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Summary

We have introduced a human B-globin minilocus, con-
taining the recently described dominant control re-
gion (DCR), the §-globin or Thy-1 gene, and a thymi-
dine kinase (tk)-neof gene into erythroid and non-
erythroid cells. Analysis of the transcription levels of
the genes shows that the DCR directs high levels of
human p-globin, Thy-1 and tk-neo expression indepen-
dent of integration sites in an erythroid-specific man-
ner. The presence of the DNAasel hypersensitive sites
at the 5’ end of the locus is required for this effect on
the homologous and heterologous gene. An analysis
of the DCR chromatin in transfected mouse erythro-
leukemic cells suggests that the formation of the
hypersensitive sites in this region precedes p-globin
gene expression.

Introduction

The human B-globin gene is part of a multigene family that
is expressed in a tissue- and developmental-specific man-
ner (for review, see Collins and Weissman, 1984). The
B-globin gene is first transcribed in the fetal liver, and
becomes fully active when the site of erythropoiesis
switches to the (adult stage) bone marrow. The activity of
the y-globin genes shows a complementary pattern of ex-
pression; i.e., they are fully active in the fetal liver, but are
decreased to very low activity in adult bone marrow. The
activation of the human B-globin gene during erythroid dif-
ferentiation can be mimicked in transgenic mice and
mouse erythroleukemia (MEL) cells (Magram et al., 1985;
Wright et al., 1983; Grosveld et al., 1987). It is clear that
these processes are regulated by trans-acting factors
(Baron and Maniatis, 1986; Wrighton and Grosveld, 1988)
that bind to a number of regulatory regions throughout the
entire p-globin gene cluster. In particular, the $-globin
gene and its immediate flanking regions contain a pro-
moter element and two enhancers, which alone, or in com-
bination, give rise to regulated, erythroid-specific expres-
sion in transgenic mice (Behringer et al., 1987, Kollias et
al., 1987a; Trudel et al., 1987) and MEL cells (Antoniou et
al., 1988). Each of these regions is able to bind a number
of ubiquitous and erythroid-specific protein factors (Wall
et al., 1988; deBoer et al., 1988) but it is, as yet, not clear
which of these plays an important role in the tissue- or
developmental-specific regulation of the gene. In addition
to the immediate flanking regions of the gene, the entire

gene cluster is regulated by a region at the 5' end (and
possibly 3’ end) of the gene cluster (Grosveld et al., 1987).
Deletion of this region in vivo leads to a classical position
effect and the silencing of the B-globin gene in y8B-
thalassemia (van der Ploeg et al., 1980; Kioussis et al.,
1983). The deletion is 100 kb (Taramelli et al., 1986) and
contains a 20 kb region characterized by a set of tissue-
specific DNAasel hypersensitive sites (Tuan et al., 1985;
Forrester et al., 1987; Grosveld et al., 1987). When this re-
gion is added to a human f-globin gene construct, it
results in very high levels of human B-globin gene expres-
sion in transgenic mice, which is related to the copy num-
ber, and is independent of the integration site of the trans-
gene (Grosveld et al., 1987). However, it was not clear from
these data whether this effect was developmentally spe-
cific, nor whether the same effect would be observed if the
minilocus were introduced directly into the celis of an
erythroid lineage. It was also not clear whether the same
would be observed for a heterologous, nonerythroid-spe-
cific gene. To answer these questions, we introduced the
B-globin minilocus, including a B-globin or Thy-1 gene and
a thymidine kinase promoter-driven AGPT hybrid gene
(tk-neo) into three types of cells: MEL cells that express
B-globin, K562 cells that express y- but not f-globin, and
mouse L cells that do not express any globin genes, but
are permissive for the transcription of transfected globin
genes. The results show that the DCR sequence is active
and regulates both the B-globin, Thy-1 and tk-neo gene in
the erythroid cells. No effect is observed in L cells.

