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Distinct negative regulation of the human 
embryonic globin genes £ and &

Paul Watt, Peter Lamb, and Nicholas J. Proudfoot

Sir William Dunn School of Pathology, Oxford University, Oxford, England

The human embryonic globin genes £ and 8 are expressed when erythropoiesis is initiated at about 
the third week of development but are subsequently repressed as expression of the fetal globins, 
a and y, begins. We have examined the promoter region of the human ^-globin and e-globin genes 
in order to identify regulatory sequences that may be involved in this process. Stable transfection 
of the human erythroid cell line K562 with either a truncated form of the ^-globin gene, containing 
112 base pairs (bp) of 5'-flanking sequences, or a larger ^-globin construct, containing several hun
dred bp of 5'-flanking sequence, revealed that the ^-globin gene is subject to negative regulation 
by its 5'-flanking region. We have defined the sequences responsible for this negative regulation 
to a 22 bp region immediately upstream of the proximal promoter sequence of the ^-globin gene. 
A 22 bp oligonucleotide including this negative element was found to inhibit both the ^-globin 
and HSV TK promoters. We have also analyzed the promoter of the human e-globin gene, since 
it is coordinately expressed with ^-globin. We show that it is likewise subject to negative regulation, 
though in this case from a distal silencer element. Gel retardation and methylation interference 
assays have provided evidence of a factor which binds specifically to the e-globin silencer. However, 
no obvious sequence homology exists between the £ and 8 negative elements, and at least some 
of the factors that recognize these elements are distinct. We postulate that the negative transcrip
tional control elements in the human embryonic globin gene promoters contribute to the observed 
reduction in and e-globin gene expression that occurs during development.

Closely related genes within gene families 
may be expressed at different times du r

ing developm ent or in different cell types (e.g., 
Schwatz et al., 1981; Piatigorsky, 1984; Tilgh- 
m an et al., 1982). Characterization of the ele
m ents involved in their transcriptional control 
is therefore likely to be informative about the 
critical factors governing cell- or stage-specific 
gene expression. The hum an globin genes repre
sent a well-characterized gene family whose 
m em bers are expressed at different stages du r
ing development (Maniatis et al., 1980; Collins

et al., 1984). The first globin genes to be ex
pressed during hum an development are the a- 
like embryonic gene £ and the p-like embryonic 
gene s (Gale et al., 1979). Expression of these 
genes is thought to begin at about the third week 
of embryogenesis in the prim itive nucleated 
erythroblasts produced by the blood islands of 
the yolk sac. At about the fifth week of devel
opm ent, levels of the £- and s-globin proteins 
fall rapidly. The ^-globin protein is undetect
able by week six, whereas e-globin protein is de
tectable until week seven (Peschle et al., 1985).
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There is a coordinate increase in the levels of 
both  a-globin protein and the fetal P-like glo- 
bin proteins ^  and Gy. This change in globin 
types is often referred to as hemoglobin switch
ing. A second switch occurs in the P-like globin 
type shortly after birth, when the y proteins are 
replaced by the adult P protein.

DNA sequence elements involved in the tran 
scriptional regulation of various hum an globin 
genes, especially the y and p genes, have been 
studied in detail by in vitro mutagenesis and 
introduction of the m utated and wild-type genes 
into tissue culture cells or transgenic mice. These 
analyses have identified many positively acting 
control sequences both  5' and 3' o f the mRNA 
cap sites of these genes. Both the ^  and p- 
globin genes have erythroid-specific enhancer 
elements located 3' o f the gene (Bodine et al., 
1987; Kollias et al., 1987; Behringer et al., 1987; 
A ntoniou et al., 1988). The p-globin gene also 
appears to have an intragenic enhancer (Beh
ringer et al., 1987; Antoniou et al., 1988). U p
stream  of the cap site, most globin genes have 
the sequence motifs CACCC, CCAAT, and TATA 
(Efstratiadis et al., 1980; Dierks et al., 1983; Anag- 
nou et al., 1986; Myers et al., 1986), which also 
appear upstream  of many non-globin genes 
(Benoist et al., 1980; Jones et al., 1987; Graves 
et al., 1986; Dorn et al., 1987). In addition, a 
sequence related to GATAA is often found in 
globin and o ther erythroid-specific prom oters 
(for review see Orkin, 1990; Evans et al., 1988; 
Superti-Furga et al., 1988; Watt et al., 1990). Pro
tein factors binding to these elements have been 
identified (Barnhart et al., 1988; de Boer et al., 
1988; Superti-Furga et al., 1988; Watt et al., 1990). 
Recently, a prom oter m utation in the hum an 
y-globin GATA-1 binding site was shown to cause 
the hereditary persistence of fetal hemoglobin 
phenotype (Berry et al., 1992). However, the pre
cise role of such factors in the developmental 
regulation of the hum an globin genes is at pres
ent unclear.

In addition to local transcriptional control 
elements, both the a- and P-globin gene clusters 
contain long-range elements which ensure that 
the clusters rem ain within active chrom atin in 
erythroid cells. These regions, which lie 6-20 
kilobase pairs (kbp) upstream  of the hum an e- 
globin gene and 28-65 kbp upstream  of the £- 
globin gene, were originally identified as clus
ters of DNase I hypersensitive sites. They were 
term ed the P-DCR (LAR) and the a-PRE, but are

now known collectively as locus control regions 
(LCRs). W hen linked to globin genes and stably 
introduced into the chromosomes of cell lines 
or transgenic mice, these LCR elements confer 
high levels of position-independent, erythroid- 
specific expression on the associated genes 
(Grosveld et al., 1987; Higgs et al., 1990). The 
LCR elem ent seems therefore to create a large 
dom ain of “open chrom atin” (characterized by 
hypersensitive sites) that is stable throughout 
development (reviewed by Townes et al., 1990). 
LCR elements have also been shown to act as 
enhancers in transient assays, although their 
activity is markedly reduced, particularly in non- 
erythroid cells (Ney et al., 1990; Tuan et al., 1989; 
Pondel et al., 1992).

