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To understand how mammalian genes are regulated

from their natural chromosomal environment, we have

analysed the molecular events occurring throughout a

150 kb chromatin segment containing the a globin gene

locus as it changes from a poised, silent state in erythroid

progenitors, to the fully activated state in late, erythroid

cells. Active transcription requires the late recruitment of

general transcription factors, mediator and Pol II not only

to the promoter but also to its remote regulatory elements.

Natural mutants of the a cluster show that whereas

recruitment of the pre-initiation complex to the upstream

elements occurs independently, recruitment to the promo-

ter is largely dependent on the regulatory elements. An

improved, quantitative chromosome conformation capture

analysis demonstrates that this recruitment is associated

with a conformational change, in vivo, apposing the

promoter with its remote regulators, consistent with a

chromosome looping mechanism. These findings point to

a general mechanism by which a gene can be held in a

poised state until the appropriate stage for expression,

coordinating the level and timing of gene expression

during terminal differentiation.
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Introduction

An important aim of current biology is to understand how

remote Cis-acting elements and the promoters they control

switch genes on and off at the appropriate times in differen-

tiation and development. Cis-acting regulatory sequences may

be located tens or even hundreds of kilobases from the genes

they control (Kleinjan and van Heyningen, 2005), but how

they act over such long distances and the mechanisms by

which they influence gene expression are poorly understood;

understanding this represents a major challenge in the post-

genome era. Perhaps the simplest way to address this is to

focus specifically on how a remote enhancer interacts with

its cognate promoter to influence transcription. To date, very

few long-range promoter/enhancer interactions have been

characterised in the natural environment of a mammalian

chromosome.

The mammalian a globin gene locus provides a very

well-characterised model system for studying this issue

during erythropoiesis (Figure 1A). The a locus of all mam-

malian species analysed lies within a region of 135–155 kb

of conserved synteny, with the a-like genes arranged along

the chromosome in the order 50-z-a-a-30 (Figure 1B). The

evolutionarily conserved, remote elements, which regulate

their expression correspond to erythroid-specific DNase1

hypersensitive sites (HSs) located 40–60 kb upstream of

the a genes (Hughes et al, 2005). Interestingly, these tissue-

specific regulatory elements lie within the introns of a

gene (c16orf35), which itself is transcribed in all cell types

(Figure 1B; Vyas et al, 1995). When activated by these

remote elements, the globin genes are exclusively expressed

in erythroid cells and, therefore, the mechanism under-

lying the enhancer/promoter interaction can be studied

in both erythroid cell lines and primary cells. Cells represent-

ing sequential stages of erythropoiesis (Figure 1A) can be

used to analyse the order of events leading from the

silenced locus, in early, non-committed progenitors, to the

fully activated state in mature erythroblasts (Anguita et al,

2004).

We have recently shown that, during mouse erythro-

poiesis, transcription factor (TF) complexes initially bind

the remote upstream elements progressing along the chromo-

some until, eventually, all elements, including the a globin

promoters, are bound and the associated chromatin is modi-

fied (Anguita et al, 2004). Similar studies have confirmed

these observations in human erythropoiesis (De Gobbi et al,

in preparation). Interestingly, this priming process was

shown to start in uncommitted, multipotent haemopoietic

cells and, by the time these cells become fully committed

proerythroblasts (Figure 1A), the a globin promoter and its

upstream regulatory element(s) are ‘poised’ for expression

even though there is little or no a globin mRNA synthesis at

this stage.

Here, we have studied what happens at the next stage

of erythropoiesis as proerythroblasts undergo terminal

differentiation to form intermediate and late erythroblasts

and as transcription of the a globin genes becomes fully

activated (Figure 1A). Activation of the a globin genes is

accompanied by the recruitment of Sp/X-Kruppel-like trans-

cription factors (Sp/X-KLFs) to the a globin promoters. The

general transcription factors (GTFs), together with Pol II

(collectively referred to as the pre-initiation complex (PIC)),

are recruited not only to the a globin promoters but also
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to the upstream, cis-acting regulatory elements but only

during the late stage of terminal, erythroid differentiation.

Analysis of natural mutants that downregulate a globin

expression (by removing either the a globin genes or their

upstream regulatory elements) shows that the formation of

these complexes at the upstream elements is essential to

effectively recruit Pol II to the a globin promoters. Using a

quantitative form of chromosome conformation capture (3C),

we showed that gene activation is associated with a change

in chromosomal structure (de Laat and Grosveld, 2003),

bringing together the remote cis-elements, the promoters

and the PIC. These findings suggest that a key role of the

upstream elements in the a globin locus is to recruit the PIC

to the a globin promoters at the appropriate stage of erythroid

differentiation by bringing about a physical interaction

between these elements. The a globin cluster thus provides

a comprehensive model of how distant regulatory elements

may communicate and activate gene expression at a specific

time during differentiation.

