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REVIEW

Developmental Regulation of the
Vertebrate Globin Multigene Family

MARGARET H. BARON

Department of Molecular and Cellular Biology, The Biological Laboratories,
Harvard University, 16 Divinity Avenue, Cambridge, MA 02138

“Hemoglobin switching,” or the sequential expression of globin genes in erythroid cells during develop-
ment, has provided an important paradigm for tissue- and stage-specific gene regulation. Over the past
decade, regulatory DNA sequences and transcription factors involved in controlling the expression of
individual globin genes in erythroid cells have been identified. The picture that has emerged indicates that
gene proximal control elements collaborate with a “locus control region” located far upstream — probably
via a DNA looping mechanism —to ensure that each gene is turned on only in erythroid cells and at the
appropriate time during development. Interactions among the various regulatory sequences are thought to
be mediated and stabilized by an array of tissue-specific and ubiquitous proteins. Chromatin structure
plays a critical but still poorly understood role in this process.
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THE development of multicellular organisms is islands, whereas the fetal and adult globin genes
directed by the spatial and temporal regulation of are active in the fetal liver and adult bone marrow.
specific sets of genes. An important model for un- Hemoglobin contains two types of polypeptide,
derstanding the molecular basis for such differen- a-like and g-like, that are encoded by two gene
tial gene expression has been provided by the ver- clusters located within distinct chromosomal loci
tebrate globin gene family. As development in mammals and birds. The «- and §-globin gene
progesses, distinct members of each of the two families apparently evolved by duplication and se-
globin gene subfamilies (o and () are expressed quence divergence from a single ancestral gene
sequentially in red blood cells (erythroid cells). In common to all vertebrates (24). When the linkage
humans, this “hemoglobin switching” occurs at relationships among the various globin genes were
two developmental stages: a) the embryonic-to- first defined, the intriguing observation was made
fetal switch occurs during the first few weeks of that they are organized on the chromosome in
gestation and involves a change in expression of order of expression during development: 5'-
both the «- and B-globin clusters; b) the fetal-to- embryonic-fetal-aduit-3’ (shown for human g-
adult switch, involving only the 8 cluster, occurs globin locus in Fig. 2). This gene order is con-
around the time of birth (59). These changes in served among nearly all species and appears to be
globin gene transcription (and production of he- of functional significance.

moglobin proteins) are associated with changes in In this review I will highlight some of the key
red blood cell morphology and site of production regulatory problems presented by these complex
(Fig. 1). Embryonic globin genes are expressed in gene clusters. For the most part, examples will be
the “primitive” erythroblasts of the yolk sac blood drawn from studies on the B-like globin genes,
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FIG. 1. Stage-specific expression of a- and §-like globin genes. Changes in
globin gene expression during development are associated with changes
in the site of production (yolk sac, fetal liver, adult bone marrow) and
morphology (size, presence or absence of nucleus) of erythroid cells. The
a-like globin genes are { (embryonic) and « (fetal, adult); the 3-like globin
genes are ¢ (embryonic), v (fetal), and 8, 8 (adult). Their protein products
assemble into heterotetramers to form functional hemoglobin protein.

but the «-like globin genes will also be used to
emphasize certain points. Although the expression
of the genes within these two loci is coordinated,
important differences in their control mechanisms
have been defined.

CONTROL SEQUENCES
WITHIN GLOBIN GENE LOCI

Despite the apparent similarities between the
two globin gene families, their chromosomal envi-
ronments are quite different. In nonerythroid
cells, the chromatin domain of the 3-globin cluster
is late-replicating, insensitive to DNase I (closed
chromatin), and transcriptionally silent [discussed
in (33)]. Tissue-specific changes in chromatin
structure (from closed to open) and replication of
the locus (from late to early) in erythroid cells are
thought to be controlled by the locus control re-
gion (LCR) (39) located far upstream (Fig. 2). The
a-globin cluster, in contrast, is contained within
an early replicating domain that is constitutively
open (DNase I sensitive). A dominant control ele-
ment (HS-40) (42) located far upstream of the a-
globin structural genes is superficially analogous
to the 3-LCR. However, unlike the 8-LCR, HS-40
appears to have no effect on long-range chromatin
structure and does not influence formation of
DNase I-hypersensitive sites within the a-globin
gene promoters; its major role is thought to be
enhancement of a-globm transcription within a
constitutively open chromatin domain (17). It is