Besides possessing positive transcriptional 
control elements, a variety of genes transcribed 
by RNA polymerase II are negatively regulated 
(for review see Renkawitz, 1990, and Levine et 
al., 1989). Negative elements have been found 
close to the cap site, as well as several kbp dis
tan t from  it, and are sometimes associated with 
transcriptional enhancer elements. O ne of the 
best studied mammalian examples is the induc
ible enhancer of the hum an P-interferon gene, 
whose activity is repressed in uninduced cells 
by a negatively acting sequence (Goodbourn et 
al., 1986). M utations in this sequence result in 
increased basal levels of p-interferon transcrip
tion in uninduced cells (Goodbourn et al., 1986, 
1988). The negative elements associated with 
o ther genes may in some cases be involved in 
repressing gene expression in inappropriate cell 
types. For example, the chicken lysozyme and 
sperm-specific histone H2B genes both contain 
well characterized silencers that function only 
in specific cells (Barberis et al., 1987; Baniah- 
m ad et al., 1990; Weissman et al., 1991; Colan- 
tuoni et al., 1987; Im ler et al., 1987; Steiner et 
al., 1987; N ir et al., 1986; Muglia et al., 1986; 
Grinnell et al., 1988). In general, however, the 
sequences involved in specific transcriptional 
repression and the factors that bind to them  
are less well characterized than positively act
ing sequences and associated factors.

Previous work has shown that the cloned hu 
man a like embryonic globin gene  ̂is appropri
ately expressed when introduced into cells with 
an early erythroid phenotype such as K562 (Nor
m an et al., 1987), bu t not when introduced into 
the non-erythroid cell lines such as HeLa and 
Cos (Proudfoot et al., 1984). Watt et al. (1990)
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perform ed a detailed m utational analysis of 
the prom oter region of the ^-globin gene and 
defined positively acting sequences in the p ro 
m oter proximal region. We also identified a neg
ative elem ent in the prom oter proximal region 
of the ^-globin gene (Lamb et al., 1989). This 
paper extends these observations by showing 
that a short oligonucleotide that includes the 
negative sequence element represses the ^-globin 
prom oter in a variety of positions and in both 
orientations. The same oligonucleotide also in 
hibits transcription from the HSV TK promoter. 
The prom oter of the o ther embryonic globin 
gene (s) is also subject to negative regulation 
(Lamb et al., 1989; Cao et al., 1989). Transgenic 
experim ents have recently suggested a develop
m ental role for this negative elem ent (Raich et 
al., 1992). This paper characterizes the 5' and 
3' boundaries of the e-globin negative elem ent 
and dem onstrates its relative independence of 
position and orientation with respect to the 
promoter. Moreover, we provide evidence for 
a factor present in erythroid and non-erythroid 
nuclei that binds specifically to this silencer. 
However, both the cis-acting sequences and trans
acting factors responsible for the negative reg
ulation of s-globin appear to be distinct from 
that of the ^-globin gene. This observation 
argues against (but does not eliminate) the possi
bility that the two genes m ight be coordinately 
regulated by negative prom oter elements.

Materials and methods 

Plasmid construction

All DNA m anipulations were perform ed essen
tially as described by Sambrook et al. (1989). 
The plasmids £ and £T were previously de
scribed (Proudfoot et al., 1984). Similarly, the 
addition of the neo gene to pSVed and the oli
gonucleotide tag to £ have both been previously 
described by Norm an et al. (1987). The CAT ex
pression plasmid pCATO was made by ligating 
the Bgl II-BamH I fragment containing the CAT 
gene from the plasm id pSVO Bgl II, which has 
a Bgl II site instead of a H ind III site 5' of the 
CAT gene (Gorman et al., 1982), into the BamH I 
site of pUC119, such that the 5' end of the CAT 
gene was adjacent to the Sma I site of the pUC119 
polylinker. pCATE was then constructed by in 
serting the SV40 enhancer sequence into pCATO 
(see Watt et al., 1990, for fu rther details). The

- 113£, -96C, and -84£  CAT constructs are de
scribed by Lamb et al. (1989) and Watt et al.
(1990).

The 22 bp negative element (NE) oligonucleo
tide was form ed by annealing synthetic oligo
nucleotides with the sequences 5'CAAACCCCA 
GTCCCACAGAGCT3' and 5'CTGTGGGACTGG 
GGTTTGAGCT3' to give a duplex with cohesive 
Sac I ends. The duplexed oligonucleotide was 
then ligated into the relevant £-CAT construct 
cut with Sac I. The sequence of the inserted 
oligonucleotide and its orientation were deter
m ined by DNA sequencing. The 200 bp TK-CAT 
construct was made by ligating the Pvu II-Bgl II 
fragm ent containing the TK prom oter (Mc- 
Knight, 1980) into the Sma I site of pCATO. The 
NE oligonucleotide was then cloned into the 
Sac I site as above. The 105 bp TK-CAT construct 
is called BL2CAT (Lucknow et al., 1987). The 
NE oligonucleotide was cloned into this plas
mid by blunt-end ligation into a filled-in BamH I 
site immediately 5' of the TK promoter. The 
NE oligo was obtained in blunt-ended form  by 
digesting a subclone containing a single copy 
of the NE in the Sac I site of pUC119 with EcoR I 
and BamH I, then filling in the overhanging 
ends with Klenow polymerase.

The e-CAT constructs of Figure 3 were m ade 
by inserting blunt-ended EcoR I-Pvu II (-2 .0  
kb to + 20 bp) or EcoRV-Pvu II ( -  270 bp to + 20 
bp) or BamH I-Pvu II (-175  bp to + 20 bp) frag
ments from the hum an e-globin gene (Baralle 
et al., 1980) into the Sma I site of pCATO to 
produce constructs A, C, and B respectively. The 
Hae III to BamH I fragm ent (-4 0 0  to -175) 
was isolated from a polyacrylamide gel after 
blunt-ending, and was ligated into the blunt- 
ended Asp 718 site, which is immediately 5' of 
the Sma I site, into which the 8-gene BamH I -  
Pvu II fragment had been ligated in construct B. 
This resulted in construct E (natural o rien ta
tion) and construct F (reverse orientation). The 
internal deletion construct D was made by re 
ligating a filled-in EcoR V -partial BamH I 
restriction digest of construct A. The linker 
insertion m utant (construct G) was m ade by 
cleaving at the unique EcoR V site within the 
8-promoter in construct A and ligating in a 
17 bp oligonucleotide with flush ends encod
ing Xho I and H ind III sites (formed by anneal
ing the oligonucleotide 5'CTCGAGTAAGTAAG 
CTT3' and its complement). An internal dele
tion was introduced upstream  of the EcoR V
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site by Bal 31 digestion of construct E (described 
above). This 3' deleted fragm ent was isolated 
from  an agarose gel after Sac I digestion and 
ligated to the large Sac I-EcoR V fragm ent from 
construct A in the presence of the same 17 bp 
linker.

