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Using the dominant control region (DCR) sequences that flank the B-globin gene locus, we have been able to
achieve high-level expression of the human a-globin gene in transgenic mice. Expression in tetal liver and blood
1s copy number dependent and at levels comparable to that of the endogenous mouse a-globin genes. Transgenic
tetuses with high-copy numbers of the transgene suffer severe anemia and die before birth. Using a construct
with both the human «- and B-globin genes and the B-globin DCR, live mice with low-copy numbers were
obtained. Both human globin genes are expressed at high levels in adult red cells to give human hemoglobin
HbA in amounts equal to or greater than endogenous mouse hemoglobin. Expression of HbA in murine red cells
1s not accompanied by any increase in mean corpuscular volume (MCV) or mean corpuscular hemoglobin
concentration (MCHC). However, these transgenic mice tend to have an increased number of reticulocytes in
peripheral blood, consistent with some degree of hemolysis. Metabolic labeling experiments showed balanced
mouse globin synthesis, but imbalanced human globin synthesis, with an o/ biosynthetic ratio of ~0.6. Thus,
these mice have mild anemia. These results are discussed with relation to the coordinate regulation ot a- and

B-globin synthesis in erythroid tissues.
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Hemoglobin is the oxygen-carrying molecule of red
blood cells and comprises up to 90% of total cellular
protein. Adult human hemoglobin A (HbA) consists of
two a- and two B-globin chains, each complexed with a
heme molecule. The human o-like globin genes are
clustered on chromosome 16 and comprise the embry-
onic { gene, two adult a-globin genes, «; and «,, and the
recently described 6-globin gene, for which low levels of
RNNA have been detected in erythroid cell lines but for
which no function has yet been ascertained (Marks et al.
1986; Leung et al. 1987; Shaw et al. 1987). The human
B-like globin genes are clustered on chromosome 11 and
comprise the embryonic €, the two fetal y-genes Sy and
%y, and the adult 3- and B-globin gene (Maniatis et al.
1981).

Genetically inherited defects in both « and B-globin
gene clusters are common and give a number of hemog-
lobinopathies, including a- and B-thalassemias, which
are characterized by decreased synthesis of either a- or
B-globin chains, with an imbalance in the B/a biosyn-
thetic ratio (Weatherall and Clegg 1981). There is a wide
range of clinical severity, depending on the extent of
globin deficit and on the relative rates of «- and B-globin

chain synthesis. The most severe (B°) thalassemias, in
which no B-globin chains are produced at all, are charac-
terized in the homozygous state by much decreased
mean corpuscular volume (MCV) and mean corpuscular
hemoglobin (MCH), by the appearance of immature red
cell precursors in peripheral blood, and by marked inef-
tective erythropoiesis. Treatment of B° thalassemia is by
a regular high blood transfusion regime and intensive
iron chelation. Structural mutations of either the «- or
the B-globin gene cause a variety of hemoglobinopathies,
the most severe and most common of which is sickle
cell anemia. A single amino acid change at codon 6
allows polymerization of deoxygenated hemoglobin te-
tramers, causing a change in red cell morphology that
can lead to blockages in microcapillaries and cause
tissue damage (Serjeant 1985). There is presently no
good animal model system in which to study sickle cell
disease.

A series of erythroid-specific DNase I hypersensitive
sites border the human B-globin locus on chromosome
11 (Tuan et al. 1985; Forrester et al. 1987 Grosveld et al.
1987). When these sequences are included in a human
B-globin construct and are present in transgenic mice or
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mouse erythroleukemic cells, each copy of the human
B-globin gene is expressed as efticiently as the endoge-
nous mouse B-globin genes (Grosveld et al. 1987; Blom
van Assendelft et al. 1989, Talbot et al. 1989). This ex-
pression is independent of the position of integration of
the transgene and exhibits copy-number dependence.
We have been unable to obtain even very low-level ex-
pression of the human «- (and 6-) globin gene in trans-
genic mice (this paper), using constructs containing just
human «-globin gene fragments. However, by placing
the B-globin dominant control region (DCR) next to the
human «- and 6-globin genes, we can obtain position-in-
dependent expression of the human «-globin gene at
levels, per gene copy, at least as high as that of the en-
dogenous mouse a-globin genes. These data contrast
with the results of Ryan et al. (1989), who used an in-
complete B-globin DCR to obtain human «-globin gene
expression in transgenic mice, but this was not copy de-
pendent or independent of the site of transgene integra-
tion. Furthermore, we have been able to detect expres-
sion of the introduced human 6-globin gene, albeit at
much lower levels than that observed for the human «-
globin transgene. Using a construct with both the
human a- and human B-globin genes and the B-globin
DCR, we derived transgenic mouse lines expressing
more human hemoglobin, HbA, than mouse hemoglobin
in adult red cells, demonstrating the feasibility of using
transgenic mice for generating animal models of human
hemoglobinopathies.

