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INTRODUCTION 

The globin gene families have long served as a paradigm for the study of 
developmental regulation of gene expression. Some of the earliest work 
on gene sequence organization, control of transcription, and chromatin 
structure in relationship to gene activation was carried out in this system 
(see reviews by Collins & Weissman 1984; Bunn & Forget 1986; Nienhuis 
& Maniatis 1987; Stamatoyannopoulos & Nienhuis 1 987; Weatherall et al 
1 989). 

There is now new information about globin promoters and enhancers, 
the local cis-acting DNA regulatory elements. Much progress has also 

I The US Government has the right to retain a nonexclusive, royalty-free license in and to 
any copyright covering this paper. 

95 

A
nn

u.
 R

ev
. C

el
l. 

B
io

l. 
19

90
.6

:9
5-

12
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

L
et

hb
ri

dg
e 

on
 1

0/
31

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



96 EVANS, FELSENFELD & REITMAN 

been made in the identification and characterization ohhe specific DNA­
binding factors that interact with these two classes of regulatory elements. 
Most recently distant sequences have been identified that may exert their 
regulatory effect by structural changes in large chromatin domains,IIt is 
not possible to provide a comprehensive account of these advances in a 
review of this size. We have, therefore, summarized some essential findings 
from past investigations and emphasized results of recent studies that we 
believeliUustrate the important conclusions. There is every reason to 
assume that the principles governing;control of the globin genes are appli­
cable to other gene families as welt.n 

CIS ELEMENTS AND GLOBIN GENE 
REGULATION 
Globin Cluster Or.ganization 

We begin by considering the chromosomal organization of the ry, and p 
globin loci (see Bunn & Forget I 986)(,Within every globin cluster studied, 
the direction' of transcription in each 'transcription unit is the same. It is 
not known whether this is important for regulation or is simply a remnant 
of locus evolution by gene duplication. In most cases the genes at the:5' 
end of the cluster are expJ.lessed earliest in development; those at the 3' end 
are expressed latest For example, the human p locus (Figure 1) is arranged 
in the order embryonic (e), fetal (Gy, Ay), adult (<5, P) and the human ry, 
locus in the order embryonic m, fetal/adult (ry,2, ry,l). Exceptions to this 
order include the chicken p locus (Figure 1); where' the early embryonic 
genes (p, e)'flank the lakembryonici(pH) and late embryonic/adult t'pA) 
genes, and the goat p locus, in which the cluster is a tandem triplication. 
The significance of gene order for expression is unknown. An unusual 
transcription unit, oriented in the opposite direction from the globin g'enes, 
is found.t) etween pH andl1ll\ genes in the chiCkein'p cluster. This: unit may 
ensure' tehtlination'of pH 'transcripts so that no interference with initiation' 
at the pA promoter occurs (Priby1.& Martinson 1988). 

The embryonic/adult regulatory meooanisms of the fJ cluster may differ 
between chickens and humans. At the time of divergence of Aves and 
Mammalia, only a single fJ gene existed. After divergence independent 
duplications occurred (Goodman et al 1'987).-Therefore there is no reason 
to' 'expect that the p cluster, gene' 'choice regulatory mechanisms in' the 
chiCken shoultV'b6 related ,to those in 'inouse orman, In' contrast;�the ' 
embryortiejadultt ; tlllplitatioo. , 'ini1thti i>(t locus occurred ,before the AV'es/ 
Mammalia ;di�t:rgl:!tlce(GMdnhlhleNil ,W8'tJ,7 and'the mechanisms govern� , ­

ing ry, embryonic/adult: �enechdice-.:a'r�re'Xlp'e.C'ted:'tb! bticOliserveu·:'.:-
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GJ,.OBIN GENE TRANSCRIPTION 
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Figure 1 Organization of some globin clusters, promoters, and an,enhancer. The cluster 
maps depict the position of the genes (solid boxes), distant super-hypersensitive sites (arrows), 
enhancers (E), and stage of expression (emb, embryo; fet, fetus; ad, adult; ee, early embryo; 
and Ie, late embryo). The promoter maps show the sequence motifs/factor binding sites and 
their functional contribution ( - ,  0, ,or +). Parentheses indicate some uncertainty in func­
tional significance of the site . Indicated ,under the consensus human y promoter are the 
positions of point mutations associated with HPFH. The scale for the promoters, in bp from 
the cap site, is shown. The enhancer is drawn to the same scale, with base + 1800 relative to 
the flA cap site indicated, For further details see the text and Table I. 

, Local Control Elements 

From mutation studies a.great deal is known about the anatomy of pro­
moters (regulatory regions:near the mRNkcap site) and enhancers (more 
distant regulatory regions) in the globin gene families. Those regions of 
DNA whose regulatoryJunction has been assayed will be discussed herein. 
Many other potential .regulatory elements have been recognized by 
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98 EVANS, FELSENFELD & REITMAN 

sequence similarity to known functional sites, or by protein binding studies, 
but they will be ignored in this section unless there is direct evidence for 
their function. We do not discuss the DNA sequence elements involved 
in RNA metabolism (RNA splicing, polyadenylation, transcription ter­
mination, stability). Note, however, that these processes are important 
and mutations that affect them result in production of low levels of globin 
protein (reviewed in Weatherall et aI1989). 

Most of the evidence for cis-element function in transcription comes 
from studying the expression of cloned globin genes transfected into cul­
tured cells. These experiments vary widely (for example, in the cell-type, 
transfection assay, and properties of the DNA vectors), making it difficult 
to derive general conclusions from them. Nevertheless, it is possible to 
conclude that globin promoters alone do not confer absolute erythroid 
specificity. Thus globin genes can be expressed in non-erythroid cells, 
although a viral enhancer is often required. 

Some expression experiments give results that appear to mimic the in 
vivo situation. For example, in transient COS cell expression assays, the 
human b gene is expressed at '" 2% of the level of the human fJ gene. In 
this case, the (j : fJ ratio during transient expression appears to be a measure 
of the relative effectiveness of the two regulatory regions in vivo (Hum­
phries et al 1 982; note that the fJ construct includes a weak enhancer, 
whereas the (j construct is not known to contain any). Similar expression 
experiments using hybrid genes have allowed enhancers to be localized. 
After accounting for the enhancers' action, the data suggest that the 
remaining regulation usually occurs within � 200 bp of the cap site (i.e. at 
the promoter). In the absence of an enhancer, some globin promoters are 
expressed in a partially tissue- and stage-specific manner (e.g. Rutherford 
& Nienhuis 1987), which suggests that isolated promoters contain some, 
but not all, of the tissue and stage regulatory functions. 

Globin gene transcription can initiate, at low frequency, upstream of 
the predominant mRNA cap site (Allan et a1 1 983; Ley & Nienhuis 1 983; 
Lois et a1 1990; Broders et al 1990 and references therein). Globin tran­
scription has also been reported to occur in non-erythroid cells (e.g. 
Humphries et al 1 976; Groudine & Weintraub 1980), often with over­
representation of the upstream initiation sites (e.g. Allan et a1 1 983; Lois 
et aI1990). These observations are intriguing, but it is not clear that they 
have functional significance. 

PROMOTERS A typical p globin promoter has three positive acting 
sequence elements: a TAT A box at about position - 30 (relative to the 
mRNA cap site), a CCAAT box near -70 to -90, and a CACCC motif 
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GLOBIN GENE TRANSCRIPTION 99 

at variable positions, often near -95 to - 1 20. The CACCC sequence was 
originally identified as a common element of adult fJ-globin promoters 
(Dierks et al 1983). None of these motifs is restricted to globin genes, and 
proteins that bind these motifs have been identified in both erythroid 
and non-erythroid cells. Some specific promoters, each of which contains 
additional regulatory elements, are analyzed below. Supplementary data 
are presented in Figure 1 and Table 1 .  