The 5' deletion constructs of Figure 4 were 
derived from construct E (above) by Bal 31 di
gestion of a linear Sma I digest, filling in and 
digesting with H ind III, p rio r to ligation with 
a pCATO/Sma I-H in d  III vector to ensure un i
form  3' deletion endpoint boundaries. The 3' 
deletion m utants of Figure 4 were made as fol
lows: construct E was linearized with EcoR V, 
followed by partial digestion with Bal 31 exo
nuclease. The digestion mixture was then ligated 
with a Bgl II linker (GAAGATCTTC) and trans
form ed into E. coli. A ppropriately sized clones 
were digested with Bgl II and filled in p rio r to 
digestion with EcoO109, which cuts in vector 
sequence on the 5' side of the insert. The EcoO 
109-Bgl II fragm ent containing the upstream  
portion  of the Bal 31 deleted prom oter was li
gated into a vector fragment derived from EcoO 
109-EcoR V digestion of construct E. The re
sultant clones have varying 3' deletion bound
aries bu t uniform  5' deletion boundaries. The 
exact endpoints of clones were determ ined by 
DNA sequencing.

The cotransfection control plasm id express
ing P-galactosidase contains the lacZ gene under 
the control of a mouse P-actin prom oter (see 
Watt et al., 1990).

Cell culture, transfection, and enzymatic assays
Putko cells (a hybrid cell line form ed by the fu
sion of the cell line K562 and a B-cell lymphoma 
that have retained an early erythroid phenotype, 
including the expression of the £-gene; Klein 
et al., 1980) were grown in RPMI supplem ented 
with 10% fetal calf serum, 100 (ig/ml penicillin, 
and 100 U/ml streptomycin, and were split 1:5 
every two days. HeLa and K562 cells were grown 
in DMEM containing the same supplements and 
were split 1:3 every two days.

HepG2 cells were grown in DMEM with 
added non-essential am ino acids. Otherwise 
the same supplem ents were used.

Putko cells were transfected by electropora
tion. The day before transfection, the cells were 
split 1:5. The following day, the cells (5 x 106-  
107) were pelleted and resuspended in 1 ml of 
HEPES buffered saline (pH 7.1) containing 0.5%

PEG 6000. DNA (50 jag of test plasmid, 5 |xg of 
control plasmid) was added and the cells given 
a single shock of 1750 V at 25 \iF using a Bio
rad Gene Pulsar. The cells were transferred im
mediately into half of their original volume of 
m edium  and harvested 40 hours later. HeLa, 
HepG2, and K562 cells were transfected using 
the standard calcium phosphate coprecipitation 
technique (Graham and van der Eb, 1973). Fif
teen jug of test plasmid and 5 jug of control plas
m id were used per 90 mm plate. The precipi
tate was left on the cells for 12 hours, and the 
cells harvested 24 hours after its removal.

Cellular lysates were prepared by sonication. 
The cleared lysates were assayed for P-galacto
sidase activity exactly as described by Herbomel 
et al. (1984). Lysates corresponding to equal 
amounts of p-galactosidase activity were then 
heated to 65°C for 5 minutes and used in a stan
dard CAT assay (Gorman et al., 1982). CAT assays 
were quantitated by cutting the labeled (chlor
amphenicol and 3-acetyl chloramphenicol) spots 
from  the plate and counting them  in a liquid 
scintillation counter. The conversion figures 
(percentages) so obtained were then divided 
by the percentage of conversion of the back
ground plasm id pCATE or pCATO to give the 
relative CAT activities. Transfections were re
peated with different DNA preparations. How
ever, the same preparation of background plas
m id (pCATO) was used throughout a particular 
set o f experiments, as we have found that the 
level of background can vary between different 
preparations (and when different batches of cells 
are used) — see Figure 6. For this reason, the rela
tive CAT activities of two different sets of ex
perim ents cannot be directly compared.

SI nuclease RNA analysis

A H inf I fragm ent from the tagged £ gene was 
kinase-labeled and strand-separated (see Fig. IB), 
as described by Proudfoot et al. (1984). This anti- 
sense single-stranded DNA was annealed to K562 
cytoplasmic RNA digested with SI nuclease and 
the DNA products fractionated by 7M urea poly
acrylamide gel electrophoresis (all described 
by Proudfoot et al., 1984).

Preparation of nuclear extract

This was essentially according to the m ethod 
of Dignam et al., (1983) using HeLa or MEL cells 
grown in suspension.
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Tag

Endogenous i  m RNA — •

Transfected 3 m RNA ____________ #

Figure 1. Negative regulation o f the ^-globin gene. 
A. RNA analysis using SI nuclease of cytoplasmic RNA 
obtained from K562 cells stably transfected with either 
£ pSVedNeo (lanes Q and £2) or pSVedNeo (lanes 
^T1 and £T2). The positions of the endogenous £ mRNA 
signal, transfected £ mRNA signal, and readthrough sig
nals are indicated. Lane K is with untransfected K562, 
while lane 6 is a tRNA control. B. Diagram showing 
the positions of the DNA probe and SI protected sig
nals obtained with respect to a map of the C, globin gene. 
The C gene is depicted by a line for the 5'-flanking se
quence, an open box for the 5' non-coding region, a 
hatched box for exon 1, and a dashed box for intron 
1. Tag denotes oligonucleotide insert into the C, gene 
to allow endogenous and exogenous C, mRNA to be 
distinguished.

Gel retardation assays

Gel shift assays were based on the m ethod of 
G arner and Rezvin (1981) as modified by Singh 
et al. (1986). The NNE oligonucleotide (see be

low) was kinase-labeled and annealed to an ex
cess of its complementary strand in 50 mM KC1. 
Approximately 20-50 fmoles of labeled oligo
nucleotide probe were incubated with 0.5-2 pi 
o f nuclear extract in 20 pi of binding buffer 
(10 mM Tris-Cl, pH7.5; 50 mM NaCl; 1 mM 
EDTA; 5% glycerol; and 2 pg poly(dl-dC), P har
macia) for 20 m inutes at 20°C. Binding reac
tions were loaded directly (without dye addition) 
onto 6% non-denaturing gels and were run  in 
0.25X TBE at 8V/cm. The following oligonucleo
tides were annealed to their com plem entary 
strands in 50 mM KC1 by cooling slowly from 
80°C: wild-type oligo NNE 5AGATCTGTCA 
ACTGTCACCACCTTTAAGGC3' m utant oligo 
MOE2/3 5 AGATCTTTCAACTTTAACCACCT 
TTAAGGC3', m utant oligo MOE4/5 5AGATCT 
TGGTTGGTGAACCACCTTTAAGGC3' (altered 
residues are emboldened and underlined). After 
dilution to 2 ng/pl, the oligonucleotides were 
added as unlabeled com petitors in gel re ta r
dation binding reactions at the final concentra
tions described in Figure 5. These com petitor 
oligonucleotides were preincubated with n u 
clear extract at room  tem perature for 5 m in
utes in binding buffer p rio r to the addition of 
the labeled probe oligonucleotide.