Results

Transgenic embryos expressing the human
a-globin gene

Previous attempts to obtain transgenic mice expressing
the human «-globin gene had proved unsuccesstul {un-
publ. and see below). Therefore, we investigated the ef-
fect of adding the B-globin locus-dominant control re-
gion to the human a-globin gene. A 7-kb BgIlI-Asp718
fragment encompassing the human «, gene and the 6-
globin gene was cloned between the Clal and Asp718
sites of the B-minilocus cosmid (Grosveld et al. 1987),
and a 41-kb Sall fragment was prepared for injection into

Human hemoglobin expression in transgenic mice

fertilized mouse eggs (1301, Fig. 1). Nine transgenic fe-
tuses were obtained, and the copy number of the trans-
gene was determined by Southern blot analysis of pla-
cental DNA (Fig. 2A). The transgene copy number was
estimated by comparison of hybridization signals ob-
tained with a human «a-globin gene probe, which detects
a 5.6-kb fragment in EcoRI-digested mouse placental
DNA with the hybridization signal obtained with the
human placental DNA (Fig. 2A, lane Hu) and plasmid
dilutions (Fig. 2A, lanes 10 X and 1 x). Signals were cor-
rected for DNA loading by comparison of the hybridiza-
tion signals for the single-copy mouse Thy-1 gene. All
nine transgenic mice contained unrearranged copies of
the a6 fragment, including the four 5° DNase I hyper-
sensitive sites (Fig. 2B and data not shown). Southern
blot analysis of placental, liver, and body DNA for each
embryo showed that four of the nine were mosaics, as
transgene copy number was different for each tissue
(data not shown). The 12.5-day fetuses with the highest
copy number of the af construct that were not mosaic
(92, 87, and 81) were anemic with very small fetal livers
(Fig. 3). This is very similar to the fetal anemia obtained
with the B-globin gene in the minilocus (Grosveld et al.
1987 Talbot et al. 1989).

RNA was prepared from whole embryo and used in a
S1 nuclease protection analysis of human a-globin ex-
pression. The S1 analysis of embryo RNAs shown in
Figure 2C demonstrates that each human «-globin gene
is expressed in direct relation to a-gene copy number at a
level, per gene copy, at least as high as that of each of the
endogenous mouse a-globin genes. For example, mice 93
and 71, which carry a single copy of the a6 cosmid, give
an S1-protected fragment of equal intensity to that of the
mouse a-globin mRNA. The embryo RNA of the
anemic mouse 92, which carries eight copies of the af
cosmid, shows a high level of human a-globin mRNA
and no detectable mouse a-globin mRNA (Fig. 2C; Table
1). Detectable levels of human «a-globin expression in
transgenic animals is only observed when the B-globin
locus DCR is present in the construct; mice 33 and 36,
which carry only the 7-kb Asp718—Clal fragment, do not
express the human a-globin gene (Fig. 2). Similar results
were obtained from the analysis of fetal liver and blood
RNAs of nonanemic animals (data not shown).
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Figure 1. Constructs used to generate transgenic mice. Construct 1254 has a 7-kb Bglll-Asp718 fragment of the human «-globin

locus cloned between BamHI and Clal sites of the vector pUC/Cla

(Grosveld et al. 1987). The insert was excised with Asp718 and Clal

for microinjection. Construct 1301 has the Clal-Asp718 fragment of construct 1254 cloned between the Clal and Asp718 sites of the
B-minilocus cosmid (Grosveld et al. 1987). A Clal-linkered 4-kb Sphl-Bglll human B-globin gene fragment was inserted into the
unique Clal site of 1301 to give construct 1451. Vertical arrows indicate positions of erythroid-specific DNase I hypersensitive sites;
horizontal arrows indicate transcriptional orientation of the globin and tk-neo” genes. (A) Asp718; (C) Clal; (S) Sall; (X) Xhol.
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Figure 2. Copy number and expression anal-

