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Autonomous Developmental Control of Human
Embryonic Globin Gene Switching in Transgenic Mice

NATACHA RAICH, TARIQ ENVER, BETTY NAKAMOTO, BETTY JOSEPHSON,
THALIA PAPAYANNOPOULOU, GEORGE STAMATOYANNOPOULOS*

The mechanisms by which expression of the B-like globin genes are developmentally
regulated are under intense investigation. The temporal control of human embryonic
(€) globin expression was analyzed. A 3.7-kilobase (kb) fragment that contained the
entire human e-globin gene was linked to a 2.5-kb cassette of the locus control region
(LCR), and the developmental time of expression of this construct was studied in
transgenic mice. The human e-globin transgene was expressed in yolk sac—derived
primitive erythroid cells, but not in fetal liver or bone marrow—derived definitive
erythroid cells. The absence of € gene expression in definitive erythroid cells suggests
that the developmental regulation of the e-globin gene depends only on the presence
of the LCR and the e-globin gene itself (that is, an autonomous negative control
mechanism). The autonomy of e-globin gene developmental control distinguishes it from
the competitive mechanism of regulation of y and B-globin genes, and therefore, suggests
that at least two distinct mechanisms function in human hemoglobin switching.

sis takes place in the blood islands of the

embryonic yolk sac. Definitive erythro-
poiesis originates in the fetal liver and shifts
to the bone marrow at around the time of
birth. At different stages of ontogeny, hu-
man erythroid cells contain different
B-globin chains, € chain synthesis is restrict-
ed to embryonic cells, Sy and “y chains
predominate in the fetal stage, and the & and
B chains are maximally produced in the
adult. The corresponding genes are arranged
in a single locus in the order that they are
expressed during ontogeny: 5'-¢, Sy, 4y, 8,
B-3".

I N HUMANS, PRIMITIVE ERYTHROPOIE-
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The activation and high-level transcrip-
tion of the B-globin locus are thought to be
dependent on the locus control region
(LCR). This segment of DNA, which is
located 6 to 20 kb upstream of the € gene, is
characterized by a series of erythroid-specific
hypersensitive sites (7). Reverse genetics has
shown that the LCR confers high-level,
position-independent, copy number—depen-
dent expression on a linked B-globin gene in
transgenic mice (2). The LCR effect appears
to be dominant, as it confers high-level,
erythroid-specific expression on a number of
cis-linked heterologous erythroid (3),
housekeeping (4), and nonerythroid (5)
genes. Experiments in transgenic mice show
that linkage of the LCR to the individual
human fetal (y) or adult (B) globin genes
results in their expression at all stages of

mouse development (6, 7). Correct develop-
mental regulation is restored in constructs
that contain both the y and B genes. This
suggests that the fetal-to-adult globin gene
switch is mediated by a reciprocal mecha-
nism in which the genes compete for the
influence of the LCR (7).

To investigate the nature of the develop-
mental control of the human embryonic
globin gene, we linked the human e-globin
gene to the LCR and analyzed its stage-
specific expression in transgenic mice. A
3.7-kb Eco RI fragment that contained the
entire human e-globin gene (8) was linked
to a 2.5-kb cassette (9) that contained hy-
persensitive sites I to IV of the human

Table 1. Human embryonic gene expression in
the blood of transgenic mice. Human € expression
could not be quantitated in the liver since it could
not be detected in either long exposure or by
scintillation counting. The absence of human e
expression in definitive erythroid cells was further
confirmed by RNase protection analysis of the
blood of adult nLAR transgenic € mice. In three
experiments e expression could not be detected
even when ten times the normal amount of RNA
was used in the analyses. The change in expression
from 29% at d11 to 0.28% at d14 represents a
reduction in human e expression by 100-fold
during development. As shown in Fig. 4, similar
reductions are seen in the endogenous mouse
embryonic globin genes (¢, €”, Bhl).