Results

Expression in MEL Cells
The B-globin minilocus (Figure 1) was constructed by clon-
ing the upstream and downstream sequences of the
B-globin locus with the B-globin gene into the cosmid pTCF
(Grosveld et al., 1982) from which the Clal site had been
removed (Grosveld et al., 1987). This cosmid vector con-
tains the aminoglycoside phosphotransferase (AGPT or
neo) gene coupled to the Herpes Simplex Virus thymidine
kinase (tk) gene promoter and poly(A) addition sequences
(Grosveld et al., 1982). This 45 kb B-globin locus recom-
binant cosmid was linearized with Pvul in the cosmid,
leaving the tk-neo at the 5’ end of the molecules and sub-
sequently introduced into C88 MEL cells (Deisseroth and
Hendrick, 1978) by electroporation (see Experimental Pro-
cedures). Stably transfected populations or individual
clones were grown by selection in medium containing the
aminoglycoside G418 and analyzed before and after
erythroid differentiation by the addition of DMSO to one-
half of each culture (Antoniou et al., 1988). RNA was pre-
pared from both stages to determine the level of B-globin
expression, and DNA was prepared to determine the
structural integrity and copy number of the integrated
locus.

Southern blots were carried out with EcoRl digested
DNA from eight populations, and Figure 2A shows an ex-
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Figure 1. Human 8-Globin Minilocus

The top line shows the human B-globin locus; the bottom part the constructed human fi-globin minilocus. A number of unique restriction sites is
indicated directly on the constructs, while the sizes of the EcoRI, BamHI, Hindlll, and Hpal restriction fragments in the minilocus are shown below
in kb. On the cosmid pTCF part of the construct, the tk-neo? is indicated as the AGPT-box.

At the bottom, the hybridization probes for the 5-flanking region (3.3 kb E-E, 0.6 kb X-H and 0.46 kb E-B), the B-globin gene (0.7 kb B-E and 0.7

kb E-M), the 3'flanking region (1.15 kb E-E), and the neo (0.6 kb Sp-B) and

cos (2.4 kb H-S) regions of the construct are shown.

E = EcoRl, X = Xhol, H = Hindlll, B = Bgll, M = Mspl, Sp = Sphl, S = Sall. Digestion with Pvul results in a cleavage of the amp® region

of the cosmid, and produces a linear molecule that carries the tk-neo gene

ample of three of the populations using a human p-globin
BamHI~-EcoRl second intron probe (Figure 1) and a
mouse Thy-1 probe as a control. After densitometer scan-
ning of the bands, an estimate of the copy number of the
transfected -globin gene can be made (Table 1). This is
compared with the expression levels of the B-globin gene
after induction of the MEL cells (Figure 3A, left panel, and
Table 1), resulting in very high RNA levels per copy of the
transfected human B-globin gene. In most cases, this level
is similar to that obtained in transgenic mice (lane 12, Fig-
ure 3; Table 1), and is at least 100-fold higher than the lev-
els obtained without the DCR (Antoniou et al., 1988; data
not shown). Additional Southern blot data on the flanking
regions of the human B-globin gene in the populations
showed that some of these contained a limited number of
end fragments, and thus consisted of a limited number of
individual clones (4-5); moreover, some of these carried
deletions (e.g., population 3, Figure 2B). We therefore aiso
analyzed nine individual clones, which were derived from
the first three populations. A similar analysis was carried
out to estimate the copy numbers and expression levels
of the transfected gene (Figure 1A, left panel; Figure 3; Ta-
ble 1). Similar results were obtained, although the overall
expression levels in the clones were lower, probably due
to the fact that the ratio of mouse a- to mouse p-globin
mRNA has increased, resulting in relatively lower expres-
sion of mouse B-globin mRNA (Table 1). We have at pres-
ent no explanation why such a selection has taken place.

at the 5 end of the minilocus.

However, there are a number of exceptions; in this case,
clone k, which does not express, and clones t, i, and e,
which are exceptionally high. Additional Southern blots
were therefore carried out on all of the samples to deter-
mine the structure of the entire transfected locus. The
analysis (Figure 2B) of a Clal-Sall digest probed with an
Xhol-Hindlll fragment (Figure 1) shows that clone k con-
tains the upstream region (Figure 2B) but not the f-globin
gene itself (Figure 2A). Additional blots show that the tk-
neo gene is present but not linked to the upstream region
in this clone (data not shown). An EcoRI digest of clone
i probed with a 3’ B-globin probe (Eco-Msp, Figure 1)
shows that one of the two copies of the -globin locus car-
ries a 3' end deletion. Further blots (EcoRI-Xbal and
EcoRI-Pstl; data not shown) show that this deletion in-
cludes the enhancer that has been mapped in the 3’ flank-
ing regions of the B-globin gene (Kollias et al., 1987a;
Behringer et al., 1987; Trudel et al., 1987; Antoniou et al.,
1988). Analysis of the other overexpressing clones shows
that all the copies in clone t contain a 3’ end deletion, leav-
ing the enhancer in place (data not shown), but deleting
the hypersensitive site in the 3’ region of the locus (Figure
2C). This suggests that the absence of the 3’ flanking re-
gion may result in an increased expression of the $-globin
gene, although it should be stressed that the other overex-
pressing clone (e) has no apparent deletions. In fact, it ap-
pears to contain the same end fragment as clone f (Figure
2D), and we have presently no reasonable explanation for
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A Figure 2. Structural Analysis of the Human