Methylation interference assay
Either the sense or the antisense strand of the 
oligonucleotide NNE (see above) was labeled 
at the 5' end p rio r to annealing with its com 
plement. These double-stranded oligonucleo
tides were then partially methylated with DMS 
according to Maxam and Gilbert (1980). After 
precipitation and resuspension, the probes were 
incubated with MEL nuclear extract in a gel re 
tardation binding reaction, as described above. 
Following electrophoresis on a 6% non-denatur
ing gel, bands corresponding to the retarded  
complex (C) and the probe (P) were isolated, 
cleaved with NaOH, and fractionated on a 16% 
denaturing polyacrylamide gel.

Results

The S'-flanking region of the ^-globin gene 
contains a negative regulatory sequence

In a preliminary set o f experiments, the expres
sion of two previously described ^-globin gene 
constructs called £ and £T was investigated after 
stable transform ation of the hum an early ery-
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th ro id  cell line K562 (Lozzio and Lozzio, 1975). 
The construct £ contains 300 bp o f sequence 
upstream  of the £ cap site, while £T has been 
truncated  to leave only 112 bp. Both constructs 
possess an oligonucleotide tag in exon 1, which 
allows transcripts from these introduced genes to 
be distinguished from the endogenous £-globin 
mRNA (Fig. IB) present in K562 cells. Two pools 
o f transform ants, each consisting of approxi
mately 100 individual clones, were analyzed for 
expression o f both  constructs by 5' SI nuclease 
mapping. The DNA probe used is illustrated 
in Figure IB, along with the relative size of re
sistant hybrids expected from  endogenous and 
transfected £ gene mRNAs. The results of the 
5' SI analysis are shown in Figure 1A. Correctly 
initiated expression from both C gene constructs 
is observed, but at a significantly lower level than 
tha t seen from  the endogenous gene. This is 
likely to be due to the absence of the a-locus 
control region (LCR) element (Higgs et al., 1990) 
from  these constructs. The LCR element, if in
cluded, might have enhanced expression, as well 
as conferred independence from inhibitory posi
tion effects. However, it is clear that the in tro
duced £T gene construct expresses considerably 
m ore correctly initiated mRNA than the C, gene 
construct (fourfold, as determ ined by densi
tometry) in the duplicate experiments. These 
results are consistent with the presence of a neg
ative regulatory elem ent between -112  and 
-  300 in the £ gene promoter. A low level of tran
scription initiates upstream  of the norm al start 
site in pools containing both £ and £T constructs 
(m arked as £T m ismatch in Figure 1A). This 
probably reflects readthrough transcription 
in itiating in adjacent vector or chromosomal 
sequences. Significantly, its level is similar in 
all pools.

A short oligonucleotide including the ^-globin 
negative element inhibits promoter activity

The experim ent described in Figure 1 shows 
that the prom oter of the ^-globin gene is sub
jec t to negative regulation. We have defined this 
negative elem ent m ore fully elsewhere by dele
tion and linker scanning mutagenesis. This work 
identified a short region of the prom oter that 
was necessary for repression (Lamb et al., 1989). 
Figure 2A summarizes the structure of the 
^-globin gene promoter, indicating the positions 
o f both  the positively acting sequences as de
fined by Watt et al. (1990) and Yu et al. (1990)

and this negative element. The sequence of the 
negative elem ent is also indicated. To investi
gate further whether this sequence was also suffi
cient for repression, a 22 bp synthetic oligonu
cleotide (the NE oligo) containing sequences 
from -152 to -135  in the (^-promoter was cloned 
in front of several of the deleted ^-promoter/CAT 
constructs. In an initial set of experiments, the 
NE oligo was cloned in both orientations in front 
o f a - 113 ^-promoter deletion. These plasmids 
were then transfected into Putko and HeLa cells, 
and the CAT activities obtained are shown in 
Figure 2B. As described in Materials and M eth
ods, all CAT activities are corrected for trans
fection efficiency by m easuring P-gal activity 
from  a cotransfected plasmid. Putko cells are 
a hybrid cell line form ed by the fusion of the 
cell line K562 (used above) and a B-cell lym
phom a (Klein et al., 1980); they have retained 
an early erythroid phenotype, including the ex
pression of the (^-gene. In both cell types, con
structs with the oligonucleotide in the sense 
orientation give approximately threefold lower 
levels of CAT activity than the -113  deletion 
alone. In the antisense orientation the oligo
nucleotide has about a twofold negative CAT 
effect on expression. The 22 bp oligonucleotide 
is therefore capable of mimicking the effect of 
the NE and is effective in both cell types. The 
NE is also capable of functioning out of its no r
mal position, and nearly as well in the reverse 
orientation. We have inserted an unrelated  oli
gonucleotide 42 bp long into exactly the same 
position in the -113 deletion construct and 
found that this has no effect on the levels of 
CAT activity produced (data not shown). We per
form ed 5' end RNA m apping experiments with 
RNA isolated from HeLa cells transfected with 
the -113  £-CAT plasm id and showed that tran
scription initiates correctly at or close to the 
norm al ^-globin gene cap site (data not shown). 
The NE oligonucleotide has also been inserted 
im m ediately upstream  of the -9 6  and -8 4  
^-promoter deletions. In each case insertion of 
the NE results in a reduction of CAT activity 
(Fig. 2A). This dem onstrates that the NE can 
operate independently of sequences between 
-1 3 5  and -8 4 , and that it is capable of inh ib
iting a relatively simple prom oter containing 
a CCAAT and TATA box as its only recogniz
able elements.