conceivable that some of the other properties asso-
ciated with the 8-LCR (such as a domain-opening
function) might reside in as yet unidentified se-
quences located at a distance from HS-40 (5).
Both the 3-LCR (39) and HS-40 (42) contain
very strong enhancer activities. When introduced
into the germline of mice, B-LCR-linked globin
genes show high-level, erythroid-specific expres-
sion that is copy number dependent but relatively
position independent. Although still not well un-
derstood, the absence of “position effects” in
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FIG. 2. Structure of the human j-globin locus. The 8-LCR
extends from 6 to 18 kb upstream of the e-globin gene and
contains four strong erythroid-specific DNAse I-hypersensitive
sites (represented by arrows) that are present at all stages of
development (HS1-4)., HSS5 is constitutively sensitive to
nuclease digestion and may function as an insulator or bound-
ary element. Interactions between the LCR and the promoters
of individual globin genes (indicated by curved arrows) are
thought to be mediated by stage-specific regulatory proteins
that stabilize the formation of DNA loops. The figure is not
drawn to scale.
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transgenic mice containing LCR sequences is
thought to result from inhibition of heterochro-
matin spreading (64).

The B-LCR contains four strong erythroid-
specific DN Ase I-hypersensitive sites (5'-HS1, 2,
3, and 4) found at all stages of development [re-
viewed in (40); see Fig. 2]. Only one such site is
present in HS-40 (42). Nuclease sensitivity is
thought to reflect nucleosome-free regions of
DNA that are accessible for binding by transcrip-
tion factors (25). Nucleosome disruption has re-
cently been demonstrated for HS4 of the 38-LCR
(60) and presumably is associated with the forma-
tion of other HS sites as well.

Most of the activity of the 3-LCR is associated
with 5/-HS2, HS3, and HS4; naturally occurring
deletions of HS1 are not associated with obvious
abnormalities in globin gene expression [reviewed
in (40)]. A detailed discussion of the properties of
the 3-LCR nuclease sensitive sites can be found in
several reviews (5,40,52).

Globin gene promoters contain a number of
control elements found within the promoters of
many other genes. These include a TATA-like,
CCAAT, and CACCC motifs. Characteristically,
they also contain one or more GATA binding sites
that are recognized by the lineage-specific tran-
scriptional regulator, GATA-1 (see below). Other
positive and negative control sequences have been
identified further upstream, downstream, and
within the transcribed regions of the structural a-
and B-like globin genes (5,59). The upstream re-
gion of the human embryonic 3-like globin gene
(¢), for example, contains clusters of positive and
negative regulatory sequences (62). At least some
of these regions interact synergistically, in differ-
ent combinations, to drive tissue- and stage-
specific expression of this gene (62). Interestingly,
the regulatory specificity observed when these ele-
ments are combined is not overshadowed by the
presence of LCR sequences. Thus, the correct pat-
tern of expression may be determined largely by
sequences located in the neighborhood of an indi-
vidual globin gene, whereas high-level expression
shows a critical dependence on the dominant con-
trol region located far upstream.

THE PROTEIN PLAYERS

Interactions between gene-proximal regulatory
sequences and the LCR are essential for the devel-
opmental transitions in globin gene expression to
occur normally [reviewed in (40)]. Although not
well understood, they most likely are mediated by
distinct combinations of lineage-specific, ubiqui-
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tous, and stage-specific regulatory proteins. Some
of these proteins presumably contribute to the ery-
throid- and stage-specific globin gene activation
observed when erythroid cells and nonerythroid
cells are fused to form heterokaryons (2,3). Ac-
cording to a current model for globin gene switch-
ing, direct or indirect interactions among proteins
bound at sites within the LCR and at sites located
in the vicinity of each globin gene result in the
stable formation of DNA loops (see below).

