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sheep to make this globin. 

Many species have several globin 
genes which are differentially expressed 
during ontogeny (1). For example, in hu- 
mans the expression of the gene for y 
globin results in the production of hemo- 
globin F (HbF) (a272) during gestation. 
Synthesis of y globin decreases to low 
levels after birth, when expression of the 
/3 globin gene results in the synthesis of 
hemoglobin A (HbA) (a2f32). An analo- 
gous perinatal change from HbF to HbA 
occurs in sheep. In addition, sheep hav- 
ing the gene for /A globin exhibit a sec- 
ond change, which occurs during anemia 
or other erythropoietic stress (2); the 
synthesis of fA globin ceases and /c glo- 
bin is produced, resulting in the appear- 
ance of hemoglobin C (HbC) (a2/32C). The 
change from HbA to HbC is reversible; 
for example, after termination of 
erythropoietic stress, the /A globin gene 
is again expressed and /3c globin syn- 
thesis stops. 

Kabat (3) proposed that selective in- 
trastrand excision of particular globin 
genes might occur early during erythro- 
poiesis and be the mechanism whereby 
terminally differentiated cells become 
committed to synthesize the individual 
globins. Erythropoiesis is a continual 
process, whereby undifferentiated but 
committed precursor cells enter the 
erythron and actively synthesize hemo- 
globin for only a few days before matur- 
ing into circulating red cells (4). We have 
obtained experimental evidence which 
suggests that sheep erythroid cells be- 
come irreversibly committed to the syn- 
thesis of /A or ac globin (or a mixture of 
the two) during the transition from the 
undifferentiated precursors to recogniz- 
able erythroid cells (5). Kabat's model 
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predicts that erythroid cells from those 
sheep homozygous for /A globin might, 
during severe erythropoietic stress, con- 
tain the fc gene but lack the y gene or, 
possibly, both y and /A genes. Similarly, 
an adult human making only /3 globin 
would lack the gene for y globin in his 
erythroid cells. The y and /3 genes are 
closely linked in humans (6) and prob- 
ably are also in other species. Thus, the 
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Fig. 1. Annealing of sheep bone marrow and 
spleen DNA to t3c, ^A, and y cDNA's. Each 
hybridization reaction contained 2 mg of 
DNA and 0.2 ng of one of the cDNA's. Each 
probe was labeled with 3H-labeled deoxycyti- 
dine triphosphate to give a specific activity of 
approximately 15,000 count/min per nan- 
ogram. The specific activities of all of the 
probes were identical. The reaction volume 
was 132 ,Al. Six individual portions (22 ,Al) 
were sealed in capillary tubes, incubated at 
95?C for 5 minutes, and then placed in a con- 
stant temperature bath at 58?C. The capillary 
tubes were removed at times ranging from 10 
minutes to 66 hours, and the contents were 
expelled into 0.5 ml of 0.05M phosphate buf- 
fer and stored in liquid nitrogen. At the com- 
pletion of the hybridization period, each indi- 
vidual reaction was analyzed by batch elution 
of the single- and double-stranded fractions 
from hydroxyapatite, as described (13). 
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formation of intrastrand loops by base 
pairing between homologous DNA se- 
quences adjacent to each gene is a rea- 
sonable possibility and would provide a 
site for nuclease excision of particular 
genes. Nonetheless, this interesting hy- 
pothesis has never been tested direct- 
ly. To do so we used complementary 
DNA's (cDNA's) specific for the nucleic 
acid sequences of the individual human 
and sheep globins as hybridization 
probes to determine the complement of 
genes present in differentiated erythroid 
cells. 

Messenger RNA's (mRNA's) were 
prepared from reticulocytes of anemic 
adult and normal fetal sheep. Full-length 
cDNA's containing sequences for a and 
one of the non-a globins (either 3^A, pB, 

/c, or y) were synthesized with RNA-de- 
pendent DNA polymerase (7). The non-a 
globin cDNA's were then purified by 
thermal denaturation of heterologous nu- 
cleic acid duplexes followed by chroma- 
tography on hydroxyapatite (8). For ex- 
ample, HbB cDNA (a,/38) was annealed 
to HbF mRNA (a,y) at 50?C, a per- 
missive temperature that allows for- 
mation of y-/3B duplexes. The temper- 
ature was then raised to 68?C, a temper- 
ature above the melting temperature of 
the heterologous ,3-y duplexes but below 
the melting temperature of the homolo- 
gous a-a duplexes. The single-stranded 
3B cDNA was separated from a cDNA-a 
mRNA duplexes by batch chromatogra- 
phy on hydroxyapatite. Using these 
methods, we have prepared cDNA's that 
are specific for each of the sheep globins 
and are contaminated with only 5 to 15 
percent a globin cDNA. Human /3 globin 
cDNA was prepared as described with 
mRNA from reticulocytes of a patient 
with a thalassemia (Hb H disease) (9). A 
cDNA specific for human y globin se- 
quences was obtained by using fetal re- 
ticulocyte mRNA (a,/3,y) to prepare 
mixed cDNA. The y cDNA sequences 
were recovered by hybridization of this 
mixed probe to adult reticulocyte mRNA 
(a,/8), followed by recovery of the single- 
stranded y cDNA by hydroxyapatite 
chromatography (10). 