SPECIFIC fJ-GLOBIN PROMOTERS The mouse fJrnaj globin promoter has been 
examined in exquisite detail by Myers et al (1986), who produced 1 30 point 
lllutants between +24 and - 1 01 .  The CACCC, CCAAT, and TATA 
ibgions are all needed for maximal activity in both non-erythroid and 

frythroid cells (Cowie & Myers 1988). In contrast, the - 32 to -53 region 
containing a direct repeat (DRE) is important only in erythroid cells 
induced to differentiate (Stuve & Myes 1990). 

For the chicken fJA-globin gene, a combination of in vitro transcription 
(Emerson et al 1989) and transient expression (Jackson et al 1989; Gallarda 
et al 1989) studies have defined four functional regions in addition to the 
TAT A box. Protein binding studies have identified the trans-acting factors 
associated with these sites (discussed below). 

In the human {J promoter, the importance in vivo of the CACCC and 
T AT A elements is demonstrated by the existence of patients with point 
mutations in these motifs who show reduced {J-globin expression (reviewed 
in Weatherall et al 1989). Eight protein binding regions in the {J-globin 
promoter are known; functional studies demonstrated that the - 150  
region i s  needed for maximal activity and suggest that either the - 200  or 
the - 1 20 region is also required (Antoniou et al 1988; deBoer et al 
1988). Berg et al ( 1989) have detected silencer elements (negatively-acting 
enhancers) upstream of the promoter, which can function in either K562 
or He La cells. Cao et al (1989) have also found a silencer upstream of the 
human B promoter. 

CHICKEN {J CLUSTER ENHANCERS Three enhancers have been found in 
the chicken {J cluster (Figure 1) .  The most thoroughly characterized is 
equidistant from the fJA and B promoters (Hesse et al 1986; Choi & Engel 
1986); the other two are found upstream of the p gene (,...,6.4 and ,...,4.2 
kb, respectively; M. Reitman, unpublished results). The pA/e enhancer is 
conserved between chickens and ducks in both sequence and enhancer 
activity (Kretsovali et al 1987). This enhancer is erythroid-specific and 
mediates a 50- to lOO-fold increase in transcription (Hesse et al 1986). The 
smallest DNA fragment with full enhancer activity contains four discrete 
protein-binding regions, two of which confer the positive activity (Emerson 

A
nn

u.
 R

ev
. C

el
l. 

B
io

l. 
19

90
.6

:9
5-

12
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

L
et

hb
ri

dg
e 

on
 1

0/
31

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



100 EVANS, FELSENFELD & REITMAN 

Table I Sites near globin genes that have been assayed for function 

Motif/ 
Region Position" factor Functionb Assayc 

Chickr -39 to -58 SPI/NFE4 + trans'; TE, RBC2 
promoter -58 to - 122 multiple + trans'; TE, RBC2 

- 122 to - 142 CACCC + trans'; TE, RBC2 
- 142 to- 1 65 PAL trans' ; TE, RBC2 
- 1 65 to - 2 14 BGPI 0 trans'; TE, RBC2 

Mouse {f"aj -26 to -30 TATA + TE, HeLa 3; TE, MEL 4 
promoter -32 to - 53 DRE + TE, MEL5 

0 TE, HeLa5 
-72 to - 77 CCAAT + TE, HeLa 3; TE, MEL 4 
-87 to -95 CACCC + TE, HeLa3; TE, MEL 4 

-113 to - 600 0/+ TE, HeLa6 

Human fJ -28 to -3 1 TATA + thal7 
promoter - 87, - 88 CACCC + thaF 

-184 to - 138 + SE, MEL' 
-338 to - 233 TE, K5629 
-610 to -490 TE, K5629 

Human B - 1 77 to -392 TE, HeLa, K562'o 
promoter 

HumanCl. -55 to - 87 CCAAT + TE, COS" 
promoter -87 to - 220 0/+ TE, COS" 

- 220 to - 525 0/- TE, COS" 
-110 to -450 + TE, HeLa, K562 '2 

Chicken fJ 1 6 1 7  to 1814 0 TE, RBC'3 
enhancer 1825 to 1 843 PAL 0 TE, RBC'4 

1847 to 1 869 AP- 1 /NFE2 + TE, RBC'4 
1 879 to 1 887 CACCC(?) 0/+ TE, RBC14 
1 892 to 1904 ERYF1 + TE, RBC'4 
1 905 to 1 922 ERYFI + TE, RBC'4 
1939 to 2095 0/- TE, RBC13 
1 877 to 2 1 80 + TE, HD3'5 

• Relative to the cap site. 

Mutation 
methodd 

5' del 
5' del 
5' del 
5' del 
5' del 

point 
point 

point 
point 
5' del 

point 
point 
5' del 
5' del 
5' del 

5' del 

5' del 
5' del 
5' del 
5' del 

del 
cluster 
cluster 
cluster 
cluster 
cluster 

del 
del 

b Function is indicated using the following symbols, which depict the effect mediated by the indicated 
element on transcription: +, definite increase; 0/ +, weak or questionable increase; 0, no effect; 0/-, weak 
or questionable decrease; -, definite decrease. 

C Abbreviations used are: trans, in vitro transcription; TE, transient expression; SE, stable expression; 
thaI, mutations in patients with /i-thalassemia; RBC, embryonic chicken erythroid cells. References are: 
'Emerson et al 1989; 2 Jackson et al 1989; 3 Myers et al 1986; 'Cowie & Myers 1988; 'Myers et all 1989; 
6 Charnay et al 1985; 7 reviewed in Weatherall et al 1989; 8 Antoniou et al 1988; 9 Berg et al 1989; �o Cao 
et a1 1989; 11 Mellon et a1 1981; 12 Whitelaw et a11989; 13 Emerson et a1 1987; "Reitman & Felsenfeld 1988; 

15Choi & Engel 1986. 
d Mutation method abbreviations: point, point mutations; 5' del, successive 5' deletions towards the cap 

site; cluster, clustered point mutations. 

A
nn

u.
 R

ev
. C

el
l. 

B
io

l. 
19

90
.6

:9
5-

12
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

L
et

hb
ri

dg
e 

on
 1

0/
31

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



GLOBIN GENE TRANSCRIPTION 1 01 

et a1 1987, Reitman & Fe1senfe1d 1988). This enhancer can act on both the 
fJA and 8 genes (Choi & Enge1 1988 ; Nickol & Fe1senfe1d 1988) ; whether it 
also controls p and fJH is unknown. Choi & Engel (1988) have proposed 
that the switching between the 8 and fJA promoters is governed by the 
relative strength of the physical interaction between each promoter and 
the fJA /8 enhancer. Such a competition model is supported by an experiment 
in which two enhancers are placed on the same plasmid ; both promoters 
are then stimulated. Gallarda et al ( 1989) have suggested that in definitive 
cells (cells expressing adult-stage globins) the enhancer recognizes a stage 
selector element located at -44 to - 55 bp in the fJA promoter. 

HUMAN fJ CLUSTER ENHANCERS Four regions with enhancer activity have 
been discovered in this locus (Figure 1) .  In addition, the second intron of 
the Ay gene may contain a fifth region (Donovan-Peluso et al 1987). The 
strongest known enhancer (up to 300-fold) in the human fJ1 0cus is located 
1 0.2-1 1 . 0 kb upstream of the 8 gene (Tuan et al 1989) and is associated 
with the dominant control region (DCR). It and DCRs are discussed later 
in this review. 

