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Synthesis of Functional Human Hemoglobin in
Transgenic Mice

RicHARD R. BEHRINGER, THOMAS M. RYAN, MICHAEL P. REILLY,
TosH10 ASAKURA, RICHARD D. PALMITER, RALPH L. BRINSTER,
TiMm M. TOWNES

Human a- and B-globin genes were separately fused downstream of two erythroid-
specific deoxyribonuclease (DNase) I super-hypersensitive sites that are normally
located 50 kilobases upstream of the human B-globin gene. These two constructs were
coinjected into fertilized mouse eggs, and expression was analyzed in transgenic
animals that developed. Mice that had intact copies of the transgenes expressed high
levels of correctly initiated human «- and B-globin messenger RNA specifically in
erythroid tissue. An authentic human hemoglobin was formed in adult erythrocytes
that when purified had an oxygen equilibrium curve identical to the curve of native
human hemoglobin A (Hb A). Thus, functional human hemoglobin can be synthesized
in transgenic mice. This provides a foundation for production of mouse models of

human hemoglobinopathies such as sickle cell disease.

( : ORRECTLY REGULATED EXPRESSION
of human B-globin genes in trans-
genic mice is well documented (1,

2). The human gene is expressed only in

adult erythroid tissue and, in some animals

with relatively high transgene copy num-
bers, the level of human B-globin mRNA is
equivalent to endogenous mouse B-globin
mRNA. Analysis of constructs with -glo-
bin gene fragments inserted upstream of a
reporter gene demonstrate that sequences
located immediately upstream, within and
downstream of the gene contribute to the
correct temporal and tissue specific expres-
sion (3). Sequences located 50 kb upstream
of the B-globin gene also have an effect on
globin gene expression (4-8). When these
sequences that contain erythroid-specific,

DNase I super-hypersensitive (HS) sites are

fused upstream of the human B-globin gene
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and injected into fertilized mouse eggs, large
amounts of human B-globin mRNA are
synthesized in virtually all transgenic mice
that develop (5, 7). These experiments sug-
gest that the super-hypersensitive sites de-
fine locus activation regions that “open” a
large chromosomal domain for expression
specifically in erythroid cells and dramatical-
ly enhance globin gene expression.

The human al-globin gene is also ex-
pressed at high levels in erythroid tissue of
transgenic mice when the injected gene is
flanked by super-hypersensitive sites from
the human B-globin locus (8). Thus a com-

plete human hemoglobin could be synthe-
sized in mice if human a- and B-globin gene
constructs were coinjected into fertilized
eggs. Previous studies demonstrated that
two of the five HS sites in the B-globin locus
were sufficient for high-level expression (7,
8). Therefore, we inserted HS I and II (a
12.9-kb Mlu I-Cla I fragment) upstream of
the human a1- and B-globin genes (Fig. 1)
and coinjected equimolar amounts of these
constructs into fertilized mouse eggs (9).
The eggs were transferred into the oviducts
of pseudopregnant foster mothers, and sev-
en transgenic mouse lines were established
from founder animals that contained intact
copies of the injected fragments. Total RNA
from ten tissues of adult progeny were then
analyzed for correctly initiated human a-,
human B-, mouse a-, and mouse B-globin
mRNA by primer extension (10) (Fig. 2A).
Human a- and B-globin transgenes were
expressed only in blood and spleen, which
are both erythroid tissues in mice; detection
in the lung is the result of blood contamina-
tion (11) because both human and mouse a-
and B-globin mRNA are observed in this
nonerythroid tissue. Human a- and B-glo-
bin mRNA levels in blood, as measured by
solution hybridization, were 100% and
120% of endogenous mouse B-globin
mRNA, respectively. Therefore, erythroid-
specific, human a«- and B-globin gene
expression can be achieved in adult trans-
genic mice after coinjection of a- and B-
globin constructs that contain HS I and IL

To determine whether complete human
hemoglobins were formed, we separated
hemolysates (12) of the blood of animals
from two different transgenic lines by non-
denaturing isoelectic focusing (IEF) (Fig.
2B). The first lane is a mouse control and
the last lane is a normal human sample. The
predominant band in each of the controls is
the major adult hemoglobin; mouse a,B, or
human o,B,, respectively. In both trans-
genic mouse samples 5394 and 5393, bands
that run at the same pI as human Hb A
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Fig. 1. HS LII a-globin and HS LII B-globin gene constructs. Eighty-five kilobases of the human B-