A handful of erythroid lineage-restricted tran-
scription factors have now been identified and
cloned and represent a number of different pro-
tein families [for recent reviews, see (5,52)]. Sev-
eral of these (notably the zinc finger proteins
GATA-1 and EKLF and the leucine zipper protein
NF-E2) have been implicated in erythroid develop-
ment through gene disruption experiments in em-
bryonic stem cells. At least one (EKLF) plays a
direct role in globin gene activation and possibly
in switching. Ubiquitous (or at least widely ex-
pressed) proteins also serve important functions in
erythroid development and/or regulation of glo-
bin genes (5,52).

It has been known for some time that proteins
play a role in formation of nuclease-hypersensitive
sites (27,28,61). In an in vitro chromatin-
assembled system, binding by NF-E2 facilitates
binding by GATA-1 to its nearby sites (1), induces
formation of HS2 (6,7), and is associated with
nucleosome disruption that can be detected at a
distance of at least 200 bp (1). The probability
of hypersensitive site formation within a 8-globin
gene enhancer was shown to increase in additive
fashion with increasing density of transcription
factor binding sites (11). However, as binding sites
were mutated, nuclease sensitivity did not decrease
uniformly within all copies of the enhancer, but
were simply either accessible or not accessible.
Formation of HS sites therefore resembles an on/
off switch (11,30).

The HS core regions of the LCR and HS-40
each contain various combinations and arrange-
ments of three sites: GATA, NF-E2/AP-1, and
CACC/GGTG (40,52,60). The grouping [NF-E2-
(50 bp spacer)-(inverted GATA repeat)] is con-
served in HS2, HS3, and HS4 and, at least for
HS4, the spacing between these sites is critical
(60). GATA factor binding is required for posi-
tion-independent expression of an LCR-linked
promoter, whereas binding by NF-E2 is required
for the enhancer activity of HS2 [reviewed in
(40,52)].

It is not yet known which protein(s) interact
with the CACC/GGTG sites in vivo. Because null
mutations in EKLF (Erythroid Kriippel-like fac-
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tor) (50) affect only the adult B-globin gene
(51,53), it seems unlikely that binding by this pro-
tein is required for LCR function, unless the pat-
tern of occupation of CACC/GGTG sites in the
LCR is stage specific. These sites could be bound
by one of the widely expressed members of the
Kriippel family of transcription factors (e.g., Spl
or BKLF) or by another (currently unknown) ery-
throid-specific member of the family.

Several of the proteins that have been impli-
cated in erythroid differentiation and/or globin
gene regulation are known to interact physically in
vitro and in vivo and can synergistically activate
expression of a linked gene. In view of the likely
involvement of protein-protein interactions in
LCR-dependent globin gene activation, this prob-
lem merits close attention. Globin gene promoters
and the LCR contain GATA binding sites, and
homotypic interactions between GATA-1 poly-
peptides have been implicated in transcriptional
activation (19,67). Therefore, GATA-1 might me-
diate loop formation between globin gene promot-
ers and the LCR. Moreover, GATA-1 also inter-
acts at a distance with Spl and EKLF, binding
sites for which are found in the 3-LCR HS sites
and in globin gene promoters.

Potential binding sites for GATA-1 and YY1
are found scattered throughout the 3-globin locus
[e.g., see (69)]. While the significance of this ob-
servation has not been systematically examined,
it suggests that GATA-1 and YY1 could play an
architectural role in formation of higher order
protein-DNA complexes and in opening of the
locus.

