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Abstract—The eukaryotic cell genome has a multilevel regulatory system of gene expression that includes stages of prelimi-
nary activation of genes or of extended genomic regions (switching them to potentially active states) and stages of final acti-
vation of promoters and maintaining their active status in cells of a certain lineage. Current views on the regulatory systems
of transcription in eukaryotes have been formed based on results of systematic studies on a limited number of model sys-
tems, in particular, on the a- and B-globin gene domains of vertebrates. Unexpectedly, these genomic domains harboring
genes responsible for the synthesis of different subunits of the same protein were found to have a fundamentally different
organization inside chromatin. In this review, we analyze specific features of the organization of the a- and 3-globin gene
domains in vertebrates, as well as principles of activities of the regulatory systems in these domains. In the final part of the
review, we attempt to answer the question how the evolution of a- and 3-globin genes has led to segregation of these genes
into two distinct types of chromatin domains situated on different chromosomes.
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In the prokaryotic genome, functionally related
genes are combined as operons, which are targets for the
regulatory systems responsible for the control of tran-
scription. In eukaryotic cells, functionally related genes
are often situated on different chromosomes. Therefore,
during many years transcription was believed to be regu-
lated on the level of promoters of individual genes. It is
now clear that the situation is more complicated. Studies
on chromatin and epigenetic mechanisms acting on the
level of the packaging of genetic material in the cell
nucleus revealed a multilevel system of the transcription
regulation in eukaryotic cells. In addition to the control
of activities of individual promoters, it is equally impor-

Abbreviations: a-MRE, Major Regulatory Element of a.-globin
gene domain; DHS(s), DNase I Hypersensitivity Site(s); LCR,
Locus Control Region; MCS, Multispecies Conserved
Sequence; OR, Olfactory Receptor gene.
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tant to know whether a chromatin domain including a
given gene has active or inactive status [1]. New findings,
in particular the demonstration that histone modifica-
tions usually called the histone code play a role in the
control of DNA packaging in chromatin, have restored
interest in the domain hypothesis of eukaryotic domain
organization. This hypothesis was proposed in the late
1970s [2, 3]. In its classic variant, the hypothesis suggest-
ed that the whole genome should consist of uniform
structural—functional units, or chromatin domains. A
chromatin domain is a rather extended region of the
genome, and within its limits the packaging of chromatin
fibrils can be changed locally without extending onto the
flanking regions. A chromatin domain can include one or
several genes. Activation of a chromatin domain changes
its status with subsequent potential transcriptional activa-
tion of all genes situated in the domain. In many cases,
the activation of a chromatin domain correlates with its
transformation from a DNase-resistant to a DNase-sen-
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Fig. 1. Scheme illustrating the main idea of the domain hypothe-
sis of genome organization.

sitive configuration. The domain hypothesis of eukaryot-
ic genome organization has been, in particular, based on
results of studies on the sensitivity to DNase I of the
active genes and their flanking sequences. It was shown in
pioneer works of Weintraub’s laboratory that actively
transcribing tissue-specific genes were preferentially
processed in permeabilized nuclei treated with DNase 1
[4]. Later, it was shown that the preferential sensitivity to
DNase I was specific for a rather extended genomic
region including one or several transcribing genes and the
flanking DNA sequences [5, 6]. Two observations seemed
to be especially interesting for researchers: (i) the same
genomic regions were preferentially sensitive or relatively
resistant to DNase I in cells differentiated by different
pathways, and (ii) the DNase-sensitive regions have
markedly distinct limits [6]. These very observations led
to the idea that the genome should consist of uniform
structural—functional units inside which the transcrip-
tional status of the genes could be regulated through
changes in the chromatin packaging (Fig. 1). For a long
time, molecular mechanisms responsible for the packag-
ing and status of a chromatin fibril were studied. By now
it has been established that the compactization of a chro-
matin fibril is mainly controlled through histone acetyla-
tion [7, 8]. The domain model of the genome organiza-
tion suggests that some boundary structures should exist
for isolating the domain from the environment and limit-
ing the chromatin reconfiguration at the boundaries of
individual domains. Such boundary elements were found
and termed insulators. Insulators were first detected on
the boundary of the locus of heat shock genes Asp 70 from
Drosophila melanogaster [9]. Later such elements were
found in all groups of eukaryotes studied [10, 11].