- globin locus and 35 kb of the human a-globin locus are drawn to scale. The brackets beneath the HS

sites, a1-globin gene, and B-globin gene indicate fragments used for construction. A 12.9-kb Mlu I-Cla
I fragment that contained erythroid-specific, DNase I super-hypersensitive (HS, arrow) sites I and II
from the human B-globin locus was inserted into a modified pUC19 plasmid upstream of a 3.8-kb Bgl
II-Eco RI fragment carrying the human al-globin gene or a 4.1-kb Hpa I-Xba I fragment with the
human B-globin gene. The 16.7- and 17.0-kb fragments with HS LII a-globin and HS LII B-globin
were separated from plasmid sequences and coinjected into fertilized mouse eggs (9).
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Fig. 2. Expression of human «- and B-globin genes in transgenic mice. (A)
Primer extension analysis of total RNA from ten tissues of an HS LII a-
globin/HS LII B-globin transgenic mouse. Human reticulocyte and mouse
fetal liver RNAs are controls. Authentic human B- and a-globin primer
extension products are 98 bp and 76 bp, respectively; correct mouse «- and
B-globin products are 65 and 53 bp, respectively (1, §). Human «- and B-

(ha2hB;) and mouse hemoglobin (ma,mp;)
are observed. In additon to human and
mouse hemoglobins, two other major bands
were observed in both transgenic samples.
To determine the composition of these
bands and to confirm the human and mouse
hemoglobins, the four bands in sample
5393 were excised from the gel and analyzed
on a denaturing cellulose acetate strip (13)
(Fig. 2C). Control lysates of mouse, human,
and 5393 blood samples were separated in
lanes on the left. Mouse a- and B-globin
polypeptides, as well as human a- and B-
globin polypeptides, were well separated on
this strip. Sample 5393 contained all four
polypeptides; the human «- and B-globin
polypeptides were 110% and 106% of the
amounts of mouse a- and B-globin, by
densitometric analysis. The top band (band
1) of sample 5393 in Fig. 2B is composed of
human a- and mouse B-globin chains. The
second band is mouse a- and mouse B-
globin and the third band is human «- and
B-globin as expected. The polypeptides com-
posing band 4 in Fig. 2B are barely visible in
Fig. 2C but are clearly mouse - and human
B-globin. Therefore, normal amounts of hu-
man hemoglobin can be synthesized in adult
mice, and multiple combinations of globin
polypeptides are possible [see note (14)].
The functional properties of human,
mouse, and hybrid hemoglobins synthesized
by transgenic mice were assessed by deter-
mination of oxygen equilibrium curves
(OEC) and by calculation of Psg values. The
Psg is the partial pressure at which hemoglo-
bin is half saturated with oxygen and is
inversely related to hemoglobin oxygen af-
finity. All four hemoglobins described above
were purified by preparative IEF (15) and
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Mouse a- and B-globin mRNA are also observed in this nonerythroid tissue.

(B) Nondenaturing, isoelectric focusing of transgenic mouse hemolysates.

Hemolysates of control mouse (lane 1), human (lane 4), and transgenic

mouse (lanes 2 and 3) blood were run on a native agarose isoelectric focusing
gel (12) and photographed without staining. (C) Denaturing, cellulose
acetate strip electrophoresis of transgenic mouse hemoglobins. Hemoglobins
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Fig. 3. Oxygen equilibrium curves (OEC) of
hemoglobins purified from 5393 transgenic
mouse progeny. Hemoglobins of 5393 progeny
were separated on preparative isoelectric focusing
gels (15). Bands 1 to 4 (top to bottom) illustrated
in Fig. 2B were purified from gel slices and the
OEC of each hemoglobin band was determined in
0.1M potassium phosphate, pH 7.0 at 20°C (16).
The Pso of band 1 (ha,mB,) is 15.7 mmHg, band
2 (ma;mf;) is 11.1 mmHg, band 3 (ha,hf,) is
8.0 mmHg, and band 4 (ma,hB,) is 4.7 mmHg.
The Ps, of human hemoglobin in these transgenic
mice is identical to the Psy of native Hb A.

o

the OEC for each was determined (16) (Fig.
3). The OEC were normal, sigmoid-shaped,
and demonstrate that all four hemoglobins
bind oxygen cooperatively. The Pso of hu-
man hemoglobin synthesized by transgenic
mice is 8.0 mmHg, which is identical to the
Pso of native human Hb A. Interestingly,
the oxygen affinities of the two hybrid tetra-
mers differ significantly from human and
mouse hemoglobins. The ha,mpB, hybrid
has an extremely low O, affinity; the Pso is
15.7 mmHg. In contrast, the O, affinity for
ma;hB; is extremely high; the Psq for this
hemoglobin is 4.7 mmHg (17).