Results

We have previously described the systems we use to study

the process of erythropoiesis in mouse (Anguita et al, 2001)

and human (Brown et al, 2006) and set out the importance of

studying both cell lines and primary cells. Here, to study

terminal erythroid differentiation, we used a mouse erythro-

leukaemia (MEL) cell line, which represents the proerythro-

blast stage of differentiation when there is little, if any,

a globin mRNA synthesis. Upon induction, these cells differ-

entiate to intermediate/late erythroblasts producing large

amounts of a globin. Observations in induced MEL cells

were confirmed by extensive analysis in primary (Ter119þ )

erythroblasts isolated from phenylhydrazine-treated mice

(Anguita et al, 2004) and, when relevant, in human early,

intermediate and late primary erythroblasts (Figure 1A) iso-

lated from cultures of peripheral blood erythroid progenitors

(Brown et al, 2006).

Sp/X-Kruppel-like factors are recruited to the a globin

promoter late in differentiation

We previously defined the role of TF binding and chromatin

modifications in generating the poised state of mouse and

human a globin gene expression in uncommitted haemato-

poietic progenitors and erythroid progenitors (Anguita et al,

2001, 2004; De Gobbi et al, in preparation). This suggested

that globin gene activation is driven by multiprotein com-

plexes, nucleated by GATA1, which are progressively bound

to regulatory elements (including promoters) throughout

the a globin cluster during erythropoiesis. However, to date,

no TFs have been found that are specifically recruited to the

a globin regulatory elements at the time of transcriptional

activation.

We therefore examined the expression and binding of Sp/

X-KLFs that have been previously implicated in erythropoi-

esis and shown to interact with GATA1 (Merika and Orkin,

1995; Gregory et al, 1996). Using chromatin immunoprecipi-

tation (ChIP), we found that widely expressed TFs, including

CCAAT-box binding factor NFY (which is required for recruit-

ment of the PIC; Huang et al, 2004; Kabe et al, 2005) and the

KLF ZBP-89 (Woo et al, 2005), could be detected at the a
globin promoter both before and after activation (Figure 2A).

On the other hand, other member(s) of the Sp/X-KLF

family are recruited to cis-elements only in induced MEL

cells, as transcription begins (Figure 2B). Sp1, Sp3 and EKLF

are recruited to the promoter, whereas EKLF also appears to

be recruited to the major enhancer HS-26 (Figure 2B). As

these proteins are present in the cells throughout erythropoi-

esis (Supplementary Figure S1), they must be specifically

recruited to cis-elements late in erythroid maturation and are,

Figure 1 An outline of erythropoiesis, the cell lines used and
schematics of the human and mouse a globin gene clusters. (A)
The stages of differentiation as primary haematopoietic stem cells
differentiate to mature erythrocytes and the corresponding cell lines
used in this study. As a source of pluripotent mouse cells, we used
embryonic stem cells (ES). Mouse erythroleukaemia (MEL) cells are
well characterised, transformed erythroid cells that are blocked at
the CFUe or early proerythroblast stage of differentiation (U-MEL).
Induction of MEL cells by HMBA (hexa-methylene bis-acetamide)
gives rise to terminally differentiated but still nucleated erythroid
cells that express a and b globin mRNA at high levels (I-MEL).
Primary mouse erythroblasts (Ter119þ ) were isolated from the
spleens of phenylhydrazine-treated mice. Primary human erythro-
blasts at different stages of differentiation (early, intermediate and
late) were isolated as previously described (Brown et al, 2006).
Abreviations used: ES: embryonic stem cells; CMP: common mye-
loid progenitors; CFUe: colony forming units-erythroid; U-MEL:
uninduced mouse erythroleukaemia cells ; I-MEL : induced MEL
cells. (B) Chromosomal organisation of the mouse (top) and human
(below) a globin clusters. The globin genes are shown as labelled
red boxes. The positions of previously described DNase1 hypersen-
sitive sites, discussed in the text, are shown as arrows. The widely
expressed gene, c16orf35 (also known as �14 gene in human or the
Prox gene in mouse), transcribed from the opposite strand to that of
a globin is shown as a black box. Short vertical lines (red) indicate
amplicons analysed in ChIP experiments. Grey boxes refer to
previously defined multi-species conserved elements (MCS).
Previously described deletions from the human a globin cluster
(Bernet et al, 1995; Craddock et al, 1995) are shown as annotated
(C40, IJ and MC) boxes.
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therefore, good candidates to be involved in triggering the

transition from a poised to an active transcriptional state.

Of all Sp/X-KLF factors, EKLF has been most intensively

studied in erythropoiesis where it plays a major role in b

globin activation. Interestingly, a recent report has shown

that EKLF is recruited to the mouse a globin promoter in

induced MEL cells (Shyu et al, 2006).