C . ysis of ab transgenic embryos. (A) Placental
8 N 36 33 93 92 90 8987 8581 74 71 M DNA samples (10 pg) of 13.5-day transgenic

FL Nts embryos were digested with EcoRI and trans-

| - ferred to nitrocellulose after electrophoresis.

- The tilter was hybridized with a mixture of
Pi - mouse Thy-1.2 and human «-globin probes

: - and washed to a final stringency of 0.1 x SSC,

- 0.1% SDS. Plasmid DNA (10x and 1 x) di-

4 luted to give a signal equivalent to 10 and 1

copies, respectively, of the transgene in 10 pg

of genomic DNA. EcoRI-digested nontrans-

1% -— L ae e ED e — ™o e genic mouse DNA (10 pg) and human pla-

. . cental DNA (10 png) were loaded in lanes N

Huo — -~ a5 ®e - — 220 and Hu. (B) The filtff:r used in A was stripped
and rehybridized with a 3.3-kb EcoRI probe

Mo — -~ e s - =R encompasses the 5’ end of the Sall frag-

ment of 1301 used for microinjection. (C)
Whole-embryo RNA (1 pg) was hybridized with a mixture of mouse a- and human a-specific S1 probes (sp. act. ratio 1 : 2). The S2

digestion products were resolved on a 6% sequencing gel, and the positions of protected fragments and input probes (ip) are marked.

Nontransgenic embryo RNA (N) was used as negative control; fetal liver RNA (250 ng) of transgenic embryo 8 was used as positive
control (FL). Sizes indicated are in nucleotides (Nts).
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Figure 3. High-copy-number a6 transgenic
embryos die of a severe anemia. Trans-
genic embryo 81 (right) is shown alongside a
nontransgenic littermate dissected from the
same foster mother 12.5 days after transfer of
microinjected eggs. Note the very small fetal
liver and extreme pallor compared to the
normal embryo.
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Table 1. Copy-number and expression analysis of a8
transgenic embryos

Embryo Copy aH/aM/aH

Mouse? ageb number® oH/aM¢ gene copy
93 129 1 0.57 0:5
92+ 12.5 8 ND ND
90 12.5 M — —
89 12.5 M — —
87 2.5 8 >50+ >6.00
85 13.5 M — —
81+ 13.5 8 6.2 0.77
74 (del) 13.5 3 5.3 1.76
7il 13.5 1 0.55 0.55

aEmbryos marked + were anemic (see Fig. 3). There was not
enough mouse « signal to give a meaningful ratio. (del) Deletion
in mouse 74, which appears to have three copies of the « gene
but more than three copies of DCR sequences (Fig. 2A and B).
bEmbryos were dissected 12.5 or 13.5 days after transfer of in-
jected eggs.

cTransgene copy number was determined by densitometry of a
range of exposures of the Southern blots shown in Fig. 2, A and
B. (M) Mosacism.

dThe ratio of human a- to mouse a-globin mRNA (aH/aM| was
calculated by densitometric scanning of S1 analyses of embryo,
blood, and fetal liver RNAs (Fig. 2C; data not shown),
correcting for differences in specific activities. Four additional
transgenic 12.5-day embryos were obtained, however, insutti-
cient DNA was available to check rigorously for mosaicism and
they were therefore not included in this analysis. Fetal liver
RNA of one of these mice (FL 8) was used as an internal stan-
dard for a-globin S1 analysis.

af3 Transgenic mice

We observed previously that transgenic fetuses with
high-copy numbers of the human B-globin gene and the

