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ABSTRACT A multiple protein–DNA complex formed at
a human a-globin locus-specific regulatory element, HS-40,
confers appropriate developmental expression pattern on
human embryonic z-globin promoter activity in humans and
transgenic mice. We show here that introduction of a 1-bp
mutation in an NF-E2yAP1 sequence motif converts HS-40
into an erythroid-specific locus-control region. Cis-linkage
with this locus-control region, in contrast to the wild-type
HS-40, allows erythroid lineage-specific derepression of the
silenced human z-globin promoter in fetal and adult trans-
genic mice. Furthermore, z-globin promoter activities in adult
mice increase in proportion to the number of integrated DNA
fragments even at 19 copiesygenome. The mutant HS-40 in
conjunction with human z-globin promoter thus can be used
to direct position-independent and copy number-dependent
expression of transgenes in adult erythroid cells. The data
also supports a model in which competitive DNA binding of
different members of the NF-E2yAP1 transcription factor
family modulates the developmental stage specificity of an
erythroid enhancer. Feasibility to reswitch on embryon-
icyfetal globin genes through the manipulation of nuclear
factor binding at a single regulatory DNA motif is discussed.

Molecular and genetic data have indicated that the erythroid
lineage-specific and developmental stage-specific expression
of the human a- or b-globin gene family requires functional,
and probably physical, interaction between the individual
globin promoters with regulatory elements located far up-
stream of the individual gene clusters (reviewed in ref. 1). For
the a-globin locus, the developmental regulation of the em-
bryonic globin gene z (previously termed z2) and the two adult
a-globin genes (a2 and a1) is controlled mainly by HS-40, an
element located 40 kb upstream of z (2). Cis-linkage of HS-40
confers erythroid lineage-specific, autonomous, and appropri-
ate developmental patterns of expression of either z- or
a-globin promoter in transgenic mice (2–8), although the
expression level of the human a-globin genes in adult mice is
relatively low (4). Notably, HS-40 does not appear to confer
position independence (8) and copy number dependence (4,
6–8) on the transgenic globin expression, with a sharp de-
crease of the promoter activity in transgenic mice when the
copy numbers of the integrated transgenes are greater than
two (4, 6, 7).

The regulatory signals for human globin switch appear to be
transmitted through multiple protein–DNA complexes assem-
bled at the globin promoters and the upstream regulatory
elements (9). The functional domain of HS-40 has been
mapped within a 300-bp stretch of DNA sequences, which

consist of six nuclear factor-binding motifs (10) that are
occupied in vivo in an erythroid lineage-specific and develop-
mental stage-specific manner (11, 12). These include three
GATA-1 motifs (b, c, and d), two NF-E2yAP1 motifs (59 and
39), and a GT motif (Fig. 1A). In vitro binding studies indicated
that the GT motif predominately binds the ubiquitous Sp1
factor (13). The GATA-1 motifs bind the GATA family of
transcription factors, including the erythroid-enriched
GATA-1 (14). Finally, the NF-E2yAP1 motifs can bind several
types of nuclear factors, including the erythroid-enriched
NF-E2 (15) and the ubiquitous AP1 (16). Nrf1 (17–19), Nrf2
(20), and the small maf family of factors (ref. 21 and references
therein) also participate in protein–DNA complex formation
at this motif.

HS-40 first behaves as a classical enhancer for the z-globin
as well as the a-globin promoters in transiently transfected
erythroid cells (12, 22, 23). More systematic analysis by
site-directed mutagenesis has revealed unexpected character-
istics of HS-40 as a regulatory element (24, 25). Although most
of the factor-binding motifs (Fig. 1 A) positively regulate the
HS-40 enhancer function, the 39NF-E2yAP1 motif appears to
exert both positive and negative regulatory effects on the
z-globin promoter activity in embryonicyfetal K562 cells.
Introduction of a 3-bp mutation into the central core of this
motif prevents binding of both NF-E2 and AP1 and also lowers
the HS-40 enhancer function by more than 75%. However,
when a GC base pair at one boundary of the 39NF-E2yAP1
binding site is changed to TA (39NA-II, Fig. 1B), the HS-40
enhancer activity is increased by 2- to 3-fold (12). Because the
same 1-bp mutation abolishes the binding of NF-E2, but not
AP1, to this sequence (15, 26), we have hypothesized that
transcriptional silencing of the human z-globin gene during
transition from embryonic to fetalyadult erythroid develop-
ment is, in conjunction with negative regulatory elements in
the z-globin promoter (27), in part modulated by the compet-
itive binding of positive regulatory factors such as AP1 and
negatively regulatory NF-E2.