PIC recruitment to the a globin gene promoters occurs

only late in terminal erythroid differentiation

We analysed the recruitment of the PIC (GTFs and Pol II)

at the promoter and throughout the body of the a globin

gene using uninduced (proerythroblast) and induced (inter-

mediate erythroblast) MEL cells (Figure 3). Although expres-

sed throughout erythropoiesis, components of the PIC (e.g.

Pol II, TFIIB and TFIIH; Supplementary Figure S1) were

not detected at the a globin genes in uninduced cells;

their recruitment only occurred late in differentiation. Some

were predominantly recruited to the promoter. These inclu-

ded factors involved in positioning the PIC on the TATA box

(TBP (Figure 3i), TFIIA (Figure 3ii) and TFIIB (Figure 3iii)),

melting the core promoter DNA (TFIIE (Figure 3iv)) and

the multifunctional TFIIH (Figure 3v and vi) component

(also involved in creating an open promoter complex and

phosphorylating the C-terminal domain [CTD] of Pol II).

Similarly, we also detected components of the mediator

complex (e.g. cdk8 (Figure 3xi)), which also phosphorylates

the CTD) at the promoter only in induced cells.

Other factors were recruited throughout the entire a gene.

The TFIIF–Pol II complex is not present at the a globin gene

in uninduced MEL cells, but is present at the promoter and

throughout the transcribed segment of the gene after induc-

tion (Figure 3vii, viii and ix). The recruitment and extension

of Pol II binding in intermediate erythroblasts when globin is

being transcribed is accompanied by a similar distribution of

all tested components of the elongation machinery (e.g. cdk9,

a component of p-TEFb (Figure 3xii), which switches CTD

phosphorylation from ser 5 to ser 2), including two compo-

nents (SSRP1 (Figure 3xiii) and SPT16 (Figure 3xiv)) of

the protein complex, which facilitates chromatin transcrip-

tion (FACT). Unexpectedly, the initiator binding protein TFII I

(Figure 3x) was present throughout the gene, suggesting that

it might also play an unpredicted role in elongation in vivo.

All relevant observations in MEL cells were confirmed

by high-resolution ChIP analyses of the entire mouse a globin

regulatory domain in Ter119þ cells, and the human a globin

domain human primary erythroblasts and interspecific hy-

brids (MEL�human 16) containing a single copy of human

chromosome 16, which can be induced to express both the

mouse and human a globin genes. Mouse ES cells and human

T lymphocytes served as negative controls for the primary

Figure 2 Recruitment of NFY and ZBP-89 (A) and Sp/X-Kruppel-
like transcription factors (B) at the mouse a globin core promoter.
Real-time PCR analysis of immunoprecipitated chromatin using the
antibodies indicated in uninduced (blue) and induced (red) MEL
cells. The y-axis represents enrichment over the input DNA, normal-
ised to a control sequence in the GAPDH gene. The x-axis represents
the positions of Taqman probes used. The coding sequence is
represented by the three exons (promoter/Ex1, Ex2 and Ex3) of
the a globin genes. Inter refers to the intergenic region (between a1
and a2). Negative controls 50a and 30a flank the a globin gene. b-
Actin and b globin denote control sequences at the mouse b-actin
gene and b globin promoter, respectively. Error bars correspond to
71 s.d. from at least two independent ChIPs. Similar data were
obtained from primary cells (Supplementary Figure S2).
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cells used in these experiments (e.g Supplementary Figure S2;

all data are available at http://www.imm.ox.ac.uk/

mhu/home_pages/Higgs/vernimmen/).

Together, these results show that although many TFs are

present and chromatin remodelling (as judged by the pre-

sence of erythroid-specific DHSs and activating chromatin

marks) is established at the a globin promoters in proery-

throblasts (Anguita et al, 2004), recruitment of the PIC/

mediator and elongation machinery, required for maximal

transcription, occurs only during the very last stages of

differentiation when intermediate erythroblasts form.

Recruitment of the PIC to remote, conserved elements is

necessary for recruitment to the a globin promoter

Enrichment of Pol II at the a globin promoter, assessed by

two different antibodies (N20 and H224), was respectively

X80- and X200-fold higher than at most other ‘negative’

regions tested (Figure 3viii and ix). However, we also noted a

small but consistent enrichment of Pol II and other compo-

nents of the PIC (e.g. TFIIB) at the remote conserved ele-

ments (HS-31, -26, -21, -12 and -8) in induced MEL cells (data

not shown), primary mouse Ter119þ cells (Supplementary

Figure S2), induced mouse–human hybrids (HS-48, -40 and

-33; Figure 4) and primary human erythroblasts (Supple-

mentary Figure S2). These proteins were detectable at

the upstream elements only using antibodies that performed

very efficiently in ChIP experiments (e.g. anti-Pol II and

-TFIIB). These results suggested that either the multi-

protein TF complexes assembled at these sites (e.g. GATA-

SCL complex and NF-E2; Anguita et al, 2004) recruit the PIC

independently and/or that the upstream regions may be in

close proximity and physically interact with the a globin

promoter in erythroid cells. In the latter case, ChIP experi-

ments using antibodies to components of the PIC might

immunoprecipitate sequences at the upstream elements

simply because they are in close proximity to the active

promoters.

