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The human fetal G-yglobin and adult I8-globin genes are expressed in a tissue- and developmental
stage-specific pattern in transgenic mice: the Gy gene in embryonic cells and the f8 gene in fetal and adult
erythroid cells. Several of the cis-acting DNA sequences thought to be responsible for these patterns of
expression are located 5' to the Gy-globin gene and 3' to the P-globin gene. To further define the locations and
functional roles of these elements, we examined the effects of 5' truncations on the expression of the Gy-globin
gene, as well as the ability of Gy-globin upstream sequences to alter the developmental regulation of a P-globin
gene. We found that sequences between -201 and -136 are essential for expression of the G-y_globin gene,

whereas those upstream of -201 have little effect on the level or tissue or stage specificity of G-globin
expression. The G-y-globin upstream sequences from -201 to -136 were, furthermore, capable of activating a
linked j-globin gene in embryonic blood cells; however, a Gy-globin fragment from -383 to -206 was similarly
active in this assay, and the complete fragment from -383 to -136 was considerably more active than either
of the smaller fragments, suggesting the presence of multiple cis-acting elements for embryonic blood cells. Our
data also suggested the possibility of a negative regulatory element between -201 and -136. These results are

discussed in relation to several DNA elements in the G-y-globin upstream region, which have been shown to bind
nuclear factors in erythroid cells. Finally, we observed that removal of the ,-globin 3'-flanking sequences,

including the 3' enhancer, from the G-yglobin upstream-,l-globin hybrid gene resulted in a 25-fold reduction
in expression in embryonic blood cells. This suggests that the 3-globin 3' enhancer is potentially active at the
embryonic stage and thus cannot be solely responsible for the fetal or adult specificity of the f8-globin gene.

The human fetal y-globin and adult ,-globin genes, when
introduced with limited amounts of flanking DNA, are ex-
pressed with appropriate developmental and tissue speci-
ficity in transgenic mice (7, 8, 20, 39). In the mouse, the
endogenous adult P-globin genes are expressed in the fetal
liver and the adult bone marrow, but not in the embryonic
yolk sac-derived erythroid cells, and human P-globin trans-
genes show a similar pattern of developmental regulation (8,
24, 39). In contrast, human fetal y-globin transgenes behave
like the orthologous mouse embryonic Phl-globin gene,
which is expressed only in the embryonic erythroid cells (7,
20). This has permitted a series of studies in which some of
the cis-acting DNA sequences responsible for hemoglobin
switching have been identified by virtue of their ability to
confer stage-specific expression in transgenic mice. Se-
quences necessary for expression in embryonic blood cells
have been localized to the 5'-flanking or 5' untranslated
regions of the G-y-globin gene, through the analysis of hybrid
y/0-globin genes (41). By similar means, sequences neces-
sary for expression in fetal and adult erythroid cells have
been shown to include two enhancers, one located within the
P-globin gene (4) and one in the 3'-flanking region (4, 19, 40).
In addition to these closely linked control regions, regulatory
elements associated with DNase I-hypersensitive sites up-
stream from the 3-globin gene cluster (42) are essential for
high-level expression of the P-globin gene (14, 37, 44),
although their possible role in hemoglobin switching remains
to be determined.

In this study, we investigate in more detail the location
and characteristics of the regulatory elements responsible
for globin gene expression in mouse embryonic blood cells.

* Corresponding author.

We focus primarily on the 5'-flanking region of the human
Gy-globin gene, which our earlier studies have shown to be
essential (41). This region is also believed to be critical for
y-globin regulation during human erythroid development,
based on gene transfer experiments in human K562 cells (a
cell line that expresses -y-globin but not ,B-globin [1, 18, 22]),
as well as the occurrence of point mutations associated with
hereditary persistence of fetal hemoglobin (reviewed in
reference 34). In one experiment, we analyze the expression
in transgenic mice of a series of Gyy-globin genes with
progressively truncated 5'-flanking DNA. The results indi-
cate that sequences between positions -136 and -201
upstream from the Gy-globin cap site contain essential pos-
itive elements for expression in embryonic blood cells and
possibly negative elements as well. The potential roles of
several sequence motifs, known to bind nuclear factors in
vitro, are discussed. In a second experiment, we demon-
strate that sequences in the same -136 to -201 region, as

well as sequences between -201 and -383, can activate
transcription from an adjacent 3-globin promoter in embry-
onic blood cells. Finally, we provide evidence that the
,B-globin 3'-flanking enhancer is capable of stimulating tran-
scription from the ,-globin promoter in mouse embryonic
blood cells, in the presence of y-globin upstream sequences.
We discuss the implications of this result for the role of the
P-globin 3' enhancer in hemoglobin switching.