To test the physiological significance of this model, we have
analyzed human z-globin promoter activity in transgenic mice,
with the use of human growth hormone (hGH) as a reporter
gene under the control of either wild-type (wt) HS-40 or its
mutant (mt) form HS-40 (39NA-II) (Fig. 1C). As shown below,
our data strongly support the idea that silencing of the
embryonic z-globin promoter during embryonic to fetalyadult
erythroid development is passively regulated by HS-40 through
the 39NF-E2yAP1 motif. The study also has led to the
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discovery of a short, but powerful, erythroid-specific locus-
control region (LCR) that could have interesting applications.

MATERIALS AND METHODS

Transgenic Mice. Transgenic mice were produced by mi-
croinjection of DNA fragments into the pronuclei of fertilized
mouse eggs (28, 29). Plasmids pHS40-z597-GH (ref. 12; ab-
breviated below as pHS40-zGH) and pHS40 (39NF-E2yAP1-
II)-z597-GH [ref. 12; abbreviated below as pHS40 (39NA-II)-
zGH], respectively, were cleaved with restriction enzymes
EcoRI, NdeI, and ScaI. The 3.12-kb DNA fragments, HS40-
zGH and HS40(39NA-II)-zGH (Fig. 1C), were eluted from soft
agarose gel, purified, and used for microinjection.

Transgenic founders were identified and their copy numbers
of integrated transgenes were estimated by Southern blot
analysis of the tail DNA. The founders then were bred with
nontransgenic C57yB6 mice to establish lines. For analysis of
expression in fetal (14.5 days postcoitum) and embryonic (9.5
days postcoitum) mice, transgenic males were mated to non-
transgenic C57yB6 females. The morning on which the cop-
ulatory plug was observed was designated day 0.5. Transgenic
pups were identified by PCR analysis of fetal mice tails or of
embryo DNA. For each identification, duplicate PCRs were
carried out by using one 59 primer from the z-globin promoter
region, and two different 39 primers from the GH region.

GH Expression Assay. The expression of the z-GH hybrid
gene in adult mice was analyzed by GH assay (12, 30–33) and
semiquantitative reverse transcription (RT)–PCR analysis (see
below). For GH assay, blood samples were collected from the
mouse tails. The levels of hGH in the blood then were
quantitated with the Allego hGH radioimmunoassay kit from
the Nichols Institute (San Juan Capistrano, CA) as described
(12). When the concentrations of GH in the blood exceeded 50
ngyml, the samples were diluted with horse serum to obtain a
linear range for the GH assay.

RT-PCR. To analyze the RNA levels at fetal and embryonic
stages, liquid N2-frozen 9.5-day embryos, 14.5-day fetuses, or
14.5-day fetal livers were manually homogenized, and the
RNAs were isolated by acid guandinium isothiocya-
nateyphenolychloroform extraction (34). For adult samples,
the mice were rendered anemic by three injections of phenyl-
hydrazine (40 mgyg of body weight) at 0, 8, and 24 hr. Six days

after the first infection, the mice were sacrificed, and RNAs
were isolated from different tissues as described above. In all
cases, the total RNAs were used for assay without further
purification.