k bcehipti123 a f i t B-Globin MEL Clones and Populations
8.5 Mthy; _85 (A) DNA (approximately 5 ug) was digested
” e - - with EcoRi, gel-electrophoresed, Southern
57. =57 blotted, and hybridized to the human p-globin
_43 BamHi-EcoRI IVSIi probe (see Figure 1) and a

43 » _37 mouse Thy-1 probe.

ar - - - - Hglo.” (B) A Sall-Clal double digest was Southern

blotted and hybridized to the 5'-flanking probe
Xhol-Hindill (Figure 1).

(C) The Southern blot of the EcoRlI digest (see
A) was washed (0.2 M NaOH) and reprobed
(left two lanes) with the 3' human B-globin
probe EcoRI-Mspl (Figure 1). Right two lanes:

B c D DNA was digested with BamHI, Southern blot-
mk1 23 ab ip pt pfenpfe ted, and hybridized with the human B-globin
2 230_ 23.0- BamHI-EcoRI IVSII probe (Figure 1).
30- Lo 141 - - (D) An Hpal digest was, after Southern blotting,
| B 57- a1 4 7’ hybridized to either the human BamHI-EcoRI
141 48 o IVSII probe (Figure 1) or the neo Sphi-Bglil
4.3_ 97_ 6.6 probe (Figure 1).
97 37 8.5- On all blots, marker DNA (A-DNA digested
£2- with BstEll or Hindlll) was run alongside the
beta tkneo DNA samples; indicated sizes are in kb. The
numbers or letters indicating the MEL popula-
tions and clones (respectively) are above the
lanes.
the expression levels of clone e. Nevertheless, we tested determined by comparison with the nondeletion popula-
directly whether a deletion of the 3’ region would cause an tion 3 (Figure 3A, right panel). All three populations
increase in human B-globin expression. Three MEL cell showed an increase of expression per copy of the human
populations transfected with a Pvul-Kpnl fragment were B-globin gene (Figure 3C; Table 1), and we conclude that
generated (hss-5 1, 2, and 3), and their expression levels the deletion causes an increase of expression. It is pres-
Table 1. Human B-Globin Expression Levels in MEL Cell Populations and Clones
Population HB-mRNA/Ma-mRNA Copy Number HB/Ma RNA per HB/MB RNA per Ma/MB
Number (cpm + 15%) (£ 25%) HB DNA HpB DNA (+ 30%)
1 2800/1370 23 09 03 0.4
2 19400/2100 67 14 05 05
3 6550/990 59 1.1 04 0.4
4 30901700 18 10 05 05
5 5850/1100 40 13 03 0.2
6 3060/770 31 13 03 0.2
7 34101100 27 1.2 03 0.2
8 860/1370 05 1.2 04 03
mouse 12 308071450 20 09 04 04
Clone
a 450/220 5 04 0.1 03
b 2501160 5 03 0.2 0.7
c 130/120 4 03 0.2 07
e 3280/220 6 25 16 07
f 380/200 7 03 0.2 09
h 300/180 7 02 0.2 08
i 240/200 2 06 04 06
) 320/190 5 03 02 08
t 1880/320 3 20 09 05
Population
hss-5,1 37701360 0.2 139 46 03
hss-5,2 9740/1650 06 98 28 03
hss-53 1594011360 10 17 31 03

HB-mRNA/Ma-mRNA represents the average amount of human B-globin and mouse a-globin mRNA in two separate experiments by excising S1
nuclease-protected fragments from the gel and counting in a liquid scintillation counter. The copy number of the human B-globin DNA per cell
is obtained by densitometry of the p-globin DNA signal on Southern blots and normalization to that obtained for Thy-1. HB/Mo. per HB DNA represents
the ratio of human B- and mouse a-globin DNA (in cpm) divided by the copy number.