MATERIALS AND METHODS

DNA constructs microinjected. Truncated 5' human GY_
globin genes used in microinjection were isolated as follows:
-383 Gy-globin gene, 2.57-kilobase (kb) StuI-SphI fragment;
-201 Gy-globin gene, 2.39-kb ApaI-SphI fragment; -161
G-y-globin gene, 2.33-kb XmnI-XmnI fragment; -136 G_Y_
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FIG. 1. Human fetal Gy-globin upstream promoter elements and HPFH point mutants. The positions of restriction enzyme sites used in

the 5'-truncated transgenes, relative to the transcription start site (+1), are indicated above the line. Symbols: _, promoter elements that
have been reported to bind nuclear factors (see text); l, HPFH point mutants and their positions; M, 12-base-pair polypurine sequence
(-282 to -293) that is identical to a mouse ,Bhl embryonic globin upstream sequence.
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FIG. 2. Expression of 5'-truncated G-y-globin transgenes measured by RNase protection. The RNA probe specific for the 3' end of y-globin
mRNA, diagrammed at the bottom (560 nt p) has been previously described (7). p indicates the position of undigested probe (560 nt), and pf
indicates the position of the specific 165-nt fragment protected by y-globin mRNA. Lane M contains 32P-labeled size markers (pBR322
digested with HpaII), some of whose sizes are indicated at the left. Lane P contains undigested RNA probe. Lanes K562 1 to 5 contain 0,
0.03, 0.15, 0.75, and 3 ,ug of total RNA from hemin-induced K562 cells. The remaining lanes show the analysis of 2 Fg each of mouse
embryonic blood RNA from selected 11.5-day embryos, carrying the -1654, -383, -201, and -136 truncated genes. Cross-hybridization with
endogenous mouse embryonic globin mRNA results in the low-molecular-size fragments seen at the bottom of the gel, which provides an
internal control for the amount of RNA used in each hybridization.
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TABLE 1. Expression of 5'-truncated Gyy-globin transgenes
in embryonic blood

Transgene Line" DNA copiesb Expression'

-1654d 9 NDe 40

-383

38
28
31
32
36

23
31
1
15
6
22
30

ND
ND
ND
ND
ND

80
10

100
60
50
2

10

12
4
0
0
0

400
10
4
2
0
0
0

-201d 23 100 12
22 30 8
26 50 3
5 3 0
6 20 0
12 3 0
16 10 0
21 50 0
40 100 0
43 150 0

-161 5 300 400
59 150 200
8 70 75
42 150 50
33 35 35
26 60 25
19 100 5
9 15 3
2 7 0
6 3 0
11 3 0
40 35 0
41 300 0
54 2 0
60 2 0

-136 27 20 0.4
6 10 0
13 20 0
29 100 0
35 35 0
40 10 0

aEach line indicates an independent transgenic embryo, listed in decreas-
ing order of expression levels.

b DNA copy numbers of individual transgenic lines were estimated from
Southern blot analysis by comparison with 1, 10, and 100 copy standards.

' Expression levels were estimated by comparison with K562 RNA stan-
dards and are expressed in picograms of y-globin mRNA per microgram of
total RNA. Only the 165-nt fully protected fragment (Fig. 2) was considered
for the quantitation.

d Expression values shown are averages from more than one measurement
and do not correspond exactly to the band intensities shown in Fig. 2.

e ND, Not determined.

globin gene, 2.33-kb Ncol (partial)-SphI fragment. Con-
structs using the SphI site contained 0.8 kb of 3'-flanking
DNA, whereas constructs using the XmnI site contained
0.775 kb of 3Y-flanking DNA. Hybrid G-y-globin upstream
promoter (-136 to -408)-p-globin plasmid pHL7 was ob-
tained from H. Lin. The constructs used in microinjection
were isolated as follows: PB-CX, 3.41-kb ClaI-XbaI frag-

TABLE 2. Expression of 5'-truncated Gy-globin transgenes
in 16.5-day fetal livers

No. of Expressiona in:
Transgene Line' DNA copiesa Liver Brain

-201 53 5 0
57 300 0
58 20 0
69 100 0
75 75 0
76 10 0
78 400 0
82 500 0
84 100 0
87 50 0

-161 8 500 0.4 0.4
43 300 0.1 0.1
50 50 0.004
13 10 0
37 100 0
40 50 0
49 2 0

-136 38 1 0.25 0.25
3 5 0
11 10 0
21 10 0
31 50 0
32 10 0
33 1 0

a Defined in Table 1 footnotes.

ment; GB-AX, 3.48-kb ApaI-XbaI fragment; GB-SsX, 3.60-
kb SstI-XbaI fragment; GB-SX, 3.66-kb StuI-XbaI fragment;
GB-SH, 2.53-kb StuI-HpaII fragment. The hybrid GB-SsX
was constructed by removing the ApaI-ClaI fragment of
GB-SX, followed by self-ligation. Constructs using the XbaI
and HpaII sites contained 1.68 and 0.55 kb of 3'-flanking
P-globin DNA sequence, respectively.

Transgenic embryos and fetuses. Restriction enzyme-di-
gested DNA fragments were excised from plasmid clones
and purified by agarose gel electrophoresis. DNA in gel
slices was electroeluted into dialysis bags for 2 to 3 hours,
after which the buffer was carefully removed, leaving the
DNA adhering to the dialysis membrane. The DNA was then
suspended in fresh TE buffer (10 mM Tris, 1 mM EDTA),
extracted with phenol, phenol-chloroform, and chloroform,
and then subjected to ethanol precipitation. A DNA fluorom-
eter (Hoeffer TKO 100) was used to accurately measure the
DNA concentration. DNA fragments (3 to 6 ng/,ul) were
microinjected into the pronuclei of (C57BL/6J x CBA/J)F2
mouse zygotes as described previously (17). Transgenic
embryos and fetuses were identified by Southern blot anal-
ysis.

Isolation ofRNA from embryonic and fetal tissues. Individ-
ual embryos (11.5 or 12.5 days old) were bled in 3 ml of cold
phosphate-buffered saline containing 10 U of heparin per ml,
and the blood pellet and the head were stored at -70°C.
Livers and brains from 16.5-day-old transgenic fetuses were
isolated as described previously (40). RNA was isolated by
the LiCl-urea method of Auffray and Rougeon (3).