We have tested the effect of the NE oligonu
cleotide on a heterologous prom oter by insert-
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Figure 2. Characterization of ^-globin promoter neg
ative element. A. Diagram showing the relative posi
tions of the promoter proximal elements of the human 
^-globin gene. The positive elements are drawn above 
the line, while the negative element together with its 
sequence is drawn below the line. B. The effect o f the 
negative element oligonucleotide on the C and TK pro
moters. CAT activities o f the different constructs are 
given relative to pCATE (£-CAT constructs) or pCATO 
(TK-CAT constructs) and are ± s.e.m. The number of 
experiments is shown in brackets. The columns indi
cate the cell type into which the constructs were trans
fected. The structure of each construct is shown to the 
left o f the column. The figure above each set of con
structs gives the length of the £ promoter sequence in 
bp relative to the cap site. The negative element oli
gonucleotide is represented by a hatched box, and its 
orientation when known is given by the arrow.

ing it upstream  of the well characterized HSV 
TK promoter. The NE oligo was inserted in both 
orientations upstream  of TK prom oters 200 bp 
and 105 bp long (Fig. 2B). These constructs were 
then transfected into HeLa cells and their rel
ative CAT activities determ ined. The results 
show that the ^-promoter NE oligonucleotide 
is capable of repressing a TK prom oter 105 bp 
long in both  orientations. The m agnitude of 
the repression is similar to that observed when 
the NE oligo is placed in front of the ^-promoter. 
However, the NE oligo has only a small effect 
when positioned in front of a TK prom oter 200 
bp long in the sense orientation, and has no 
significant effect in the antisense orientation. 
Hence, although the NE is not promoter-specific, 
it exhibits distance-dependence and will not 
function if placed too far from the cap site. Since 
these constructs do not contain the SV40 en
hancer, the above data dem onstrate that the 
inhibitory effect is an enhancer-independent 
phenom enon.

The human e-globin gene promoter is also 
under negative control

We conducted a similar study of the hum an s- 
globin gene prom oter in order to allow a com 
parison between the prom oters of the coordi
na te^  regulated embryonic globin genes. A DNA 
fragm ent extending from  -  2.0  kb to -I- 2 0  of the 
hum an s-globin gene (Baralle et al., 1980) was 
linked to the CAT gene in the plasm id pCATO 
lacking the SV40 enhancer. Various deletions 
of the e-globin prom oter were made, and the 
resultant constructs were transfected into HeLa 
cells and in some cases into Putko cells. After 
a two-day period of expression, the cells were 
harvested and the relative CAT activities of each 
construct determ ined (see Materials and M eth
ods). The results of these experiments are shown 
in Figures 3B and 4B. Figure 3A shows a map 
of the e-globin gene promoter. Deletion from 
-2 .0  kb to -270  bp (construct C) results in a 
fivefold increase in CAT activity in HeLa cells; 
further deletion to -175  bp has little additional 
effect (construct B). The same pattern  is evi
dent in Putko cells (Fig. 3B), as deletion from 
- 2.0  kb to -1 7 5  bp gives a sevenfold increase 
in CAT activity (note that taking erro r into ac
count, the level of repression is not significantly 
different from that observed in HeLa cells). This 
result shows that the eNE, like the £NE, is not 
erythroid-specific. Prim er extension experi-
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Figure 3. e-globin promoter neg
ative element. A. Diagram show
ing the relative positions o f the 
promoter proximal elements o f  
the human e-globin gene. The pos
itive elements are drawn above the 
line, while the negative element 
is drawn below the line. B. Rel
ative CAT activities o f e-CAT con
structs. CAT activities are given 
relative to the promoterless con
struct, pCATO, and are ± s.e.m. 
The number of experiments is 
given in brackets. Columns indi
cate the cells into which the con
structs were transfected. Four rele
vant restriction sites in the human 
e-globin gene 5' flanking region 
are shown in construct A. The in
sert orientation in constructs E 
and F is indicated by arrows.

ments with RNA isolated from HeLa cells trans
fected with the -1 7 5  bp e-CAT clone confirm 
that the RNA is initiated at the correct cap site 
(data not shown).

The e negative elem ent was fu rther localized 
by cloning a restriction fragm ent extending 
from -175  to -400  in both orientations in front 
of an e-promoter truncated to the same site 
(-175). Expression of these constructs in HeLa 
cells shows that this -4 0 0  to -1 7 5  fragm ent 
includes all the inhibitory activity and functions 
equally well in both orientations (see constructs 
E and F, Fig. 3B). Two small disruptions were 
made within this fragment: in one, a 17 bp linker 
was inserted into the EcoR V site; in the other, 
a 3' deletion of 20 bp was made from the EcoR V 
site before insertion of the same linker (con
struct G, Fig. 3B). N either of these m utations 
affects the negative elem ent (data not shown). 
The simplest interpretation of these preliminary 
results is that the negatively acting sequences 
in the s-globin gene 5'-flanking region lies 
within a 110 bp region between the Hae III site 
at -4 0 0  and a position 2 0  bp upstream  of the 
EcoR V site at -290 , as shown in Figure 4A.

To assess the position-independence of this 
negative element, we deleted sequences between 
-2 7 0  and -1 7 5  of construct A to create con
struct D. This construct retains full repression. 
Indeed, we observe a significantly greater repres
sion when the negative elem ent is moved closer 
to the minimal prom oter (note, however, the

large relative standard errors of constructs A, 
E, and F, which preclude precise quantitative 
comparison). Similar position effects have been 
observed for other elements in prom oters and 
enhancers.

Further definition of the e-globin 
negative element

In order to characterize protein factor(s) p re 
sumed to be interacting with the e-globin neg
ative elem ent (eNE), we decided to define its 
boundaries m ore precisely. Starting with con
struct E of Figure 3B, we used Bal 31 m utagene
sis to make 5' deletions from the -4 0 0  Hae III 
site and 3' deletions from the -  270 EcoR V site 
in the e-globin promoter. The deletion con
structs are named according to their endpoints 
(Fig 4B). These constructs, together with pos
itive and negative controls (constructs C, D, and 
E), were transfected into Hela cells. As before, 
a cotransfection control plasmid expressing 
P galactosidase was included in each transfec
tion. After 48 hours, cells were harvested and 
CAT activities determined. Each transfection was 
perform ed at least twice; the results were scored 
as positive ( + ) if the CAT activity was five times 
or m ore than that of the negative control (con
struct A). Otherwise CAT activities were scored 
as negative ( - ) . Figure 4B shows that even the 
smallest deletion of 16bp (-4 0 0  to -384) from 
the 5' side of the negative element was sufficient 
to increase expression, while further deletion
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Figure 4. Further definition o f e-globin negative ele
ment. A. Sequence of the upstream region of the 
e-globin promoter containing the negative element is 
shown between the Hae III and EcoR V restriction 
sites. B. Summary of CAT activities o f human e-globin 
5' and 3' promoter deletion constructs. Truncations of 
the eNE region were transfected into HeLa cells, to
gether with positive and negative controls (constructs 
C, D, and E of Figure 3). The marked boundaries of 
the horizontal bars represent the deletion endpoints 
(shown next to each boundary) o f the constructs, which 
are named by these endpoints. A simplified map of the 
largest o f these constructs (E) is shown below. CAT ac
tivities o f constructs —relative to that o f the vector 
plasmid —were scored as positive (+) if the level o f rel
ative CAT activity was at least 5 times that o f pCATE, 
and otherwise scored as negative ( -) .
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(-363 , -341, -320) had little additional effect. 
To determ ine the 3' boundary of the negative 
element, six deletion constructs (-291  through 
-368 ) were made. None of these 3' deletion 
constructs gave increased expression over the 
construct A control (Fig. 4B). This result sug
gests that the 3' boundary of the eNE lies u p 
stream  of -3 6 8  or that the elem ent contains 
functionally redundant parts. This observation 
is inconsistent with a model proposed by Cao 
et al., (1989), which suggested that two short 
regions of the e-globin prom oter with some 
homology to the chicken lysozyme silencer