Gene Gene expression
Blood expression human e/
sample (cpm) (mouse o + {)
date
Corrected
Human  Mouse Percent  for gene
€ o+ { X
copies
dl1 3,605 24,691 14.6 29.2
d14 65 45,727  0.142 0.284
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Fig. 1. Map of the wLCR-€ construct used in
transgenic experiments. The hypersensitive sites I
to IV are shown in open boxes and are designated
by their native positions relative to the human e
gene. The e-globin gene fragment is indicated by
a solid line, and its exons are shown as solid boxes.
This fragment contains 2 kb of upstream and 0.3
kb of downstream sequences. The hatched box
under the diagram indicates the location of the
Cla I-Eco RV fragment used as a probe in
Southern (DNA) blot analysis. The restriction
sites used for the Southern blot analysis and
purification of the fragment from the vector are
shown. N, Not I; S, Sal I; Sp, Spe I. The LCR
was previously known as LAR (locus activation
region) or DCR (dominant control region). The
new term LCR (locus control region) was agreed
on by participants of the 7th Conference on
Hemoglobin Switching (8 to 11 September
1990).

B-globin LCR (Fig. 1) (nLCR). This con-
struct (wLCR-€) (10) was microinjected
into the male pronucleus of mouse zygotes
to produce transgenic embryos. A series of
embryos was isolated at day 9 (d9) of ges-
tation. Of the 23 embryos obtained, four
were transgenic. Human globin gene
expression in these embryos was analyzed by
immunofluorescence. A cellular smear of
embryonic blood was stained with monoclo-
nal antibody to the human e-globin chain
(anti-e) (Fig. 2). At d9 of gestation, the
blood was composed exclusively of primitive
erythrocytes, which contain mouse embry-
onic globin and derive from the blood is-
lands of the yolk sac (11). The vast majority
of these primitive cells reacted positively
with anti-e, indicating that the human
e-globin gene linked to the LCR was ex-
pressed in primitive erythrocytes (12).

We next examined whether pLCR-€
expression was restricted to primitive eryth-
ropoiesis or persisted in definitive erythroid
cells. At d14 of mouse development, the
major site of definitive erythropoiesis is the
fetal liver (11). The nLCR-e was reinjected
to obtain d14 embryos; 2 of 17 embryos
were transgenic. Immunofluorescence anal-
ysis was performed with fetal liver—derived
cellular smears (Fig. 3). In addition to de-
finitive fetal liver erythroblasts, the smear
contained some primitive erythrocytes of
yolk sac origin, which are still present in the
bloodstream at d14 and circulate through
the liver. Whereas these primitive cells
stained intensely with anti-€, the definitive
fetal liver erythroid cells did not, indicating
that pLCR-e was expressed exclusively in
primitive erythroid cells.

Human e expression was analyzed at the

1148

Fig. 2. Immunofluores-
cence analysis of yolk sac
(A) and placental (B)
blood of d9 transgenic
embryos with anti-e.
The large nucleated
primitive erythroid cells
in both preparations
stained brightly. The un-
stained  nontransgenic
maternal  erythrocytes
(small enucleate cells) in
the placental blood pro-
vided a negative control
for antibody staining.

RNA level in established lines of transgenic
mice that contained pLCR-e. We examined
globin expression in staged embryos derived
from the breeding of these transgenic mice.
A male that contained two intact transgene
copies was mated with several females. Fe-
males were killed at recorded times after the
detection of vaginal plugs, and their embry-
os were removed. The RNA was extracted
from erythroid material (peripheral blood,
fetal liver, or both) of the transgenic embry-
os. Globin gene expression was analyzed by
ribonuclease (RNase) protection assays per-
formed with probes that were specific for
the human e-globin as well as endogenous
mouse globin transcripts.

Early in ontogeny the blood of the mouse
embryo is exclusively populated by primitive
erythroid cells that express mouse embryon-
ic globin (&”, Bh1, £). These primitive eryth-
roid cells are gradually replaced by definitive
erythroid cells that are produced initially in
the fetal liver around d10. The replacement
of primitive erythroid cells by definitive
erythroid cells was reflected by a decrease in
mouse embryonic transcripts (Fig. 4). A
similar decrease in human e-globin mRNA
was also seen (Table 1), suggesting that it

Fig. 3. Immunofluorescence analy-
sis of d14 definitive erythroblasts
from fetal liver. The definitive
erythroid cells did not stain with
the anti-e. The brightly stained
primitive erythroid cells that con-
taminated the liver provided a pos-
itive control for antibody staining.

was regulated as are the embryonic globin
genes in mice (13). The restriction of human
e-globin gene expression to primitive eryth-
roid cells was confirmed by analysis of RNA
from definitive erythroblasts from fetal liver.
The presence of definitive erythroid cells in
these samples was documented by the suc-
cessful protection of mouse a-globin
mRNA. In contrast, neither human (€) nor
mouse (Bhl, €, {) embryonic globin tran-
scripts were detected in definitive erythro-
blasts (Fig. 4).