Analysis of globin mRNA levels by RNase protection. G.Y_
globin and P-globin mRNAs were measured with 32P-labeled
Sp6 polymerase-synthesized antisense RNA probes (29)
spanning either the 5' or 3' end of Gy-globin or P-globin
mRNA. From 2 to 10 ,ug of total RNA was hybridized at
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FIG. 3. (A) Expression of the -161 5'-truncated G^y-globin transgene in mouse embryonic blood. Lane P contains undigested probe (see
the legend to Fig. 2). Lane M contains molecular size markers (see the legend to Fig. 2). A 1-,ug sample of total RNA from embryonic blood
(lanes b) and head (lanes h) of the indicated transgenic embryos (at 11.5 or 12.5 days of gestation) was analyzed by RNase protection.
Low-molecular-size bands (60 to 65 nt) derive from cross-hybridization to endogenous mouse embryonic globin mRNAs and provide an

internal control for the amount of RNA used in each hybridization. (B) Expression of the -161 and -136 truncated Gy-globin transgenes in
mouse fetal livers. Total RNA (50 ,ug) from 16.5-day-old fetal liver (1) and brain (r) was analyzed. Fetuses 8 and 43 carry the -161 transgene,
whereas fetus 38 carries the -136 transgene. Probe (P), molecular size markers (M), the protected fragment (pf), and K562 RNA positive
controls are as described in the legend to Fig. 2.

47°C for 16 to 20 hours and then digested with RNase A and
RNase T1 for 1 h at 15°C. RNase digestion products were
analyzed by electrophoresis on polyacrylamide-urea gels
and autoradiography. The levels of human globin mRNAs in
mouse tissues were estimated by comparison with the hy-
bridization signals obtained with various amounts of hemin-
induced human K562 cell RNA (ca. 16 pg of -y-globin mRNA
per ptg of total RNA [7]) or human adult reticulocyte RNA
(10 pg of P-globin mRNA per ng of total RNA [8]) obtained
from M. Donovan-Peluso.

RESULTS

Expression of the human G-yglobin gene with truncated
5'-flanking sequences in mouse embryonic blood cells. In
previous experiments, we have shown that the human GY_
globin gene and several hybrid 5IGy/3'p-globin genes, all of
which included 1,654 nucleotides (nt) of 5'-flanking DNA,
were active in transgenic mouse embryonic blood cells (7,
41). To localize the sequence elements in this 5' region that
are necessary for expression, we first constructed a series of
G-y-globin genes containing 383, 201, and 136 nt of 5'-flanking
DNA. Figure 1 shows the restriction enzyme sites used to
construct these truncated genes, as well as several con-
served sequence elements, a number of sites known to bind
nuclear factors, and the positions of point mutations associ-

ated with the HPFH phenotype in humans. Each construct
was microinjected into fertilized mouse eggs, transgenic
embryos were identified at 11.5 days of gestation, blood
RNA was isolated, and the levels of G-y.globin mRNA were
measured by an RNase protection assay (Fig. 2; Table 1).
For each construct tested, the expression levels varied

widely among different embryos (Table 1, see Fig. 6A), as is
often observed in mice carrying globin transgenes (7, 8, 20,
40, 41). We found that the -201 and -383 G-globin trans-
genes showed a similar range of expression levels to the
-1654 transgene tested previously (7), suggesting that no
major positive regulatory elements are located upstream of
-201. Truncation to -136, however, essentially abolished
expression of the G.y-globin gene. Thus, major positive
cis-acting elements for expression in mouse embryonic
blood cells appear to be located between -136 and -201.

This region contains an octamer element (11, 32), a
binding site for the erythroid-specific factor GF-1 (15, 27, 28,
35, 43), and the conserved CACCC box shared by all ,B-like
globin genes (30, 33). To determine whether either the
octamer or the GF-1-binding site is essential for tissue-
specific expression, we next tested a G-y-globin transgene
truncated at position -161 and thus lacking both of these
elements, but retaining the CACCC box (Fig. 1). The -161
transgene was expressed at very high levels in embryonic
blood cells (Table 1; see Fig. 6A) and at undetectable or very
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FIG. 4. Hybrid Gy-globin upstream/I-globin transgenes. Symbols: _, -y-globin sequences; 3-globin sequences; 3-globin 3'
enhancer. Restriction enzyme sites used in the isolation of DNA fragments for microinjection are as indicated. The arrow represents the
transcription start site, and pA represents the polyadenylation site for 3-globin mRNA.

low levels in the embryonic heads (Fig. 3), which include
several nonerythroid tissues. This indicates that sequences
in the region between -201 and -161 are not required for
tissue-specific expression.

Truncation of Gy-globin 5'-flanking sequences permits low-
level expression in the mouse fetal liver. The occurrence of
point mutations in the -y-globin promoter region in cases of
nondeletion HPFH has suggested the presence of negative
regulatory elements involved in the developmental inactiva-
tion of -y-globin gene expression. To determine whether
removal of such elements might interfere with the ability of
-y-globin transgenes to be switched off at the appropriate
stage of mouse development, we examined the expression of
several of the 5'-truncated G-y-globin genes in 16-day-old
mouse fetal livers. The -201 transgene was not detectably
expressed in fetal livers (Table 2), like the -1654 transgene
examined previously (7). In contrast, three of seven fetuses
carrying the -161 transgene and one of seven carrying the
-136 transgene expressed G-y-globin mRNA at very low
levels in fetal liver as well as brain (Table 2; Fig. 3). This is
consistent with the hypothesis that negative regulatory ele-
ments in the -161 to -201 region play a role in the
inactivation of the Gy-globin transgene at the fetal stage.