B-globin DCR die in utero and displayed a thalassemia-
like anemia similar to that illustrated in Figure 3 (Gros-

veld et al. 1987; Talbot et al. 1989). To overcome the

lethal anemia and investigate the possibility of estab-
lishing animal disease models, we cloned a single copy
of human B-globin gene into the Clal site of the a8
cosmid (Fig. 1). A 45-kb Sall fragment was injected into
F, fertilized mouse eggs, and after transfer to pseudo-
pregnant foster mothers, 26 live mice were obtained.
Five mice were identified as being transgenics by
Southern blot analysis of tail biopsy DNA with a human
a-globin gene probe (data not shown). Four transgenic
lines were established by breeding with nontransgenic F,
CBA x C57BL animals (Table 2). Southern blot analysis
with probes spanning the 45-kb Sall fragment showed
that two mice, 14 and 39, had sustained deletions of
DCR sequences (Fig. 4A and B; data not shown). Oft-
spring of founder mouse 10 have five intact copies of the
Bab fragment, offspring of mouse 31 have two copies,
and founder mouse 15 appears to have six copies; this
mouse did not give transgenic offspring, and we con-
cluded that mouse 15 is a mosaic. Moreover, part of the
3-globin genes of mouse 15 have undergone a deletion
(Fig. 4B, inset).

Human hemoglobin expression in transgenic mice

RNA was prepared from blood, spleen, and thymus of
transgenic mice, and a S1 nuclease protection assay was
used to determine the level of human «- and B-globin
expression (Fig. 4C, D, and E). The steady-state level of
human B-globin mRNA in mouse 10 blood and spleen
RNAs is 2.5 times that of the endogenous mouse (-
globin mRNA; there are approximately equal amounts
of human and mouse B-globin mRNAs in mouse 31 (Fig.
4D). The level of human «a-globin mRNA is half that of
the human B-globin mRNA (Fig. 4C). Erythroid speci-
ficity of this expression is shown by the analysis of
thymus RNA. The human B-globin signal seen is 1%
that of spleen and is due to blood contamination of
thymus tissue, as shown by the presence of the mouse
Bma signal (Fig. 4E). Using a 3'-end probe for the human
9-globin gene, we were able to detect low-level expres-
sion of the 6 transgene in spleen RNA of mouse 10 (Fig.
4F), but the levels of expression are at least 100 times
lower than that of the human «-globin gene.

af Transgenic mice expression human hemoglobin

Having shown high-level, erythroid-specific expression
of both human «- and B-globin genes in adult mice, we
looked for the expression of HbA (a,(3,), in transgenic
mouse blood. Mouse hemoglobin and human hemo-
globin can be resolved by isoelectric focusing under na-
tive conditions (Fig. 5). Mice 15 and 31 have about equal
amounts of human and mouse hemoglobin, whereas
mouse 10 has three to four times more human hemo-
¢globin than mouse hemoglobin. Mice 39 and 14, which
have deletions in the DCR sequences, have no detect-
able HbA consistent with the RNA analysis of Figure 4.

Hematological analysis of a3 transgenic mice

The of transgenic mice had hemoglobin levels within
the normal range (Table 3); however, they tended to
have a higher reticulocyte count than the controls and
some morphological abnormalities in the way of poiki-

Table 2. Copy number and expression analysis of af3
transgenic mice

Copy
Mouse number Ha/Ma RNA HB/MB RNA
10 5 1.9 2.6
14 0.76 - -
(mosaic)
15 6 (partial 1.8 1.3
B deletion| (5 copies) (2 copies)|
31 2 0.7 1.0
39 3 — —
(deletion)

Adult transgenic mice were sacrificed, and transgene copy
number was determined by Southern blot analysis and densi-
tometry (Fig. 4A and B). The ratios of human and mouse a- and
B-globin mRNAs were determined by densitometric scanning
of S1 nuclease analyses and corrected for specific activity dif-
ferences (Fig. 4C and D).
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Figure 4. (See legend on following page.)
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Human hemoglobin expression in transgenic mice
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Figure 5. Electrophoretic analysis of hemoglobins in transgenic mouse blood. Human (Hu), nontransgenic (N), and of transgenic
mouse blood samples were lysed in 0.25 M sucrose and 1% Trasylol (Bayer), cleared by centrifugation, and normalized by OD,,.. Two
ODy, 5 units of cell lysate were applied to a horizontal isoelectric focusing gel. The gel was run for 2 hr at 600 V before photography.