RT-PCRs were carried out as described (35, 36). Each RT
reaction mixture contained 1 mg of RNA, 200 units of Super-
script II reverse transcriptase (GIBCOyBRL), and 20 mM
oligo(dT)15 as the primer. One-twentieth of cDNAs then were
PCR-amplified with Taq polymerase (GIBCOyBRL) and
primers specific for hGH, mouse mbmajor, mz, or mouse
glyceraldehyde-3-phosphate dehydrogenase (mG3PDH). All
amplifications were carried out in a Hybrid OmniGene system
with the following temperature profiles: an initial denaturation
at 95°C for 3 min, 53°C for 1 min, and 72°C for 1 min; followed
by repeating renaturation cycles of 95°C for 1 min, 53°C for 1
min, and 72°C for 1 min, and finally an elongation step at 72°C
for 5 min. Each PCR analysis was done in duplicate. The
sequences of PCR primers used were: 59mG3PDH, 59-TGA-
AGGTCGGTGTGAACGGATTTGGC-39; 39mG3PDH, 59-
CATGTAGGCCATGAGGTCCACCAC-39; 59hGH, 59-GT-
CCCTGCTCCTGGCTTT-3; 39hGH, 59-ATGCGGAGCAG-
CTCCAGGTT-39 and 59-CATCAGCGTTTGGATGCCTT-39;
59-mbmajor, 59-TGGGCAGGCTGCTGGTTA-39; 39mbmajor,
59-TTAGTGGTACTTGTGAGCCAA-39; 59mz, 59-CTGAT-
GAAGAATGAGAGAGC-39; 39mz, 59-TAGAGGTACTTC-
TCATCAGTCAG-39. The PCR band lengths were 980 bp for
mG3PDH, 335 bp for mbmajor, and 290 bp or 450 bp for z-GH.
One-fifth of each PCR product was resolved on a 1.5%
agrose-ethidium bromide gel, which was then documented by
the IS1000 Digital Imaging System and saved in computer TIF
format. The band intensities then were quantitiated with the
PhosphorImage system.

For semiquantitative purposes, mG3PDH was used as the
internal standard. The linearity of amplification of the G3PDH
cDNA first was defined by PCR of series dilutions of the
cDNAs. The cycle number of 25 was chosen for amplifying
mG3PDH, because under the reaction conditions described
above it resulted in signal linearity over a range of the serial
dilutions of different mouse tissue cDNAs. In the initial
calibration test, mG3PDH bands with similar intensities were
obtained from the different tissue cDNAs when the same
amounts of RNAs were used for RT. The appropriate PCR
cycle numbers used to amplify the hGH, mbmaj, and mz
transcripts were 28, 25, and 28, respectively. Coamplification of
different cDNAs from different genes was tested to be unsuc-
cessful, presumably because of random primer competitions.
Thus, the amounts of different tissue cDNAs used first were
determined by PCR using the mG3PDG primers, then indi-
vidual PCRs using the hGH, mbmaj, or mz primers were carried
out.

RESULTS

Position Independence and Copy Number Dependence of
Human z-Globin Promoter Activities in Adult HS40(3*NA-II)-
zGH Mice. A total of nine founders with the wt HS40-zGH
transgene and 10 founders with the mt HS40(39NA-II)-zGH
transgene have been obtained. The copy numbers of integrated
fragments in these mice vary from one to more than 100 (Table
1). The z-globin promoter activities in the founder mice first
were measured with the sensitive hGH assay. The hGH
previously has been used successfully as a reporter gene in
DNA transfection and transgenic mice experiments. The
amounts of secreted enzyme molecules are good representa-
tions of the quantities of mRNAs inside the expressing cells
(refs. 12 and 30–33 and references therein). As shown in Table
1 and Fig. 2, except for founder 100A, all of the blood GH
amounts per copy of integrated transgenes were very low or
comparable to the nontransgenic controls (data not shown).
This result is consistent with previous findings by others that

FIG. 1. (A) The linkage map of human a-like globin gene cluster.
The nuclear factor-binding motifs are indicated below the map. (B)
Nucleotide sequences of the wt and mt forms of the 39NF-E2yAP1
motif of HS-40. (C) Map of the fragment used for microinjection of
fertilized mouse eggs.
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human z-globin promoter activity is essentially shut off in adult
transgenic mice, even when it is linked in cis with the HS-40
element (5, 8) or with b-LCR (37, 38).

On the contrary, the blood hGH amounts of the 10 mt
founders, when measured at the ages of 2–4 months, exhibited
a nearly straight line as a function of the copy numbers of
integrated genes. The data indicate that when under the
control of the mt HS40 element the z-GH gene is actively
transcribed in the adult mice, and the expression is in general
copy number dependent and integration site independent. The
blood GH assay of these founders at other ages as well as of
their progenies supports the above general conclusion, al-
though with somewhat variable quantities of hGH depending
on the ages of the mice and the growth conditions (data not
shown).