Activation of the adult ,-globin gene in embryonic blood
cells by G-globin 5'-flanking sequences. We have previously
shown that a hybrid gene containing G-y-globin 5'-flanking
DNA (up to -1654), promoter, and 5'-untranslated region,
fused to the P-globin structural gene and 3'-flanking se-

quences, was expressed in transgenic mouse embryonic
blood cells (41). To better define the Gy-globin sequence
elements responsible for activation of the hybrid globin
transgene, we tested the ability of several G-globin up-
stream DNA fragments to activate a complete 3-globin gene

including the 3-globin promoter and 127 base pairs of 5'-
flanking DNA. The constructs shown in Fig. 4 were micro-
injected into mouse eggs and expression in blood cells of
11.5-day transgenic embryos was analyzed as described
above (Fig. 5). To compare the expression levels of different
constructs, we calculated an average level of expression for
each by dividing the sum of mRNA levels in all transgenic
embryos (including those in which no mRNA was detected)
by the total number of embryos.
Although the -127 ,-globin transgene (B-CX) was not

expressed at significant levels, the addition of G^y-globin
upstream sequences (from -383 to -136; construct GB-SX)
resulted in very high levels of expression (Fig. 5 and 6B;
Table 3). This agrees with the results of Lin et al. (22), who
observed expression of a similar construct in human K562
cells. Thus, -y-globin upstream elements are able to alter the
developmental regulation of transcription from the P-globin
promoter.
Because the 5' truncation analysis of the G-globin gene

indicated that essential positive elements are located in the
-201 to -136 region, we tested the ability of this fragment to
activate the -127 3-globin gene (construct GB-AX). Expres-
sion in embryonic blood cells was observed, although at
much lower levels than with the entire -383 to -136
fragment (Fig. 5 and 6B; Table 3). This suggested the
presence of additional positive elements in the -383 to -201
region. Indeed, the -383 to -201 fragment was indepen-
dently capable of activating the ,-globin gene (construct
GB-SsX), although again at much lower levels than the -383
to -136 fragment (Fig. 5 and 6B).
The 13-globin 3' enhancer is active in mouse embryonic

blood cells. The hybrid globin construct GB-SX was ex-

pressed at extremely high levels in mouse embryonic blood
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FIG. 5. (A) Expression of hybrid -y-globin upstream/,-globin transgenes in 11.5-day embryonic blood measured by RNase protection.
Lanes labeled Retic. 1 to Retic. 6 contain 0, 0.23, 1.1, 5.7, 23, and 230 ng of human reticulocyte total RNA, respectively. The remaining lanes
contain 2 ,g of total blood RNA from selected transgenic embryos carrying the indicated constructs. The 0-globin 3' RNA probe (p) and
protected fragment (pf) are indicated in the diagram at bottom and have been previously described (24). (B) Expression of the GB-SsX hybrid
transgene in blood of selected 11.5-day-old embryos. Lanes labeled Retic. are as described for panel A. Total RNA (2.5 ,ug) from the indicated
embryos was analyzed as described for panel A.

cells, compared with G^y-globin transgenes (compare Tables
1 and 3). This suggested that although the P-globin gene is
normally inactive in these cells, certain ,-globin sequences
must be capable of stimulating the expression of this hybrid
gene. To test whether the ,-globin 3' enhancer had any
effect, we analyzed the expression of a construct identical to
GB-SX but lacking the 3'-terminal 1.1 kb of P-globin-flanking
DNA, which includes the 3' enhancer (GB-SH). Truncation
of the ,B-globin 3'-flanking DNA resulted in a 25-fold reduc-
tion in the average level of expression in embryonic blood
cells (Table 3; Fig. 6B). Therefore, the p-globin 3' enhancer
appears to be capable of functioning in mouse embryonic as
well as fetal and adult erythroid cells.

DISCUSSION

In this study, we have used expression in transgenic mice
as an assay to characterize DNA sequences involved in the
developmental stage-specific expression of human y- and
p-globin genes. We first focused on the 5'-flanking region of
the y-globin gene and used two different approaches to
define regulatory sequences in this region: (i) we analyzed
the effects of 5' truncations on the expression of the G"_
globin gene; and (ii) we tested the ability of -yglobin
5'-flanking DNA fragments to activate a P-globin gene in
embryonic erythroid cells. Together, these studies identify

two regions containing positive elements for expression in
mouse embryonic blood cells. Sequences between -201 and
-136 are required for efficient expression of the G0y-globin
gene, and, furthermore, they are able to activate the p-globin
gene in cis, although at a low level. Sequences between -383
and -201, although not essential for expression of the
G0y-globin gene, are capable of activating the P-globin gene at
similar levels to the -201 to -136 fragment. A larger
fragment containing both of these regions (-383 to -136)
was considerably more effective at activating the ,-globin
gene than either of the two smaller fragments. Our data also
provided evidence of negative regulatory elements between
-201 and -161: removal of these sequences from the
G0y-globin gene resulted in a low level of expression in the
fetal liver, in which human G^y-globin transgenes are nor-
mally silent. Finally, we made the surprising observation
that the human p-globin 3' enhancer appears to be active in
embryonic blood cells, although the ,-globin gene is not
normally expressed in these cells.
The upstream G y-globin region we have analyzed contains

a number of conserved sequences elements, as well as
sequence motifs that have been shown to bind nuclear
factors present in erythroid cells. Although the constructs
we have tested in transgenic mice do not allow us to attribute
specific roles to any of these elements, they do allow us to
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FIG. 6. Comparison of transgenic mRNA expression levels in mouse embryonic blood. The different 5'-truncated G-yglobin transgenes (A)
and the y-P hybrid transgenes (B) are compared. Each dot indicates the expression level of an independent transgenic embryo (data from
Tables 1 and 3). Dots below the abscissa indicate embryos in which no expression was detected.