To determine if the PIC is recruited independently at the

promoter and the regulatory elements, we analysed inter-

specific hybrids derived from normal individuals or those

with previously characterised, natural mutations of the a
globin cluster. We analysed two types of mutation: those in

which the remote upstream elements had been fully (IJ) or

partially (C40) deleted but the a promoters remained intact

(Figure 1B; Bernet et al, 1995; Craddock et al, 1995), and

another in which all a-like genes were deleted (MC) but the

upstream elements were still present (Figure 1B; Craddock

et al, 1995).

Using these hybrids, we have previously shown that the

formation of DHSs occurs independently at the a globin

promoters and the upstream elements (Bernet et al, 1995;

Craddock et al, 1995). Here, we have shown that key, tissue-

restricted TFs (NF-E2 and SCL) still bind the upstream ele-

ments when the a globin promoters are deleted (MC hybrid;

Supplementary Figure S3) and when the major a-regulatory

element is missing (HS-40, C40 hybrid; Supplementary Figure

Figure 3 Recruitment of the pre-initiation complex at the mouse a globin core promoter during erythroid maturation. Real-time PCR analysis
of immunoprecipitated chromatin using the antibodies indicated in uninduced (blue) and induced (red) MEL cells as in Figure 2. Error bars
correspond to 71 s.d. from at least two independent ChIPs. GTFs involved in recruitment of Pol II and initiation of transcription (TBP, TFIIA,
TFIIB, TFIIE and TFIIH) were found at the promoter of the a globin gene only at the late stages (I-MEL) of terminal erythroid differentiation. We
and others have found that the degree of enrichment observed for different transcription factors is not directly comparable. For example TFIIA
(enriched 6� ) and Pol II (enriched 100� ) are both components of the same multiprotein complex. These differences may be caused by
different epitope affinities or by differences in the degree of crosslinking for different components of such complexes.
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S3). Similarly, the a globin promoter still binds the CCAAT-

box binding TF (NFY) and recruits KLFs in the absence of

HS-40 (C40 hybrid; Supplementary Figure S4A), and even in

the absence of all upstream elements (IJ hybrid; Supple-

mentary Figure S4A). These findings suggest that recruitment

of TFs and the associated chromatin modifications, required

to create the poised state, occur independently at the promo-

ter and upstream elements and require no interaction

between these two sets of elements.

We next analysed the recruitment of Pol II and GTFs in the

same situations. Importantly, in the absence of the a globin

promoters, Pol II and other components of the PIC (e.g.

TFIIB) were still recruited to the upstream elements (HS-48,

-40 and -33) in activated MEL cells (MC hybrid; Figure 4) at

what appear to be similar, or slightly reduced, levels to those

seen in the wild-type chromosomes. The significance of this

slight reduction is not clear. However, the levels of TFIIB

recruited to the upstream elements appear to be the same in

the absence of the a globin promoters (Figure 4). This

unequivocally shows that the PIC is specifically recruited to

these elements during erythropoiesis and that binding ob-

served using ChIP analysis is not the result of an indirect

interaction with abundant Pol II and other components of the

PIC binding at the promoter.

However, when all of the upstream elements are deleted

(IJ hybrid; Figure 4), binding of Pol II and other components

of the PIC (TFIIA, B, D, E and I) to the a globin promoter is

severely reduced (although not completely absent) compared

with normal chromosomes, and no a globin mRNA expres-

sion is detected (Figure 4 and Supplementary Figure S4B).

Interestingly, in the absence of just the major regulatory

element (HS-40, C40 hybrid; Figure 4 and Supplementary

Figure S4B), the recruitment of some components of the PIC

(e.g. TFIIB) was not changed at the promoter, whereas the

Figure 4 Binding of the pre-initiation complex at the upstream elements and the human a globin promoter. ChIP analyses using uninduced
(blue) and induced (red) interspecific MEL hybrids containing a normal copy of chromosome 16 or copies of chromosome 16 from which HS-40
alone (C40; Figure 1B) or a larger segment (MC and IJ; Figure 1B) is deleted. Mouse Ex1 is an internal control corresponding to the mouse a
globin promoter. The y-axis represents levels of enrichment of Pol II (top) and TFIIB (bottom) in mouse � human 16 hybrids. The x-axis
represents the position of Taqman probes used across the human a globin locus, with the positions of erythroid-specific DNaseI hypersensitive
sites. Error bars correspond to 71 s.d. from two independent ChIPs.
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recruitment of Pol II was severely reduced. As before, the

level of a globin mRNA expression was considerably reduced

(B3% of normal; Bernet et al, 1995, and data not shown).