The detection of a locus control region of the human
B-globin gene domain and then also of locus control
regions of some other genomic domains was crucial for
the model of domain organization of the genome.
Experimental data on the differential sensitivity of
extended chromatin domains to nucleases and the detec-
tion of a special class of regulatory elements (insulators)
that, in particular, are responsible for delimitation of
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genomic domains could be sufficiently explained from the
standpoint of the hypothesis of domain organization of
the genome; nevertheless, the regulation of the transcrip-
tional status of the domain as a whole remained unclear.
It was reasonable to suppose that some regulatory ele-
ments should exist to control the transcriptional status of
the genomic/chromatin domain. Such regulatory ele-
ment was found in the domain of human B-globin genes.
This element was identified by two lines of observations.
Analysis of natural deletions influencing the expression of
human B-globin genes (Fig. 2a) revealed that the so-
called “Spanish deletion” resulting in the removal from
the genome of a rather extended DNA fragment includ-
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Fig. 2. Identification of the locus control region (LCR) of human
-globin genes. a) Natural deletions leading to appearance of dif-
ferent thalassemias due to physical elimination of all or of the
majority of the B-globin genes. Deleted fragments are shown by
dotted lines under the scheme of the domain. b) Scheme illustrat-
ing the Spanish deletion position and consequences of this dele-
tion. Vertical arrows show positions of DNase I hypersensitivity
sites. Inactive regions of the genome are indicated by the slanted
gray lines. As a result of the Spanish deletion eliminating the clus-
ter of DNase I hypersensitivity sites and the genome segment
adjacent to this cluster at the 5'-end, the 3-globin gene domain is
completely inactivated. ¢) Scheme demonstrating the strategy of
creating an erythroid-specific mini-domain and results of analyz-
ing the level of expression in the genome of transgenic mice of the
human B-globin gene from this mini-domain. At relatively low
number of mini-domain copies, the total amount of the human f3-
globin gene product is proportional to the number of mini-
domain copies carrying this gene that are integrated into the
transgenic mouse genome.
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ing sequences located in the 5'-flanking region of the 3-
globin gene cluster but lacking just the 3-globin genes and
their promoters leads to termination of transcription of all
B-globin genes situated on the deletion-containing chro-
mosome. Moreover, the domain of B-globin genes loses
its preferential sensitivity to DNase I in erythroid cells,
and the domain replication time changes (Fig. 2b). Under
normal conditions, the domain of -globin genes in ery-
throid cells is replicated in the beginning of the S-phase
(that is specific for the majority of transcribing genes),
whereas in the chromosome carrying the Spanish deletion
the domain is replicated in the end of the S-phase (that is
specific for heterochromatin and tissue-specific genes
inactive in this cell lineage) [12]. The Spanish deletion is
associated with the removal from the genome of a cluster
of DNase I-Hypersensitive Sites (DHSs) situated at a dis-
tance of 6-22 kb before the cluster of B-globin genes [12]
(Fig. 2b). It was supposed that this cluster of DHSs
should contain a regulatory element that controls the
transcriptional status of the 3-globin gene domain. To test
this hypothesis, transgenic mice were produced whose
genome was integrated with a mini-domain containing
one of the human B-globin genes and the above-men-
tioned cluster of DHSs removed from the genome due to
the Spanish deletion (Fig. 2¢). Analysis of these trans-
genic mice revealed that the presence in the construct of
the DHS cluster was responsible for a high and independ-
ent of integration position (proportional to the number of
integrated copies) level of expression of the human [3-glo-
bin gene in the erythroid cells of the mice. The authors
concluded that the studied DHS cluster included a regu-
latory element capable of creating an autonomous ery-
throid-specific mini-domain in the genome of the trans-
genic mice [13]. The detection of the regulatory element
operating at the domain level and termed Locus Control
Region (LCR) in the domains of $-globin genes of other
vertebrates [14] was favorable for the wide acknowledge-
ment of main ideas of the domain hypothesis of genome
organization [2, 3]. The domain of human [3-globin genes
and similarly structured domains of -globin genes of dif-
ferent vertebrates concurrently became the most popular
models used for analyzing different regulatory mecha-
nisms of gene expression. Concentration of the efforts of
many research groups for characterizing the same group
of model systems revealed many basic principles of tran-
scription regulation in eukaryotes. We shall discuss this in
more detail in the following sections of this review. But
here we would like to emphasize that focusing studies on
the same group of model system for some years prevented
the realization that the eukaryotic genome imagined as a
mosaic of uniform chromatin domains, either active or
inactive, was too simplified, and even false in the general
case. The incompetence of the classic model of genome
domain organization [2, 3] became obvious when the
structure of a.-globin gene domains in mammals and birds
could not be explained within the framework of the
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model. These domains are located in chromosomal seg-
ments enriched with constantly expressed genes (house-
keeping genes) and are highly sensitive to DNase I in both
erythroid and non-erythroid cells (i.e. irrespectively of
the transcriptional status of the a.-globin genes) [15]. The
a-globin gene domain is not isolated by insulators from
the adjacent regions of the genome. Moreover, the major
regulatory element of the a.-globin gene domain is situat-
ed within the intron of the housekeeping gene adjacent to
the domain [16]. All these features of organization of the
tissue-specific domain of a-globin genes were difficult to
explain from the standpoint of the classic model of
domain organization of the genome. The overlapping of
genomic domains and even of transcription units
occurred not uncommonly in the genome of higher
eukaryotes [17]. Obviously, such genes could not be situ-
ated within isolated structural—functional domains simi-
lar to the domain of the B-globin genes. Therefore, the
domain model of genome organization had to be revised.
This resulted in the concept of open and closed genomic
domains (this should not be confused with “open” and
“closed” conformation of chromatin) [14, 18]. The open
genomic domain (a domain with vague boundaries) is
determined, first of all, on the functional level, and it can
be overlapped on a chromosome with other similar
domains. Such domains often include genes that are not
related functionally and phylogenetically. It is clear that
regulatory systems of open genomic domains (those with
vague boundaries) have to be essentially different from
regulatory systems of domains with fixed boundaries
(closed domains).

In the following chapters of this review, we analyze in
detail specific features of regulatory mechanisms of tran-
scription in open and closed domains exemplified by
domains of the a- and B-globin genes.

DOMAIN OF BETA-GLOBIN GENES

General characteristics. Domains of human, mouse,
and chicken B-globin genes are the best studied (Fig. 3).
In humans and mice, the domains of the -globin genes
are situated, respectively, on the 11th and 7th chromo-
some and are components of an essentially more extend-
ed cluster of olfactory receptor genes. The length of these
domains is not determined accurately because erythroid-
specific DHSs that seem to indicate positions of regulato-
ry elements of the B-globin genes domains are located
rather distantly before the -globin gene cluster inside the
chromosome segment containing the genes of the olfac-
tory receptors [ 14]. Enhancers of B-globin genes are pres-
ent also in the 3’-terminal flanking region of the cluster of
human [-globin genes. The approach of these enhancers
to genes encoding the fetal B-globin chains as a result of
some natural deletions leads to development of some tha-
lassemias (diseases associated with absence or imbalance
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of expression of different subunits of hemoglobin) [19]. In
erythroid cells of mice, the region of preferential sensitiv-
ity to DNase I is significantly larger than the insulator-
delimited cluster of B-globin genes, and it includes a
number of genes of olfactory receptors located in both the
5’- and 3'-terminal flanking regions [20]. But it should be
emphasized that the olfactory receptor genes situated
within the boundaries of this DNase-sensitive domain are
not expressed in erythroid cells, and this is a good illus-
tration of the principle of the multilevel regulation of gene
activities. In human erythroid cells, the domain of the
preferential sensitivity to DNase I, which includes the 3-
globin genes cluster, has not been analyzed in detail.
Nevertheless, there are indirect indications that in
humans this domain is also rather extended and is signif-
icantly larger than the genomic segment delimited by the
locus control region and the 3'-terminal insulator [21].

Vertebrates have several globin genes (of both a- and
B-type), which are differentially expressed at different
stages of the ontogenesis. For the clusters of B-globin
genes of humans and other mammals, the locations of
these genes on the chromosome in the order of their acti-
vation during the ontogenesis is an important specific fea-
ture (Fig. 3). The embryonic gene ¢ is the nearest to the
LCR [22].

The domain of chicken B-globin genes seems to be
the most typical representative of closed domains. This
extended domain of 33 kb is located on the first chromo-

Human 5’DHSs 10 Kb
DHS-111 7654321 3°DHS L
| ViR |
—0— H—0—
5'OR genes e GyAy 8 B 3'OR genes
Mouse pyq 660 654 321 3°DHS
# Wi {
—0——0—
5'OR genes g¥ Bhl pma pmin 3'OR genes
. B/e
Chicken enhan-

4321 (lzqer 3’DHS
W4

pB'fre 3'OR genes

FOLR gene

Fig. 3. Genomic surrounding of clusters of B-globin genes of
human, mouse, and chicken. The DHSs located within LCR lim-
its are indicated by numerals increasing with distance from the
cluster. The 3’-DHS is a conserved DHS situated on the 3’-end of
the B-globin gene cluster and co-localized with the insulator.
Erythroid-specific DHSs located at great distances before the
cluster of B-globin genes of the human and mouse genomes are
shown by arrows with indicated distances (in kb) from the p-glo-
bin gene cluster. In the scheme, the 3-globin genes are represent-
ed with their traditional names that are widely used in the modern
literature, although in databases other names of these genes are
used (see text). OR, olfactory receptor genes; /¢ enh, enhancer
located between the  and & genes, which is present only in the
domain of chicken B-globin genes; FOLR, folate receptor gene.
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some between the folate receptor gene separated from the
globin genes by a heterochromatin region and the cluster
of olfactory receptor genes (Fig. 3). The functional
domain, which involves the locus control region and is
delimited with the 5'- and 3’-insulators, is rather accu-
rately co-localized with the erythroid-specific domain of
the preferential sensitivity to DNase I and the erythroid-
specific domain of histone hyperacetylation [23]. Between
the LCR of the B-globin gene domain and the folate
receptor gene, there is a permanently condensed region
(facultative heterochromatin) [24]. The domain includes a
cluster consisting of four B-globin genes: p (HBG1), B
(HBEL1), p* (HBG2), and £ (HBE), as well as some regu-
latory elements coinciding with the hypersensitivity sites
to DNase I and required for regulating the transcription,
replication time, and chromatin domain status [25].