Hemoglobin species were visualized without staining.

locytosis and polychromasia (Fig. 6). These findings sug-
gest a mild anemia, not immediately apparent from the
MHC/MCYV data, which is similar to the situation in
human «-thalassemia due to a triplication of the «-
globin gene (Weatherall and Clegg 1981). This 1s dif-
ferent from a classical thalassemia, which is character-
ized by the absence of genes rather than an abundance of
genes.

Because only tetrameric hemoglobin molecules are
stable, the proportions of various hemoglobin compo-
nents found in blood (Fig. 5) may not necessarily reflect
the rates of synthesis of the respective globin chains. To
measure globin biosynthetic ratios directly, we carried
out metabolic labeling experiments with [3H]leucine in
peripheral blood reticulocytes. Globin chains purified
after a 2-hr incubation were fractionated by carboxy-
methyl cellulose column chromatography in 8 m urea
(Clegg et al. 1968). With blood of mouse 10, four discrete
peaks of radioactivity are observed, two of which coelute
with *C-labeled human globin chains and two of which
elute at the same buffer concentration as nontransgenic
mouse globin chains (Fig. 7). In two separate experi-
ments on two transgenic siblings, the values for the bio-
synthetic ratio o/ of the mouse globin chains were 0.93
and 1.0, respectively. In contrast, the values tor the bio-
synthetic ratio /B of the human globin chains were 0.61

and 0.50, respectively, again in keeping with a mild
anenla. In the same two experiments the values of the
ratio of total human to total mouse globins synthesized
were 1.51 and 1.61, respectively, in agreement with the
steady-state mRNA levels.

Discussion

By placing the dominant control region sequences of the
B-globin locus in cis to the human «-globin gene, we
have been able to obtain transgenic mouse embryos that
express high levels of human a-globin mRNA. Nonmo-
saic mice with high human «-gene copy numbers die at
around day 13 of gestation from a severe anemia. In con-
trast, transgenic mice carrying both human «- and B-
globin genes and the B-globin DCR are viable but exhibit
a mild a-thalassemia.

High-level human «-globin expression

Previous attempts to obtain transgenic mice expressing
the human «-globin gene have proved unsuccessful
(Ryan et al. 1989; this paper). Addition of the four DNase
[ hypersensitive sites 5’ of the € gene and the site down-
stream of the B gene gives copy number-dependent
human «-globin gene transcription in the erythroid

Figure 4. Copy-number and expression analysis of adult af transgenic mice. (A) Genomic DNA was prepared from livers of indicated
af transgenic mice, digested with BamHI, and transferred to nitrocellulose after electrophoresis. The filter was probed with a human
B-globin-specific probe and a mouse Thy-1.2 gene probe and washed to a final stringency of 0.1 x SSC at 65°C. (B) The filter of A was
stripped of hybridizing DNA by washing in 100 mm NaOH and 0.1% SDS and reprobed with a 0.46-kb EcoRI-Bg/II probe derived from
the a® cosmid that detects a 15-kb BamHI fragment and an 18-kb partial BamHI fragment (Blom van Assendelft et al. 1989). (Inset)
EcoRI-digested DNA, human placenta (H), and liver DNA of mice 31 and 15, probed with a human «- and a human B-globin probe.
The 6-kb band derives from the human « gene; the 4.4-kb band derives from the human B-globin gene. Mouse 15 shows a deletion of
three copies of the human B gene. (C) Spleen RNAs (500 ng) of indicated transgenic or nontransgenic (N) mice were hybridized with a
mixture of mouse a- and human a-specific S1 probes (sp. act. ratio 4 : 1). The S1 digestion products were resolved on a 6% sequencing
gel. Fetal liver RNA (250 ng) of transgenic embryo 8 (FL) was used as positive control; one-third the amount of mouse 10 spleen RNA
was analyzed to determine whether S1 signals were in the linear range of the assay (%3 10). (D) RNAs used in C were hybridized with a
mixture of human B and mouse ™ S1 probes (sp. act. ratio 1 : 1). (E) Thymus RNAs (5 pg) from indicated transgenic and nontrans-
genic (N) animals were hybridized with the S1 probe mixture used in D. Fetal liver of transgenic embryo 8 (250 ng) was used as
positive control (8 FL). (F) HeLa cell RNA (20 pg), K562 RNA (20 pg), and spleen RNA (10 pg) from nontransgenic (N) or o} transgenic
mouse 10 were hybridized to a 5'-labeled 0.9-kb BamHI fragment derived from the 3’ end of the human 6 gene. The Sl digestion
products were anlayzed on a 5% sequencing gel, and the gel exposed to Kodak XAR-5 film for 4 days, as compared to the 1-hr