These findings show that recruitment of the complete PIC at

the a globin promoter is dependent on the combined effect of

the upstream elements.

It was of interest that in the absence of just the small

segment of DNA, which contains HS-40 (C40 hybrid), PIC

recruitment (e.g. Pol II and TFIIB) was also reduced at

HS-48 (upstream) and undetectable at HS-33 (downstream)

(Figure 4), suggesting that recruitment of the PIC to each of

the upstream elements depends on the presence of one or

more of the other upstream elements (i.e. there is a coopera-

tive effect). In summary, therefore, it appears that whereas

the upstream elements can recruit the PIC independently in

what seems to be a cooperative manner, efficient recruitment

of the full PIC to the promoter is dependent on the upstream

elements.

The a globin promoter and the remote, conserved

non-coding sequences physically interact when the

PIC is recruited

To investigate the mechanism by which the upstream ele-

ments recruit Pol II to the a globin promoters, we analysed

the spatial organisation of the a globin regulatory domain

throughout erythropoiesis using chromosome capture confor-

mation (called 3C; Dekker et al, 2002). In these experiments,

formaldehyde is used to crosslink protein/DNA interactions

in intact nuclei. The crosslinked chromatin is then digested

by a restriction enzyme, followed by ligation. If there is

apposition between a remote regulatory sequence and a

promoter, new, hybrid fragments containing these two

elements are generated and carefully designed PCR reactions

can be used to detect and quantify these newly combined

elements. This approach was thus used here to

analyse physical interactions between cis-acting chromoso-

mal elements during erythropoiesis.

We applied 3C analysis to multipotent mouse embryonic

stem (ES) cells , erythroid progenitors (uninduced MEL cells)

and mature erythroblasts (induced MEL cells and primary

mouse Ter119þ erythroblasts). Digesting nuclei with HindIII

allowed us to evaluate interactions between the a globin

gene (fixed) and a variety of points, including some of the

upstream elements (Figure 5A). Appropriate controls were

performed for each 3C experiment (Figure 5 and Supple-

mentary Figure S5), including those previously described

(Palstra et al, 2003; Drissen et al, 2004). All PCR fragments

analysed were shown to be ligation dependent; neither

samples of undigested crosslinked chromatin, nor chromatin

that was digested without subsequent ligation generated PCR

products (Supplementary Figure S5B).

By observing the presence or absence of PCR products

following the 3C protocol, we might have concluded that

intrachromosomal interactions in the a globin locus take

place in uninduced MEL cells (Supplementary Figure S5B)

and even in uncommitted ES cells (data not shown).

However, as noted by others using this technique (Palstra

et al, 2003; Drissen et al, 2004; Osborne et al, 2004;

Spilianakis et al, 2005; Zhou et al, 2006), a background

level of interaction, associated with specific PCR products,

is nearly always detected. We therefore considered it essential

to quantitate (and also stringently control the specificity) all

interactions and hence designed and calibrated Taqman

probes for real-time PCR analysis. Using this approach, it

became clear that there is an increase in interaction between

the upstream regulatory elements and the a globin gene in

cells that actively produce globin (I-MEL and Ter119þ cells;

Figure 5B) compared with those that do not (ES and U-MEL

cells; Figure 5B). For example, the interaction between HS-26

and a globin is increased 11-fold when comparing Ter119þ
cells (erythroid) with ES cells (non-erythroid). Parenthe-

tically, these findings demonstrate that it is essential to

quantitate 3C analyses accurately rather than simply base

interpretations on the presence or absence of PCR products.

We initially evaluated 3C interactions by analysing the

interactions between the a2 gene and various points along

the a globin cluster. However, interactions were subsequently

confirmed using other fixed regions upstream and outside

of the cluster (coordinates 55, 87 (HS-31) and 90 (HS-26);

Figure 5 and Supplementary Figure 6). Using this approach,

we concluded that in ES cells and proerythroblasts (unin-

duced MEL), there appeared to be relatively little interaction

between elements along the a globin locus (Figure 5B), which

we interpret as showing that the cluster predominantly

adopts a linear conformation in these cells. By contrast, in

activated cells (I-MEL and Ter119þ ), we could readily detect

increased interactions showing that the region of the cluster

spanning coordinates 78–90, including HS-31 and HS-26,

which also bind the PIC, comes into close spatial proximity

with each other and the a2 gene, whereas other regions

outside (24, 55, 72, 153 and 174) and between (e.g. z globin)

do not interact (Figure 5B). Thus, it appears that

late in erythroid differentiation, when Pol II is being

recruited to the upstream elements (HS-31 and HS-26) and

the a globin promoter, the chromosome conformation

changes, such that these elements are now physically inter-

acting (Figure 5B). As Pol II is specifically bound to the

upstream elements and the promoter but not to the regions

in between, we have found no evidence to support a model in

which Pol II tracks along the chromosome from the upstream

elements to the promoter (Hatzis and Talianidis, 2002; Wang

et al, 2005). Rather it appears that these regions are interact-

ing via one or more looping mechanisms (de Laat and

Grosveld, 2003; Osborne et al, 2004), presumably allowing

the exchange and/or interaction of prebound multiprotein

complexes.