HB/MB RNA per HB DNA is the same as the previous column but using mouse B-globin RNA as the standard. Ma/Mp represents the ratio of the
mouse a- to mouse B-globin mRNA levels.
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Figure 3. Expression Analysis of the Human
B-Globin and Thy-1 MEL Clones and Popula-
tions by Nuclease S1 Mapping

(A) Left: ten micrograms of RNA from induced
MEL clones and populations (numbered above
the lanes) transfected with the B-giobin con-
struct was analyzed by S1 nuclease protection
(Kollias et al., 1986), using a mixture of three
different probes: a 3' human B-globin probe
(760 bp EcoRI-Mspl fragment, Figure 1) result-
ing in a 210 nucleotide protected fragment (H
beta); a mouse a-globin probe (260 bp BamH!
second exon probe), resulting in a 170 nucleo-
tide protected fragment (M alpha) and a mouse
Bmaj probe (230 bp Hindlll-Ncol second exon
probe) to give a 100 nucleotide protected frag-
ment (M beta).

The positive control is transgenic mouse 12,
made with the 38 kb Sall fragment of the hu-
man B-globin minilocus (Grosveld et al., 1987).
In lane 3xh 30 ug of ANA from clone h was
used as a control for excess probe.

Right: S1 nuclease protection analysis on 10
MH4 ug of RNA from uninduced (-) and induced (+)
_Hbeta MEL populations transfected with the B-globin
minilocus after deletion of the 3’ region. The
first lane (labeled 3) is the same sample 3 as
in the left panel.

(B) S1 nuclease protection analysis (Kollias et
al., 1987b) of 20 ng of RNA from uninduced (-)
and induced (+) MEL cell populations after

A hss-5

-MH4

transfection with the Thy-1 gene alone (Thy-1) or the Thy-1 gene replacing the B-globin gene in the minilocus cosmid (Figure 1). Positive control

C contains 1 pg of brain RNA.

Lane M in (A) and (B) is a marker (pBr322 x Hinfl) indicated in nucleotides.
(C) Southern blot analyses of the DNA from MEL cell populations transfected with the B-globin minilocus without the 3’ hypersensitive region (ie.,

minus the Kpni-Pvul fragment in Figure 1).

Five micrograms of DNA was digested with EcoRI, Southern blotted, and hybridized to the mixed human B-globin 1VSIl probe (BamHI-
EcoRlI) and the mouse histone H4 (MH4) probe. The control lane contains EcoRl-digested DNA from B-globin minilocus MEL population 3.
Marker DNA (A-DNA digested with BstEll) was loaded alongside the DNA samples; marker band sizes are indicated in kb.

ently not clear whether this is caused by a “distance” effect
or the absence of an active hypersensitive site 5 region.

Further S1 protection analysis showed that all of the
clones have very low levels of human B-globin expression
before induction, with the exception of clone e (not shown)
and population hss-5 no. 3 (Figure 3A, right panel). The
same expression pattern is observed when the levels of
human B-globin and tk-nec RNA were analyzed on North-
ern biots after reprobing of the blot for the presence of
mouse a-globin and histone H4 mRNA as the induction of
differentiation and RNA loading controls, respectively
(Figure 4). Not surprisingly, the tk-neo gene is expressed
at low levels before induction to provide G418 resistance,
but it is dramatically increased after the induction of MEL
cell differentiation following the pattern of human f-globin
gene expression. The tk-neo is at least 50-100-fold higher
than that observed in the absence of the flanking regions
(clone k and Antoniou et al., 1988), and shows that these
regions exert a dramatic effect on this heterologous pro-
moter.

To test whether the induction of the tk-neo gene requires
the presence of the human B-globin gene and its enhancers,
we replaced the globin gene with a human-murine hybrid
Thy-1 gene (Kollias et al., 1987b). The resulting trans-
fected populations were compared with populations con-
taining the Thy-1 and tk-neo genes without the DCR.

Northern blot (Figure 4, right panel) and S1 nuclease pro-
tection analysis (Figure 3B) show that the tk-neo gene is
still induced at high levels without the B-globin gene and
that the transfected Thy-1 gene is also induced to express.
Very low levels (at least 50-fold lower for tk-neo) or unde-
tectable levels (for Thy-1) are observed without the DCR,
demonstrating that both inductions are completely depen-
dent on the presence of this region.