rule out certain models and to suggest possible roles for
some of the elements. The -383 to -201 region contains
three sequences of potential interest (Fig. 1): a 12-base-pair
polypurine sequence (-282 to -293) that is identical to a
sequence (position -286 to -297) upstream from the mouse
Phl embryonic globin gene (16; R. Hardison, personal
communication), and two sequences (labeled -280 and -230
in Fig. 1) that are footprinted by nuclear extracts of human
K562 cells (6, 23). Our deletion studies indicate that none of
these sequences substantially influence the level of expres-
sion of the G-y-globin gene in mouse embryonic blood cells.
However, they could be involved in the ability of the -383 to
-201 fragment to activate the ,-globin gene.
The -201 to -136 region contains a number of sites that

have been shown to bind nuclear factors in vitro: an octamer
element (5'-ATGCAAAT-3') at positions -175 to -182; two
sequences, at positions -171 to -175 and -185 to -195,
that bind the erythroid-specific factor GF-1 (15, 26-28, 43,
45); and the CACCC box, present in the 5'-flanking region of
all ,B-like globin genes (30), at positions -139 to -147.
Deletion of all three of these elements (-136 truncation)
abolished expression of the G-y-globin transgene in embry-
onic blood cells, but deletion of only the octamer and GF-1

sites (-161 truncation) had no such effect. This indicates
that only the CACCC box, or other elements in the -161 to
-136 region, are essential. The CACCC box, which binds a
ubiquitous protein in vitro, has been shown to serve as a
transcriptional activator of the P-globin and other genes (30,
33). Although other studies have suggested that the octamer
and GF-1 sites in the -y-globin promoter are involved in
regulation (6, 23, 27, 28), our results demonstrate that
neither is required for tissue- and stage-specific expression
of the Gy-yglobin gene in transgenic mice. Therefore, other
sequences within the G-y-globin gene or in the more proximal
promoter region must be sufficient to confer the observed
pattern of regulation. These might include several sequences
that resemble the consensus sequence for GF-1-binding
sites, or other sites for factors yet to be discovered.
The ability of the -383 to -136 G-y-globin fragment to

activate the -127 ,-globin gene indicates that this fragment
contains the sequences responsible for expression in embry-
onic blood cells. Presumably, stage-specific erythroid fac-
tors interact, directly or indirectly, with sequences on this
fragment and thus activate transcription from the linked
3-globin promoter, whereas the same factors fail to activate

the P-globin promoter in its normal context. GF-1 seems
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TABLE 3. Expression of hybrid y-globin upstream/4-globin
transgenes in embryonic blood

Transgene Line No. ofExpressionobDNA copies' xrsso~

B-CX 4 200 0.4
23 50 0.3
7 20 0
8 5 0
11 50 0
22 5 0
40 10 0

GB-AX 12 100 25
27 150 5
37 70 4
38 200 4
43 30 2
30 10 1
23 5 0
28 10 0

GB-SsX 3 150 6
39 100 3.5
1 150 3
2 125 2
37 30 2
23 2 1
11 2 0
44 10 0
45 10 0

GB-SX 31 100 2,000
17 20 300
13 50 200
30 20 200
35 80 200
11 5 10
18 5 10
22 2 4
27 2 0
38 2 0

GB-SH 42 80 50
36 20 30
47 10 20
14 50 15
23 5 1.5
25 100 1.5
61 100 0.5
5 5 0
24 50 0
30 30 0
63 5 0

"Defined in Table 1 footnotes.
b Averages are as follows: B-CX, 0.1; GB-AX, 5; GB-SsX, 2; GB-SX. 292;

GB-SH, 11. They are computed as the sum of all expression values (including
nonexpressing embryos) divided by the total number of embryos analyzed.

unlikely to be solely responsible for this effect, because it is
present at all stages of erythroid development and interacts
with sequences in both the I- and y-globin genes (15, 26-28,
35, 43, 45). The -383 to -201 fragment and the -201 to
-136 fragment are both active in our assay, but each one is
50- to 100-fold less active than the entire -383 to -136
fragment. This suggests either that multiple elements in the
two regions act in synergy, or, alternatively, that an impor-
tant element is disrupted when the fragment is cleaved at the
-201 ApaI site. The latter possibility is consistent with the
occurrence of three independent forms of nondeletion
HPFH associated with mutations in this region, at positions

-202, -198, and -196 (10, 12, 13, 34, 38). However, no
binding sites for nuclear factors in this region have yet been
reported.