Boundary elements of the B-globin gene domain. The
boundary elements of the genome (insulators) were
already mentioned in the first section of this review (see
also [11, 26]). Classic insulators display both enhancer-
blocking activity (preventing the influence of enhancer
on a promoter situated behind the insulator [9]) and bar-
rier activity (preventing processive propagation of cova-
lent modifications of histones along the chromatin fiber
[27]). Defective insulators also exist having only one of
the above-mentioned activities. They should be more
correctly termed either enhancer-blocking or barrier ele-
ments. Unfortunately, not all authors follow this rule, and
therefore the term “insulator” is rather commonly used in
the literature to indicate both enhancer-blocking ele-
ments lacking the barrier activity and barrier elements
lacking the enhancer-blocking activity.

The insulator situated on the 5'-end of the LCR in
the domain of chicken B-globin genes and co-localized
with DHS4 (Fig. 3) is the best-studied insulator of verte-
brates. This insulator is competent because it possesses
both the enhancer-blocking and barrier activities [28,
29]. The minimal DNA fragment possessing the insulator
activity (the core element) co-localized with DHS4 has
the size of 250 bp and represents a CpG-island, which is
somewhat like promoters of housekeeping genes [30].
Within boundaries of the minimal insulator, five binding
sites of different proteins have been mapped [30]. One of
these sites, the so-called footprint II (FII), is necessary
and sufficient for manifesting the enhancer-blocking
activity. This site is associated with the multifunctional
transcriptional factor CTCF [31]. Deletion of the FII
results in a loss of enhancer-blocking activity of the insu-
lator. Recent works have revealed that the activity of the
enhancer-blocking element in addition to CTCF is con-
tributed by the protein cohesin. The CTCF-binding site is
overlapped with the cohesin-binding site. Knockdowns
by both CTCF and cohesin are associated with removal of
the enhancer-blocking activity of DHS4 [32]. A physical
interaction of CTCF and cohesin is necessary for
enhancer-blocking activity [33].
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The barrier activity of the insulator is retained on
deletion of the CTCF-binding site [31]. This means that
the barrier and enhancer-blocking activities are provided
for by different structural elements of the insulator, and
the barrier activity of the insulator depends on interaction
with proteins other than CTCF [29], in particular with
protein USF1, which binds with the insulator and attracts
to it complexes of H3K4- and H4R3-specific histone
methyltransferases, histone acetyltransferases, and chro-
matin remodeling complexes [34, 35]. Thus, the idea of
the insulator as a passive element preventing the propaga-
tion of various signals (“traffic jam” theory) is far from
reality. In fact, the insulator is a nucleation point where
different enzymatic complexes are assembled, which is
responsible for chromatin remodeling and histone modi-
fication.

The 3’-boundary of the domain of chicken B-globin
genes is significantly less studied. At the distance of ~5 kb
behind the € gene, the constitutive site of hypersensitivity
to DNase I (3’-DHS) was found. This site is somewhat
similar in structure and functions to the 5'-terminal insu-
lator of the DHS4 domain. Inside 3’-DHS, some CTCEF-
binding sites have been mapped. Correspondingly, 3'-
DHS has enhancer-blocking activity [36]. However,
unlike the DHS4, 3'-DHS is unable to protect the trans-
gene against the positional effect, i.e. it does not have the
barrier function that is inherent in classic insulators.

CTCF-dependent enhancer-blocking elements have
been also identified in the domains of B-globin genes of
human and mouse, where they are situated more or less
similarly to the domain of chicken -globin genes —at the
5’-end of the locus control region and in the 3'-terminal
flanking region of the cluster of B-globin genes [37-39].
Other authors have shown that the 5'-insulator of the
domain of human B-globin genes can protect transgenes
against positional effects, i.e. similarly to the 5'-DHS4,
the chicken P-globin gene domain insulator possesses
both the enhancer-blocking and barrier activities [40].

The functional role of the enhancer-blocking ele-
ments located at the 5'-end of the LCR in the domains of
B-globin genes of human and mouse is not quite clear. As
discussed above (subsection “General Characteristics” of
this section), the regulatory elements of these domains
are also present outside the region delimited by these
enhancer-blocking elements.

Regulation of B-globin gene transcription. The LCR
is the major regulatory element that controls the expres-
sion of B-globin genes. At first, the LCR attracted
researchers’ attention because this regulatory element
was supposed to control the genomic domain packaging
in chromatin, but data on the activity of this LCR are very
contradictory. On one hand, the LCR undoubtedly is able
to form an active erythroid-specific chromatin domain in
the ectopic position [41, 42]. On the other hand, a direct-
ed total deletion of the LCR from the normal genomic
position results only in a sharp decrease in the expression

BIOCHEMISTRY (Moscow) Vol. 77 No. 13 2012

1413

of globin genes, whereas the preferential sensitivity of the
B-globin gene domain to DNase I in erythroid cells and
an increased level of histone acetylation are retained [21,
43]. Causes of pronounced differences between the LCR
activities detected in the normal and ectopic positions are
unknown. Most probably, the 5’'-flanking region of the 3-
globin gene domain includes some regulatory elements,
each of which can maintain an active status of this
domain in erythroid cells. In this case, the elimination of
the LCR itself will not lead to the loss of the DNase-sen-
sitive domain, whereas the elimination of a more extend-
ed DNA fragment involving the LCR and unidentified
additional regulatory elements will have more dramatic
consequences, which are actually observed in the case of
the Spanish deletion [12].

The LCR of the human B-globin gene domain con-
sists of a number of modules co-localized with individual
hypersensitivity sites to DNase I (DHS2-5; Fig. 3).
DHSI is not eliminated by the Spanish deletion (Fig. 2b)
[12]; therefore, it is usually not considered to be a part of
the LCR. DHS2-5 can be considered to be LCR subdo-
mains. One of these subdomains (DHSSY) is an insulator,
as discussed in the previous section. DNA fragments
involving DHS2-4 turned out to be erythroid-specific
enhancers, as demonstrated experimentally by transfec-
tion of constructs with the reporter gene [44]. The most
powerful enhancer was mapped in the DHS2 region [44].
In DHS2-4, binding sites for different transcription fac-
tors were mapped, in particular, GATA-1, NF-E2, API,
and CP2 [45, 46]. In the genome of transgenic mice,
short DNA fragments (~1 kb) originating from DHS2
and DHS4 can directly produce erythroid-specific DHSs
in ectopic positions [47]. More careful analysis of a DNA
fragment from DHS4 resulted in identification of a min-
imal fragment (101 bp) capable of directing the produc-
tion of erythroid-specific DHSs in ectopic positions.
Within this DNA fragment, the binding sites of SP1,
GATAI1, AP1, and NF-E2 were identified, and the
GATAI1-binding sites were represented by a tandem of
inversed repeats located at a distance of ~50 bp after the
API1/NF-E2 binding site [47]. Later such organization of
the AP1/NF-E2 and GATAIl binding sites was also
revealed in DHS1-3 [48]. Mutations preventing the bind-
ing of NF-E2 and API led to inability to direct the pro-
duction of DHSs in ectopic positions [48].