(-2 9 3  to -2 8 4  and -2 5 2  to -244) may be re
quired for repression.

A factor binds specifically to the e-globin 
negative element

Having further defined the probable boundaries 
o f at least one dom ain of the eNE to a 32 bp 
region between -4 0 0  and -3 6 8  (from the cap 
site), we looked for transcription factors bind
ing to this region. A parallel study previously 
defined the 5' boundary of the eNE to be -3 9 2  
(Cao et al., 1989), thereby reducing the sequence 
m ost probably responsible for repression to be
tween -3 9 2  and -368. We designed an oligo
nucleotide (NNE) that extended from  -3 9 2  to 
-3 6 9  (see underlined sequence in Figure 4A). 
This wild-type oligonucleotide contained an en
gineered Bgl II site at the 5' side, which p ro 
vided some additional flanking sequence. Two 
m utant oligonucleotides were also m ade and 
have been designated MOE2/3 and MOE4/5. The 
sequences of the sense strand of all three oli
gonucleotides are shown below 5'-3' with the 
altered bases em boldened and underlined:
NNE 5' AG ATCTG TCAACTGTCACCACCTTTAAGGC 3' 
MOE2/3 5' A G A TC TITC A A C TITA A C C A C C TTT A A G G C  3' 
MOE4/5 5' A G A TCTTGGTTGGTGAACCACCTTTAAGGC 3'

Oligonucleotide NNE was radiolabeled, an
nealed to its com plem entary strand, and used 
in native gel retardation  (gel shift) assays using 
either HeLa or MEL nuclear extract. O ligonu
cleotides NNE, MOE2/3, and MOE4/5 were each 
annealed to their respective complements and 
used as unlabeled com petitors in the binding 
reactions of the same gel shift assays. Figure 5A 
shows such a gel shift com petition experim ent 
using an NNE probe and increasing amounts 
of unlabeled NNE, MOE2/3, and MOE4/5 oligo
nucleotides as com petitors in a binding reac
tion containing HeLa nuclear extract. As indi
cated, there is a single retarded  complex C, 
which we have found to have indistinguishable 
mobility from that seen with MEL nuclear ex
tract (see below and data not shown). This com
plex is sensitive to com petition with hom olo
gous wild-type NNE competitor, while being 
relatively resistant to com petition with either 
of the m utant com petitors MOE2/3 or MOE4/5. 
The eNE-binding factor present in HeLa cells 
does not appear to be O-glycosylated, since the 
protein  giving rise to the retarded  complex C 
is not retained on a wheat-germ agglutinin col
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um n (S. Till and S. Murphy, unpublished results). 
Figure 5B shows a similar gel shift com petition 
assay using MEL cell nuclear extract in which 
two retarded  complexes (A and C) can be seen. 
Complex A is probably a non-specific artifact, 
since its intensity did not vary greatly or consis
tently in the presence of any com petitor (Fig. 5 
and data not shown). As before, however, com
plex C was sensitive to homologous competition 
and was very resistant to competition with either 
of the m utant oligonucleotides. For example, 
2 ng (100  fmoles) of the homologous com pet
itor (NNE) is sufficient to remove virtually all 
of the labeled complex C, while this quantity 
of the m utant oligonucleotides had little effect. 
Note also the increased binding of the specific 
band C with increasing m utant competitor. This 
probably reflects the removal of an alternative 
com peting interaction that is less specific. In

summary, the data of Figure 5A and B provide 
evidence of similarly sized, possibly identical 
factors in MEL and HeLa nuclear extracts that 
bind specifically to the eNE.

Methylation interference analysis of factor(s) 
binding to the sNE

To determ ine the precise contacts of the NNE 
binding factor with the eNE, we analyzed com
plex C (see Fig. 5A) by methylation interference. 
E ither the sense strand or the antisense strand 
of oligonucleotide NNE was labeled p rio r to 
annealing of the complem entary strand. These 
double-stranded oligonucleotides were then par
tially methylated with dimethyl sulphate. After 
purification, these probes were incubated in 
binding reactions with MEL nuclear extract, as 
described above. Following native gel electro
phoresis, DNA from the retarded complexes (C)

A HELA EXTRACT
NNE MOE2/3 MOE4/5

0 1 2 4 8 0  1 2 4 8  0 1 2 4 8  (ng competitor)

METHYLATION INTERFERENCE

SENSE ANTISENSE 

~ C  P C P-  g+a

S AS

5' 3' 
A T 
G C 
A T 
T A 
C G 
T A 

►G C 
T A 
C G" 
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C G 
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►G C 
T A 
C G - 
A T 
C G 
C G 
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C G 
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T A 
T A 
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A T 
A T 
G C 
G C 
C G