We subsequently tested whether the DNAasel hyper-
sensitive sites in the 5-flanking region had been reformed
after transfection into MEL cells (Figure 5). Surprisingly,
all of the hypersensitive sites are already present before
the induction of the MEL cells, including the hypersensi-
tive site in the 3’ flanking region, which was not reformed
in transgenic mice (Grosveld et al., 1987). It should be
pointed out, however, that this site does not increase in in-
tensity on the blots with increasing DNAasel digestion,
and therefore behaves differently to the others. In addition
to the human globin-specific hypersensitive sites, a very
strong hypersensitive site is observed in the tk-neo pro-
moter region.

Expression in K562 and L Celis

We then asked the question whether the minilocus con-
struct would be active in erythroid cells representing a
different stage of development or in a non-erythroid cell
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Figure 4. Expression Analysis of the Human B-Globin and Thy-1 MEL Clones and Populations by Northern Blotting

Fifteen micrograms of RNA from uninduced (-) as well as induced (+) clones and populations was Northern blotted after gel electrophoresis, and
hybridized to either a mixture of the Sphi-Bgill neo probe (tk-neo, Figure 1), together with the EcoRI-Mspl human B-globin probe (H beta, Figure
2), or the mouse o BamH! second exon probe (M alpha) or mouse H 4 probe (MH,) in a separate rehybridization. RNA from untransfected MEL-C88

and L cells was used as a negative control.

line. The human cell line K562 (Lozzio and Lozzio, 1975),
which expresses the human vy-, but not the B-globin gene,
was chosen for the first purpose, since it had been shown
previously that transfected v-, but not g-globin genes (with-
out flanking regions) can be expressed in these cells (Ki-
oussis et al., 1985; Antoniou et al., 1987, Rutherford and
Nienhuis, 1987). Mouse L cells were chosen as a non-
erythroid cell, since it has been shown that this cell is
capable of expressing transfected p-globin genes (Dierks
et al., 1981; Busslinger et al., 1983; Murray and Grosveld,
1987).

Southern blots using mouse Thy-1, human B-globin, and
tk-neo as probes were used again to establish the copy

C

number and the integrity of the transfected locus. Figure
6 shows that each of the L cell populations contains a fairly
low number of $-globin and tk-neo genes (3, 2, 2, and 5,
respectively), while the K562 cell populations contain one
high and two low copy numbers (10, 2, and 1, respec-
tively). Surprisingly, the transfected K562 cells express
the human B-globin gene, and the copy number of the
transfected gene is reflected in the expression levels of
the p-globin gene by S1 nuclease protection analysis (Fig-
ure 7, middle panel) and Northern blots (Figure 7, lower
panel). Comparison of the levels of y- and B- globin RNA
shows that the level of expression per p-globin gene is ap-
proximately 5- to 10-fold lower than that of the y-globin
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Figure 5. Analysis of the DCR DNAase Hypersensitive Sites

(A)~(D) Nuclei were prepared from approximately 10° uninduced cells of MEL clone B, and digested with 10 pg of DNAasel per ml for increasing
times at 37°C. DNA was prepared and digested to completion with restriction endonucleases BamHI (A), (C), (D) or Bglll (B). After electrophoresis
and transfer to nitrocellulose, DNA samples were probed with a 33 kb EcoR! probe (A) and (B), a 0.46 kb EcoRI-BamHI fragment (C), or a 1.15
kb EcoRlI fragment (D). Samples labeled tO are DNA prepared from nuclei before the addition of DNAasel; samples labeled Oenz. are from nuclei
incubated in the absence of DNAasel for 20 min at 37°C.