In addition to positive elements, the presence of a negative
regulatory element(s) in the G-y-globin upstream region was
suggested by the observation that several day-16 fetuses
carrying the -161 or the -136 G-y-globin transgenes pro-
duced Gy-globin mRNA in the fetal liver and brain. Although
the levels of expression in fetal tissues were extremely low,
this result appears to be significant, because no expression
was ever detected in a large number of transgenic fetuses
carrying the -201 or -1654 G-y-globin transgene. Thus, the
-201 to -161 region may contain a cis-acting element
involved in the repression of -y-globin expression in mouse
fetal erythroid and as well as nonerythroid cells (although
the low levels of expression suggest that other negative
regulatory mechanisms are unaffected by removal of these
sequences). We also observed that the -161 G6y-globin
transgene appeared to be expressed at somewhat higher
levels than the -201 transgene in embryonic erythroid cells
(Table 1; Fig. 6). Although this difference is certainly not
conclusive, it raises the possibility that the -201 to -161
region may also contain a negative element that functions in
embryonic erythroid cells.

It is interesting that the octamer element, which is located
in this region, may mediate negative transcriptional regula-
tion in certain circumstances. A base substitution at position
-175, within the octamer consensus sequence, is associated
with a form of human Gy HPFH (31, 36). Although the
ubiquitous Oct-I factor has been shown to bind to the normal
y-globin promoter at this site, the -175 mutant promoter
fails to bind this factor and also shows increased expression
in vivo and in transfection assays. Thus, it has been sug-
gested that the octamer may serve as a negative regulatory
element (15, 27, 31, 36), although this interpretation has
recently been questioned (28). In addition, a different oc-
tamer-binding protein (Oct-3) has been reported to have a
negative transcriptional effect on the mouse immunoglobulin
heavy-chain gene in undifferentiated embryonal carcinoma
cells (21). Whether the octamer or some other element in the
-161 to -201 interval may be responsible for the negative
effects we observed remains to be investigated.
One surprising result was the finding that the 3' enhancer

of the adult 3-globin gene appears to be functional in mouse
embryonic blood cells. Deletion of ,-globin 3'-flanking se-
quences including the enhancer, in the presence of G-y_globin
upstream sequences, resulted in a 25-fold reduction in the
average level of expression in embryonic blood (construct
GB-SX versus GB-SH). By comparison, a similar truncation
of 3'-flanking sequences from the ,-globin gene caused an
approximately 10-fold reduction in ,-globin expression in
the mouse fetal liver (40). These data suggest that the
3'-flanking enhancer is equally active in mouse embryonic
blood cells, where the P-globin gene is not expressed, and in
the fetal liver, where the gene is maximally expressed. The
3-globin 3' enhancer has also been recently shown to func-

tion in human K562 cells, where it restores the ability of a
y-globin promoter-neomycin resistance fusion gene to be
induced by hemin (M. Donovan-Peluso et al., submitted for
publication). This apparent lack of developmental specificity
is consistent with (although not proven by) the observation
that the 3-globin 3' enhancer contains multiple binding sites
for the factor GF-1, which is present at all stages of erythroid
development (45).

It has been demonstrated that in the chicken 3-globin gene
complex, one enhancer, situated between the adult ,3-globin
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and the embryonic e-globin gene, can activate each gene in a
different stage-specific pattern, which is determined by pro-
moter elements (9). As the human 0-globin 3' enhancer is
situated 25 to 30 kb from the y-globin promoters, its natural
function seems likely to be the activation of only the P-globin
gene, not the -y-globin genes. The latter function may be
provided by a sequence 3' to the human A-y-globin gene,
reported to have enhancer activity in transfection experi-
ments in K562 cells (5). However, the immunoglobulin
heavy-chain enhancer has been reported to activate a VH
promoter over a distance of 17.5 kb (46), so a role for the
,-globin 3' enhancer in -y-globin expression may be possible.
Our results lead to the conclusion that the fetal or adult

stage-specific expression of the ,-globin gene must be regu-
lated by elements other than the 3' enhancer. A requirement
for 0-globin 5'-flanking sequences upstream of -127 appears
to be ruled out, because the -127 P-globin gene was appro-
priately inactive in embryonic blood cells (Table 3), whereas
a -122 P-globin gene was expressed in adult transgenic
mouse reticulocytes at similar levels to P-globin transgenes
with several kilobases of 5'-flanking DNA (39). Further-
more, a BamHI-XbaI fragment of the P-globin gene, con-
taining the 3' enhancer as well as intron 2 and exon 3, but
lacking the ,-globin promoter, confers fetal or adult stage
specificity to the simian virus 40 early promoter (25). Intra-
genic sequences within intron 2 and/or exon 3 of the 3-globin
gene display enhancer activity in transgenic mouse fetal liver
(4) and in MEL (2) cells. The potential role of this internal
enhancer, or other intragenic elements, in the stage-specific
expression of the P-globin gene remains to be explored.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grants
HD17704 and HL28381 from the National Institutes of Health and
the Pew Scholars Program in the Biomedical Sciences to F.C. and a
fellowship from the American Cancer Society (PF-1953) to C.P.-S.

LITERATURE CITED
1. Acuto, S., M. Donovan-Peluso, N. Giambona, and A. Bank. 1987.

The role of human globin gene promoters in the expression of
hybrid genes in erythroid and non-erythroid cells. Biochem.
Biophys. Res. Commun. 143:1099-1106.

2. Antoniou, M., E. DeBoer, G. Habets, and F. Grosveld. 1988. The
human ,-globin gene contains multiple regulatory regions: iden-
tification of one promoter and two downstream enhancers.
EMBO J. 7:377-384.