In domains of B-globin genes of different vertebrates,
the LCR is organized similarly to its organization in the
domain of human fB-globin genes [49-51]. In all these
domains, LCR is situated before the gene cluster (in the
order of transcription of the globin genes) and consists of
some functional blocks in positions coinciding with those
of DHSs. There is a significant homology between the
DNA sequences in individual functional blocks within
the boundaries of the same LCR and between the LCRs
of domains of 3-globin genes of different organisms. First
of all, it concerns the binding sites of crucial erythroid-
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specific transcription factors — their composition and
mutual positions [48].

After the LCR had been shown to be a block of tis-
sue-specific enhancers, the question of the mechanism of
action of LCR was reduced to the question of the action
mechanism of enhancers. In the case of the domain of 3-
globin genes, it is also necessary to explain the activation
selectivity of different genes in the course of the organ-
ism’s development (the so-called expression switching of
globin genes). There are currently two groups of most
popular models of enhancer action: (i) direct enhancer—
promoter interaction, and (ii) formation of an activator
complex on the enhancer with its subsequent transfer
onto the promoter. The first group of models is based on
the hypothesis that the enhancer physically interacts with
the promoter and thus provides the stabilization of a pro-
duced pre-initiating transcription complex [52]. Since
enhancers are commonly situated rather distantly from
promoters, these regulatory elements can directly interact
only upon the looping of the chromatin fibril fragment
that separates them. Therefore, the models postulating
the direct enhancer—promoter interaction in the English
literature are termed “looping models”.

Just statistically, the probability of a direct contact of
the LCR with any promoter must be inversely propor-
tional to the distance between them. Therefore, the
sequential positions of B-globin genes according to the
order of their activation during the ontogenesis that is
typical for clusters of B-globin genes of mammals [53] can
be functionally important. Due to its proximity to the
LCR, the embryonic € gene must be transcribed preferen-
tially as compared to other 3-globin genes, which could
be efficiently transcribed only upon forced switching out
the & gene through some epigenetic mechanism. In fact,
experiments on transgenic mice whose genome contained
restructured copies of the domain of the human B-globin
genes have shown that the gene position inside the cluster
really determines the time of its expression during onto-
genesis [39, 54].

In the framework of the classical model of direct
interaction of the LCR with the promoter, it is difficult to
explain the concurrent expression of at least two globin
genes (genes ¢ and [ in humans) in “adult” erythroblasts.
It was supposed that the LCR should produce in turn
short-living alternative complexes with the promoters of
the activated genes. This hypothesis was confirmed by
analysis of the transcription of B-globin genes in individ-
ual cells using immunofluorescence staining of intron
sequences in the primary transcripts [55, 56].

An experimental approach has been recently elabo-
rated that allows researchers to directly analyze the spatial
configuration of different chromosomal loci. This proce-
dure, named Chromosome Confirmation Capture (3C),
allows to determine the relative interaction frequencies
between different pairs of genomic elements [57]. Using
the 3C approach, the LCR was shown to directly interact
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with promoters of the activated genes in the domain of
mouse [-globin genes. It was also revealed that these
genes were in complexes not only with the LCR, but also
between themselves. This became the basis for a model of
an active chromatin hub [58, 59]. The active chromatin
hub is a complicated complex of DNA regulatory
sequences and transcriptional factors bound to them.
Remote regulatory elements and promoters of controlled
genes are in immediate physical contact as they are con-
nected through interactions of the transcription factors,
some of which recognize the gene promoters, whereas
others are bound with the regulatory elements. The active
chromatin hubs are dynamic complexes whose stability
depends on the spectrum of transcription factors involved
in their formation [58, 60]. The chromatin hub is not
assembled all at once. Consider the active chromatin hub
of the mouse B-globin gene domain as an example [61].
This domain involves four genes with activities depending
on the developmental stage. The genes ™ and ™" are
expressed in the adult organism, whereas the genes g, and
B are active during embryogenesis. At the stage of ery-
throid cell differentiation, which precedes the activation
of the globin gene transcription, an immature chromatin
hub involving the LCR and some remote regulatory
sequences (5'DHS — 85, 5’DHS — 60/—62) are accumu-
lated in the locus of the B-globin genes. At the beginning
of the terminal differentiation of the cells, the promoters
of active B-globin genes are also attracted to the hub.
Strictly speaking, the enhancer—promoter complex can
be considered as a “minimal” hub; however, in all known
systems the mature chromatin hub formed with involve-
ment of the locus control region always includes some
regulatory elements modulating the activity of the hub
[61]. Although the chromatin hub model is now general-
ly accepted [61-63], it cannot explain some known facts.
For example, it is difficult to explain from the viewpoint
of this model the significance of the strictly determined
positions of the globin genes in the order of their activa-
tion during ontogenesis. The mechanism of expression
switching of the globin genes also remains unexplained.
The authors of these works can only establish that the hub
of embryonic erythroid cells contains embryonic B-globin
genes, whereas the hub of adult erythroid cells contains
“adult” globin genes [58, 59].

The LCR is characterized by a high concentration of
binding sites of transcriptional factors [51]. When bound
to the LCR, these transcriptional factors can attract to the
LCR various multienzyme complexes capable of acetylat-
ing histones and remodeling chromatin [64, 65]. Thus,
the LCR can be a center of formation of an active chro-
matin domain [66, 67]. Generally, an active domain has
to spread to both sides. However, the described LCRs of
the B-globin gene domains contain an insulator at the 5'-
end. This leads to polarity in the spreading of chromatin
activating modifications. The polarity of propagation of
an activating signal can be also provided otherwise. The
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LCR is shown to be a site for initiation of so-called inter-
genic transcription [68]. The transcriptional complex is
known to attract histone acetylases and chromatin
remodeling complexes to the transcribed region [69, 70].
Moving towards the cluster of globin genes, the transcrip-
tional complex will promote reorganization of the whole
transcribed domain [71]. The processive propagation of
the activating signal from the LCR to the genes is the
main postulate of models of LCR action including a scan-
ning stage [72]. Note that the models of LCR action pos-
tulating the scanning stage and the models postulating
direct contact of the LCR with promoters of activated
genes are not incompatible. The scanning model can bet-
ter explain the mechanism of formation of an active chro-
matin domain. This process can occur during differentia-
tion stages that precede the beginning of the active tran-
scription of the globin genes.