These results indicate that the e gene
responds to the influence of the LCR in
primitive erythroid cells, but escapes the
LCR effect in definitive erythroid cells. Be-
cause the LCR is active in definitive eryth-
roid cells (2, 7), the decrease in expression of
the LCR-linked € gene suggests two things.
First, developmental regulation of the e
gene is autonomously controlled; that is, the
€ gene contains sufficient information for its
own developmental regulation. Second, the
developmental regulation of the e-globin
gene is mediated by a negative control
mechanism that cannot be overcome by the
LCR (14).

Our results suggest that there are at least
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Fig. 4. RNase protection analysis of e-globin
RNA from peripheral blood and liver in staged
transgenic embryos. The probes used are listed at
the left and the size of protected products in
nucleotides are indicated at the right. The RNA
(100 ng) was prepared as described (18) and used
for each protection analysis. Probes were from
pSP64Ma (19), pSP64Mz (19), pSP658h1 (20),
pSP65Me” (19), and pSP64He, (19).

two mechanisms that control hemoglobin
switching in humans: an autonomous mode,
as exemplified by the € gene, and a compet-
itive mode, as illustrated by the vy to B
switch. Autonomous and competitive mech-
anisms have been proposed for hemoglobin
switching in the chicken (15). The trans-
fected adult B-globin gene is only expressed
in definitive cells of the chicken (15, 16) and
thus appears to be autonomous in its devel-
opmental regulation. In contrast, the devel-
opmental regulation of the chicken embry-
onic € genes appears to be competitive,
because the restriction of its expression to
primitive cells depends on the presence of
the B-globin gene on the same plasmid
(15, 16). Whereas the mechanisms of
switching appear to be similar in these two
species, the choice of the mechanisms with
respect to specific genes is reversed. This is
perhaps less surprising than it may seem,
because at the divergence of aves and
mammalia, only a single B-like globin gene
existed (17). The duplications that gave
rise to the human and chicken B-globin
families occurred later and, therefore, in-
dependently in the two species.

REFERENCES AND NOTES

1. D. Tuan, W. Solomon, Q. Li, I. M. London, Proc.
Natl. Acad. Sc. U.S.A. 82, 6384 (1985); W. C.
Forester, C. Thompson, J. T. Elder, M. Groudine,
ibid. 83, 1359 (1986).

2. F. Grosveld, G. B. Van Assendelft, D. R. Greaves,
G. Kollias, Cell 51, 975 (1987).

3. T. M. Ryan, R. R. Behringer, T. M. Townes, R. D.
Palmiter, R. L. Brinster, Proc. Natl. Acad. Sci.
U.S.A. 86, 37 (1989); O. Hanscombe et al., Genes
Dev. 3, 1572 (1989).

4. D. Talbot et al., Nature 338, 352 (1989).

5. G. B. Van Assendelft, O. Hanscombe, F. Grosveld,
D. R. Greaves, Cell 56, 969 (1989).

23 NOVEMBER 1990

6. T. Enver, A. J. Ebens, W. C. Forrester, G. Stama-
toyannopoulos, Proc. Natl. Acad. Sci. U.S.A. 86,
7033 (1989).

7. R. R. Behringer, T. M. Ryan, R. D. Paimiter, R. Z.
Brinster, T. M. Townes, Genes Dev. 4, 380 (1990);
T. Enver et al., Nature 344, 309 (1990).

8. F. E. Baralle, C. C. Shoulders, N. J. Proudfoot, Cell
21, 621 (1980).

9. The hypersensitive fragments that constitute the
®LCR and their nucleotide sequence coordinates
(GenBank HUMBB accession no J00179) are as
follows: Hind III 13769 to Nco I 13062; Bgl II
9218 to Hind III 8486; Hind III 5172 to Bal I
4608; Sph 11702 to Pst 1 1182. W. C. Forrester, U.
Novak, R. Gelinas, M. Groudine, Proc. Natl. Acad.
Sci. U.S.A. 86, 5439 (1989).