3. Auffray, C., and F. Rougeon. 1980. Purification of mouse
immunoglobulin heavy chain messenger RNAs from total my-
eloma tumor DNA. Eur. J. Biochem. 107:303-314.

4. Behringer, R. R., R. E. Hammer, R. L. Brinster, R. D. Palmiter,
and T. M. Townes. 1987. Two sequences direct adult erythroid
specific expression of human 3-globin genes in transgenic mice.
Proc. Natl. Acad. Sci. USA 84:7056-7060.

5. Bodine, D. M, and T. J. Ley. 1987. An enhancer element lies 3'
to the A-y-globin gene. EMBO J. 6:2997-3004.

6. Catala, F., E. DeBoer, G. Habets, and F. Grosveld. 1989.
Nuclear protein factors and erythroid transcription of the hu-
man Ay-globin gene. Nucleic Acids Res. 17:3811-3827.

7. Chada, K., J. Magram, and F. Costantini. 1986. An embryonic
pattern of expression of a human fetal globin gene in transgenic
mice. Nature (London) 319:685-688.

8. Chada, K., J. Magram, K. Raphael, G. Radice, E. Lacy, and F.
Costantini. 1985. Specific expression of a foreign 3-globin gene
in erythroid cells of transgenic mice. Nature (London) 314:
377-380.

9. Choi, O.-R., and J. D. Engel. 1988. Developmental regulation of
P-globin gene switching. Cell 55:17-26.

10. Collins, F. S., C. J. Stoeckert, G. R. Serjeant, B. G. Forget, and
S. M. Weissman. 1984. Gy+p+ hereditary persistence of fetal

hemoglobin: cosmid cloning and identification of a specific
mutation 5' to the Gy gene. Proc. Natl. Acad. Sci. USA
81:4894-4898.

11. Falkner, F. G., and H. G. Zachau. 1984. Correct transcription of
an immunoglobulin kappa gene requires an upstream fragment
containing conserved sequence elements. Nature (London) 310:
71-74.

12. Gelinas, R., M. Bender, C. Lotshaw, P. Waber, H. Kazazian,
Jr., and G. Stamatoyannopoulos. 1986. Chinese Ay fetal hemo-
globin: C to T substitution at position -196 of the Ay gene
promoter. Blood 67:1777-1779.

13. Giglioni, B., C. Casini, R. Mantovani, S. Merli, P. Comi, S.
Ottolenghi, G. Saglio, C. Camaschella, and U. Mazzia. 1984. A
molecular study of a family with Greek hereditary persistance of
fetal hemoglobin and P-thalassemia. EMBO J. 3:2641-2645.

14. Grosveld, F., G. B. van Assendelft, D. R. Greaves, and G.
Kollias. 1987. Position-independent, high-level expression of the
human P-globin gene in transgenic mice. Cell 51:975-985.

15. Gumucio, D., K. Rood, T. Gray, M. Riordan, C. Sartor, and F.
Collins. 1988. Nuclear proteins that bind the human -y-globin
promoter: alterations in binding produced by point mutations
associated with hereditary persistence of fetal hemoglobin. Mol
Cell. Biol. 8:5310-5322.

16. Hill, A., S. C. Hardies, S. J. Phillips, M. G. Davis, C. A.
Hutchison III, and M. H. Edgell. 1984. Two mouse early
embryonic ,B-globin gene sequences. J. Biol. Chem. 259:3739-
3747.

17. Hogan, B. L., F. Costantini, and E. Lacy. 1986. Manipulating the
mouse embryo: a laboratory manual. Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, N.Y.

18. Kioussis, D., F. Wilson, K. Khazaie, and F. Grosveld. 1985.
Differential expression of human globin genes introduced in
K562 cells. EMBO J. 4:927-931.

19. Kollias, G., J. Hurst, E. DeBoer, and F. Grosveld. 1987. A tissue
and developmental specific enhancer is located downstream
from the human 3-globin gene. Nucleic Acids Res. 15:5739-
5747.

20. Kollias, G., N. Wrighton, J. Hurst, and F. Grosveld. 1986.
Regulated expression of human A, P-, and hybrid y/p globin
genes in transgenic mice: manipulation of the developmental
expression patterns. Cell 46:89-94.

21. Lenardo, M., L. Staudt, P. Robbins, A. Kuang, R. Mulligan, and
D. Baltimore. 1989. Repression of the IgH enhancer in terato-
carcinoma cells associated with a novel octamer factor. Science
243:544-546.

22. Lin, H., N. Anagnou, T. Rutherford, T. Shimada, and A.
Nienhuis. 1987. Activation of the human p-globin promoter in
K562 cells by DNA sequences 5' to the fetal y or embryonic e
globin genes. J. Clin. Invest. 80:374-380.

23. Lloyd, J. A., R. F. Lee, and J. B. Lingrel. 1989. Mutations in two
regions upstream of the Ay globin gene canonical promoter
affect gene expression. Nucleic Acids Res. 17:4339-4353.

24. Magram, J., K. Chada, and F. Costantini. 1985. Developmental
regulation of a cloned adult p-globin gene in transgenic mice.
Nature (London) 315:338-340.

25. Magram, J., K. Niederreither, and F. Costantini. 1989. P-Globin
enhancers target expression of a heterologous gene to erythroid
tissues of transgenic mice. Mol. Cell. Biol. 9:4581-4584.