Earlier experiments, using constructs that did not include DCRs, 
revealed that both the human fJ and y genes are developmentally regulated 
(human fJlike the mouse adult gene and y like the mouse embryonic gene) 
in transgenic mice (summarized in Trudel & Costantini 1987). During the 
course of dissecting this regulation, two enhancers were found in the 
neighborhood of the human fJ-globin gene: one within the gene and another 
550-900 bp downstream (Behringer et a1 1987; Trudel & Costantini 1987; 
Kollias et al 1987). While the boundaries of the intragenic element have 
not been defined, the second intron (Collins et a1 1990) and the third exon 
(Behringer et al 1987 ; Antoniou et al 1988) clearly have functional roles. 
The downstream enhancer increases expression about tenfold (Trudel & 
Constantini 1987) and contains multiple binding sites (Wall et a1 1988) for 
an erythroid-specific protein (Eryfl2). When the intragenic and down­
stream enhancers were used together to drive a promiscuous promoter 
(SV40 early) in transgenic mice, the transgene was expressed in both a 
tissue- (erythroid) and stage- (adult) specific manner (Magram et aI1989). 

A survey of 22 kb in the human fJ locus from 5' of 8 to 3' of Ay revealed 
an enhancer located 400-1 1 50 bp 3' of the Ay polyadenylation site. This 
enhancer maps to a tissue"specific DNase I hypersensitive site, but is not 
tissue specific in transient expression assays. It stimulates transcription 6-
to 23-fold (Bodine & Ley 1987). 

2 An erythroid-specific' protein ,was identified independently by several groups; it has been 
referred to as Eryfl (Evans et al'I'988b), NF�Er'(Wali et al 1988), or GF-l (Martin et al 
1989). For brevity and clarity, we will refer to�it irs ErYn throughout this text .  
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102 EVANS, FELSENFELD & REITMAN 

a-GLOBIN REGULATION To date no detailed functional analysis of any a­
globin promoter has been performed. The only known a enhancer is 
located at the 3' end of the chicken a cluster; an IV 35-fold increase in 
expression is mediated by a 439 bp fragment containing three Eryn binding 
sites (Knezetic & Felsenfeld 1989). At present no human or mouse a cluster 
enhancers have been found (see Whitelaw et al 1989; Ryan et al 1989b; 
Hanscombe et aI1989). Strong evidence that such an enhancer-like element 
must exist is provided by a patient with a-thalassemia. This patient's DNA 
has a 6 2  kb deletion that ends 10 kb upstream of apparently normal a 2  
and a l  genes, yet no a-globin is made (Nicholls et al 1987). 

A puzzling observation is that the human a genes, when carried on a 
replicating plasmid and assayed by transient expression in COS cells, do 
not require an enhancer for expression (Mellon et a11981 ; Humphries et al 
1982). When assayed on a non-replicating plasmid, however, an enhancer is 
required (Whitelaw et al 1989). In contrast, the mouse a (and human 
p and <5) genes are enhancer-dependent, even on replicating plasmids 
(Humphries et al 1982). This is thought to reflect plasmid copy number 
rather than a fundamentally replication-dependent mechanism (Whitelaw 
et aI 1989). In contrast, Enver et al (1988) have proposed that replication 
per se is required for Xenopus f3-g1 0bin expression in He La cells. The 
relevance of these observations to the situation in vivo remains to be 
established. 

REGULATION OF GLOBIN EXPRESSION BY 

TRANS-ACTING CELLULAR FACTORS 

Early work employing chromosome transfer, cell fusion, and transfection 
of cloned genes revealed the presence of cellular factors that mediate 
globin gene regulation. Recently, much of the emphasis has been on the 
identification and fractionation of nuclear DNA-binding proteins that 
recognize cis-linked regulatory elements. These factors can be grouped 
into three categories: (a) general RNA polymerase II promoter factors; (b) 
erythroid-specific factors that may potentiate expression of globin genes 
regardless of stage; (c) factors proposed to be involved in regulation of 
globin switching, that is, developmental stage-specific factors. 

Cellular Factors Influence Globin Expression 

ACTIVATION OF GLOBIN GENES FOLLOWING CELL FUSION Some of the 
first evidence that diffusible factors regulate globin expression came from 
chromosome transfer experiments performed by somatic cell fusion (sum­
marized in Baron & Maniatis 1986). The formation of transient hetero-
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GLOBIN GENE TRANSCRIPTION 103 

karyons between two erythroid cells-mouse MEL cells and human 
K562 cells-resulted in the reciprocal activation of the human adult fJ and 
the mouse embryonic B genes (Baron & Maniatis 1986). Cells with no 
history of globin expression were also fused to erythroid cells. Fusion of 
mouse cells to the embryonic-like human K562 cells resulted in activation 
of mouse embryonic globin genes, while fusion of human cells to the adult­
like mouse MEL cells resulted in activation of human adult globin genes. 
There was one exception; the human' gene was never activated. Wrighton 
& Grosveld (1988) introduced a marker gene, under the control of various 
globin promoters, into non-erythroid cells and followed this gene as a 
sensitive reporter of gene activation in subsequent fusion experiments. The 
adult fJ promoter was only activated by fusion to MEL cells, whereas the 
y promoter was activated by fusion to either MEL or K562 cells. Fusion 
to non-erythroid cells failed to activate either promoter. 

These data not only directly demonstrate that diffusible cellular factors 
are involved in activation of the globin locus, but also implicate such 
factors in directing developmental switching. This must be reconciled 
with the results of Papayannopoulou et al ( 1986) who transferred human 
chromosome 1 1  (which contains the human fJ globin locus) from fetal 
erythroblasts into hybrid cells by fusion to the adult-like mouse MEL cells. 
In the adult-like MEL environment, the human y gene is expressed initially. 
During time in culture, however, human globin transcription switches 
from the y gene to the fJ gene. Thus, hemoglobin switching can, at least in 
these circumstances, occur within a single cell lineage (as opposed to 
replacement of a lineage expressing fetal globin by a distinct cell lineage 
expressing adult globin ; see Ingram 1972 ; Weatherall et a1 1976; Beaupain 
1985). The existence of a developmental clock-like mechanism is supported 
by fusion of MEL cells to later stage human fetal erythroblasts; these 
hybrids switch from y to fJ gene transcription after a shorter time in culture 
than do the hybrids derived from early fetal cells. Switching may be 
controlled by a developmental clock acting in cis, or by a trans-acting 
mechanism that is linked to human chromosome II. 

TRANS-ACTIVATION IN VITRO AND IN TRANSGENIC MICE In experiments 
in vitro designed to detect erythroid factors that influence globin gene 
expression, Bazett-Jones et al (1985) found that pre-incubation of globin 
gene templates in K562 cell extracts gave up to a 30-fold increase of 
transcription in a He La whole cell extract. The effect was specific for 
extracts from K562 cells that had been induced by hemin ; although non­
globin genes were not affected by the incubation, both y and fJ gene 
transcription was enhanced, even though the latter gene is not expressed 
in K562 cells. 
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104 EVANS, FELSENFELD & REITMAN 

More recently Emerson et al (1989) have prepared transcriptionally 
active extracts from embryonic chick erythroid cells. The extracts maintain 
some developmental specificity since transcription of the adult pA gene is 
most efficient in extracts from the adult-like definitive cell lineage. This 
system is particularly promising for the analysis of developmental changes 
in the activities of factors that interact with globin promoter sequences. 

Experiments with transgenic mice provide the most direct evidence for 
trans-acting factors that regulate the expression of globin genes. Human 
globins undergo two developmental switches (embryonic � fetal � adult), 
but mice undergo only one (embryonic � fetal/adult). Costantini and co­
workers (Chad a et al 1986) introduced individual human y or p globin 
genes into mice to determine which developmental program they followed. 
The transgenic human p gene was expressed in both fetal and adult mouse 
erythroid cells; the human y gene was expressed only in mouse embryonic 
erythroid cells. Under the conditions of these experiments, the trans-factors 
of the mouse cells appear to be dominant in determining cell-type and 
developmental regulation of the transgene. These effects are modified, 
however, by the action of the dominant control region (see DeRs, below). 