Adult Erythroid Tissue Specificities of z-GH Gene Expres-
sion. In the developing mouse, the first site of erythropoiesis
is at the yolk sac blood island during 8–14 days of gestation.
The major site of erythropoiesis then shifts to the fetal liver,
and finally to the spleen at birth. We have examined by
RT-PCR the expression patterns of the human z-GH hybrid
gene in different tissues of adult transgenic mice. In all cases
analyzed, the transcription of z-GH in the mt mice lines
appears to be restricted to the erythroid tissues. As shown in
Fig. 3A for mt 15 and 1C, the z-GH transgene is expressed
mainly in the spleens and blood of anemic mice (Fig. 3A, lanes
1, 2, 5, and 6), but not in their livers and brains (Fig. 3A, lanes
3, 4, 7, and 8). Analysis of adult mice from mt lines 8 and 19
gives similar results, and RT-PCR signals of z-GH could not be

observed without phenylhydrazine treatment of the mt mice
(data not shown). Also consistent with the GH assay is the
small amount or absence of the human z-GH transcripts in
tissues of wt transgenic mice, as exemplified for wt line 1B (Fig.
3B).

Transgenic Expression During Development. The expres-
sion of transgenic z-GH at the fetal stage also appears to be
erythroid specific. As shown in Fig. 4, z-GH transcripts could
be detected in 14.5-day fetuses from transgenic mice with
either mt HS40-zGH (Fig. 4A, line 15) or wt HS40-zGH (Fig.
4B, line 13), but not in the nontransgenic controls (data not
shown). Furthermore, the higher intensity of the RT-PCR
band derived from the fetal liver RNA (Fig. 4, lanes 1) than
that from the whole fetus (Fig. 4, lanes 2) is consistent with the
erythroid fetal liver being the major site of transcription of the
z-GH transgenes of the fetuses. Similar conclusions were
reached from analysis of mt lines 10 and 19 and wt line 1A
(data not shown).

The changes of z-GH RNA levels during mouse develop-
ment also have been followed by RT-PCR, and examples of the
analysis are shown in Fig. 5. In general, wt HS40 confers the
correct temporal patterns of expression of z-GH during de-
velopment, with the level of z-GH transcripts relatively high in

FIG. 2. Copy number-dependence of transgene expression of the
z-GH hybrid gene cis-linked with the wt or the mt HS-40. The
expression levels were determined by hGH assay of blood samples as
listed in Table 1.

FIG. 3. Expression of z-GH hybrid gene in adult transgenic mice.
The levels of z-GH transcripts in different tissues of transgenic mice
were estimated by RT-PCR. The signals from mG3PDH were used as
the references. (A) Left, mt line 15; Right, mt line 1C. M, HaeIII
digested f 3174 DNA as the length marker. (B) wt line 1B.

Table 1. Copy numbers and adult expression levels of transgenic mice

Mutant type Wild type

Founder line Copy number hGH, ngyml Founder line Copy number hGH, ngyml

1A* 1 470 1A* 1 36
1B* 1 530 1B* 1 20
1C* 1 1,060 2 2 14
2 2 650 3 3 22
3 3 1,260 5 5 5
8* 8 2,990 10* 10 13

10* 10 3,360 13* 13 187
13* 13 4,650 100A .100 1,400
15* 15 5,560 100B .100 30
19* 19 6,490

The designations of founder mice integrated with wt HS40-zGH or mt HS40(39NA-II)-zGH are listed
in the first columns. Those founders for which lines have been established are indicated by p. The copy
numbers of the transgenes are listed in the second columns. The levels of GHs in the sera of adult mice
treated with phenylhydrazine are listed in the third columns. For hGH analysis, the mice with wt transgene
were all assayed at the age of 5 months except founder 1B, which was 9 months old. Mice with the mt
transgene were all assayed at the age of 4 months except founder 15, which was 2 months old.
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9.5-day embryo, but drops significantly in the adult blood (Fig.
5B). On the other hand, consistent with the GH assay data of
Fig. 2, the activity of the human z-globin promoter cis-linked
with the mt HS-40 (39NA-II) is indeed derepressed. As shown
in Fig. 5A for single-copy mt 1C, the z-GH transcript levels at
all three stages are significantly more abundant than the
single-copy wt 1A (Fig. 5B). Interestingly, the z-GH expression
of multiple-copy mt 15 and mt 19, while derepressed at the
adult stage, is greatly repressed in the embryos (Fig. 6).