(E) Nuclei were prepared from approximately 2 x 107 L cells of population 4, and digested with 10 ng of DNAasel per ml for increasing times at
37°C. DNA was prepared and digested with BamHI. After electrophoresis and transfer to nitrocellulose, DNA samples were hybridized as (C). Posi-
tions where erythroid-specific DNAasel sub-bands would be expected are indicated by arrows 3 and (4). One of the myeloid-specific sub-bands at
75 kb is indicated with a plain arrow. The blots to detect sub-bands corresponding to sites 1 and 2 used a BglHl digest and probe as in (b). No sub-bands
were detected (data not shown).
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gene. Analysis of the B-globin expression in the L cell
populations shows that the gene is expressed in all cases
(Figure 7, L cells, lanes 1-4) at levels that are comparable
to those obtained without the flanking regions (lane 5).
Analysis of the tk-neo expression levels shows one curi-
ous anomaly (Figure 7, lower panel). In the K562 popula-
tions the tk-neoc mRNA levels are high, but in the case of
population 1, it does not follow the expression levels of the
B-globin gene. Southern blot analyses (Figure 6 and data
not shown) indicate that the majority of the tk-neo genes
are intact in this population. Apart from the suggestion
that some limiting factor would prevent higher expression
levels and that the expression levels of tk-neo would al-
ready be maximum in the lower copy number popuiations,
we have at present no explanation for this result. Analyses
of the populations for the presence of the DNAasel hyper-
sensitive sites show that the sites return in the K562 cells
as expected (data not shown), but that they cannot be de-
tected in the L cell population, with the exception of hyper-
sensitive site 3 (Figure 5E and data not shown). This site
is reformed very efficiently in these non-erythroid cells to-
gether with two other sites (at 7.5 kb and 5.5 kb in Figure
5E), which were originally mapped by Forrester et al.
(1987) to be present in the chromatin of non-erythroid he-
matopoietic cells.

Discussion

Erythroid-Specific Expression

It is clear from these data that the stable transfection of a
B-globin gene minilocus, including the flanking regions,
results in a copy number-dependent and integration posi-
tion-independent expression of the gene in differentiated
MEL cell populations and clones. The expression level per
gene copy is at a similar level to that of the endogenous
globin genes. The effect of the flanking regions is eryth-
roid-specific, since copy number-dependent expression
is also obtained in K562 cells. This effect is not observed
in the non-erythroid L cells, where low levels of expression
are obtained, similar to those obtained without the flank-
ing regions (Dierks et al., 1981; Busslinger et al., 1983;
Murray and Grosveld, 1987). These results are therefore
very similar to those obtained in transgenic mice (Gros-

» Lcells

1

tkneo

Figure 6. Structural Analysis of the Human
B-Globin K562 and L Cell Populations

Left: DNA of the different populations was
digested with EcoRl, gel electrophoresed, and
Southern blotted. The blot was hybridized to
the human B-globin BamHi-EcoRt IVSII probe
(H glo, Figure 1), a mouse Thy-1 probe (M thy),
and the Sphi-Bglll neo probe (tk-neo, Figure
1). In the K562 populations, the endogenous
human B-globin genes (3 copies) show up as a
5.2 kb EcoRI fragment (H glo [end]).
Right: Hpal digests of the DNA samples were
run out on an agarose gel and Southern blotted.
The blot was hybridized either with the human
B-globin BamHI-EcoRI VS probe (Figure 1),
or the Sphi-Bglll neo probe (Figure 1).

The different L cell and K562 populations
are indicated by their number above the lanes.

Kse2

2 3
- 23.0

=141
-97
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-43

veld et al., 1987), and show that the B-globin locus does
not need to undergo a complete developmental differenti-
ation program to be expressed at high levels. Neverthe-

L celils Ks62
M 23 451 2 3"
—MH4
220_
- —MH4
-—Hgamma
154_ . ' -_Hbeta
Lcells Kse2 a
"1 2 3 4C"1 2 3 - 4+
. 8 ; -tk neo
B . L) _H beta

Figure 7. Expression Analysis of the Human B-Globin L Cell and K562
Populations

Top: five microgram aliquots of RNA from the L cell and K562 popula-
tions were analyzed by S1 nuclease protection (Kollias et al., 1986)
using a mixture of a 5' human B-globin (Accl) probe (protected frag-
ment: H beta) and a 3" human y-globin probe of 10-fold lower specific
activity (protected fragment: H gamma). Only 0.5 ug of L cell RNA was
used for the endogenous histone H4 control in the S1 nuclease protec-
tion experiments (protected fragments MH4). Untransfected L cell RNA
(c) was included as negative control (lane c) and RNA from an L cell
population containing just the human p-globin gene, but not the DCR
sequences, was included as positive control (lane 5; Murray and Gros-
veld, 1987). Labeled pBr322 DNA digested with Hinfi was run along-
side the experiments; sizes are indicated in nucleotides.
Bottom: fifteen micrograms of RNA of each population was Northern
blotted after gel electrophoresis and probed with the human p-globin
EcoRI-Mspl probe (Figure 1; H beta) as well as the Sphl-Bglil neo
probe (Figure 1; tk-neo). As positive control, RNA from both the unin-
duced (-) and the induced (+) MEL clone was included.