Discussion

The aim of this study was to provide a detailed understanding

of how cis-acting elements controlling mammalian genes

might activate transcription at the appropriate time during

differentiation, using expression of the a globin gene cluster

during erythropoiesis as a model. We have built on our

previous studies showing that the a globin regulatory domain

is first activated by TF binding and chromatin modifications

at the remote upstream elements in uncommitted haemato-

poietic cells (Anguita et al, 2004). Such changes then extend

along the chromatin domain from the upstream elements to

the promoter, producing a fully poised state at each of the

conserved elements (enhancers and promoters) throughout

the regulatory domain in early, committed erythroid progeni-

tors. We have shown here and elsewhere that establishing
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this poised state occurs independently at each of the regula-

tory elements; for example, histone modifications, TF binding

and appearance of DHS occur at the promoter whether or not

the enhancer element(s) are intact. Similar observations have

been made at some (Bender et al, 2000) but not all (Spicuglia

et al, 2002) other loci studied. However, for the very few

genes that have been studied in sufficient detail, the devel-

opment of the poised state often appears to proceed in a

unidirectional manner from the remote enhancer to the

promoter, and any model should account for this (Figure 6).

Clearly, the multistep process leading to the poised state

is an important aspect of being able to delay the timing of

expression. During the early stage of differentiation when

inappropriate expression of a specialised protein like globin

might be deleterious to the cell, a multistep process is driving

the silent gene towards a state in which it could be easily and

safely switched on by a final, late switch such as a post-

translational modification, removal of a repressor protein or

the binding of an additional, activating TF. In this context, it

was interesting that we have shown that Sp/X-KLF factors,

known to behave as activators in erythroid cells (Bieker,

2001; Van Loo et al, 2003), bind to the promoter only when

the genes are activated and could provide part of the final

trigger for globin expression.

Here, we have concentrated on understanding when and

how the general transcriptional machinery (GTFs, Pol II,

mediator and elongation factors) is recruited to the a globin

regulatory elements during differentiation. We found, as in

most (e.g Sawado et al, 2003; Szutorisz et al, 2005a; Levings

et al, 2006) but not all (Hatzis and Talianidis, 2002; Soutoglou

and Talianidis, 2002) genes that have been studied in this

way, the PIC is recruited to the promoter only late in differ-

entiation. We also found that the PIC is recruited to the

upstream elements independently of the promoter, most likely

via its interaction with prebound TFs. Interestingly, in contrast

to all previous genes studied, including the b globin cluster

(Szutorisz et al, 2005a; Levings et al, 2006), recruitment occurs

only at the a globin upstream elements late in differentiation.

Recruitment of the PIC at the upstream elements occurs at

what appears to be relatively low levels compared to the

promoter. It seems unlikely that this observation was due

to inappropriate choice of amplicons, which can affect the

degree of enrichment measured, as similar low levels of

enrichment were seen at all of the upstream elements in

both mouse and human. It is therefore possible that compo-

nents of the PIC are recruited to the upstream elements via

protein/protein interactions rather than directly to DNA and

consequently its component proteins are not so effectively

crosslinked to DNA in the ChIP assay. This could also explain

why, despite careful analysis using nuclear run on assays and

strand-specific PCR (unpublished observations on normal but

not abnormal chromosomes), to date, we have not observed

non-genic transcripts originating at these sites, as documen-

ted at some other regulatory elements (Ashe et al, 1997; Plant

et al, 2001; Masternak et al, 2003; Rogan et al, 2004; Ling

et al, 2005; Szutorisz et al, 2005a). Such transcripts might

have been expected if the PIC were directly bound to DNA.

Whatever the reason for this difference in enrichment, the

nature of the interaction of the PIC appears different at

the upstream sites from the promoters.