DISCUSSION

The element HS-40 is known as a developmental stage-specific
ehnancer for the expression of human z- and a-globin pro-
moter activities in embryonic and adult erythroid cells, re-
spectively. In this transgenic mice study, we have demonstrated
that a single bp mutation of HS-40 converts the element into
a potent LCR for derepression of the z-globin promoter in
adult and fetal erythroid cells.

Transcription of the z-GH transgenes is erythroid tissue
specific (Figs. 3 and 4). However, the z-GH transcripts are not
accumulated and retained in the reticulocytes (data not
shown). This situation is similar to other reporter gene mR-
NAs, and it is most likely caused by their instability in the
reticulocytes (S. Liebhaber, personal communication). How-
ever, based on previous transgenic mice studies of GH under
the control of metallothione promoter (30, 31), we could make
a rough estimation of the population size of z-GH mRNA in
the adult transgenic mice. Assuming similar efficiencies of
translation of the metallothione in GH and z-GH hybrid
transcripts and a range of 105–107 red cells at the proeryth-
roblast through orthochromatic stage (refs. 39 and 40 and
references therein), it would appear that as many as several
hundred to several thousand z-GH mRNAs exist in each
expressing adult erythroid cell (calculation not shown).

Although our RNA analysis data of the transgenic mice are
only semiquantitative and few embryo samples have been
analyzed in comparison to the adult blood samples, together

with the GH assay they provide several interesting and in-
triguing implications. First, regarding the molecular mecha-
nisms of human z- to a-globin switch during erythroid devel-
opment, it has been documented that the HS-40 element is
both necessary and sufficient for the appropriate developmen-
tal regulation of z-globin promoter activity in erythroid cells,
on intact human chromosome 16 and in transgenic mice (refs.
5, 6, 8, and 41 and references therein). Furthermore, similar to
the autonomous regulation of the human embryonic «-globin
gene by the b-LCR (42, 43), failure of successful competition
against the a-globin promoters for a functional interaction
with HS-40 does not seem to be responsible for the on-and-off
transition of z-globin expression during development (5, 8). On
the other hand, in transient DNA transfection experiments,
two nuclear factor-binding motifs appear to be involved in the
negative regulation of z-globin promoter during embryonic-
to-fetal transition of the erythroid cells (27). Consistent with
these studies, in at least eight of nine mouse foundersylines
carrying the human z-GH hybrid gene cis-linked with the wt
HS-40, the human z-globin promoter is relatively inactive at
the adult stage, irrespective of the copy numbers of the
transgenes (Table 1, Figs. 2 and 3). However, introduction of
the single bp mutation into the 39NF-E2yAP1 motif of HS-40
significantly derepresses human z-globin promoter activity in
the adult and fetal erythroid lineages (Table 1, Figs. 3–5). As
estimated above from the GH assay data, in adult mice the
expression level of the z-GH gene under control of the mt
HS-40 is comparable to those directed by potent promoters
such as that of the metallothione in gene. Some derepression
also may occur in embryos of transgenic lines carrying a single
copy of the mt construct (Fig. 5).

Combining the transgenic mouse data from this study, the
previous DNA transfection experiments in K562 cells (24, 25),
and the consequences of the 39NA-II mutation on nuclear
factor binding (refs. 15 and 26 and references therein), we
propose a model in which competitive binding of nuclear
factors at a single DNA motif within an enhancer modulates its
dual functional roles during development: active enhancement
and passive repression (Fig. 7). It appears that the adult and
fetal erythroid cells contain a set of nuclear factor compo-
nents, DNA binding and non-DNA binding, necessary for the
activation of the z-globin promoter. However, among several
candidate factors (16–21), the dominant binding by a factor
such as NF-E2 at the 39NF-E2yAP1 motif of HS-40 allows the
formation of a specific multiple protein–DNA complex. This
complex could functionally interact and activate the a-globin
promoters in adult erythroid cells, but it could not overcome
the negative regulatory mechanisms silencing the z-globin
promoter (Fig. 7, passive repression). However, when the
NF-E2 binding at this motif of the HS-40 is inhibited, or
conformationally modified such as by mutation of the 39NF-
E2yAP1 motif or through change of the effective concentra-
tion of NF-E2 relative to a modified form of NF-E2 or another
factor such as AP1, binding of the latter factor(s) takes over
and a different complex of HS-40 is formed. This new HS-40
complex would reactivate the silenced z-globin promoter in the
adult erythroid cells (Fig. 7, active enhancement). Presumably,