Subdomain organization of the domain of B-globin
genes. Analysis of relative levels of DNase I sensitivity of
different segments of the domain of human B-globin
genes revealed three subdomains inside this domain: the
LCR-involving regulatory subdomain; the embryonic-
fetal subdomain involving genes ¢, %y, and “y; and the
adult subdomain involving genes ¢ and  [68]. Although
the whole domain of the B-globin genes in erythroid cells
is characterized by an increased sensitivity to DNase I,
the sensitivities of the embryonic-fetal and adult subdo-
mains are significantly higher in cells where the corre-
sponding genes are transcribed. The LCR-involving sub-
domain is characterized by very high sensitivity to DNase
I in all erythroid cells, including those at the differentia-
tion stage preceding the start of the transcription of the
globin genes [68]. These subdomains can also be discrim-
inated by analyzing the histone acetylation levels in dif-
ferent types of erythroid cells [21, 73]. It is reasonable to
think that the differential activation of the embryonic-
fetal and adult subdomains is essential for expression
switching of globin genes during development. The sub-
domain status was shown to be controlled through so-
called intergenic transcription [68]. The deletion of the
promoter controlling the transcription of the “adult” sub-
domain of the domain of human (-globin genes resulted
in prevention of transcription of the ¢ and P genes,
although the promoters of these genes and the LCR were
not affected. Therefore, it was supposed that the active
status of the adult subdomain should be determined by a
processive acetylation of histones within boundaries of
this subdomain and be mediated through low-level tran-
scription with RNA polymerase II [71].

DOMAIN OF ALPHA-GLOBIN GENES
General characterization. Similarly to domains of 3-

globin genes, domains of human, mouse, and chicken a.-
globin genes are best studied. Genes encoding the o.-sub-
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Fig. 4. Domains of a-globin genes of human, mouse, and chick-
en. a) Region of gene synteny flanking clusters of a-globin genes
from the 5'-end. Vertical arrows indicate DHSs co-localized with
MCS-R1-MCS-R4 (see text). Numerals above the arrows indicate
the distance in kb between DHSs and the a.-globin gene cluster. In
the schemes, traditional names of the a-globin genes are used.
The horizontal arrows indicate the transcription direction: “glo-
bin” — the genes above the line, “anti-globin” — the genes under
the line. b) Structure of activator complex of the human a-globin
gene domain and experiments demonstrating the key role of o.-
MRE in the activator complex assemblage (according to [96]).
The plots show summarized results of experiments analyzing the
spatial interaction of DHSs of the domain with the a2- and al-
globin gene promoters that have been obtained using the 3C
approach; under the plots the 3C data interpretation is presented.

unit of hemoglobin are located on the 16th chromosome
in humans and on the 14th and 11th chromosomes in
mouse and chicken, respectively. The domain of a.-globin
genes has a similar structure in all these species: one
embryonic gene (§, m), at least one a-globin gene of the
adult type (o), and one or two minor o.-globin genes of
adult type (a, 0, ) [74] (Fig. 4). The domains of a.-glo-
bin genes are open-type domains with corresponding
characteristic features: they are situated in gene-enriched
regions of chromosomes, are preferentially sensitive to
nucleases in all cell types, and are replicated at the begin-
ning of the S-phase of the cell cycle [15, 75, 76]. The
cluster of a-globin genes is flanked by housekeeping
genes, which are actively transcribed in all known types of
cells [16, 77].

Comparative analysis of positions of the genes and
conserved regions of the DNA sequence around the clus-
ter of a-globin genes of human, mouse, chicken, and
zebra fish has revealed a synteny region that includes the
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whole cluster of a.-globin genes and the extended 5'-ter-
minal region (Fig. 4) [16, 75]. In all known genomes of
vertebrates, directly before the cluster of a.-globin genes a
gene is situated that is transcribed in the direction oppo-
site to the direction of the globin gene transcription. For
a long time this gene was represented in different databas-
es under the name of Cl6orf35, but recently it was
renamed as NPRL3 (NPR3 like) [78]. NPRL3 is tran-
scribed in cells differentiated by various pathways (i.e. it is
a housekeeping gene). In the fifth intron of NPRL3, a
major regulatory element of the a.-globin gene domain is
located that has some features of the locus control region
[16, 79]. The elimination of this element as a result of a
spontaneous deletion of a 16-kb DNA fragment leads to a
severe thalassemia. The transcription level of the o gene
in the affected chromosome is lower than 1% of the nor-
mal level [80].

The eliminated regulatory element was first identi-
fied in the domain of human a-globin genes and was
called DHS40 because it was found in one of DNase 1-
sensitive sites at a distance of 40 kb before the first gene of
the domain [79]. Later it was named a-MRE (Major
Regulatory Element) [81, 82]. DHS40 is a powerful ery-
throid-specific enhancer [83], and its core element repre-
senting a fragment with length of 350 bp contains several
binding sites of erythroid-specific transcriptional factors,
in particular GATA1/2 and NF-E2 [84]. The most
important elements of a-MRE in all known organisms
are two NF-E2 binding sites separated by a linker of 21 bp
[16]. In the literature, these two sites are frequently called
Maf-binding sites (YGCTGASTCAY, Maf recognition
sequences, MARE) after the name of the small unit of
NF-E2 [85]. The pair of MARE elements is flanked by
binding sites of the erythroid-specific transcription factor
GATA.

In addition to a-MRE, domains of a.-globin genes of
different vertebrates also contain other regulatory ele-
ments. In particular, this is indicated by the presence in
these domains of a number of conserved DNase I hyper-
sensitivity sites and of so-called multispecies conserved
sequences (MCS) of the genome. MCSs co-localized
with promoters (MCS-P) and regulatory elements
(MCS-R) are the most conserved [74]. For our discus-
sion, MCS-R1-MCS-R4 located in the 5'-flanking
region of the cluster of a-globin genes are the most inter-
esting. In the human genome they are co-localized with
DHS-48 (MCS-R1), DHS-40 (MCS-R2), DHS-33
(MCS-R3), and DHS-10 (MCS-R4); a-MRE is located
in MCS-R2 (Fig. 4a) [74].