How do the upstream elements facilitate recruitment of the

PIC to the promoter? By studying mutant chromosomes

Figure 5 Intrachromosomal interactions involving mouse remote regulatory sequences and the mouse a2 globin promoter. (A) Chromosomal
organisation of the mouse a globin locus. The following genes are annotated: 3, IL9RP3; 4, m-99; 5, Dist; 6, MPG; 7, c16orf35 gene. These are
shown as boxes transcribed from the top (above the line) or bottom (below the line) DNA strand. Red numbers indicate the points
(coordinates) analysed by 3C. 3C assays were performed using HindIII-digested, fixed chromatin from ES, uninduced MEL (U-MEL), induced
MEL (I-MEL) and primary erythroblasts (Ter119þ ). The shaded area corresponds to the region containing all sequences that interact with the a
globin gene (B). The bar chart (y-axis) shows the enrichment of PCR product (%) normalised to the enrichment within the Ercc3 gene
(¼ 100%). This provides an internal, genomic control for the crosslinking procedure and any general changes in nuclear or chromatin structure
(de Laat and Grosveld, 2003). This, in turn, is a measure of the association between the points indicated to a fixed point (the mouse a2 globin
promoter) in cells representing different stages of differentiation, from embryonic stem cells (ES) to mature erythroblasts (I-MEL and primary
Ter119þ cells). We have not considered the a1 gene in this study because the HindIII fragment containing this gene is too large (14 kb) for
appropriate 3C analysis. Data shown represent the average of at least two independent experiments using Taqman/real-time PCR. Error bars
denote s.e.m. Each PCR was performed several times and averaged. Signals were normalised to the total amount of DNA used, estimated with
an amplicon located within a HindIII fragment. Coordinates of the points analysed are indicated on the x-axis. As an illustration of the
specificity of these interactions, the interaction between a globin and HS-26 (B40 kb apart) is enriched in erythroid cells, whereas the
interaction between a globin and a region at þ 174 (B40 kb in the opposite direction) is not enriched.
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derived from patients with natural deletions of the a genes

and their regulatory elements, we have shown that

recruitment of the complete PIC to the promoter is strictly

dependent on the presence of these upstream elements, and

our data imply but do not prove that during differentiation

and maturation, the PIC will be first recruited to the upstream

Figure 6 A model proposing how complexes form and interact at the mouse a globin locus during erythropoiesis. In committed erythroid
progenitors (U-MEL, proerythroblast stage), the remote regulatory sequences (HS-31, HS-26, HS-12 and HS-8) are bound by multiprotein
complexes containing various combinations of SCL, NF-E2 and GATA1. At this stage, the a globin promoter is also occupied by GATA1 in
combination with the ubiquitous transcription factors ZBP-89 and NFY and is best poised for expression. In differentiating erythroid cells (I-
MEL and primary erythroblasts), the PIC, including Pol II, is recruited to the enhancers in a cooperative manner, but independently of the
promoter. Sp/X-Kruppel-like transcription factors (e.g. Sp1 and Sp3) are also recruited independently of the upstream elements, to the
promoter. At this final stage, the a globin promoter is now occupied by a multiprotein complex including GATA1, ZBP-89, EKLF, NFY, Sp1 and
Sp3 that represents a docking site for the recruitment of PIC, which is entirely dependent on the presence of the upstream elements.
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elements and then to the promoter (Figure 6). The time lapse

separating these two events may be very short and we have

not been able to separate recruitment at the upstream

elements and the promoter in time-course experiments. The

newly modified 3C analysis described here, using Taqman

technology, supports a model in which there is direct physical

interaction between the upstream elements and the promoter.

ChIP analyses (distribution of Pol II and histone modifica-

tions) suggest that this does not involve the intervening

chromatin, arguing against previously described tracking

(Hatzis and Talianidis, 2002; Wang et al, 2005) or linking

mechanisms (Bulger and Groudine, 1999; Dorsett, 1999).

However, these findings are consistent with the previously

described looping model of enhancer/promoter interaction

(de Laat and Grosveld, 2003; Osborne et al, 2004). Applying

3C to cells from different stages of differentiation showed that

looping coincides with the onset of transcription (Figure 6).

The molecular basis for looping is not yet clear, although

interactions between structural proteins (Kurukuti et al,

2006), TFs (Drissen et al, 2004; Vakoc et al, 2005) or

components of the PIC within a transcription factory

(Bartlett et al, 2006) are all candidates. It is of interest that

in the absence of the major regulatory element (HS-40), the

PIC is not recruited to all of the other upstream elements,

suggesting that the upstream elements in some way act

together to recruit the PIC. Again, deletion studies suggest

that this structure forms first and then, subsequently facil-

itates recruitment of the PIC to the a globin promoters, with

looping occurring between the upstream elements and the a
globin genes (Figure 6). Presumably, the directional order of

this looping is dictated by the location of the regulatory

elements and the order in which they recruit TFs, cofactors

and the PIC during differentiation. Clearly, this will also be

influenced by which TFs are available to bind. For example,

the first two upstream elements to be activated in mouse

(HS-26 and HS-12) are bound by GATA2, which is expressed

exclusively in early haemopoietic progenitors. By contrast,

these and all other upstream elements (including HS-31, -21

and -8), and the a globin promoters are bound by GATA1

when it replaces GATA2 expression later in erythropoiesis.