CHROMATIN REMODELING
AND LOCUS OPENING

The thalassemias (a severe form of anemia
caused by deficiency or absence of a-like or 8-like
globin chain production) comprise the most com-
mon single gene disorders in the human popula-
tion (65). The vast majority of mutations are
found within the a- or 8-globin gene clusters on
human chromosomes 16 and 11, respectively.
However, some forms of thalassemia or heredi-
tary persistence of fetal hemoglobin segregate in-
dependently [e.g., see (18,36)], suggesting the exis-
tence of additional, frans-acting loci that influence
the expression of one or more globin genes. To
date, only one such locus has been characterized.
Mutations in the XH2 gene cause a complex syn-
drome of a-thalassemia and mental retardation
(ATR-X syndrome) (37). XH2 is homologous to
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the SWI/SNF superfamily of regulatory proteins,
different subgroups of which are involved in DNA
repair and/or transcriptional regulation (14,21).
By analogy, it has been speculated that XH2 func-
tions by altering chromatin structure (37). How-
ever, the biochemical properties of XH2 have not
yet been reported, and it is not known whether
this protein, like the SWI/SNF complex (55),
binds DNA and/or alters helical twist. Notably,
expression of the B-like globin genes is not af-
fected by mutations in XH2. The preferential ef-
fect of XH2 mutations on the «-globin cluster may
be related in some way to its distinct chromosomal
environment (discussed above).

At least one SWI/SNF relative, the Drosophila
protein brahma, plays a role in regulation of HOX
genes, whose clustered organization is reminiscent
of that of the globin gene loci. The organization
of both HOX and globin genes along the chromo-
some is conserved and is related to their temporal
and/or spatial patterns of expression. Activation
of both globin (26,40) and homeobox (46) genes
is thought to require stable associations between
promoters and distant chromosomal elements,
and these interactions are thought to be mediated
by multiprotein complexes. Interestingly, it is
speculated that brahma may facilitate HOX gene
promoter-enhancer interactions by opposing the
repressive effects of heterochromatin [reviewed in
(46,49)]. Perhaps a related protein serves a similar
function for vertebrate globin gene promoter—
LCR interactions.

Transcription of a globin gene within a chro-
mosomal context has been achieved in vitro, in
synthetic nuclei (7). An erythroid-specific chroma-
tin structure was reconstituted in vitro on a DNA
template containing the entire chick 8-globin locus
using extracts from Xenopus oocytes. Enhancer-
dependent activation of the adult 3*-globin gene
was observed in the presence of an appropriate
complement of nuclear proteins, provided that
DNA replication had first been allowed to pro-
ceed. The requirement for DNA replication in this
system may reflect the need of differentiated cells
to stably maintain their patterns of gene expres-
sion even after many rounds of cell division. Het-
erokaryon experiments have suggested, however,
that the differentiated phenotype depends on the
relative levels of positive and negative regulators
(4,10), apparently independently of DNA replica-
tion (15). At present the requirement for DNA
replication for activation of a chromatin-
assembled template (7) is difficult to reconcile
with the results of the cell fusion studies (2,3). A
simple possibility that remains to be tested is that
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the protein extracts used to create a nucleosome-
repressed DNA template in vitro may lack certain
components present in vivo. Nevertheless, these
findings are very exciting because they open up the
possibility of examining the activities of cloned
transcription factors in a chromatin context that
more closely approximates what is observed in
VIVO.

A ROLE FOR DNA BENDING
IN GLOBIN GENE REGULATION?

Recent work in the author’s laboratory suggests
that DNA bending may play a role in regulation
of the human embryonic $-like globin gene (¢)
(23). The control element PRE II (62) is bound by
a nuclear phosphoprotein termed PREIIBF that is
enriched in embryonic erythroid cells. PREIIBF
has both embryonic and adult forms and recog-
nizes a novel DNA sequence element within PRE
II (23,62,63). Synergistic interactions between
PRE II and PRE V require binding by this protein
to PRE II (63). A directed bend is introduced into
target DNA upon binding by PREIIBF; this bend
may facilitate protein-protein interactions and
may help to explain the ability of PRE II to syner-
gize with other regulatory regions located at a dis-
tance (23).