The different papulations are indicated by their number above the
lanes.
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less, some differences are apparent. In the cell cultures,
a selection is applied (G418) for the expression of the
linked tk-neo gene, which will therefore ensure that the
transfected DNA is integrated in a transcriptionally active
domain. This is reflected in the variations of the low levels
of transcription of the tk-neo gene (and the p-globin gene)
before the induction of the MEL celis (Figure 3), and im-
plies that the minilocus does not isolate (silence) the gene
from the neighboring chromatin. Once the cells have been
induced by DMSO, the levels of expression increase by at
least 100-fold and become independent of the position of
integration. Such effects could not be observed in trans-
genic mice, because there is no selection for integration
into active chromatin, nor does an “uninduced” stage of
expression exist in isolation. As a consequence, it is only
possible in the cell culture system to detect the presence
of the hypersensitive sites before the induction of B-globin
transcription, and their presence at this stage suggests
that the erythroid-specific (open) chromatin structure is
not coupled B-globin transcription. Interestingly, hyper-
sensitive site 3 and the myeloid hypersensitive sites (For-
rester et al., 1987) also return in the non-erythroid-specific
L cells (Figure 5). The formation of this site can therefore
be mediated by non-erythroid-specific factors, although
these apparently do not exert any transcriptional effect in
the (non-erythroid) L cells. The significance of this is
presently unclear, but it suggests that the formation of site
3 may be dependent on it being present in “active” chro-
matin. The latter is assured in these experiments by virtue
of the G418 selection after transformation.

The deletion of the 3’ hypersensitive site appears to
have a stimulatory effect on the transcription of the B-globin
gene. At present, this could also be explained by a posi-
tion effect resulting from the large deletion, but it is in-
teresting to note that the expression of the y-globin gene
in the deletion forms of HPFH, which removes this whole
region, is higher than the level observed in patients who
carry a deletion of only (parts of) the B-globin gene (for re-
view, see Poncz et al., 1989).

Expression of the Thy-1 and tk-neo Gene

The presence of the flanking regions also results in a dra-
matic stimulation of transcription of the non-erythroid-spe-
cific promoter of the HSV thymidine kinase (tk) gene after
differentiation of the MEL cells. Interestingly, when an
SV40-neo hybrid gene is introduced into the human p-glo-
bin locus on chromosome 11 of a MEL-human hybrid cell
line (Hu11) by homologous recombination, a similar stimu-
lation of the SV40-neo gene is seen (Nandi et al., 1988).
Such erythroid-specific transcription of the SV40-neo
construct is not seen when the hybrid gene is integrated
elsewhere in the genome outside the p-globin domain. By
contrast, when the dominant control region is linked to the
tk-neo gene, the promoter shows the high erythroid-spe-
cific expression, regardiess of where it is integrated in the
genome. This effect on the tk-neo gene is unrelated to the
presence of the two B-globin gene enhancers, since their
presence in large constructs without the flanking DCR
does not result in a dramatic stimulation of the tk promoter
(Wright et al., 1983). This implies that the DCR itself con-

tains an inducible element and, indeed, when the B-globin
gene is replaced with the Thy-1 gene, both tk-neo and
Thy-1 are induced. Since all the hypersensitive sites are
already formed before the induction of the MEL cells and
the start of globin transcription, we therefore suggest that
the DCR contains elements of more than one function
whose action is required or at least effected at different
times during the differentiation of erythroid cells. The
changes in chromatin structure would take place early
(Figure 5) and clearly precede high levels of transcription,
while a second inducible function (not detected in the
chromatin structure of the DCR in these experiments) is
linked to the actual transcription of the gene(s). The latter
function would resemble the function of the B-globin gene
enhancers (Behringer et al., 1987; Kollias et al., 1987a;
Trudel et al., 1987; Antoniou et al., 1988), but be develop-
mental stage-independent. Indeed, preliminary experi-
ments suggest that one of the hypersensitive sites is as-
sociated with an erythroid-specific enhancer (Collis et al.,
unpublished data). In this respect, it is interesting to note
that the B-globin gene as part of the minilocus is ex-
pressed in K562 cells that represent a different develop-
mental stage.