This simple switch in TF expression could explain the

appearance of sequential activation of elements along the

chromosome. It is of interest that the last event described

here (recruitment of the PIC to the promoter) occurs at the

same time as the recruitment of Sp/X-KLF factors to the

promoter.

It would seem that the purpose of the interaction between

the upstream elements and the promoters is either to deliver

the PIC (Johnson et al, 2003; Szutorisz et al, 2005a,b)

or relocate the promoter into a nuclear sub-compartment

containing components of the PIC (so-called transcription

factory). Currently, there is no way to distinguish between

these models. Once the looped protein/DNA complex (remote

regulatory elements, promoter and PIC) has formed, it is

possible that the upstream elements also influence later stages

in transcription (promoter melting, clearance, elongation and

termination), as suggested for other genes (Boehm et al,

2003; Sawado et al, 2003).

We demonstrate here a comprehensive, dynamic picture of

the sequential events resulting in transcriptional activation of

a mammalian locus during differentiation and terminal

maturation by evaluating the orthologous human and

mouse a globin clusters. Our observations are in keeping

with the general models of a temporal, stepwise orchestration

of promoter assembly in lower organisms (Cosma et al,

1999). However, in mammalian systems, additional control

of the promoters occurs via remote regulatory elements,

which appear to play a specialised role within the hierarchical

order of events leading to chromatin remodelling and trans-

criptional initiation, possibly regulating the timing and

efficiency of expression. Very few mammalian genes have

been studied in such depth as the globin clusters. As more

examples become available, it should be possible to distin-

guish the principles governing the timing and levels of

expression from the inevitable differences in detail between

different mammalian genes.

Materials and methods

Primary cells and cell lines
MEL cell line 585 and interspecific MEL hybrids were grown and
induced as described (Higgs et al, 1990; Bernet et al, 1995;
Craddock et al, 1995). ES cells were grown as reported (Anguita
et al, 2004). Mature primary erythroid cells were obtained from
phenylhydrazine-treated mice (Spivak et al, 1973) and Ter119þ
cells were magnetically sorted using MACS. Human erythroid
progenitors are derived from peripheral blood mononuclear cells of
normal subjects and grown in two-step cultures (Brown et al, 2006).
Human activated T lymphocytes were obtained from buffy coat
by culture for 3 days in RPMI/20% fetal calf serum in the presence
of 2% phytohaemagglutinin M (GIBCO BRL) and 20 U/ml inter-
leukin-2.

Chromatin immunoprecipitation assay
ChIP was performed with the ChIP assay kit and protocol from
Upstate with the following modifications: formaldehyde was added
to the culture medium at a final concentration of 0.5% for 15 min at
room temperature and samples were sonicated for 2� 4 min at 41C
to cleave genomic DNA to an average of 500 bp. Antibodies Pol II
(N20, H224), TFIIA (FL109), TFIIB (SI-1), TBP (SI-1), TFIIE (C17,
C21), TFIIF (C18), TFIIH (S19), SSRP1 (H300), SPT16 (H300),
NF-E2 (C19, C16), GATA1 (N6), Sp3 (D20, H225), Sp1 (PEP2), NFY
(H209), cdk7 (FL346), cdk8 (H139), cdk9 (H169) and TFII-I (H58)
were purchased from Santa Cruz. ZBP-89 antibody was purchased
from Rockland. Real-time PCRs using primers and probes (50FAM-
30TAMRA) for murine and human a globin locus were described
previously (Anguita et al, 2004; De Gobbi et al, in preparation). PCR
master mix was purchased from Eurogentec. Additional primers
and probes used in this study are available on request.

Chromosome conformation capture
PCR reactions, primers and probes were optimised by digesting and
ligating equimolar amount of BAC templates containing the entire
mouse a globin and the Ercc3 loci. PCR efficiency was measured by
amplifying 100–0.1 ng of mixed BACs with a fixed amount (200 ng)
of digested genomic DNA. All primer combinations showed a linear
correlation between BAC template and PCR product. The endogen-
ous Ercc3 locus has been reported to adopt the same spatial
conformation in different tissues (de Laat and Grosveld 2003;
Palstra et al, 2003; Drissen et al, 2004). Thus, all 3C results were
corrected by data from Ercc3 analysis, controlling for changes in
nuclear size, chromatin density and crosslinking efficiency. Primers
and probes were designed as follows: a universal sequence-specific
Taqman probe and reverse primer on a fixed restriction fragment in
combination with different forward primers specific of other
restriction fragments. 3C templates (200 ng) were used for Taq-
man/PCR reaction using normal PCR condition with ABI prism
7000. Mouse primers and probes used are available on request.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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