Expression cloning has led to isolation of a
c¢DNA that encodes an HMG domain protein (22).
The biochemical properties and DNA binding
specificity of the recombinant protein are identical
to those of PREIIBF isolated from embryonic ery-
throid cell nuclear extracts. In view of the well-
known ability of HMG domain proteins to bend
DNA (38) and, in some cases, to function as tran-
scriptional activators (57,58), the identification of
PREIIBF as a member of the HMG domain pro-
tein family is intriguing. This work suggests that
PREIIBF-induced DNA bending might be re-
quired for synergistic activation of a linked pro-
moter (22,23).

HEMOGLOBIN SWITCHING:
HOW DOES IT WORK?

Any mechanism for hemoglobin switching must
somehow account for the ability of the LCR to
activate globin gene promoters from a distance
of many kilobases. At present, the favored model
involves DNA looping in which stage-specific fac-
tors mediate stable associations between the LCR
and globin gene promoters (5,40,52) (see Fig. 2).
Developmental switching of globin genes probably
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does not involve the formation of stage-specific
chromatin structures within the LCR (40). How-
ever, each HS site of the 3-LCR may contribute
preferentially to the developmental regulation of
particular globin genes (12,34). Thus, the sequen-
tial expression of globin genes may be controlled
both by sequences proximal to the genes and by
elements within the LCR. However, the details of
the mechanism remain unclear, and there is not
yet uniform agreement about the stage preference
of each HS site [for example, compare (34,43)].
Nevertheless, it is generally agreed that individual
HS elements interact with one another to form a
functional unit or “holocomplex” (Fig. 3) which
then interacts with regulatory-sequences located in
the neighborhood of each globin gene (26,66).
The question of whether the LCR interacts with
only one globin gene at a time on a given chromo-
some is a very interesting one and is central to a
complete understanding of the mechanistic basis
for globin gene switching. The LCR-globin gene
interaction appears to be monogenic (66). Confo-
cal microscopy and single cell in situ hybridization
experiments with primary globin gene transcript
(unprocessed) probes suggest that, at the time of a
globin gene switch, the LCR may alternate back
and forth between transcriptional activation of the
earlier- and later-expressed globin genes (e.g., em-
bryonic and fetal or fetal and adult) but does not
appear to activate these genes simultaneously (66).
As development progresses, changes in the com-
plement of transcription factors are thought to
modulate the stability of LCR-globin gene com-
plexes; the earlier-expressed gene is downregulated
and the more newly activated gene continues to be
expressed. Thus, as suggested by the heterokaryon
studies (2-4), switching is a dynamic process in
which individual globin genes respond to stage-
specific changes in the levels of transcriptional

LCR
"holocomplex™
(HS 1-9)

FIG. 3. Cartoon of the LCR “holocomplex.” The hypersensi-
tive regions of the LCR are thought to interact as a unit or
“holocomplex” (see text). This figure was adapted from Wij-
gerde et al. (66).
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regulators; it does not involve irreversible changes
in the expressed state of globin genes.

It seems clear that competitive interactions be-
tween the promoters of the fetal and adult 8-like
globin genes are a key component of the fetal-to-
adult switch (8,29). Although it was initially be-
lieved that the embryonic 8-like globin gene (e) is
regulated autonomously during development (i.e.,
in the absence of any other globin genes, it is ex-
pressed embryonically but not at later stages in
transgenic mice), the real story may be more com-
plex. Analysis of transgenic mice carrying the en-
tire human $-globin locus suggests that the embry-
onic and fetal 8-like globin genes also compete
with one another for interactions with the LCR
[reviewed in (5)].

Globin gene competition is polar: interaction
between the LCR and a more proximally located
gene is favored over that with a more distal gene
(41,54). Thus, the globin gene in closest proximity
with the LCR is activated earliest during develop-
ment, consistent with the idea that temporal regu-
lation reflects the relative frequency of interaction
between a globin gene promoter and the LCR (41).