Figure 5. Factor binding to the 8 
negative element. A and B. Gel 
retardation assay of an eNE oligo
nucleotide using Hela and MEL 
nuclear extract, respectively. The 
wild-type NNE oligonucleotide 
was used as the probe. The extract 
was preincubated with three un
labeled competitor oligonucleo
tides— the homologous (NNE) oli
gonucleotide, the mutant (MOE2/ 
3), or the more extensively mu
tated (MOE4/5) — at increasing con
centrations, shown above the fig
ure in nanograms. Complexes A 
and C are indicated together with 
the unbound probe (P). C. Meth
ylation interference analysis of 
complex C from panel B. The 
cleavage ladder resulting from 
methylation interference o f the 
NNE oligonucleotide in MEL 
complex C is shown on the left. 
Whether the sense or antisense 
strand is labeled is indicated 
above, together with the ladder’s 
derivation from gel-retarded 
material (C) or from unretarded 
probe material (P). The G+A  
ladder from formic acid modifica
tion o f NNE is shown in the right 
lane. Guanosine residues, which 
strongly inhibit complex C forma
tion when methylated, are indi
cated with arrows, both on the 
cleavage ladder and on the corre
sponding sequence (shown on the 
right).
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and from  the unbound  probes (P) was isolated 
and cleaved with alkali before running  on a de
naturing acrylamide gel. Figure 5C shows the 
resu ltan t cleavage ladders. Guanosine (G) resi
dues that interfere with complex form ation are 
indicated with arrows both  on the autoradio
graph and on the corresponding sequence 
shown alongside. Four out of the twelve G resi
dues in NNE strongly inhibited factor binding 
upon  m ethylation (compare the intensity of 
bands m arked by arrows in C and P lanes). It 
is interesting to note that the contacting G resi
dues occur in symmetrical pairs on different 
faces o f the helix, suggesting that the interact
ing factor may wrap around the DNA to some 
extent. It is significant that oligonucleotides 
MOE2/3 and MOE4/5, which fail to compete 
efficiently with factor binding to oligonucleo
tide NNE (Fig. 5A and B), lack the critical G 
residues im plicated in protein contact.

The £ and 8 negative elements are different 
sequences and are recognized by different 
trans-acting factors
A com puter-aided com parison of the eNE se
quence with the £ negative element, defined 
above, revealed no striking homologies. Never
theless, it could be argued that a common fac
tor interacts with each of the two negative ele
m ents via distinct DNA-binding domains. An 
alternative way to investigate the relationship 
between the 8 and £ negative elements would 
be to com pare the factors with which they inter
act. So far, however, we have failed to detect 
specific factors that interact with the £NE in 
vitro, possibly reflecting their low abundance 
o r instability in nuclear extracts. We therefore 
tested a variety of different cell lines for their 
responsiveness to the 8 and £ negative elements. 
Both negative elements function in MEL, K562, 
Putko, and HeLa cells (Lamb et al., 1989; Cao 
et al., 1989; and data not shown). Figure 6 , how
ever, shows the result of CAT assays perform ed 
with lysates of the hum an hepatom a cell line 
HepG2 transiently transfected with constructs 
that contain or lack 8 and £ negative elements. 
The long and short forms of e-CAT that possess 
or lack the eNE show a striking difference in 
activity (Fig. 6A), suggesting that the eNE is ac
tive in this cell type. In contrast, the -1 0 5  TK 
CAT construct with or w ithout the £ negative 
elem ent shows no significant difference in lev
els (Fig. 6 B). Apparently HepG2 cells possess

the necessary trans acting factors to allow the 
eNE bu t not the £NE to operate. These results 
therefore dem onstrate that at least some of the 
trans acting factors that recognize the £NE must 
be distinct from those that recognize the eNE.

E p silo n  Globin

-180 -2000 CATO

B
Zeta G lobin

CATO -105 -105 -105 -105
+ NE +NE

Figure 6. Activity o f the e and £ negative elements in 
HepG2 cells. A. CAT assays of lysates from HepG2 cells 
transfected with e-promoter CAT plasmids containing 
180 and 2000 bp of e-promoter sequence. B. Dupli
cate CAT assays o f lysates from HepG2 cells transfected 
with TK-CAT plasmids in the absence (-105) or pres
ence ( -1 0 5 +NE) o f the £ negative element oligonucleo
tide. CATO is the background control plasmid (see Ma
terials and Methods).
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This conclusion is supported by the observa
tion that an unlabeled oligonucleotide con
taining the £NE (NNE) failed to com pete with 
factor binding to the eNE in gel retardation 
assays using the NNE oligonucleotide probe 
(data not shown).

Discussion

We have defined a negative elem ent in the p ro 
m oter of the hum an ^-globin gene. This £NE 
is directly adjacent to various positive elements 
that together make up the minimal prom oter 
o f the ^-globin gene. Deletion of this negative 
elem ent results in a 3- to 4-fold increase in 
mRNA initiating at the £ gene cap site, both in 
stably transfected K562 cells and in transient 
assays with Putko cells (Lamb et al., 1989). 
Analysis of linker scanning m utations in the 
^-promoter confirms the presence of a negative 
elem ent in the -1 4 0  region (Lamb et al., 1989). 
Indeed, a 22 bp oligonucleotide (£NE oligo) that 
includes sequences between -1 5 2  to -1 3 5  in 
the ^-promoter is capable of inhibiting expres
sion from  several ^CAT constructs in both 
orientations, although the natural orientation 
is m ore effective. This effect is observed in both 
Putko and HeLa cells. Hence this negative con
trol is not restricted to erythroid cells. However, 
we have found that repression of the ^-promoter 
is not observed in the hum an hepatom a cell 
line HepG2, indicating that it is not a ubiqui
tous phenom enon. The synthetic oligonucle
otide is also capable of inhibiting an HSV TK 
prom oter 105 bp long, dem onstrating that the 
negative elem ent is not promoter-specific. It 
does, however, exhibit distance-dependence, hav
ing little effect on the TK prom oter when placed 
200 bp from  the cap site. This is a property 
shared with many prom oter elements.

The fact that the £- and e-globin (Cao et al., 
1989) prom oters are negatively regulated in 
K562 and Putko cells that express their endoge
nous £ genes may at first appear to be paradox
ical. However, although these cell lines possess 
positive factors required for embryonic globin 
gene expression, they may in fact be only “semi- 
permissive” for £- and e-globin gene expression 
by virtue of the presence of the putative neg
ative regulatory factors. The cells that initially 
express the embryonic globin genes (early prim 
itive nucleated erythroblasts) in vivo probably 
express their and e-globin genes at higher lev

els than K562/Putko cells, and we suggest that 
they could lack active factors that bind to the 
negative elements. Conversely, erythroid cells 
that are produced at later times during devel
opm ent and that synthesize lower levels of em 
bryonic globins might be expected to contain 
higher levels (or a larger portion of an active 
form) of these factors. We have in fact dem on
strated that the £ NE has a fourfold inhibitory 
effect on its prom oter in the mouse adult ery
throid cell line MEL (data not shown). However, 
this is no greater than the effect we observed 
in hum an Putko cells. Possibly, factors that rec
ognize the £NE are partially species-specific, so 
that a more complete silencing of the £ p ro 
m oter by its NE can be achieved only in hum an 
adult erythroid cells. Negative regulation of the 
£- and 8-promoters is also evident in HeLa cells, 
which are non-erythroid and do not express any 
of their endogenous globin genes. Hela cells 
lack the factor GATA-1 (reviewed by Orkin, 1990) 
required  for the activity of some globin gene 
promoters and enhancers. In addition, the chro
mosomal globin genes in non-erythroid cells 
such as HeLa cells are packaged into inactive 
chrom atin (Weintraub et al., 1976; Yagi et al., 
1986), so that they are presum ably inaccessible 
to transcription factors. Based on the negative 
regulation of the 8- and ^-promoter in HeLa 
cells, we therefore consider it likely that the puta
tive negatively acting factor present there reg
ulates o ther (non-globin) genes. The ability of 
the £NE and eNE (Cao et al., 1989) to repress 
a non-globin (TK) prom oter is clearly consis
tent with this hypothesis.