Locations of different regulatory elements are well
studied in the domain of chicken oa-globin genes. In addi-
tion to a-MRE, this domain also contains two erythroid-
specific enhancers, one of which located directly after the
o* gene [86] activates the expression of adult globin
genes, whereas the other located in the intron of the
TMEMS gene is responsible for integration of this gene
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into the regulatory network of the domain of a-globin
genes [87]. Before the cluster of chicken a-globin genes,
there is a CpG island harboring the starting site of DNA
replication [88], gene NPRL3 promoter [89], and CTCF-
dependent silencer, which stabilizes the level of the
NPRL3 gene expression in erythroid cells [89]. In non-
erythroid cells, a part of this CpG island is methylated,
and, according to one of the models, this initiates the
inactivation of the a.-globin gene cluster [90]. It is inter-
esting that between a-MRE and the chicken o-globin
gene cluster there is a full-value insulator possessing both
the enhancer-blocking [91] and the barrier [92] activities.
The biological role of this insulator is unclear. In ery-
throid cells, a-MRE undoubtedly stimulates the tran-
scription of the o-globin genes. Thus, the enhancer-
blocking element must be inactivated at least in these
cells. Also, it cannot be excluded that this element with
pronounced activity inside constructs bearing the
reporter gene [91] is unable to work in the genomic con-
text. And the barrier element function in the o-globin
gene domain is even more unclear because this genomic
segment possesses the active chromatin configuration in
cells differentiated by different pathways (see above). In
this connection, we can note the model proposed by
Dillon and Grosveld that postulates that in open-type
domains (functional domains) insulators do not perform
any function and are retained during evolution in the
same positions because they hinder just nothing [18].
Regulation of a.-globin gene transcription. It has been
said earlier that in the closed-type domains the transcrip-
tion of tissue-specific genes is activated step-by-step: at
first the chromatin domain is activated (its packaging in
chromatin changes), then the activity of promoters of one
or another gene located in this domain is stimulated [1]. In
the open-type domains including domains of a-globin
genes, the transcription seems also to be regulated at the
level of the chromatin domain, although it is not associat-
ed with a cardinal change in the domain packaging inside
chromatin. In fact, the domains of a.-globin genes possess
the open (DNase-sensitive) configuration in both ery-
throid and non-erythroid cells [15]. Nevertheless, some
less cardinal changes in chromatin structure within
boundaries of the functional domain of a-globin genes
occur in erythroid cells. This is manifested, in particular,
by a significant increase in the acetylation level of histones
H3 and H4 at some particular positions [8]. Certain data
indicate that in the chicken a-globin gene domain this
process is controlled by a-MRE through stimulation of
low-level transcription of the whole domain of the a-glo-
bin genes [93]. In other words, in these cases the same reg-
ulatory principles are acting as during the activation of the
subdomain of the B-globin gene domain in humans [68].
A crucial role in the regulation of a.-globin gene tran-
scription belongs to targeted activation of promoters of
individual genes. This is mediated, in particular, by forma-
tion of activator chromatin blocks. The step-by-step
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assembly of such blocks is well studied in chicken erythroid
cells. It has been shown that an incompetent activator
block containing a-MRE, CpG-island before the o-glo-
bin gene cluster, and the o gene promoter is assembled
already in precursors of erythroblasts. In adult type ery-
throblasts transcribing the o and o genes, this block is
supplemented with the DNase I hypersensitivity site locat-
ed at the distance of 9 kb upstream of the cluster of a.-glo-
bin genes (—9 DHS) and the erythroid-specific enhancer
located downstream of the cluster of a-globin genes [94].
Direct interactions of a-MRE and some other erythroid-
specific erythroid elements with globin genes were also
shown in domains of a.-globin genes of human and mouse
[95, 96]. Moreover, o.-MRE was shown to play a key role
in the assembly of the activator complex. The removal of
this element resulted in disintegration of the whole com-
plex simultaneously with termination of the transcription
of a-globin genes. Re-insertion of a-MRE into another
genomic position within the boundaries of the o-globin
genes domain ensured the assembly of the normal activa-
tor complex and restoration of a.-globin gene transcription
(Fig. 4b) [96]. Another interesting phenomenon was
observed with the mouse model. The activation of the a-
globin gene transcription was shown to correlate with
attraction of these genes (in the complex with erythroid-
specific regulatory elements) to the preexistent transcrip-
tional fabric responsible for transcription of housekeeping
genes and located in the genomic synteny region before the
cluster of a.-globin genes [62]. The same scenario seems to
be realized in the domain of chicken a.-globin genes. This
is evidenced by a direct interaction in erythroblasts of the
housekeeping gene NPRL3 promoter with a-MRE and
globin genes [94]. Moreover, the promoter of NPRL3
interacts with promoters of other housekeeping genes
located near the cluster of a-globin genes [97].

Activation of the expression of a.-globin genes during
development is under the control of a number of ery-
throid-specific transcription factors [98]. In multipotent
hematopoietic cells, a key role belongs to factor GATA-2,
and its plantings are nucleation centers attracting tran-
scription factor NF-E2 and the so-called pentameric
complex involving SCL. Starting from the stage of ery-
throid precursors, GATA-2 is replaced by the related fac-
tor GATA-1, which forms a complex with the coregulator
FOG-1 [99] and binds with various additional regulatory
sites including promoters of globin genes. Similarly to
GATA2, GATA-1 also attracts NF-E2 and SCL. The
GATA-1-binding sites are co-localized with the majority
of earlier described DNase I hypersensitivity sites [98],
including the sites which are directly involved in forma-
tion of the united activator complex of the a-globin gene
domain [95]. Model experiments have shown that the
transcription factors are planted independently onto
removed regulatory elements and promoters of o-globin
genes. However, a-MRE is necessary for attracting RNA
polymerase II (Pol II) to promoters of a-globin genes.
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Pol II is also attracted to a-MRE, and this process does
not require the presence of promoters. Therefore, it is
likely that Pol II is initially attracted to a-MRE and then
somehow transferred onto the promoters of o-globin
genes [95].

Expression switching of the a-globin genes. Verte-
brates have a special embryonic a-type gene (£ in human
and mouse, © in chicken) that is expressed at the yolk bag
stage and then is inactivated. Globin genes of both the
major and minor adult type are expressed during all stages
of development [100, 101]. Thus, the question about
mechanisms of expression switching of the a-globin
genes is really a question about the inactivation pathways
of embryonic genes. Experiments with transfection of
various constructs containing the chicken m gene into
erythroid cells of the early embryonic and adult types
[101], as well as experiments for creating transgenic mice
with the genome containing the integrated human ¢ gene
together with the flanking sequences, have shown that all
regulatory elements needed for the inactivation in due
time of embryonic a-globin genes are adjacent to these
genes. For inactivation of the chicken m gene, DNA
sequences are required that are present in the promoter
region (~350 bp) of this gene. The inactivation of the ©t
gene correlates with methylation of the promoter region
[102]. The inactivation of the human £ gene upon termi-
nation of the early embryonic stage of development is also
totally determined by sequences adjacent to this gene
[103]. A careful analysis has revealed that these events
require both the sequences located in the promoter region
(~550 bp before the £ gene) and the sequences located in
the 3’-terminal flanking region of this gene, which is sug-
gested to involve a silencer [100]. It is still unknown
whether embryonic genes are fully autonomous, i.e. if
they do not need activation with remote regulatory ele-
ments. Analysis of the structure of the activator chro-
matin domain of chicken a.-globin genes has revealed that
the 7 gene promoter does not interact either with o-MRE
or with an enhancer element located on the 3'-end of the
a-globin gene cluster [104]. On the other hand, it has
been shown that the location of the £ gene adjacent to a.-
MRE is fundamentally important for the expression of
this gene during the early embryonic stage. The displace-
ment of the { gene into the most removed position
through inversion of the whole gene cluster with respect
to a-MRE resulted in complete inactivation of the £ gene
during all stages of development [105].