DNA-Binding Proteins 

UBIQUITOUS FACTORS BIND TO CONSERVED PROMOTER ELEMENTS By analogy 
to other eukaryotic genes that also contain a conserved AT A sequence 
around position - 30 (TAT A box), the globin TAT A box is presumed to 
bind the pol II transcription factor TFIID (Parker & Topol 1984; Sawa­
dogo & Roeder 1985; Buratowski et al 1988� Cavallini et aI1988). ANnis 
time there is no evidence for or against cell-type variants of this factor 
within a given species. 

The literature on CCAAT binding factors (CBFs) is rather confusing 
because of the presence of at least five distinct proteins that recognize this 
element with varying affinities (Chodosh et al 1988; Dorn et al 1987; 
Graves et al 1986; Jones et al 1987; Santoro et al 1988). Analysis of the 
factors that interact with globin gene CCAAT elements provides some 
evidence as to which CBFs interact preferentially with globin promoters 
in vitro. For example, it seems likely that the ubiquitous CPl binds with 
highest affinity to CCAAT elements in the promoters of the human ct., p, 
and y genes (Chodosh et al 1988; deBoer et al 1988; Gumucio et al 1988; 

Superti-Furga et al 1988), while Yu et al (1990) have suggested that CP2 
preferably interacts with the human' promoter. 

Two lines of evidence indicate that CPl may be a globin transcriptional 
activator: first, an upstream CPl binding site is necessary (in addition to a 
binding site for the erythroid-specific factor Eryf l )  for regulated expr€:ssion 
from the human p pIomoter in MEL cells (deBoer et al 1988). Second, a 
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GLOBIN GENE TRANSCRIPTION 105 

mutation that increases the similarity of a CCAAT sequence to the con­
sensus binding site for CPl (Chodosh et a11988) creates a stronger binding 
site in the human}' promoter (Gumucio et aI1988), which correlates with 
increased expression of this gene (see -117 HPFH, below). 

CTF/NFI from HeLa cells has been shown to bind to a CCAAT box 
and stimulate transcription in vitnYfroln the human (J( promoter (Jones et 
al 1987). In contrast, in the chicken fJA promoter, CTF/NFI or a related 
factor interacts not with a CCAAT element, but with an NFl binding site 
(see,Pal protein, below) ; this binding prevents interaction of a positive 
transcription factor with an adjacent site. 

CTF /NFI or a related protein is also capable of inhibiting the binding 
of a positive transcription factor to an adjacent site in the promoters of 
the chicken fJH (Plumb et al 1986) and human fJ genes (deBoer et aI1988). 
At least in the latter case, the CTF/NFI binding activities are the same 
as, or related to, the vertebrate homologue of the sea urchin CCAAT 
displacement protein (CDP; Barberis et al 1987). CDP also binds to the 
duplicated CCAAT elements of the human}' promoter and inhibits binding 
of CPl '(Superti-Furga et al 1988). A similar situation may exist in the 
mouse (J( promoter (Barnhart et al 1988). Although only the case of the 
chicken fJA promoter has beerH.lOIifirmed by in vivo footprinting (Jackson 
et aI1989), we might speculate that displacement of positive transcription 
factors by proteins related to CTF/NFI is a general globin gene regulatory 
mechanism. 

Although theCACCC box is an important part of fJ globin promoters, 
the sequence is also found in a number of non-erythroid regulatory regions 
(Schule et al 1988 ; Xiao et al 1987) and therefore may bind general tran­
scription factors. For example, several groups have shown that the pol II 
tninscriptional activator Spl (Kadonaga et al 1986), derived from either 
erythroid or non-erythroid cells, interacts with the CACCC box (Lewis et 
a11988 ;  Barnhart et a11988 ; Emerson et a11989 ; Jackson et aI1989). This 
may explain the 'functional importance of the CACCC box for expression 
in non-erythroid cells (Myers et aI1986) .  

On the other hand, proteins thar may be more tissue-restricted have also 
been identified as :binding to the CACCC box. For example, a cell-type 
specific binding activity (TEF-2 ; Xiao et al 1987 ; Nomiyama et al 1987; 
Davidson et a11988) to a CACCC Inotifiri the SV40 enhancer is distinct 
from Spl .  Most of the evidence supports the notion that erythroid cells 
contain two'or more CACCC binding, proteins, probably some or all of 
which are related to Spl and TEF2, and at least one of which is usually 
abundant in erythroid d:lls'(Mantovani et al 1988 ; Emerson et al 1989 ; 
Jackson et al 1989 ; Catala et al '198 9). The CACCC bindin� proteins are 
transcriptional activhtors:' additibri,uf DNA site affinity�enriched factors 
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106 EVANS, FELSENFELD & REITMAN 

to depleted in vitro transcription reactions restores basal promoter activity 
of the chicken pA gene (Emerson et al 1989). Furthermore, the CACCC 
element is bound by protein specifically in nuclei of erythrocytes that are 
transcribing this gene (Jackson et al 1989). 

The same CACCC factor may also bind to sequences in the human 3' 
(Giglioni et al 1989) and chicken pA / c: (Emerson et al 1987) enhancers, but 
there is no evidence that these CACCC enhancer sites mediate trans­
criptional activity (Reitman & Felsenfeld 1988). 

Other binding sites for Sp l ,  besides the CACCC element, have been 
identified in a number of globin promoters. The IX promoters of chicken 
(Kemper et al 1987), mouse (Barnhart et al 1988), and human (Whitelaw 
et a1 1989) all contain sequences that resemble Spl consensus binding sites 
(Briggs et al 1986). The chicken r promoter has been shown to bind 
human or avian Spl (Evans et al 1988a; Lewis et al 1988; Emerson et al 
1989) at a site critical for transcriptional activity (Jackson et al 1989; 
Emerson et al 1989). Thus Spl may be important for globin transcription 
as it is for many other eukaryotic genes (Kadonaga et al 1986). This 
regulation, however, might involve erythroid-specific or developmental 
stage-specific variants or modifications of Spl (see NF-E4, below). Yu et 

al (1990) have shown that Spl binds to the human, promoter, but may 
be displaced in vitro by erythroid-specific factors that bind to overlapping 
sites. Furthermore, aberrant binding ofSp l has been proposed to mediate 
certain forms of HPFH (see below). 

A distinct protein that may be related to Sp 1 binds to a stretch of dG 
residues in the chicken pA promoter (Emerson et al 1985; Plumb et al 
1986). The protein, designated BGPl, was purified by Lewis et al (1988); 
their data indicate that both BGPI and Sp l require zinc for binding and 
cross-react with the same antibody. It has been speculated that binding of 
BGPI to the upstream promoter may be involved in generating the 
chromatin structure associated with active transcription of the pA gene in 
definitive erythrocytes; no data yet supports this idea. Similar binding 
activities to the poly(dG) region have since been found in non-erythroid 
and primitive erythroid cells (Jackson et al 1989; Emerson et al 1989), 
although it is not known if they are identical to BGPI. 

ERYTHROID-SPECIFIC FACTORS The erythroid-specific factor Eryf l (ery­
throid factor 1; Evans et al 1988b) was identified independently in 
several laboratories; it is also referred to as GF-l (Martin et al 1989) or 
NF-El (Wall et al 1988). It has become apparent that Eryfl binding sites 
are present in regulatory regions (promoters and/or enhancers) for all 
chicken globin genes (Evans et a1 1988b; Knezetic & Felsenfeld 1989) and 
probably for all human and mouse globin genes as well (Galson & Hous-
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GLOBIN GENE TRANSCRIPTION 107 

man 1988; Wall et a1 1 988; deBoer et a1 1 988; Cata1a et a1 1 989; Barnhart 
et al 1 989; Perkins et al 1 989). The DNA sequence to which Eryn binds 
includes the conserved motif WGATWR (W = A or T; R = A or G). 