exposures shown in C. (Human « and 6 probes were of equal specific activity.)
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Table 3. Hematological values in af transgenic mice 10

Controls Transgenic
Hb MCV MCH MCHC Retic Hb MCV MCH MCHC Retic
(G/dl) (£1) (pg) (G/dl) (%) (G/dl) |£1) (pg) (G/dl) (%)
Group I
] ND 50 15 31 ND ND 50 13 27 ND
2 ND 46 12 26 ND ND 48 17 35 ND
Group Il
1 13.6 54 15 28 6.4 13.3 55 14 26 14.2
2 12.3 56 15 27 14.6 ND 54 14 27 9.7
3 13.7 57 17 30 4.4 11.6 54 14 26 14.5
4 11.6 53 14 26 16.6
5 13.2 56 15 26 95
6 12.1 61 15 25 20.8
7 14.7 55 174 30 5.4
8 12.8 55 14 26 10.0
9 10.8 53 1S 28 12.0

Blood samples from first generation transgenic offspring (group I, mice 1 and 2) or second generation transgenic offspring (group I
mice 1-9) were analyzed for hemoglobin concentration (Hb), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
and mean corpuscular hemoglobin concentration (MCHC], using a Sysmex Electronic blood count system. The percentage of reticulo-

cytes in blood smears was determined (Retic). Control mice in group II were nontransgenic siblings. Group I controls were age-
matched F, C57BL x CBA mice. (ND) Not determined. (G/dl) Grams per deciliter; (fl) femptoliter; (pg) picograms.

tissues of transgenic mice. Recently, Ryan et al. (1989)
demonstrated erythroid expression of the human «-
globin gene in transgenic mouse embryos, using a con-
struct with the human o gene and the two DNase I hy-
persensitive sites proximal to the € gene. Using such a
construct, the investigators observed human «a-globin
expression at levels lower than that of the endogenous
mouse a-globin genes. In the experiments of Figure 2C,
it 1s clear that nonmosaic mice express the human «
gene at levels one- to twofold that of endogenous mouse
genes per gene copy. The high-level a-globin expression
observed using the tull B-globin DCR element in the ab-
sence of a human B gene causes death of the embryo,
presumably due to globin chain imbalance, which appar-
ently was not observed with the partial DCR «-globin
constructs used by Ryan et al. (1989).

The observation that sequences bordering the human
a-globin locus direct high-level, erythroid expression of
the human a-globin gene raises the possibility that sim-
ilar dominant control region sequences may flank the
human «a-globin locus on chromosome 16. Interestingly,
a recently reported a-thalassemia involves a 70-kb dele-
tion of DNA sequences upstream of the a,- and «,-globin
genes (Higgs et al. 1987). This situation is very reminis-
cent of yB-thalassemia deletions that encompass the B-
globin DCR sequences but leave the B-globin gene intact
(van der Ploeg et al. 1980; Kioussis et al. 1983; Curtin et
al. 1985; Taramelli et al. 1986; Driscoll et al. 1989).

