 at the LCR and gene promoter are not affected (Kim et
al., 2007). This result is consistent with the function of NF-E2 as
a ‘pioneer’ transcription factor that can bind to chromatin absent
remodeling (Gui and Dean, 2003).

Role of insulator-related proteins in chromatin loop
formation

Insulators are nucleoprotein complexes that can block enhan-
cer activity when placed between an enhancer and gene and
can serve as boundary elements in chromatin to prevent the
inappropriate spread of histone modifications (Bushey et al.,
2008). In mammals, CTCF is the only known insulator binding
protein. This protein is detected at (LCR) HS5 and 3'HS1 flank-
ing the LCR and globin genes in the human and mouse f-
globin loci and CTCF is required for interaction between them.
The reduction of CTCF by conditional deletion of the CTCF
gene decreased the interaction frequency between the two HSs
in mouse erythroid progenitor cells (Splinter et al., 2006). A
similar effect was observed in the mouse B-globin locus when
CTCF binding sequences at 3'HS1 were mutated. Reduction of
CTCF by shRNA or siRNA in K562 cells decreased the interac-
tion frequency between HS5 and 3'HS1 of the human B-globin
locus (Chien et al., 2011; Hou et al., 2010).

Recent data indicate that the cohesion complex interacts with
CTCF and co-occupies CTCF sites in chromatin including at
the B-globin locus (Hou et al., 2010; Wendt and Peters, 2009).
This complex participates in chromatin loop formation in the -
globin locus. Subunits of the cohesin complex, Rad21, SMC1
and SMC3, are detected at HS5 and 3'HS1 in the human (-
globin locus (Chien et al., 2011; Hou et al., 2010). Reduction of
the subunits using shRNA or siRNA diminished the interaction
between the two HSs in K562 cells. Interestingly, Rad21was
also detected at the LCR HS2 and the promoter of the active -
globin gene in both mouse and human B-globin loci in MEL
cells, mouse fetal liver, K562 cells and human CD34+ cells
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Fig. 1. The B-globin loci in mouse and hu-
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(Chien et al., 2011). Reduction of Rad21 binding by the removal
of the cohesin loading factor Nipbl decreased proximity be-
tween LCR HS2 and B-globin gene, and reduced the proximity
of HS5 with the gene and 3'HS1. Knockdown of SMC1 using
siRNA resulted in similar effects on loop formation between the
LCR and y-globin gene in K562 cells. In these experiments,
LCR-y-globin loop formation was maintained when CTCF bind-
ing was reduced at HS5 and 3'HS1 suggesting the possibility
that Rad21 binding at HS2 and the B-globin gene might be
sufficient to maintain the long range interaction in the CTCF
knockdown condition.

Role of active chromatin structure in chromatin loop
formation

Chromatin loops are formed between DNase | HSs in the B-
globin locus. When the HSs are not formed, the loop structure
is not established. When HS3 and the B-globin promoter were
deleted, DNase | hypersensitivity was lost at LCR HSs, and the
LCR and maj globin gene were not in close proximity (Patrinos
et al., 2004). Similarly, when LCR HSs were not hypersensitive
to DNase | due to reduction of EKLF or mutation of Brg1, the
chromatin loop between the LCR and Bmaj globin gene did not
form (Drissen et al., 2004; Kim et al., 2009). These observa-
tions imply that the establishment of HSs in the LCR is required
for loop formation. Mechanistically, this might reflect the role of
HSs in providing accessible binding sites for proteins mediating
chromatin loop structure.

Histone acetylation often correlates with chromatin loop for-
mation in the B-globin locus. Histone acetylation was less en-
riched in the LCR and B-globin gene after the deletion of HS3
and B-globin promoter and proximity between the LCR and the
gene was decreased (Patrinos et al., 2004). Chromatin looping
between the LCR and B-globin gene was disrupted and histone
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Fig. 2. Chromatin loop formation it the -globin
loci. The globin genes are closely positioned
with HS-60/62, HS5, LCR and 3'HS1 in the
mouse B-globin locus when they are actively
transcribed. In the human locus, the fetal
genes and adult genes are in close proximity
with HS5, LCR, and 3'HS1 when they are
transcribed. The close positioning of active
genes with HSs makes chromatin loops by
extruding regions between them.

acetylation was decreased by mutation of Brg1 or knockdown
of GATA-1 (Kim et al., 2009; 2011). However histone acetyla-
tion is not sufficient for the loop formation because the proximity
between the LCR and Gy-globin gene was reduced in NF-E2
knockdown K562 cells while there was no effect on histone
acetylation (Kim et al., 2011). Inhibition of histone acetylation by
knockdown of histone acetyltransferase activity might help ex-
plain the relationship between hyperacetylation in the LCR and
active globin gene and chromatin loop formation between them.

The loop between HS5 and 3'HS1 appears to play a role in
formation of an active chromatin domain. When the loop be-
tween insulators is disrupted by CTCF knockdown in K562 cells,
H3K9me2 is increased through the locus (Hou et al., 2010).
Other studies suggest the retention of the looped conformation
between HS5 and 3'HS1 in NF-E2 knockdown K562 cells might
contribute to the maintenance of high levels of histone H3 ace-
tylation and H3K4 methylation (Kim et al., 2011). Thus these
observations support a primary role of looping between insula-
tors in forming a domain having active histone modifications,
rather than directly activating gene transcription.