The cDNAs encoding chicken (Evans & Felsenfeld 1 989), mouse (Tsai 
et al 1 989), and human (Trainor et al 1 990; Zon et al 1 990) Eryfl have 
been cloned. Murine and human Eryfl are highly conserved proteins; 86% 
of  the 413  amino acids in  the two proteins are identical. The chicken 
protein is smaller (304 amino acids) and has apparently undergone several 
deletions relative to the mammalian factors (Trainor et aI1990). All three 
proteins are highly conserved in a cysteine rich, central region containing 
two repeats of the form CXNCX4 TXLWRRX3GXCNAC. Although these 
repeats are similar in cysteine arrangement to zinc fingers of the class 
found in the DNA-binding domain of the steroid hormone receptor family 
(Evans 1 988; Berg 1989), Eryfl does not otherwise resemble these receptor 
proteins. The Eryfl fingers are actually much more similar to a single 
finger present in the regulatory protein areA from Aspergillus nidulans 
(Arst et al 1989), which indicates that the motif is perhaps of ancient and 
distinct origin. The protein sequence in this region of Eryfl has evolved 
at a remarkably low rate; other regions of the protein may be derived from 
a distinct repeat and appear to be evolving at a much higher rate (Trainor 
et al I990). 

Expression of Eryfl is regulated at the RNA level; no Eryn RNA is 
detectable in a variety of non-erythroid cells (Evans & Felsenfeld 1 989; 
Tsai et aI1989). No major differences in the abundance of Eryfl RNA or 
in the amount of Eryfl binding activity have been noted in different 
erythroid developmental lineages, or as a result of chemical induction of 
erythroid cell differentiation in culture. 

Binding sites for Eryn are present in control regions of erythroid genes 
encoding proteins other than the globins. These include the erythroid­
specific promoters of the human genes encoding porphobilinogen de­
aminase (Plumb et al 1 989; Mignotte et al 1 989b), carbonic anhydrase I 
(Brady et al 1 989), and the erythropoietin receptor (S. Orkin, personal 
communication), as well as the chicken histone H5 enhancer (Rousseau et 
al 1 989). These observations indicate that Eryfl expression may be an 
important factor in establishment of erythroid lineages. Because Eryfl has 
been detected in the developmentally related megakaryocyte lineage, 
however, Eryfl expression alone may not be sufficient for erythroid 
determination (Martin et al 1990; Romeo et al 1 990). 

An erythroid-specific factor distinct from Eryfl has been described 
and designated NF-E2. This factor recognizes the same DNA consensus 
sequence (TGACTCA) as AP-l Uun; Lee et al 1 987; Angel et al 1 988; 
Bohmann et al 1 987), but appears to be distinct; Mignotte et al ( 1989a) 
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1 08 EVANS, FELSENFELD & REITMAN 

studied a point mutation that abolished binding of NF-E 2 without in­
hibiting binding of the ubiquitous factor AP-l .  The NF-E 2 binding motif 
was originally identified as a promoter element of the porphobilinogen 
deaminase gene (Mignotte et aI 1989b). Perhaps it is the same protein that 
binds to an AP-l site within a positive activating element of the chicken 
fJA/e enhancer (Reitman & Felsenfeld 1988); binding sites for AP-l or NF­
E 2  are also found within the human fJ DCR at -11 kb (P. Ney & A. 
Nienhuis, personal communication). 

STAGE-SPECIFIC FACTORS A protein designated the Pal factor binds within 
the nuclease hypersensitive domain of the chicken fJA promoter. This 
protein recognizes a palindromic sequence related to the binding site for 
CTFjNF1; it seems likely that it is also related to the TGGCA protein 
isolated from chicken liver (Rupp & Sippel 1987; Rupp et al 1988). 

Sequence data obtained from purified peptides confirm that Pal is a mem­
ber of the NF l family (c. Lewis & G. Felsenfeld, unpublished results). 

Binding activity of the Pal factor increases two orders of magnitude 
during the course of erythroid cell development, so that it is most abundant 
in late embryonic or adult circulating erythrocytes in which the globin 
gene is transcriptionally inactive; the Pal factor site is progressively bound 
in nuclei as development proceeds (Jackson et al 1989). Occupancy of the 
Pal site correlates with vacancy of the adjacent CACCC site in vivo, thus 
indicating that Pal may be a transcriptional repressor that acts to shut 
down adult globin expression late in differentiation by preventing binding 
of (or by displacing) the positive acting CACCC factor. Promoter con­
structions in which the Pal binding site is deleted show increased tran­
scription levels (Jackson et al 1989; Emerson et al 1989). Furthermore, 
highly enriched preparations of Pal protein act to repress in vitro tran­
scription of fJ globin templates unless the Pal site is mutated (Emerson 
et al 1989). The fJH gene, which is turned off in circulating embryonic 
erythrocytes prior to the fJA gene, contains an even stronger Pal factor 
promoter binding site (Plumb et al 1986). It has been suggested that 
Pal might, therefore, direct the coordinate repression of chicken fJ genes 
(Jackson et al 1989). As mentioned above, displacement of a positive 
activator by a Pal-related protein may be a general globin gene regulatory 
mechanism. 

Although Pal factor activity is most abundant in transcriptionally inac­
tive adult circulating erythrocytes, it is not yet known whether Pal activity 
accumulates during definitive cell maturation. Perhaps there are specific 
negative regulatory mechanisms that function for the fJA gene, super­
imposed on the general suppression of transcription that attends erythroid 
cell maturation. 
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GLOBIN GENE TRANSCRIPTION 109 

Choi & Engel (1988) identified a region of the r promoter (the stage­
selector element) that is required in transient transfections of definitive 
erythroid cells for both the expression of the adult gene and the suppression 
of a linked embryonic e gene. Although they did not analyze proteins from 
erythrocytes that express the adult gene, Gallarda et al (1989) identified a 
specific binding activity to this region and to the enhancer . This activity 
(designated NF-E4) is present in mature adult erythrocytes, but not in 
primitive erythrocytes that express the e gene. Because the f3A enhancer is 
shared between the f3A and e genes (Nickol & Felsenfeld 1988 ;  Choi & 
Engel 1988), NF-E4 might augment a productive interaction between 
the enhancer and the adult-stage promoter. The same promoter site has 
previously been shown to bind strongly to Spl from both primitive and 
definitive cells (Lewis et al 1988 ; Jackson et al 1989 ; Emerson et aI1989). 
It is not clear how Sp1 and NF-E4 are related. 

FACTORS IMPLICATED IN MEDIATING THE HPFH SYNDROME Hereditary 
persistence of fetal hemoglobin (HPFH) is a syndrome characterized by 
the inappropriate expression of human y genes in adults (reviewed in Wood 
1989). In a few cases, linkage analysis has shown that the HPFH mutation 
is not linked to the f310cus (Gianni et a11983; Jeffreys et aI1986). Charac­
teristic of these cases is the overexpression of both Gy and Ay; the genetic 
lesion could be due either to a defective DNA-binding transcription factor, 
or to an altered protein involved in maturation of erythroid cells . The 
recent mapping of the human Eryfl (GF-1) gene to the X-chromosome 
(Zon et al 199 0) may be relevant in explaining an X -linked form of HPFH 
(Miyoshi et al 1988). 