Coordinate regulation of human o- and
B-globin synthesis

Hematological analysis of the live mice obtained with
the aB construct is consistent with the mice having a
mild form of thalassemia. Metabolic labeling experi-
ments revealed that human «-globin polypeptide chains
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were being synthesized at a level approximately half
that of the human B gene. This is consistent with the
steady-state levels of the human globin mRNA assayed

~1n peripheral blood and spleen RNA of these transgenic

mice. In human adult erythroid tissues, two functional
a-globin genes on chromosome 16 are needed to produce
as much «a-globin mRNA as that synthesized by the
single-copy adult B-globin gene on chromosome 11.
When the two human globin genes are transferred to
transgenic mice in the presence of the B-globin DCR se-
quences, the o and B genes seem to reproduce faithfully
the relative rates of mRNA and protein synthesis seen in
human erythroid cells.

It is noteworthy that the introduction of highly ex-
pressed exogenous «- and B-globin genes in the mouse
erythroid cells cause only minimal changes in the MCH
and mean corpuscular hemoglobin concentration
(MCHC) of the mature red cells. We do not known
whether this is caused by a feedback control exerted on
total globin production during erythroid cell maturation,
such that the synthesis of human globins causes an un-
derproduction of mouse globins, or a simple ceiling on
the total capacity for hemoglobin production.

We have previously presented a model for the mecha-
nism by which the B-globin gene locus dominant control
region sequences exert their effect in erythroid cells
(Grosveld et al. 1987). We propose that the B-globin gene
DCR acts to make chromatin throughout the o/B trans-
gene fragment more accessible specifically in erythroid
cells. Once present in an activated chromatin configura-
tion, the absolute level of transcription is determined by
local regulatory elements in the promoters (Talbot et al.
1989). In this regard, it is interesting to note the many
differences between the regulation of the human «- and
B-globin gene promoters in cell transfection systems
(Treisman et al. 1983; Charnay et al. 1984; Whitelaw et




-

e & N\ W W {
s B4 - |

F o il

Human hemoglobin expression in transgenic mice

Figure 6. Blood smears of transgenic and nontransgenic mice. Photographs of peripheral blood from a control mouse (A and C) and of3
transgenic mouse 10 (B and D). A and B stained with May—Grunwald Giemsa; C and D stained with brilliant Cresyl blue. Compared
to the control, the transgenic mouse erythrocytes show marked poikylocytosis and polychromasia and a higher proportion of reticulo-

cytes.

al. 1989) which led to the idea that the « gene may be
activated by a single step.

Despite the fact that the a-globin gene is transcribed
at reasonable rates in many difterent cell types in tran-
sient assays, not even low levels of inappropriate cell-
type expression is seen in transgenic mice carrying the
human «-globin gene (Ryan et al. 1989; this paper).
Thus, it appears that the «-globin gene, itself, is highly
tissue specific, because the DCR appears not to suppress
transcription in inappropriate tissues (Blom van Assen-
delft et al. 1989; Greaves et al. 1989). Therefore, we spec-
ulate that the a genes may be activated by an, as yet,
undefined dominant control region present within the
a-globin locus on chromosome 16. In an artificial
system, the same result is achieved by the action of the
B-globin DCR from chromosome 11 placed in cis.

Mouse models of human hemoglobinopathies

Thalassemic mice with deletions of adult a- or B-globin
genes have been generated by mutagenesis (Martinell et
al. 1981; Skow et al. 1983). Using the human B-globin
DCR and the human «- or B-globin genes, we have been
able to direct such high levels of erythroid-specitic
human globin expression that transgenic mice develop a

fatal imbalance in «a- and B-chain synthesis. We have not
yet undertaken a detailed histological examination of
these animals, but they are very reminiscent of the
human condition hyrops fetalis in which zygotes with
all « genes deleted on both chromosomes die before
birth (Weatherall and Clegg 1981). In contrast, the live
mice that we generated using the a construct have a
mild anemia.

