
mV) reduction in the afterhyperpolarization (AHP). 
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change in the AHP without any observable effect on 
transmitter release (n  = 6). 
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35. The sensory neuron was voltage-clamped with a 
single microelectrode, and release was monitored 
with an electrode in the follower cell. We unmasked 
the Ca2+ current of the presynaptic cell by pe&sing 
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36. Although we did not rigorously test the selectivity of 
Cd2+ as a Ca2+ channel-blocker in sensory neurons, 
it was clear that both of the components that we had 
identified were at least partially blocked by 10 km 
Cd2+. For example, Fig. 4C, shows that the sus- 
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Autonomous Developmental Control of Human 
Embryonic Globin Gene Switching in Transgenic Mice 

The mechanisms by which expression of the P-like globin genes are developmentally 
regulated are under intense investigation. The temporal control of human embryonic 
(E) globin expression was analyzed. A 3.7-kilobase (kb) fragment that contained the 
entire human €-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 €-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 E gene expression in definitive erythroid cells suggests 
that the developmental regulation of the €-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 €-globin gene developmental control distinguishes it &om 
the competitive mechanism of regulation of y and P-globin genes, and therefore, suggests 
that at least two distinct mechanisms function in human hemoglobin switching. 

I N HUMANS, PRIMITIVE ERYTHROPOIE- 

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 
P-globin chains, E chain synthesis is restrict- 
ed to embryonic cells, Gy and Ay chains 
predominate in the fetal stage, and the 6 and 
p 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'-E, Gy, 6, 
p-3'. 

Division of Medical Genetics, University of Washington, 
Seattle, WA 98195. 
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The activation and high-level transcrip- 
tion of the p-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 E gene, is 
characterized by a series of erythroid-specific 
hypersensitive sites (1). Reverse genetics has 
shown that the LCR confers high-level, 
position-independent, copy number-depen- 
dent expression on a linked P-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 (P) 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 P 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 €-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 c 
expression in definitive erythroid cells was hrther 
confirmed by RNase protection analysis of the 
blood of adult FLAR 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 d l 1  to 0.28% at d l 4  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 (5, eY, phl).  

Gene Gene expression 
~ l ~ ~ d  expression human €1 

sample (mouse a + 5) 

date Corrected Human c Mouse a + 5  Percent for gene 
copies 
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Fig. 1. Map of the PLCR-c 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 c-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). 

P-globin LCR (Fig. 1) (pLCR). This con- 
struct (pLCR-e) (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 exclusivdy of primitive 
erythrocytes, which contain mouse embry- 
onic globin and derive from the blood is- 
landsof the yolk sac (1 1). 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 erythioid 
cells. At d l 4  of mouse development, the 
major site of definitive erythropoiesis is the 
fetal liver (11). The pLCR-• was reinjected 
to obtain d l 4  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 
bloodstrek at d l 4  and circulate through 
the liver. Whereas these primitive cells 
stained intensely with anti-e, the definitive 
fetal liver erythroid cells did not, indicating 
that pLCR-• was expressed exclusively in 
primitive erythroid cells. 
- Human E expression was analyzed at the 

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

RNA level in established lines of transgenic was regulated as are the embryonic globin 
mice that contained pLCR-e. We examined genes in mice (13). The restriction of human 
globin expression in staged embryos derived e-globin gene expression to primitive eryth- 
from the breeding of these transgenic mice. roid cells was confirmed by analysis of RNA 
A male that contained two intact transgene from definitive erythroblasts from fetal liver. 
copies was mated with several females- Fe- The presence of definitive erythroid cells in 
males were killed at recorded times after the these samples was documented by the suc- 
detection of vaginal plugs, and their embry- cessful protection of mouse a-globin 
os were removed. The RNA was extracted mRNA. In contrast. neither human (e) nor 
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 (ey, phl ,  5 ) .  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 l) ,  suggesting that it 

, , 
mouse (phl,  eY, 6 )  embryonic globin tran- 
scripts were detected in definitive erythro- 
blasts (Fig. 4). 

These results indicate that the l 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 l gene suggests two things. 
First, developmental regulation of the l 
gene is autonomously controlled; that is, the 
l gene contains su5cient 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 

Fig. 3. Immunofluorescence analy- 
sis of dl4 definitive erythroblasts 
from fetal liver. The definitive 
erythroid cells did not stain with 
the anti-c. The brightly stained 
primitive erythroid cells that con- 
taminated the liver provided a pos- 
itive control for antibody staining. 
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Mouse phl 
Exon 3 - 
Mouse EY 
Exon 7 

Flg. 4. RNasc protection analysis of e-globi 
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), pSP65phl (ZO), 
pSP65Mey (19), and pSP64Hs (19). 

two mechanisms that control hemoglobin 
switching in humans: an autonomous mode, 
as exemplified by the r gene, and a compet- 
itive mode, as illustrated by the y to p 
switch. Autonomous and competitive mech- 
anisms have been proposed for hemoglobin 
switching in the chicken (15). The trans- 
fected adult p-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 r genes appears to be competitive, 
because the restriction of its expression to 
primitive cells depends on the presence of 
the p-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 
mamrnalia, only a single p-like globin gene 
existed (17). The duplications that gave 
rise to the human and chicken P-globin 
families occurred later and, therefore, in- 
dependently in the two species. 
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Sequence-Specific DNA Binding by the c-Myc Protein 

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 detested. At its carboxyl 
terminus, c-Myc contains a basic-helix-loop-helix (bHLI3J motif, which is important 
for dimerization and specific DNA binding, as demonstrated for other bHLH protein 
M y  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 tccognized 
by c-Myc. A purified carboxyl-terminal fragment of humaa c-Myc that contained the 
bHLH domain bound in vim 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. 

D ESPITE A GREAT DEAL. OF RE- 
search indicating that the c-myc on- 
cogene functions in cell prolifera- 

tion and diffmntiation, 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 (I), 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 

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 motif (4) ,  which mediates 
homo- and heterooligomerization among 
certain bHLH family members (6-8). Im- 
mediately NH,-terminal to the HLH region 
is a basii region that contacts DNA ( f  8). 
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