FIG. 4. Expression of z-GH hybrid gene of fetal transgenic mice.
RNAs isolated from the fetal livers (lanes 1) or whole fetuses (lanes
2) were analyzed by RT-PCR. (A) mt line 15. (B) wt line 13. Note that
to visualize the z-GH signal better 3-fold more sample of the RT-PCR
product from z-GH transcripts was loaded in lane 1 of B.

FIG. 5. Expression of z-GH hybrid gene during development.
RNAs isolated from embryonic yolk sac, fetal liver, and adult blood
were analyzed by RT-PCR for mt line 1C (A) and wt line 1A (B).

FIG. 6. RT-PCR analysis of z-GH hybrid gene expression in
multicopyytransgenic lines mt 15 (A) and mt 19 (B).
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the conformation of this latter complex is functionally similar
to that in the embryo yolk sac, which preferentially activates
the z-, but not a-, globin promoter. The model provides an
interesting scenario in which the physical architecture and the
associated function of an enhancer could be developmentally
modulated through the manipulation of nuclear factor binding
at a single DNA motif. Whether a similar regulatory scenario
occurs at the NF-E2yAP1 motifs of the b-LCR, and the
potential therapeutic use of this finding in manipulating the
human globin switch, await to be investigated.

Interestingly, the mt HS-40 (39NA-II) behaves as a potent,
erythroid-specific LCR for expression of the human z-globin
promoter in adult erythroid cells. The levels of expression of
the integrated HS-40 (39NA-II)-z GH transgenes continue to
increase even at the copy numbers of 19. In particular, founder
mice of similar ages exhibited a linear dependence on the blood
GH levels as a function of the transgene copies (Table 1 and
Fig. 2). This finding is in great contrast to previous transgenic
mice studies of the transcriptional activation by wt HS-40 of the
human z- or a-globin promoter (4–8). The expression per copy
of the tandemly arranged transgenes sharply decreases even
when the copy number exceeds two per genome (4, 6). This
phenomenon is common in many other transgenic mice ex-
periments as well, and the repression has been interpreted as
the result of a cis-acting effect from the heterochomatin
structure associated with the tandem array of the transgenes
(4, 44). The human b-globin-LCR, while being one of the most
potent LCRs known (refs. 1 and 46 and references therein),
appears to function up to the copy number of 5–9 integrated
transgenes in mice (45). The HS-40 (39NA-II)-z promoter thus
may provide a convenient enhancerypromoter system for
high-level expression of foreign genes in the adultyfetal ery-
throid cells of transgenic animals.

Accompanied with the above heterochromatin effect caused
by tandem transgene arrangement, the activities of many
promoters, including the human z-globin promoter linked in
cis with the wt HS-40, in transgenic mice are highly variable
among different lines (8, 46). As deduced from studies of the
position effect variegation in yeast and Drosophila (reviewed in
refs. 47 and 48), this position-dependent variation of expres-
sion in mammalian cells most likely results from influence of
the chromatin environment near the sites of transgene inte-
gration (discussed in ref. 49 and references therein). The
human a-globin locus adopts an open chromatin configuration
in both erythroid and nonerythroid cells, whether or not the
HS-40 complex is formed. It is thus not surprising that the wt

HS-40 element lacks a function to overcome the repressing
effect from the environmental chromatin structure. Although
the molecular basis for the mt HS-40(39NA-II)’s ability to
confer position independence on human z-globin promoter
activity is unclear, this property in conjunction with its rela-
tively small size makes the HS-40(39NA-II)-z promoter an
attractive element for use for viral vector-based gene expres-
sion experiments in erythroid and possibly certain hematopoi-
etic progenitor cells.
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