[t is important to note that our a-thalassemic mice
were generated by gene addition rather than by gene de-
letion, attesting to the power of the B-globin DCR se-
quences in directing high-level erythroid expression in
transgenic mice. Because high levels of functional
human hemoglobin can be synthesized in adult trans-
genic mice, it should be possible to obtain similar re-
sults with structural hemoglobin mutant genes intro-
duced into such constructs, for example, Bs. In this re-
gard, a key observation is that expression of human
hemoglobin in mouse erythrocytes is not accompanied
by an increased MCV or MCHC, both parameters that
critically affect the rate of sickle cell hemoglobin poly-
merization in vivo (Schechter et al. 1987). It appears that
the erythroid cell tends to underproduce mouse hemo-
globin in this situation. The fact that we see a relative
shortage of human a-globin produced suggests that we
may also be able to investigate the association with
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Figure 7. Metabolic labeling analysis of globin chain synthesis in /B transgenic mouse 10. Peripheral blood reticulocytes of a3
transgenic mouse line 10 were used for metabolic labeling with [3H|leucine. Globin chains were prepared and mixed with 4C-labeled
adult human globin chains. The globin mixture was subjected to chromatography on carboxymethyl cellulose, and column fractions

were counted for 3H and '4C.

sickle cell anemia of a-thalassemia, often found to be a
mitigating combination in the human disease.

Methods

Constructs

Constructs were as described in Figure 1; plasmids and cosmids
were propagated in DH5a.

Microinjection and identification of transgenic mice

Plasmid fragments were purified by electroelution from agarose
gels, and cosmid Sall fragments were recovered from NaCl gra-
dients (Maniatis et al. 1982). DNA was injected at a concentra-
tion of 1 pg/ml into the pronuclei of (C57BL x CBAJF, fertil-
ized eggs (Hogan et al. 1986). Injected eggs were transferred the
same day to day-0.5 pseudopregnant F, foster mothers. Embryos
were analyzed at 12.5 and 13.5 days for a8 constructs, and live
mice were obtained for Baf. Embryos and pups were analyzed
tor the presence of the injected fragment by Southern blot anal-
ysis of placental and tail DNA, respectively (Southern 1975).
Probes used were a 0.75-kb BstEII fragment for human «-globin,
a 0.9-kb BamHI—-EcoRI fragment for human B-globin, a 1.2-kb
Apal fragment from Thy-1.2 for copy determination, and a 3.3-
kb EcoRI fragment from the a-minilocus construct for end frag-
ment analysis. Copy numbers were determined using densi-

tometry of a range of autoradiographic exposures from at least
two experiments.
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Preparation of RNA

Tissues were homogenized in 6 M urea and 3 M LiCl for 60 sec
and sonicated for 120 sec. After overnight precipitation at 4°C,
RINA was collected by centrifugation at 10,000 rpm and 4°C for
30 min (Auffray and Rougeon 1980). Pellets were washed in the
same solution, dissolved in 10 mm Tris-HCI (pH 7.5) and 0.5%
SDS and phenol/chloroform-extracted and ethanol-precipitated.
RINA was dissolved in 10 mM Tris/1 mm EDTA.

S1 nuclease analysis

Globin RNA was assayed by nuclease S1 analysis (Berk and
Sharp 1977; Weaver and Weissman 1979). Probes were end-la-
beled using T4 polynucleotide kinase (mouse «, mouse B, and
human B) or reverse transcriptase (human «), and specific activ-
ities were estimated by Cerenkov counting. Labeled probe (10
ng) was hybridized to total RNA in 20 pl of 40 mm PIPES (pH
6.4), 400 mM NaCl, 1 mm EDTA, and 80% (recrystallized) form-
amide overnight at 52°C (B probes) or 55°C (« probes). Samples
were digested for 2.5 hr at 25°C with 100 units of S1 nuclease in
250 ul of 200 mm NaCl, 30 mm NaO acetate (pH 4.5), and 2 mm
ZnSO,. The DNA protected from S1 digestion was ethanol-pre-
cipitated and electrophoresed on 6% urea/polyacrylamide gels.

Isoelectric focusing

Total native proteins were isolated from 100 pl of mouse blood
by lysis in 250 mM sucrose, 1% aprotinin, and 1 mm PMSF on

ice, and concentrations were determined by OD,,.. Equal
amounts of protein were loaded onto a 5% native acrylamide



gel and focused over a 2-hr period. Ampholines in the range pH
7.0-9.0 and pH 3.5-10 (5 : 1) were used (LKB 2117 Multiphore
system manual).
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