Role of nuclear localization in chromatin loop formation

The B-globin locus migrates from the nuclear periphery to a
more central position when the 3-globin gene is transcriptionally
activated as erythroid differentiation progresses (Ragoczy et al.,
2006). Similarly, in uninduced MEL cells, the B-globin locus is
positioned at the nuclear periphery and relocates to the nuclear
interior after induction of -globin transcription (Francastel et al.,
2001). The relocation in mouse fetal liver cells requires the LCR
(Ragoczy et al., 2006). GATA-1, NLI/Ldb1 and EKLF, factors
that mediate chromatin loop formation between the LCR and f-
globin gene, are also required for migration of the locus away
from the nuclear periphery (Lee et al., 2009; 2011; Song et al.,
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2010). A simple interpretation of these results is that looping
precedes migration.

However the temporal order of chromatin loop formation and
nuclear relocation remains to be further clarified. A recent ki-
netic analysis carried out in G1E GATA-1 null cells showed that
nuclear relocation precedes transcription of the pmaj globin
gene (Lee et al.,, 2011). However, another study using mouse
fetal liver cells showed that the transcription of the fmaj globin
gene begins at the nuclear periphery prior to relocation
(Ragoczy et al., 2006). Based on the common acceptance of
the idea that looping is required for 3-globin transcription activa-
tion (see below), these data could be consistent with looping
before or after migration. It also remains unclear whether loop-
ing/transcription activation and nuclear relocalization are linked
or entirely separate processes.

Role of chromatin loop formation in the globin gene
transcription

Transcription of the B-like globin genes is accompanied by
chromatin looping between the LCR and target genes in the p-
globin locus. Proximity between HS2 and the pmaj globin gene
correlates with increased pol Il recruitment to the promoter and
transcription of the gene (Kim et al., 2009; Vakoc et al., 2005).
The close proximity between the LCR and gene is reduced
when transcription is abolished by the remove of transcriptional
activators or co-factors (Chien et al., 2011; Drissen et al., 2004;
Kim et al., 2009; 2011; Kooren et al., 2007; Song et al., 2007;
Vakoc et al., 2005). Furthermore, the looped structure and tran-
scriptional activation of the gene is recovered by restoration of
GATA-1 (Vakoc et al., 2005). These results support the idea
that chromatin looping between the LCR and target genes is
required for the B-globin gene transcription. There is no report
that the globin genes are actively transcribed without LCR loop
formation.

Interestingly, the chromatin loop can be maintained without
gene transcription in the B-globin locus. In a transgenic human
B-globin locus, if the B-globin gene promoter is deleted, tran-
scription is abolished but the LCR looped structure is main-
tained essentially unchanged (Patrinos et al., 2004). In addition,
inhibition of transcription initiation/elongation of pol Il using a-
amanitin or DRB does not change the chromatin loop structure
of the mouse B-globin locus in primary erythroid cells (Mitchell
and Fraser, 2008; Palstra et al., 2008). These observations
indicate that ongoing transcription of the gene itself is not nec-
essary for the maintenance of loop structure and that the loop
structure is not the result of transcription.

In addition to the loop between the LCR and active gene, an-
other loop is formed between LCR HS5 and 3'HS1 in a CTCF
binding dependent manner. It is not clear whether loop forma-
tion between these insulators is necessary for the transcription
of globin genes. Transcription of the Bmaj globin gene is acti-
vated during differentiation of wild type ES cells and in ES cells
with mutations in 3'HS1 that preclude CTCF binding and loop
formation with HS5 (Splinter et al., 2006). However the disrup-
tion of loop formation between HS5 and 3'HS1 by CTCF
knockdown in K562 cells using shRNA reduced transcription of
the y-globin genes and increased H3K9me2, a repressive his-
tone modification (Hou et al., 2010). This result suggests the
importance of CTCF mediated loop formation more broadly
within chromosome 11 to the transcription of globin genes.
Other investigators recently reported no transcriptional altera-
tion of the y-globin genes when the LCR loop was disrupted by
reduction of CTCF in K562 cells (Chien et al., 2011). The rea-
sons for these differences are unclear and require further study.
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CONCLUSIONS

Clearly, progress has been made in understanding the pro-
teins/protein complexes involved directly in mediating chromatin
looping in the B-globin loci. The presence of active histone
modification marks and relocalization to the nuclear interior
have been correlated with LCR/B-globin looping. However, a
clear cause and effect relationship between looping and tran-
scription activation has not been established and remains a
challenge going forward. Likewise, we do not yet understand
how specific loops are initially formed in chromatin. It will also
be important to address the mechanism by which the LCR acti-
vates the embryonic genes. These genes are too close to the
LCR to be studied by 3C and it remains possible that tracking of
RNA pol Il from the LCR to these proximal genes is involved in
their activation. Finally, the potential involvement of the BGL3
non-coding transcript in chromatin looping is intriguing in the
light of recent studies reporting the function of non-coding en-
hancer transcripts in gene activation (Kim et al., 2010; Orom et
al., 2010). Future efforts are required to elucidate these remain-
ing mysteries about the mechanism by which gene are tran-
scribed in a nuclear chromatin environment.
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