26. Mantovani, R., N. Malgaretti, B. Giglioni, P. Comi, N. Cappel-
lini, S. Nicolis, and S. Ottolenghi. 1987. A protein factor binding
to an octamer motif in the y-globin promoter disappears upon
induction of differentiation and hemoglobin synthesis in K562
cells. Nucleic Acids Res. 15:9349-9365.

27. Mantovani, R., N. Malgaretti, S. Nicolis, A. Ronchi, B. Giglioni,
and S. Ottolenghi. 1988. The effects of HPFH mutations in the
human -y-globin promoter on binding of ubiquitous and erythroid
specific nuclear factors. Nucleic Acids Res. 16:7783-7797.

28. Martin, D., S.-F. Tsai, and S. Orkin. 1989. Increased y-globin
expression in a nondeletion HPFH mediated by an erythroid-
specific DNA-binding factor. Nature (London) 338:435-438.

29. Melton, D., P. Krieg, M. Rebagliati, T. Maniatis, D. Zinn, and
M. Green. 1984. Efficient in vitro synthesis of biologically active
RNA and RNA hybridization probes from plasmids containing a

MOL. CELL. BIOL.



STAGE-SPECIFIC GLOBIN GENE EXPRESSION 1125

bacteriophage Sp6 promoter. Nucleic Acids Res. 12:7035-7056.
30. Myers, R., K. Tihly, and T. Maniatis. 1986. Fine structure

genetic analysis of a f3-globin promoter. Science 232:613-618.
31. Ottolenghi, S., S. Nicolis, R. TarameHli, N. Malgaretti, R. Manto-

vani, P. Comi, B. Giglioni, M. Longinotti, F. Dore, L. Oggiano,
P. Pistidda, A. Serra, C. Camaschelia, and G. Saglio. 1988.
Sardinian Gy HPFH: a T to C substitution in a conserved
octamer sequence in the GZ promoter. Blood 71:807-810.

32. Parslow, T., D. Blair, W. Murphy, and D. Granner. 1984.
Structure of the 5' ends of immunoglobulin genes: a novel
conserved sequence. Proc. Natl. Acad. Sci. 81:2650-2654.

33. Schule, R., M. Muller, H. Otsuka-Murakami, and R. Renkawitz.
1988. Cooperativity of the glucocorticoid receptor and the
CACCC-box binding factor. Nature (London) 332:87-90.

34. Stamatoyannopoulos, G., and A. Nienhuis. 1987. Hemoglobin
switching, p. 66-105. In G. Stamatoyannopoulos and A. Nien-
huis, (ed.), The molecular basis of blood diseases. The W. B.
Saunders Co., Philadelphia.

35. Superti-Ferga, G., A. Barberis, G. Schaffner, and M. Busslinger.
1988. The -117 mutation in Greek HPFH affects the binding of
three nuclear factors to the CCAAT region of the y-globin gene.
EMBO J. 7:3099-3107.

36. Surrey, S., K. Delgrosso, P. Malladi, and E. Schwartz. 1988. A
single base change at position -175 in the 5' flanking region of
the G-y_globin gene from a black with G_+13+ HPFH. Blood
71:807-810.

37. Talbot, D., P. Collis, M. Antoniou, M. Vidal, F. Grosveld, and
D. R. Greaves. 1989. A dominant control region from the human
3-globin locus conferring integration site-independent gene

expression. Nature (London) 338:352-355.
38. Tate, V. E., W. G. Wood, and D. J. Weatherall. 1986. The

British form of hereditary persistence of fetal hemoglobin re-
sults from a single base mutation adjacent to an S1 hypersensi-
tive site 5' to the AY globin gene. Blood 68:1389-1393.

39. Townes, T., J. Lingrel, H. Chen, R. Brinster, and R. Palmiter.
1985. Erythroid-specific expression of human ,-globin genes in
transgenic mice. EMBO J. 4:1715-1723.

40. Trudel, M., and F. Costantini. 1987. A 3' enhancer contributes
to the stage-specific expression of the human ,B-globin gene.
Genes Dev. 1:954-961.

41. Trudel, M., J. Magram, L. Bruckner, and F. Costantini. 1987.
Upstream G-y-globin and downstream ,B-globin sequences re-
quired for stage-specific expression in transgenic mice. Mol.
Cell. Biol. 7:4024-4029.

42. Tuan, D., W. Solomon, Q. Li, and I. M. London. 1985. The
"P-like-globin" gene domain in human erythroid cells. Proc.
Natl. Acad. Sci. USA 82:6384-6388.

43. Tsai, S.-F., D. I. K. Martin, L. I. Zon, A. D. D'Andrea, G. G.
Wong, and S. H. Orkin. 1989. Cloning of cDNA for the major
DNA-binding protein of the erythroid lineage through expres-
sion in mammalian cells. Nature (London) 339:446-451.

44. van Assendelft, G. B., 0. Hanscombe, F. Grosveld, and D. R.
Greaves. 1989. The ,B-globin dominant control region activates
homologous and heterologous promoters in a tissue-specific
manner. Cell 56:969-977.

45. Wall, L., E. deBoer, and F. Grosveld. 1988. The human 3-globin
gene 3' enhancer contains multiple binding sites for an eryth-
roid-specific protein. Genes Dev. 2:1089-1100.

46. Wang, X.-F., and K. Calame. 1985. The endogenous immuno-
globulin heavy chain enhancer can activate tandem VH promot-
ers separated by a large distance. Cell 43:659-665.

VOL. 10, 1990