We initially tested Kabat's gene exci- 
sion hypothesis using DNA from the 
bone marrow of an anemic sheep. The 
animal was homozygous for HbA 
(a2132A). After 15 days of phenylhydra- 
zine injection, it was severely anemic 
(hematocrit, 10 to 12 percent), and 
mRNA prepared from its reticulocytes 
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directed the synthesis only of /3c and a 
globin when translated in Xenopus oo- 
cytes (11). Because of anemia the ratio of 
myeloid to erythroid cells (M: E) in the 
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Erythroid Differentiation 

Abstract. The genes for sheep fiA, t3c, and y globin were all present in DNA from 
erythroid cells which synthesized only /36 globin. Similarly, selective excision of non- 
expressed genes was shown not to occur during human erythroid differentiation. In 
contrast, evolutionary deletion of the /c gene accounts for the inability of many 
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bone marrow was reduced to 0.1:1 to 
0.2:1 (normal is 3:1 to 4:1). Thus at 
least 80 to 90 percent of the bone marrow 
DNA was derived from differentiated 
erythroid cells. We have previously per- 
formed mixing experiments with mouse 
and human DNA and found that a four- 
to fivefold reduction in the concentration 
of particular genes is easily detectable by 
hybridization analysis (12). DNA was 
extracted as described (13) both from the 
marrow and the spleen. The spleen con- 
tained less than 3 percent erythroid cells. 
Samples of these DNA's were annealed 
to cDNA's specific for t3c, PA, and y glo- 
bin in 50 percent formamide at 58?C, a 
temperature only 2? to 4? below the melt- 
ing temperature of perfect DNA-DNA 
duplexes. Under these stringent condi- 
tions the annealing kinetics of the three 
probes were identical with both DNA 
samples (Fig. 1). We concluded there- 
fore that the f'A and y globin genes were 
present in the erythroid cells of this ani- 
mal. 

We next tested the gene excisional hy- 
pothesis using DNA extracted from hu- 
man erythroid cells. Bone marrow sam- 
ples obtained from two patients with 
sickle cell anemia were pooled. Each 
patient had only 1 to 2 percent HbF in his 
circulating blood, and, because of the he- 
molytic anemia, the bone marrow was 
composed predominantly of erythroid 
cells (ratio of M to E, 0.2:1). Annealing 
of DNA extracted from these cells to hu- 
man y and /f cDNA's was compared to 
results obtained with DNA extracted 
from normal human spleen. Both the 
bone marrow and spleen DNA contained 
the /3 and y genes (data not shown). Thus 
the y globin gene was present in dif- 
ferentiated adult human erythroid cells 
despite its lack of expression. 

In sheep, HbC is synthesized during 
erythropoietic stress only in those ani- 
mals which have the gene for /A globin. 
Sheep homozygous for another adult he- 
moglobin, HbB (a,cx3B), do not exhibit 
the synthesis of HbC (a,2/32) even when 
made anemic. The fiB and 'aA globin 
genes are alleles. Animals heterozygous 
for the A/A and /3B genes produce HbA 
and HbB under normal conditions. Dur- 
ing anemia HbA is replaced with HbC 
but HbB synthesis continues. 

DNA prepared from the spleen of an 
animal homozygous for HbB (ace2,B) al- 
lowed us to test the specificity of our hy- 
bridization conditions. At 58?C, 2? to 4? 
below the melting temperature of perfect 
DNA-DNA duplexes, the fB globin 
cDNA annealed to DNA from this ani- 
mal as expected. However, the amount 
of the /3c probe incorporated into hybrid 
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Fig. 2. Annealing of DNA from the spleen of a 
sheep homozygous for HbB to fi and lc 
cDNA. Two-milligram samples of DNA were 
hybridized to 0.2 ng of the specific probe, as 
described in the legend to Fig. 1. 

was no greater than that anticipated from 
the small amount of alpha cDNA that 
contaminated this preparation (Fig. 2), 
implying the absence of the /3' gene 
in this DNA. The sequence differences 
among the /3A, AiC, and y globins are 

equal to or greater than the difference in 
sequence between the /'B and /3c globins, 
and the divergence of the human y and /3 
globin genes is considerably greater (8). 
Therefore, we are confident that at 58?C 
each of the probes we have used anneals 
only to the gene sequence to which it 
corresponds. 

Our results suggest that animals homo- 
zygous for /B globin are unable to make 
HbC because they lack the /3' globin 
gene. Evolution of the /3( globin gene ap- 
parently occurred before the divergence 
of the several caprine species (goat, 
moufflon, and aoudad) that share this 
gene with sheep (14). The fact that most 
sheep in the western world are homo- 
zygous for /B globin suggests that HbC 
in this species has lost whatever selec- 
tive advantage it once conferred. 

We have demonstrated that nonex- 

pressed globin genes are retained dur- 
ing terminal erythroid differentiation. 
Earlier studies have shown that trans- 
lational control does not account for 
commitment of erythroid cells to produc- 
tion of a specific globin (8, 15). Thus y 
globin mRNA is not present in the adult 
erythroid cells that make only HbA, and 
/, globin mRNA is not present in fetal 
erythroid cells making only HbF. It will 
be important, however, to examine the 
relative amounts of mRNA sequences in 
both nuclei and cytoplasm obtained from 
cell populations actively making two 

types of globin. To date, these studies 

have not been done. Thus, it remains 
possible that modulation of the final 
amount of specific mRNA in the cy- 
toplasm is either achieved at the level of 
gene transcription or during RNA pro- 
cessing in the nucleus. 
EDWARD BENZ, JR., PATRICIA TURNER 
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Section on Clinical Hematology, 
Molecular Hematology Branch, 
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