The first “promoter competition” model for
globin gene switching emerged from transient ex-
pression studies with chick globin genes in primi-
tive and definitive chick cells (16). That model en-
visioned a competition between the promoters of
the chick adult (3*) and embryonic (¢) 8-like glo-
bin genes for interactions with an enhancer lo-
cated between them on the chromosome. Silencing
of the e-globin gene in definitive erythroid cells
was shown to require the presence of a “stage-
selector element” (SSE) in the promoter of the 8-
globin gene (16,31). Although more recently it has
been argued that promoter competition does not
enter into globin gene switching in the chicken, the
studies on which this conclusion is based (32) were
carried out using a heterologous (transgenic
mouse) system and the results remain open to a
different interpretation [discussed in (5)].

A stage-selector element has also been identi-
fied in the promoter of the human fetal y-globin
gene promoter (44). Competitive silencing by the
SSE is mediated in part by a protein complex
(SSP) containing an adult stage-specific protein
related to NF-E4 (35) and a ubiquitous protein,
CP2 (45). NF-E4 binds to the chick SSE and is
thought to mediate $-globin enhancer-promoter
interactions in vivo (35). Together with GATA-1,
it activates transcription of a chromatin-
assembled 3*-globin gene in vitro (6). The gene
encoding NF-E4 has not yet been cloned, but bio-
chemical characterization suggests that the protein
may be related to Sp1 (68). The SSP complex in-
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teracts with human TAFII130 in vivo (20) and
therefore may interact directly with the transcrip-
tion initiation complex.

The globin gene switching mechanism involves
activation of one gene and turnoff of the pre-
viously expressed gene. This negative regulation
may to some degree be passive, as stage-specific
factors disappear or become inactive. However,
silencer elements (or at least, negative control ele-
ments) have also been identified for each of the
B-like globin genes (9,13,47,56,62). Transcrip-
tional downregulation of the human embryonic
B-like globin gene appears to be mediated by sev-
eral negative regulatory elements [(62), C. No-
guchi, personal communication], at least one of
which fulfills the operational definition of a si-
lencer (13). Silencing of the human embryonic «-
like globin gene (¢) in definitive erythroid cells re-
quires the combined activities of the promoter,
sequences within and downstream from the body
of the gene, and involves both transcriptional and
posttranscriptional mechanisms (48).

SUMMARY

Hemoglobin switching is a complex phenome-
non in which individual members of a set of
closely linked genes are sequentially activated and
then turned off as development progresses. These
events are associated with the differentiation of
primitive erythroid cells in the embryonic yolk sac
and definitive erythroid cells in the fetal liver and
adult bone marrow. Whether these morphologi-
cally distinct erythroid cells arise from a common
progenitor (and therefore share a common lin-
eage) or represent different lineages has not been
rigorously determined. It may well be that the em-
bryonic-to-fetal switch results not only from
changes in the transcriptional state of specific glo-
bin genes but also as a natural consequence of
lineage switching.

During the past decade, many of the globin
gene regulatory sequences required for tissue- and
stage-specific activation or silencing have been dis-
sected, a handful of key erythroid transcription
factors have been identified and cloned, and some
understanding of the mechanism by which the lo-
cus control region drives high-level expression of
downstream globin genes has emerged. In some
respects, these breakthroughs have raised more
questions than they answered: How does the LCR
influence the chromatin structure and replication
pattern of the 8-globin locus? What is the higher
order structure of its active elements within the
postulated “holocomplex,” and how do they inter-
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act with the regulatory regions associated with
each globin gene? How do multiple positive and
negative globin gene control elements cooperate
to achieve the remarkable specificity in expression
observed during development? What are the hier-
archical relationships among the known erythroid
transcription factors, and what other proteins are
required to ensure that the correct globin gene will
be expressed at the appropriate time? How do
these regulatory proteins overcome the repressed
state of a gene in a chromosomal context, and is
protein-induced DNA bending a component of the
mechanism?

Few of these questions are specific to globin
gene switching: they have broad implications for
the orchestration of differential gene expression in
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specialized cell types. The globin gene families are
therefore likely to remain a subject of intense in-
vestigation for some time to come.
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