We have also studied the hum an e-globin 
gene prom oter to allow a functional com par
ison with £, since these genes are expressed in 
the same cell type for approxim ately the same 
period during development. The data presented 
in Figures 3 and 4 clearly dem onstrate that the 
8-promoter, like the ^-promoter, is under neg
ative control. The region responsible for this 
inhibition was initially localized to a 110 bp re
gion between 290 bp and 400 bp upstream  of 
the cap site. This sequence represses the 8- 
prom oter in both orientations and is active in 
Putko and HeLa cells. While still functioning 
at a variety of positions with respect to the tran
scriptional start site, the negative element is sig
nificantly more active when moved closer to the 
cap site than in its natural location. An inde
pendent study of the 8-prom oter (Cao et al.,
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1989) has identified the same negative regula
tory elem ent in the 5'-flanking region of the 
gene. We have extended our initial observations 
by fu rther defining the region responsible for 
repression to between -4 0 0  and -3 6 8  of the 
e-globin promoter. This region is highly con
served (>90% over the entire sequence) in p ri
mates. O ther interesting homologies are found, 
including a 100% homology over 19 bp in the 
Drosophila teissieri I-factor transposable ele
ment, a 20 bp region of 95% homology in a 
Xenopus laevis G protein (type Gan), as well 
as 94% homology over 18 bp in the hum an 
PRH2 gene.

We have also identified a factor which in ter
acts specifically with this defined eNE (see Fig. 
5). However, an oligonucleotide corresponding 
to this sequence alone (NNE) fails to cause re
pression when cloned directly upstream  (-270) 
of a minimal promoter, suggesting that, while 
necessary, these sequences may not be sufficient 
for silencing (S. Till and S. Murphy, unpublished 
results). The existence of trans acting factors 
involved in e-globin silencing was initially sug
gested by cell fusion experiments (Baron et al., 
1986). It is tem pting to speculate that the sNE- 
binding factor we have identified is involved in 
repression. At present there appears to be little 
relationship between the negative elements in 
the £- and s-globin promoters. As described 
above, both the position and nucleotide se
quence of the 8 and £ negative elements appear 
to be quite different. The fact that the eNE but 
not the £NE functions in the liver cell line 
HepG2 (see Fig. 6 ) argues that at least some of 
the trans acting factors that recognize these neg
ative elements are different. Further identifica
tion of factors that bind to the £ and 8 negative 
regions will allow the relationship (if any) be
tween them  to be clarified.

The constructs used throughout these exper
iments lacked LCRs (Towns and Behringer, 1990; 
Higgs et al., 1990). However, it is not clear 
whether such elements function normally in 
transfection assays, particularly when moved 
unnaturally close to the minimal promoter. 
Moreover, the low activity of these elements in 
non-erythroid cells com pared to erythroid cells 
(Pondel et al., 1992), would have made the as
sessment of negative elem ent tissue-specificity 
more complicated in these studies. In transgenic 
mice, LCR elements appear to function as very 
strong enhancers that, at least in the case of

some globin transcriptional control elements, 
can have the effect o f overriding m ore subtle 
transcriptional controls. For example, the well 
characterized 3' enhancer of hum an P globin 
(Antoniou et al., 1988) fails to function in the 
presence of an LCR elem ent close to the gene 
(Collis et al., 1990). It m ight be argued that the 
use of transient transfection assays in these ex
periments is based on an unnatural arrangement 
of chromatin. Nevertheless, numerous transcrip
tional elements (including the £NE described 
above) are observable in both transient and 
stable integration transfection assays.

W hat relevance might the presence of these 
negative control regions have to the regulation 
of the hum an embryonic genes in vivo? An at
tractive hypothesis is that they are involved in 
the rapid decline in £- and e-globin gene expres
sion that is initiated at about the fifth week of 
embryogenesis. Precedent for such a role for 
negative elements in development can be found 
in the a-fetoprotein gene. Expression of this 
gene is extinguished at birth  via a position- 
dependent negative element (Vacher et al., 1990). 
Such a developmental hypothesis suggests that 
factors interacting with the £ and 8 negative ele
ments are absent or inactive in early erythroid 
cells bu t become functional at later stages of 
erythropoiesis. To address this question, con
structs lacking the £ and e negative elements bu t 
containing intact hum an embryonic genes and 
flanking sequences (including minimal LCR ele
ments) were stably introduced into adult m u
rine MEL cells. No increased expression of the 
embryonic globin genes was observed relative 
to controls having undisrupted prom oters (Vyas 
et al., 1992). This result would seem to argue 
against a developmental role for these negative 
elements, since the cell line used has a fully adult 
phenotype. However, unlike the endogenous 
mouse embryonic genes, significant am ounts 
of and e-globin mRNAs were expressed from 
all the constructs used in the above experiments 
(including controls), suggesting that the unnat
ural proximity of the LCR could have overrid
den the norm al regulatory mechanism. C on
flicting results were recently obtained by Raich 
et al. (1992), who introduced the hum an e-globin 
gene linked to an LCR elem ent into transgenic 
mice. This control construct was regulated no r
mally (i.e., expression of e globin was extin
guished by the fetal stage), while another con
struct lacking a region containing the eNE was
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abnorm ally expressed into the fetal and adult 
stages of development. In these experiments, 
however, only a comparatively low level of re
pression was observed (as opposed to the nat
ural silencing o f s-globin expression from high 
levels to virtual extinction). Nevertheless, the 
observed phenom enon may contribute —with 
o ther components — to the overall silencing of 
e-globin transcription.

In conclusion, it rem ains to be established 
what biological role is played by the s- and £-glo- 
bin negative elements described in these studies. 
Possibly the targeted mutagenesis of these ele
ments in an otherwise unm odified globin gene 
cluster will reveal their true significance.
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