Expression in K562 Cells and the Regulation of
Stage-Specific Expression

K562 cells do not express the endogenous B-globin gene
or transfected B-globin genes without the upstream region
(Kioussis et al., 1985; Antoniou et al., 1987; Rutherford
and Nienhuis, 1987). This could simply mean that the
proximity of the upstream DCR or the absence of some
(unknown) repressive element in our minilocus construct
is responsibie for the low (10% of y-globin levels), but sub-
stantial transcription of the B-globin gene. Interestingly, a
similar phenomenon is observed in a number of human
globin disorders, suggesting another possibility. Single
point mutations have been detected in the y-globin gene
promoter (for review see Poncz et al., 1989), which appear
to result in elevated levels of y-globin gene transcription
and a concomitant decrease in B-globin gene transcrip-
tion. Conversely, deletion of the B-globin gene promoter
(Anand et al., 1988; Atweh et al., 1987) correlates with an
elevated expression of the y-globin gene. These in vivo
observations suggest that the expression of the y- and
B-globin genes influence each other (for review, see Col-
lins and Weissman, 1984; Poncz et al., 1989). We suggest
that this phenomenon could be expiained if the genes
compete for some element in cis (perhaps the DCR or the
B-globin gene enchancers) when they are present in the
same domain. This competition would not be for any fac-
tor in trans, because many copies of the exogenous p-glo-
bin gene do not compete with the endogenous genes
(Grosveld et al., 1987; this paper). Support for such a
model in vivo has recently been provided by transient ex-
pression experiments with the chicken adult and em-
bryonic globin genes in primitive and definitive chicken
red cells (Choi and Engel, 1988). If such a mechanism is
true for the human globin genes, the DCR of the B-globin
domain would activate both the y- and the -globin genes
independent of the stage of development. Each of the
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genes; i.e., the y or B-globin genes, would have a high effi-
ciency of transcription at each of their optimal develop-
ment stages, but have a significant, but lower (10%-20%),
efficiency at the inappropriate stages of development
when the single genes are present in the domain (as in
the minilocus construct). When the other genes are pres-
ent, this low level would be further decreased by competi-
tion with a more efficient gene. We are presently testing
this model by using miniloci containing the y- and p-globin
genes in isolation or together in cis.

Experimental Procedures

Tissue Culture and Cell Transfections

The B-globin minilocus cosmid (Grosveld et al., 1987) was linearized
at the Pvul site in the vector. Transfection into the dipioid MEL cell line
C88 (Deisseroth and Hendrick, 1978) and K562 cells (Lozzio and Loz-
zio, 1975) was performed by electroporation as described (Smithies et
al., 1985; Antoniou et al., 1988), into L cells by calcium phosphate
precipitation (Wigler et al., 1979).

Directly after electroporation, the cells were split to give rise to three
different populations. One percent of each of the C88 populations was
plated out separately in small dishes from which individual clones were
picked.

Selections for stable populations and clones were performed by
adding G418 to the medium 2 days after transfection. The final G418
concentration for K562 and MEL cells was 800 ug/mi; for L celis 300
ng/ml. The obtained MEL populations and clones were induced as de-
scribed (Antoniou et al., 1988). Copy number and possible deletions
of parts of the transfected construct in all populations and clones were
analyzed by Southern blotting (Southern, 1975).

RNA Analysis
RNA extraction of the transfected cell populations and clones was
done in 3 M lithium chioride, 6 M urea including a 2 min sonication step
(Auffray and Rougeon, 1980).

S1 nuclease protection analysis was carried out as described previ-
ously (Kollias et al., 1986).

Northern blotting was done as described by Krumlauf et al. (1987).

DNAasel Sensitivity

DNAasel sensitivity assays were carried out on isolated nuclei of con-
fluent C88, K562, and L cell populations as described previously (Gros-
veld et al., 1987).

B-Globin Minilocus

The construction of the B-globin minilocus was as previously described
by Grosveld et al. (1987). The Thy-1 gene was first cloned as an EcoRlI
mouse-human hybrid gene (Kollias et al., 1987b) in a polylinker be-
tween a Clal and Kpnl site. The gene was then exchanged for the
B-globin Clal-Kpnl fragment in minilocus.
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