Very strong evidence that the cellular environment provides diffusible 
factors that help mediate HPFH was provided by Papayannopoulou et at 
(1988), who transferred human lymphoid chromosomes into MEL cells 
by cell fusion. When lymphocytes containing a normal chromosome are 
fused, hybrids support expression of only the adult human f3 gene. In 
contrast the y genes on chromosomes containing the HPFH mutations 
become activated after fusion with MEL cells. The cell type from which 
the HPFH chromosome was derived does not affect the activation, which 
occurs at the transcriptional level. 

Numerous cases have been identified in which the only difference 
between a HPFH mutant and a normal y gene is a point mutation in the 
promoter (see Figure 1). In these cases, only the y gene that is mutated is 
abnormally expressed. The failure of these HPFH genes to be turned off 
efficiently could result from the abnormal binding of a positive tran­
scription factor to the mutated site. Alternatively, the normal binding of 
a negative regulator could be blocked by the mutation (see Gumucio et al 
1988 ; Wood 1989). 
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1 1  0 EVANS, FELSENFELD & REITMAN 

The HPFH mutation at - 1 1 7  in the distal CCAA T results in a better 
match to a consensus CPl binding site; increased binding (about twofold) 
of this ubiquitous factor to the mutated site has been reported (Gumucio 
et al 1988). Superti-Furga et al (1988) proposed a different mechanism 
involving decreased binding of a factor that normally represses the}' gene. 
They find that the - 1 17 mutation inhibits binding by an erythroid-specific 
activity designated NF-E3. This interpretation is supported by the dis­
covery of an HPFH promoter that is deleted for the entire CCAA T element 
and thus binds no CBF (Mantovani et aI 1989). 

Interpretation of another kind of HPFH, associated with a point 
mutation at - 1 75, is complicated by the binding at this site of multiple 
factors (Eryfl and the ubiquitous octamer-binding protein OTF 1). The 
mutation does not affect the binding affinity of Eryfl , but greatly inhibits 
binding of OTFI (Martin et al 1989). Nevertheless, the effect on tran­
scription appears to be mediated by Eryfl and not OTF l ; other mutations 
that inhibit OTFI binding have no effect on transcription (Martin et al 
1989; Nicolis et aI1989). Gumucio et al ( 1990) have noted that the OTFI 
binding site is not conserved among primates, while the Eryfl binding site 
is conserved. Martin et al (1989) have proposed that the - 175 mutation 
alters the binding of Eryfl in some way, perhaps changing normal protein­
protein contacts needed for gene activation. It is not clear, however, 
why certain in vitro generated mutations that completely abolish Eryfl 
binding have no effect on transcription. 

Another class of HPFH mutations map to a G/C rich region around 
position -200 of the }' promoter. Mutations at -198 or -202 are found 
to result in increased binding in vitro by Spl (Ronchi et al 1989; Sykes & 
Kaufman 1990). As is true for all of the HPFH point mutations, interpre­
tation of these correlations is difficult because of the lack of an appropriate 
model system. The mutated promoters, when transfected into cultured 
cells, generally do not accurately reproduce the high level of }' expres­
sion observed in the HPFH syndrome (see also, Charnay & Henry 1986; 
Stoeckert et al 1987; Gumucio et al 1988; Rixon & Gelinas 1988; Man­
tovani et al 1989; Nicolis et al 1989; Lloyd et al 1989; Martin et al 1989; 
Ulrich & Ley 1990). 

CHROMATIN STRUCTURE OF THE GLOBIN 
GENES 
Matrix Attachment Regions (MARs) 

MARs are defined as regions of DNA that preferentially associate with 
detergent-extracted nuclear remnants (which are called nuclear matrices 
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or scaffolds). While unproven, the rationale behind the MAR assay is the 
detection of physiologic sites of DNA attachment to the nuclear matrix. 
In this view, MARs should delineate the ends of DNA loops. Their 
relationship to DCRs, or other elements that regulate gene expression, is 
uncertain. 

In the chicken f3 cluster, MAR activity is found in two regions, one 
including the p gene and flanking regions, and the other the f3A/e enhancer 
and flanking DNA (Bennet et al 1 989). The human p cluster has at least 
eight MARs in the 90 kb mapped, ranging from '" 20 kb upstream of e to 
'" 18 kb 3' of the f3 polyadenylation site (Jarman & Higgs 1988). In 
contrast, no MARs were detected in 140 kb encompassing the rx locus. 
Unfortunately, no simple model is suggested by these data. For example, 
if MARs do represent loop boundaries, then the average loop size in the 
globin cluster would only be '" 10 kb. This is possible, but is not in 
agreement with physical estimates for the average genome loop size. It is 
not yet clear whether all MARs have the same structure, or the same 
function. 

Chromatin Structure and Globin Gene Expression 

NUCLEOSOMES IN THE GLOBIN CLUSTER Genes that are competent for 
transcription are packaged as chromatin, although the structure of the 
chromatin of active genes (active chromatin) may involve partial modi­
fication or disruption of the packaging. Analysis of nucleosome phasing 
along the mouse pmaj gene shows that, aside from a disruption between 
positions -200 and + 500 when the gene is active, the nucleosome posi­
tions are quite similar on the transcriptionally active or inactive gene 
(Benezra et al 1 986). The transcriptionally active chicken pA gene is also 
covered with nucleosomes, although in this case there is some evidence for 
changes in local structure (Sun et al 1 986). 

The folding of globin sequences into higher order chromatin structures 
has also been studied. It is possible to isolate fragments of 30-nm thick 
chromatin fiber from erythroid nuclei by digestion with either micrococcal 
nuclease (Fisher & Felsenfeld 1986), or the restriction enzyme EcoRl 
(Kimura et al 1983; Caplan et al 1987). The extent of compaction of the 
isolated chromatin fiber can be deduced from its sedimentation properties 
in sucrose gradients. Fragments containing the f3A gene obtained from nine 
day or adult erythroid cells are only slightly less compacted than bulk 
chromatin fragments containing DNA of the same size. The f3A gene in 
these erythroid cells thus exists in a considerably compacted state that may 
reflect the presence of either a partially disrupted 30-nm fiber (Fisher & 
Felsenfeld 1986) or a fully folded fiber interrupted by nucleosome-free 
regions (Caplan et al 1 987). 
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1 1 2 EVANS, FELSENFELD & REITMAN 

Nucleosome-free regions exist not only im,the neighborhood of the 
chicken f3A gene, but throughout the f3 cluster: they give rise to the sites, 
hypersensitive to nuclease digestion, that mark the presence of active DNA 
regulatory elements .. Much of the early work (Stalderet a11980; McGhee 
et al 1981) focused on' local hypersensitive sites ,near individual globin 
genes in chicken erythroid cells. Similar behavior is seen in all species, and 
the phenomenon of hypersensitivity is quite general (reviewed in Gross & 
Garrard 1988). The presence of hypersensitivity is often correlated with 
the potential for expression of the nearby genes; subsequent investigation 
has identified many of the globin gene hypersensitive regions as the sites 
of promoters or enhancers . 

SUPER-HYPERSENSITIVE SITES The discovery (Tuan et a11985; Forrester et 
al 1986) in the human, f3 cluster of a quite different class of hypersensitive 
sites, located far from the individual genes, has led to important new 
insights concerning developmental regulatory mechanisms. These have 
been named major or super-hypersensitive sites (SH sites) because they 
appear earlier in the course of DNase I digestion than do the local (minor) 
hypersensitive sites described above. Tuan et al (1985) identified five SH 
sites in the region 6-25 kb S' of the human B gene, and a single site about 
20 kb 3' of the f3 gene (Figure 1 ;  see below for further discussion). The 
sites thus demarcate a region of about 90 kb that contains within it the 
entire family of f3-like genes. Most of the SH sites are erythroid cell-specific, 
but unlike the stage-specific local hypersensitive sites, they are found in a 
variety of erythroid cells, regardless of whether the principal expressed 
gene is embryonic, fetal, or adult globin. The chicken f3 cluster has four 
upstream SH sites, one of which is constitutively expressed; the rest are 
erythroid-specific (Reitman & Felsenfeld 1 990). 