Inactivation of a-globin genes in non-erythroid cells.
In closed-type domains, i.e. in the domain of -globin
genes, the inactivation of the genes in non-erythroid cells
is mediated through packing the domain into a compact
(DNase-resistant) chromatin. In the domain of a-globin
genes and other open-type domains, this mechanism is
not used. However, the problem of reliable repression of
globin genes in non-erythroid cells still remains urgent.
This problem could probably be solved by providing for a
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high tissue-specificity of the o-globin gene promoters.
But the human o gene promoter is really not tissue-spe-
cific. It is located in the CpG island, and at least in model
experiments with promoter-controlled reporter gene
transfection it displays a high activity in both erythroid
and non-erythroid cells [106]. The mode of inactivation
of the a-globin genes in human non-erythroid cells was
unclear for a long time. An involvement in this process of
the Polycomb group repressor proteins was recently
shown [107]. Moreover, nonmethylated CpG island were
found to be involved in the attraction of repressor com-
plexes of the Polycomb group to the promoters of human
a.-globin genes [108].

The Polycomb repressor complexes are known to be
responsible for the long-term inactivation of genes
expressed during early developmental stages, and they
present an important element of the epigenetic system of
memory. The involvement of the Polycomb group pro-
teins in repression of tissue-specific a-globin genes was a
rather unexpected finding. It will be interesting to find
whether these proteins are involved in repression of tran-
scription of other tissue-specific genes situated in open-
type domains.

ORIGIN AND EVOLUTION
OF DIFFERENT-TYPE DOMAINS

Due to fundamentally different organization of the
domains of a- and -globin genes together with a strictly
coordinated expression of these genes, questions con-
cerning the origin and regularities of evolution of differ-
ent-type domains are especially interesting. Comparative
studies on organization of the domains of a.- and B-globin
genes and their genomic environment in different taxo-
nomic groups represent an approach to this problem. This
approach is promising for understanding the level of
openness of the two domain types for integration of for-
eign genes and to answer the question which domain —
open (functional) or closed — is primary from the evolu-
tionary standpoint. And finally, this approach allows one
to get an idea of coordination of evolution of the o- and
B-globin genes and their genomic environment.

Comparative analysis of the genomic environment of
the cluster of a-globin genes in different species revealed
that in chicken the region adjacent to the a-globin genes
from the 3'-end underwent a chromosomal rearrange-
ment that resulted in inverted locations of some ortholo-
gous genes adjacent to the cluster of a-globin genes in
chicken as compared to human and other vertebrates. The
gene TMEMS in chicken occurred to be located nearer to
the cluster of a-globin genes, whereas in humans it is sit-
uated at a distance of 170 kb from it (Fig. 5). This reloca-
tion correlates with the pronounced change in the expres-
sion type and structure of the gene TMEMS. In humans,
this gene encodes a transmembrane protein that is
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expressed in the pancreas, placenta, spleen, and lympho-
cytes, where it is a marker of their inactive state. In chick-
en the TMEMS8 gene is preferentially expressed in ery-
throid cells and is not expressed in lymphoid cells.
Moreover, induction of erythroid differentiation was
found to be accompanied by a significant increase in the
transcriptional level of the TMEMS gene [87]. The signif-
icant change in tissue specificity of TMEMS expression
correlates with the acquisition of its own erythroid-specif-
ic enhancer. Studies by the 3C approach of the domain
configuration revealed that the TMEMS gene was inte-
grated into the regulatory system of the a-globin genes
domain but retained some independence [87]. These
observations suggest that in the chicken genome function-
al boundaries of the a-globin gene domain have been
extended as compared to the genome of mammals.
Unfortunately, at present one cannot say why this expan-
sion of the functional domain occurred upon the genom-
ic rearrangement, what reasons induced the acquisition by
the TMEMS gene of the erythroid-specific expression
type, whether this event was occasional or necessary, pri-
mary or secondary relative to the inversion, and whether
the selection pressure acted towards the “erythroid speci-
ficity” of TMEMS. It seems important to note that exons
situated in the end of the gene are much more conserved
during evolution than exons situated in the beginning of
the gene, in the “dangerous vicinity” of the cluster of a-
globin genes. In other words, the evolutionary pressure for
changing the TMEMS& gene was the higher, the nearer was
the exon to the a-globin genes [87].

The genomic context of the B-globin gene cluster in
mammals and birds is also different (Fig. 5). In mam-
mals, the cluster of B-globin genes is flanked by genes of
olfactory receptors (OR). In birds, genes of olfactory
receptors flank the B-globin genes from one side, and
from the other side the folate receptor gene FOLRI1 is sit-
uated, which is separated from the cluster of globin genes
by a region of condensed heterochromatin [14]. In
humans, the FOLR1 gene is situated on the other shoul-
der of the 11th chromosome, i.e. it is removed from the
cluster of B-globin genes. FOLR1 encodes the folic acid
receptor also in humans, and according to the UCSC
database it is expressed only in tissues of epithelial origin.
In chicken, the folate receptor gene is erythroid-specific
and is expressed during early stages of erythroid differen-
tiation (the formation of CFU-E) preceding the expres-
sion of the globin genes. The cluster of chicken B-globin
genes and the folate receptor gene are separated by an
insulator, are regulated independently, and are compo-
nents of different genomic domains [24]. Moreover, a
DNA fragment with length of 3 kb situated before the
FOLRI1 gene includes all regulatory elements required for
the correct expression of this gene during the early stage
of the erythroid differentiation (CFU-E).

Thus, the translocation-caused rapprochement of
the TMEMS gene and the domain of chicken a.-globin
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[118] that is retained during the evolution of amphibians. The complex of MPG-NPRL3-a genes is specific for all contemporary vertebrates.
In the genome of bony fishes (zebra fish) and amphibians, the a- and B-globin genes are located closely. In the genome of birds and mam-
mals, the B-globin and a-globin clusters are located on different chromosomes, and in mammals and monotremes this cluster is flanked by
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gene homologous to cytoglobin, which was separated structurally and functionally long before the division of the joined o.-B-globin domain

(117, 118].

genes, on one hand, and the rapprochement of the
FOLRI gene with the domain of chicken B-globin genes,
on the other hand, correlated with the gaining by these
genes of the erythroid-specific type of expression. And
the rapprochement of the TMEMS gene with the ery-
throid-specific open domain (the domain of o-globin
genes) caused the integration of this gene into the regula-
tory networks of the domain of a-globin genes, whereas
the FOLRI gene situated beyond the insulator-indicated
boundary of the closed-type domain of -globin genes
retained independence and regulatory self-competence.
Which type of domain, open or closed, is evolution-
arily more ancient, and is such a question reasonable? It
is now generally recognized that the functional complex-
ity and diversity of contemporary genomes appeared as a
result of both evolution inside simple genomes of ances-
tral organisms and multiple vertical and horizontal trans-
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fers of genes, genomic fragments, and whole genomes.
The ancestor of globin genes is supposed to appear in the
genome of ancient unicellular eukaryotes as a result of a
horizontal transfer from bacterial genomes concurrently
with the appearance of endosymbiotic mitochondria and
plastids [109]. A temporal retention of the structural and
functional isolation of gene-interventionists seems to be
necessary as the only reasonable strategy for survival of a
new gene in an aggressive environment of a heteroge-
neous genome. From this standpoint, closed-type
domains isolated from the genomic environment, self-
competent and independent of regulation, are similar to
such gene-interventionists immediately upon their intro-
duction into the host’s genome.