10. In this construct, the LCR is linked to the e-globin
gene in the reverse orientation genomic configura-
tion. Previous studies have shown that LCR func-
tions in an orientation-independent manner in trans-
genic mice (4).

11. F. Constantini et al., Cold Spring Harbor Symp. Quant.
Biol. 50, 361 (1985).

12. Transgenic mice with the human e gene lacking the
cis-inked LCR sequences have failed to show
expression of the transgene at any developmental
stage. Similar results were obtained in transgenic
analyses of the human a-globin gene (3).

13. The mouse has two major functional B-like embry-
onic genes (Bhl, €¥) with different profiles of expres-
sion during the maturation of primitive erythroid

cells, Bhl is maximally expressed before €. The
pattern of human e-globin extinction in the blood of
the staged embryos more closely resembled the €
profile than the Bhl profile. This implied functional
relation between human e and mouse € is consistent
with the evolutionary relation predicted from struc-
tural comparisons [A. Hill et al., J. Biol. Chem. 259,
3739 (1984)].

14. Transient assays in erythroid versus nonerythroid
cells have revealed a transcriptional silencer in the €
promoter region [S.-X. Cao, P. D. Gutman, H. P.
G. Dave, A. N. Schechter, Proc. Natl. Acad. Sci.
U.S.A. 86, 5306 (1989)].

15. O. R. B. Choi and J. D. Engel, Cell 55, 17 (1988).

16. J. M. Nickol and G. Felsenfeld, Proc. Natl. Acad. Sci.
U.S.A. 85, 2548 (1988).

17. M. Goodman, J. Czeiusniak, B. F. Koop, D. A.
Tagle, J. L. Slightam, Cold Spring Harbor Symp.
Quant. Biol. 52, 875 (1987).

18. J. Karlinsey, G. Stamatoyannopoulos, T. Enver,
Anal. Biochem. 180, 303 (1989).

19. M. H. Baron and T. Maniatis, Cell 46, 591 (1986).

20. K. Chada, J. Magram, F. Constantini, Nature 319,
685 (1986).

2]1. We thank R. Perlmutter for producing the trans-
genic animals used in this study and D. Chui for the
supply of monoclonal antibody to €. Supported by
NIH grant DK 3132 and HL 20899.

19 June 1990; accepted 14 September 1990

Sequence-Specific DNA Binding by the c-Myc Protein
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While it has been known for some time that the c-Myc protein binds to random DNA
sequences, no sequence-specific binding activity has been detected. At its carboxyl
terminus, c-Myc contains a basic—helix-loop-helix ((HLH) motif, which is important
for dimerization and specific DNA binding, as demonstrated for other bHLH protein
family members. Of those studied, most bHLH proteins bind to sites that contain a
CA--TG consensus. In this study, the technique of selected and amplified binding-
sequence (SAAB) imprinting was used to identify a DNA sequence that was recognized
by c-Myc. A purified carboxyl-terminal fragment of human c-Myc that contained the
bHLH domain bound in vitro in a sequence-specific manner to the sequence,
CACGTG. These results suggest that some of the biological functions of Myc family
proteins are accomplished by sequence-specific DNA binding that is mediated by the

carboxyl-terminal region of the protein.

ESPITE A GREAT DEAL OF RE-
D search indicating that the c-myc on-

cogene functions in cell prolifera-
tion and differentiation, the molecular
mechanisms of myc function remain un-
known. Recent evidence suggests that c-myc
may be involved in transcription, DNA rep-
lication or both (1), and thus might be
expected to have a sequence-specific DNA-
binding activity. However, although c-Myc
has been shown to bind to random DNA
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sequences, no sequence-specific DNA-bind-
ing activity has been demonstrated (2, 3).
c-Myc and other Myc family proteins con-
tain a basic-helix-loop-helix (bHLH) do-
main, a conserved region that mediates
DNA binding by other bHLH proteins (4,
5). The bHLH domain consists of the pro-
posed HLH motf (4), which mediates
homo- and heterooligomerization among
certain bHLH family members (6-8). Im-
mediately NH,-terminal to the HLH region
is a basic region that contacts DNA (7, 8).
The c-Myc bHLH region and an immedi-
ately COOH-terminal leucine zipper motif
(1) are essential for the cotransformation
properties of myc (9). The binding sites that
have been identified for other bHLH pro-
teins contain a CA— -TG consensus (4, 5,
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