The location of the SH sites relative to the globin genes, taken together 
with their developmental program of appearance, led to the suggestion 
(Tuan et al 1985) that these sites might define the boundaries of a large 
domain of active chromatin and might also be involved in generating the 
domain's conformation. Evidence for the existence of such domains comes 
from earlier studies of the chicken f3 (Stalder et al 1 980) and ovalbumin 
(Lawson et al 1982) gene families. In erythroblasts and oviduct, respec­
tively, these domains exhibit diffuse low-level DNase I sensitivity both 
within the gene clusters and extending many kilo bases beyond them in 
each direction. Evidence that the SH sites might serve as locus activation 
regions also came from experiments (Forrester et a11987) in which human 
non-erythroid cells were fused with MEL cells; after fusion the human f3-
globin cluster displayed all of the upstream and downstream SH sites 
characteristic of transcriptionally active tissue. 
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GLOBIN GENE TRANSCRIPTION 1 13 

DOMINANT CONTROL (LOCUS ACTIVATION) REGIONS The properties of the 
human globin SH sites suggested (Tuan et al 1 985; Forrester et al 1 986) 
that they might function as permissive regulatory elements which, through 
their effect on chromatin structure, act on all of the genes in the f3 cluster. 
Strong evidence for the existence of regulatory elements far upstream in 
the f3 locus had already been provided by Kioussis et al ( 1983), who 
analyzed an extensive upstream deletion locus in a y, f3-thalassemic patient. 
They showed that the fJ gene itself contained no point mutations and that 
it could be transcribed in He La cells to give an mRNA indistinguishable 
from that found in normal reticulocytes . Moreover, they demonstrated 
that the DNA brought by the deletion into proximity with the fJ gene is 
packaged in chromatin that is insensitive to DNase I, and that it is meth­
ylated in a way consistent with transcriptional inactivity. They concluded 
that the deletion provided "a position effect similar to those found in 
Drosophila." This could have arisen either through the action of a distant 
negative element brought close to the gene, or by removal of one or more 
positive cis-acting elements. 

Recent results entirely substantiate the latter point of view and show 
that the distant control elements are associated with DNA in or near the 
SH sites. In order to examine the properties of the sites, Grosveld et al 
( 1987) constructed a minilocus linking � 2 1  kb of DNA containing all of 
the upstream SH sites, the human fJ gene with all of its known local 
regulatory elements, and a 1 2  kb region containing the downstream SH 
site. Transgenic mice carrying this minilocus.express human fJ-globin in a 
tissue-specific manner, but with two novel properties: (a) With the excep­
tion of individuals in which the DNA has undergone deletion or rearrange­
ment, every transgenic mouse expresses the human fJ gene. (b) High levels 
of human fJ mRNA and protein are produced, with levels per introduced 
gene copy comparable to the levels found for the endogenous mouse globin 
genes; the amount of human f3-g1 0bin is thus roughly proportional to the 
number of gene copies. 

This is quite different from i the results obtained in experiments with 
transgenic mice in which onlithe local regulatory sites accompany the 
introduced fJ gene. In typical cases (see Ryan et al 1 989a), most of the 
transgenic animals (70 %) do not express detectable amounts of the trans­
gene ; when they do, the levels of expression per copy are typically less than 
I % that of the endogenous gene, and there is no simple relationship 
between gene copY' number and expressio'n levels. The large number of 
failures to express has usually been ascribed to position effects: a DNA 
sequence inserted at an arbitrary position in the genome is likely to find 
itself surrounded by compact heterochromatin. It is clear that the presence 
of DNA from the distant regions near the SH sites not only liberates 
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1 14 EVANS, FELSENFELD & REITMAN 

associated genes from the position effect, but also assures high levels of 
expression. It is therefore reasonable to call these locus activation (For­
rester et a1 1987) or dominant control (Grosveld et a1 1987) regions (LARs 
or DCRs). 

A number of obvious questions must now be asked: How many sequence 
elements contribute to DCR activity? Is the sequence that confers position 
independence identical to that which results in high expression levels, or 
are they separable7 Are these activities directly related to the generation 
of the extended domain of low-level DNase I sensitivity? Does the DCR 
also contain sites of attachment to the nuclear matrix? Does the DCR 
confer both tissue- and developmental-stage-specificity, and can it operate 
on any gene? 

DOMAINS WITHIN THE DCR Work addressing some of these questions has 
begun in several laboratories. Considerable effort has been concentrated 
on the dissection of the DCR. The five upstream SH sites of the human 
f3-1 0cus are situated (Tuan et a1 1985) about 6, 1 1 , 1 4.5, 1 7.5, and 2 1  kb 
upstream (5') of the B gene. 3 Of these, the sites at -6, -11,  and -17.5 
kb are erythroid-specific. The site at - 2 1  kb is present both in erythroid 
and at least one non-erythroid cell 1ine and might belong to an adjacent 
gene cluster; the site at - 14.5 kb is present in HEL cells (a human 
erythroleukemia line), but not in K562 cells (Tuan et aI1987). In addition 
to the three upstream erythroid-specific sites, a fourth such site is found 
downstream, 20 kb 3' of the f3 gene. 

Not all of the sites are necessary for the action of the DCR. Omission 
of the downstream site has little effect on the production of f3 mRNA in 
transgenic mice when compared to a construction containing all of the 
sites (a mean of 108 % of the amount of mouse f3 message per human gene 
copy, with a range of 16-200 % with the downstream site vs 52 %, with a 
range of 20-84 % without it ; Ryan et a1 1989a; see also Talbot et aI 1989). 
Further deletions that retain only the -6 and - 1 1  kb sites, or the - 1 1  
kb site alone, result in transgenic mice that still express human f3 mRNA 
at a level 40-50 % that of the mouse f3 mRNA per gene copy. Other 
laboratories have also identified the - 1 1  kb site as sufficient to produce 
high levels of DCR activity and have defined the active element more 
precisely. A DNA segment only 882 bp long, containing the - 1 1  kb site, 
is sufficient to give expression in transgenic mice at a level of 30-300 % of 
mouse f3 expression (Curtin et al 1989). A patient with f3-thalassemia, 
whose DNA contains a deletion encompassing the four SH sites from 1 1-

3 These are numbered I-V by Tuan et al (1985); Grosveld et al (1987) considered only the 
first four, and numbered them 4-1. We will refer to them by their approximate distance from 
the e gene, as given in the first reference. 
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GLOBIN GENE TRANSCRIPTION 1 1 5 

2 1  kb upstream of the E gene, provides evidence that the site at - 6 kb, 
together with the single downstream site, is not sufficient for DCR activity 
(Driscoll et al 1989). 

Quite similar conclusions have been derived from studies with stably 
transformed cell lines. MEL cells transformed with DNA containing the 
entire upstream DCR, coupled to the human P gene, support high levels 
of globin mRNA production, again in quantities roughly proportional to 
gene copy number (Forrester et al 1989; van Assendelft et al 1989). In 
contrast, transformed cells carrying the gene not coupled to the DCR are 
an order of magnitude less efficient in expression. Constructions that 
contain only the upstream sites at - 6 and - 1 1  kb function at about 
30 % of the efficiency of the full DCR when transformed into MEL cells, 
consistent with the transgenic results (Forrester et al 1989). Furthermore, 
constructions containing only the pair of sites at - 14.5 and - 17.5 kb 
also function effectively (40 % efficiency) to activate human globin gene 
expression. These results suggest that DCR activity is shared in an additive 
fashion among DNA sequences near two or three of the upstream SH 
sites. 