Two sequential cycles of full-genomic duplication
were key stages in the evolution of chordates. A dramati-
cally grown excessiveness of the genome became fuel for
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evolution that promoted the diversification and special-
ization of many physiological functions. In particular,
specialized systems appeared responsible for oxygen
transport and storage (myoglobin, cytoglobin, and hemo-
globin). The fourfold excessiveness of the genome in the
protogenome of the organism, which appeared as a result
of full-genomic duplications, can be also followed in con-
temporary organisms. The genomic environment of the
cluster of a.-globin genes, as well as of genes of myoglobin
and cytoglobin (paralogon [110]) demonstrates features
of a common organization and features of macrosynthe-
ny [110]. Certainly, numerous translocations and dupli-
cations during evolution wash away this macrosyntheny.
Natural selection corrects the gene complex, and as a
result the genes capable of cooperating form a tightly
linked group. It is obvious that in addition to the initial
functional isolation, some integration processes occur
inside the genomes accompanied by gaining certain
advantages, alongside with the retention of the initial
function. It seems possible that both open-type domains
and transcriptional fabrics formed by colinearly situated
genes are products of such integration processes. It
should be once more reminded that inside the open
domain of chicken a-globin genes, inactive insulator-like
elements have been detected, which seemed to lose their
functions during evolution. In the framework of this
logic, the closed-type domains seem to be more ancient.

The reconstructed evolution of o- and B-globin
genes, their regulatory elements, and domains as wholes is
an inexhaustible source for various hypotheses because
the DNA sequence of the globin cluster and its genomic
environment is determined for many organisms.
Comparing the structure of genes, the composition of o.-
and B-globin clusters and the corresponding genomic
context in different groups of vertebrates, one can follow
the behavior during evolution of a- and B-globin genes
down to the common ancestor of fishes, amphibians, and
higher vertebrates (Fig. 5). In the genome of amphibians
(Xenopus laevis, X. tropicalis) and the majority of fishes
(Danio rerio, Oryzias latipes, Salmo salar), o.- and pB-glo-
bin genes are not separated but are situated side-by-side in
the direction of 5-a-B-3" [111-113] and seem to be a
joined genomic domain. In the genome of the tropical
zebra fish (Danio rerio), genes encoding hemoglobin mol-
ecules are located on the 3rd and the 12th chromosomes.
On the 12th chromosome, a cluster of embryonic a- and
B-globin genes is situated, and products of their expres-
sion have been found only at the level of mRNA [114]. On
the 3rd chromosome of Danio rerio, the embryonic and
adult clusters of a- and B-globin genes are located adja-
cently [114]. And in both clusters on the 3rd chromo-
some, the transcription of o.- and -globin genes occurs in
opposite directions. The analysis of the genomic environ-
ment of the cluster and the search for conserved
sequences in different organisms provided mapping of
some possible erythroid-specific elements. Upstream of
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the cluster of a-globin genes, either isolated or joined
with the cluster of B-globin genes, the conserved o.-MRE-
involving housekeeping gene NPRL3 is located. Thus, the
linkage of the cluster of globin genes and the NPRL3 gene
is retained in all vertebrates and seems to be absolutely
necessary (Fig. 5). The regulatory element homologous to
human o.-MRE in fishes is an enhancer activating both o~
and B-genes, which also switches over the expression from
the embryonic to the adult type [111].

It is still not known whether the joined domain of o.-
and B-globin genes of fishes and amphibians is open or
closed.

It is supposed that a- and B-globin genes were pro-
duced as a result of duplication of an ancestral gene
encoding the protein responsible for oxygen transport.
These genes were situated side-by-side in the common
ancestor of higher vertebrates and retained the same posi-
tions in fishes and amphibians (Fig. 5). Most likely, the
divergence of a- and B-globin genes was caused by the
necessity of complicating the hemoglobin molecule. The
genes encoding a- and 3-globin chains occurred on dif-
ferent chromosomes either as a result of translocations or
as a result of chromosomal/genomic and in frans duplica-
tions and the subsequent inactivation of the genes [115].
The further evolution of both a- and B-globin genes in
higher vertebrates was accompanied by multiple duplica-
tions of the genes inside the clusters and their further spe-
cialization. According to one hypothesis, the evolution of
clusters of a- and B-globin genes in birds and mammals
was independent after the duplication of the cluster of
their common ancestor [116]. Thus, the chromosome
region carrying the a-B-globin cluster is supposed to be
duplicated and to produce two a-B-globin clusters on dif-
ferent chromosomes before the divergence of birds and
mammals. Then these clusters underwent independent
evolution in birds and mammals through inactivation of
the a- or B-globin components of the cluster. According
to another hypothesis, the B-globin cluster was isolated
due to replacement onto another chromosome of a copy
of the B-globin gene in the ancestor of higher vertebrates
[117]. Surprisingly, contemporary “living fossils” retain
archaic features of the organization of the a-globin gene
domain. Thus, in the duckbill’s genome the cluster of o.-
globin genes contains not only the embryonic and adult
genes, but also the B-like ® gene of omega-globin, as well
as the GBY gene homologous to cytoglobin, which sepa-
rated structurally and functionally long before the divi-
sion of the joined a-B-globin domain [117, 118].

In any case, evolution was associated with expan-
sion, functional divergence, and the secondary loss of
duplication products: the B-globin genes were replaced
onto another chromosome and became flanked with
genes of the olfactory receptors, which also possessed
pronounced tissue specificity. Now it is impossible to
determine what caused the isolation of the 3-globin genes
and the formation of the closed domain: a translocation
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of some barrier elements of the ancestral joined domain
simultaneously with the -globin gene or the evolutionary
pressure directed to appearance of boundary elements de
novo. The latter event seems unlikely. In any case, the dis-
appearance of the barrier elements from the environment
of the remaining o-globin genes (if they were present
there and the ancestral a-B-globin domain was closed)
occurred to be advantageous for evolution. The transloca-
tion resulted in formation of the open domain, which is
integrated with the genomic environment through ery-
throid-specific remote regulatory elements producing
with this environment a common transcriptional fabric,
and it is open for intervention of new genes (TMEMS).

At present, it is not quite clear which domains — of
the open- or closed-type — are the most typical in the
genome of contemporary vertebrates. There is no doubt
that studies on the domain of B-globin genes and on other
closed-type domains have played an extremely important
role in studies of regulatory mechanisms of transcription
in higher eukaryotes. Concurrently, it resulted in a certain
re-evaluation of the importance of these domains. Many
examples appeared recently that even tissue-specific
genes not always are concentrated in closed-type
domains. Moreover, some genomic domains, which were
earlier considered to be typical closed-type domains (e.g.
the domain of chicken lysozyme gene [119]), were shown
to contain housekeeping gene(s) that are always expressed
in all cell types. Thus, the structural—functional organi-
zation of the genome is really much more complicated
than the organization described even by the hypothesis of
domain organization of the genome, although it is adapt-
ed to the existence of the open-type domain. This con-
firms once more that there are no clear boundaries in
Nature. And to comprehend principles of activities of
genomic domains, which cannot be assigned to the open-
or closed-type but are more complicated, is a problem for
future research.
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