Finally, the hematological values of six

were denatured in alkaline-urea buffer, electrophoresed on cellulose acetate
strips, and stained with imido black (13). Lanes marked mouse, human, and
5393 are hemolysates of control mouse, human, and transgenic mouse
(5393) blood, respectively. Lanes marked 1 to 4 are hemoglobins purified
from individual bands (numbered 1 to 4 from top to bortom) of sample
5393 on the isoelectric focusing gel in (B).

transgenic progeny were determined and
compared to five normal animals. Red blood
cell counts and hematocrits for transgenic
animals were normal and, interestingly, the
values for hemoglobin and mean corpuscu-
lar volume were in the normal range. Conse-
quently, the calculated values of mean cor-
puscular hemoglobin and mean corpuscular
hemoglobin concentration (MCHC) for
transgenic animals were normal. Thus the
total hemoglobin concentration in trans-
genic erythrocytes is not increased even
though reticulocytes contain 100% more
globin mRNA (18). Therefore, to maintain
normal MCHC, all globin mRNAs are ei-
ther translated at reduced rates or a- and B-
globin polypeptides are less stable. Another
possibility is that globin synthesis ceases
when the maximum intracellular concentra-
tion of hemoglobin is attained. If the rate of
globin synthesis is normal, then a full com-
plement of hemoglobin could be synthe-
sized in half the time leading to faster matu-
ration of reticulocytes.

In summary, the results presented demon-
strate that high levels of human «- and B-
globin mRNA can be coexpressed in mice.
The transgenes are expressed specifically in
erythroid tissue and levels of human hemo-
globin equivalent to mouse hemoglobin can
be achieved. In addition, the human hemo-
globin produced in these mice is fully func-
tional and the transgenic animals are pheno-
typically normal. These results provide a
solid foundaton for the production of trans-
genic mice that synthesize high levels of
other human hemoglobins. We have initiat-
ed studies to synthesize high levels of human
sickle hemoglobin in transgenic mice in an
attempt to produce a mouse model of sickle
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cell disease. Although sickle cell anemia was
the first disease to be understood at the
molecular level (19), there is still no cure or
adequate treatment. If a transgenic mouse
model can be developed, new drug therapies
and even gene therapies could be tested.
Once perfected in model systems, protocols
that are safe and effective for humans could
be developed.
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Circumsporozoite Protein Heterogeneity in the
Human Malaria Parasite Plasmodium vivax

RONALD ROSENBERG,* ROBERT A. WIRTZ, DAVID E. LANAR,
JETSUMON SATTABONGKOT, TED HALL, ANDREW P. WATERS,

CHUSAK PRASITTISUK

Phenotypic heterogeneity in the repetitive portion of a human malaria circumsporo-
zoite (CS) protein, a major target of candidate vaccines, has been found. Over 14% of
clinical cases of uncomplicated Plasmodium vivax malaria at two sites in western
Thailand produced sporozoites immunologically distinct from previously character-
ized examples of the species. Monoclonal antibodies to the CS protein of other P. vivax
isolates and to other species of human and simian malarias did not bind to these
nonreactive sporozoites, nor did antibodies from monkeys immunized with a candi-
date vaccine made from the repeat portion of a New World CS protein. The section of
the CS protein gene between the conserved regions I and II of a nonreactive isolate
contained a nonapeptide repeat, Ala-Asn-Gly-Ala-Gly-Asn-Gln-Pro-Gly, identical at
only three amino acid positions with published nonapeptide sequences. This heteroge-
neity implies that a P. vivax vaccine based on the CS protein repeat of one isolate will

not be universally protective.

ALARIA, A DISEASE CAUSED BY A
mosquito-borne protozoan para-
site of red blood cells, is so wide-
spread and causes disability so severe that
many strategies to control it have been
devised. Recently much effort has been fo-
cused on the construction of vaccines de-
signed to elicit a host immune response to
sporozoites, the parasite stage injected into

humans by mosquitoes. The predominant
surface, or circumsporozoite (CS), proteins
of sporozoites are characterized by tandemly
repeated peptide units that occupy about
one-third of each molecule and are immuno-
genic (1-3). In Plasmodium vivax, one of four
Plasmodium species naturally infecting hu-
mans, the unit has been found to be a
nonapeptide repeated about 20 times (2, 3).
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