FUNCTION OF THE DCR The human P minilocus has been fused (van 
Assendelft et a1 1989) either to the human p gene (see above) or the Thy-l 
gene in constructions also carrying a selectable marker, tk-neo. When 
MEL cells are stably transformed with this DNA and induced, high and 
copy number-dependent levels of expression are observed for either p or 
Thy- I ,  and in both cases for tk-neo. Elevated levels of human p expression 
are also obtained upon transformation of the human y-expressing cell line, 
K562, but the DCR has no effect when the non-erythroid mouse L cell 
line is transformed. It appears that the p-domain's DCR can confer tissue 
specificity on a variety of genes (provided that they possess appropriate 
local regulatory elements) whether or not they are normally erythroid­
specific, but that in these experiments the DCR alone is not sufficient to 
confer stage specificity of expression. 

It had not been possible to obtain !'I.. expression in transgenic mice 
carrying either individual !'I.. genes or larger portions of the human !'I.. cluster. 
The ability of the P DCR to activate other genes has been employed to 
overcome this obstacle. Introduction of the human p DCR, or a DNA 
segment carrying the - 6 and - 1 1  kb sites, is sufficient to produce high 
levels of !'I.. message (Ryan et a1 1989a; Hanscombe et aI 1989). This provides 
a practical solution for those who wish to assemble a complete human 
hemoglobin in the mouse, which is particularly useful for the development 
of systems for studying human hemoglobinopathies (Behringer et al 1 989; 
Greaves et al 1990; Ryan et aI1990). 

A
nn

u.
 R

ev
. C

el
l. 

B
io

l. 
19

90
.6

:9
5-

12
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

L
et

hb
ri

dg
e 

on
 1

0/
31

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



1 1 6 EVANS, FELSENFELD & REITMAN 

. As noted above, the human P DCR is not sufficient to confer devel­
opmental stage specificity in stably transformed cell lines. The same 
behavior has been observed in transgenic mice (Enver et aI 1989). Mice 
carrying the human fetal globin gene, Ay (with its local regulatory 
elements), fused to DNA containing the four upstream SH sites, express 
Ay in an erythroid-specific manner, but in both primitive and definitive 
cells. In earlier transgenic mouse studies in which the same gene was 
introduced without the DCR, the Ay gene was expressed in a stage-specific 
manner (i.e. in primitive cells only), although at a lower level (Chada et al 
1 986; Kollias et aI1986). There are a number of possible explanations for 
this behavior. It was suggested (Enver et al 1989) that in constructions 
such as these, which bring the DCR much closer than normal to the gene, 
the DCR might act as a powerful stage-independent enhancer (see below) ; 
alternatively, the deleted sequences that normally separate the DCR from 
the genes might contain negative control elements. 

A different and attractive model is based on the idea that the local 
control elements (the promoters and enhancers of the individual genes) 
compete with each other for interaction with the DCR, and that stage­
specific expression depends upon the presence of the full complement of 
genes . In this view, Ay is expressed in definitive cells in the above experi­
ments because it is no longer in competition with other genes in the cluster. 
The model is supported by recent results in transgenic mice (Enver et al 
1 990 ;  Behringer et al 1 990) showing that stage-specific regulation is 
restored when constructions carrying both 13- and y-globin genes are used, 
although it must be kept in mind that these experiments do not exclude 
possible effects of proximity. 

The competition model has also been proposed to account for altered 
relative levels of y and 13 gene expression in certain HPFH mutants (see 
for example Wood 1989); direct evidence for the operation of such a 
mechanism in the chicken 8 to f3A switch has been provided by Choi & 
Engel ( 1988). Competition models of this kind usually invoke physical 
contact between the proteins of the DCR and the promoter or enhancer, 
accompanied by looping out of the intervening DNA. In assessing such 
proposals, a distinction can be made between reversible and irreversible 
models. In a reversible model we suppose (for example) that the 13 and y 
promoters are both accessible to compete for interaction with the DCR 
within the expressing cell and that the observed preferential interaction 
reflects higher binding affinity or frequency of interaction with one of the 
two promoters. Such a model requires that all of the necessary trans-acting 
factors for both promoters still be present. In irreversible models, the 
competition event has occurred earlier (e.g. during cell division), perhaps 
inducing a chromatin conformation that locks in the ultimate pattern of 
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expression. (Of course "irreversibly" formed structures might be unlocked 
by events like cell fusion.) The fact that cells at different developmental 
stages have different chromatin structures at the inactive promoters (hyper­
sensitive domains are absent) suggests that any early competition events 
must have been followed by further changes. It must be kept in mind that 
in most cases cells expressing different globin genes belong to different 
lineages. 

THE DCR AS AN ENHANCER The properties of the f3 DCR in some ways 
resemble those of a distant and powerful enhancer, although the DCR 
clearly raises transcription levels in a way that the local f3 family enhancers 
and promoters do not. Various portions of the f3 DCR have been tested 
for enhancer function in transient expression experiments in K562 cells. 
In these experiments (Tuan et al 1989) the DCR element to be tested is 
positioned upstream of an e promoter fused to the CAT gene. Levels of 
expression are raised up to 300-fold by introduction of a fragment 0.8 kb 
long that spans the - 11 kb SH site (site II). This is the same fragment 
shown by Curtin et al (1989, see above) to function as a fully competent 
DCR in transgenic mice. In earlier experiments (Tuan et al 1987), frag­
ments containing this site gave 20-30-fold stimulation of a reporter gene, 
but none of the other upstream DCR elements had any effect. [Note that 
two of the other elements, at -14.5 and - 17.5 kb, are together sufficient 
to give appreciable DCR activity in stably transformed cells (Forrester et 
al 1989)]. 

Whether or not the DCR functions primarily as a super-enhancer, 
interacting with local regulatory elements, it has a dominant effect on 
chromatin structure as well, insulating the genes in its domain against the 
presumed suppressive effects of surrounding heterochromatin. Perhaps 
this effect arises directly from the presence of unusually large SH sites, 
which may create defects in the cooperative packing of nucleosomes that 
propagate outward from the sites over large distances. It is, however, 
equally possible that some elements of the DCR function specifically as 
nuclear matrix attachment points and that mechanisms a�sociated with 
the matrix induce the unfolding. It should be noted (Jarman & Higgs 1988) 
that MARs have been identified in the human f3 locus, some of them near 
the DCR, but not near the -11 kb SH site that, when present alone, 
displays a large fraction of the activity of the complete DCR. In any case, 
the discovery of dominant control (locus activation) regions provides 
our first information about the coupling of chromatin structure to gene 
expression and how this coupling is exploited to control globin gene 
activation and developmental switching. 

Our understanding of promoters, enhancers, and dominant control 
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regions is conditioned by the assay systems used to study them. Although 
transient expression studies (and transcription in vitro) can reveal certain 
aspects of regulatory mechanisms, they are not likely to detect effects that 
depend upon long-range chromatin strl!lcture. The full effects of DCRs 
may be displayed only in stably transformed cells or transgenic mice. 

The properties of the DCR suggest (Grosveld et al 1 987) a hierarchical 
model of control in which tissue specificity is determined in vivo primarily 
by the DCR, and stage specificity is conferred by the individual enhancers 
and promoters. In this view, the role of the DCR is at least permissive: it 
makes the local promoters and enhancers accessible to the binding of 
trans-acting factors. Although the DCRs are a great distance away in 
terms of DNA sequence, the packaging of DNA in chromatin fibers, and 
its probable attachment to the nucleoskeleton, open the possibility for 
intimate contact of all the regulatory elements within a functioning 
complex. New methods must now be devised to permit study of those 
complexes. 
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