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Recent studies have demonstrated that transcriptional activation of the human adult I-globin transgene in
mice by coinsertion of the ,-globin cluster locus control region (IP-LCR) results in loss of its adult restricted
pattern of expression. Normal developmental control is reestablished by coinsertion of the fetal -y-globin
transgene in cis to the adult j8-globin gene. To test the generality of this interdependence of two globin genes
for their proper developmental control, we generated transgenic mice in which the human adult a-globin genes
are transcriptionally activated by the ,I-LCR either alone or in cis to their corresponding embryonic C-globin
gene. In both cases, the human globin transgenes were expressed at the appropriate developmental period. In
contrast to the j-globin gene, developmental control of the human adult a-globin transgenes appears to be
autonomous and maintained even when activated by an adjacent locus control region.

The hemoglobin molecule is a tetrameric metalloprotein
containing two a-like globin chains and two 1-like globin
chains (8, 43). The human a-globin gene cluster (Fig. 1, top)
includes four functional genes (5' to 3', t, a2, otl, and 0) and
three pseudogenes (*t, qfot2, and *oal) encoded on chromo-
some 16 (13, 34). The human ,B-globin gene cluster includes
five functional genes (5' to 3', E, GY, A-y, 8, and O) and one
pseudogene (ij4), encoded on chromosome 11 (8, 12, 20).
The genes within each cluster are temporally regulated and
are organized in the order of their developmental expression
(8, 43), with embryonic genes 5'-most and adult genes
3'-most. In the human ,B-globin cluster, the e-globin gene is
expressed in the first 7 weeks of gestation, followed by the
expression of the two adjacent -y-globin genes during the
fetal period (7 weeks to term) and finally by the adult 1- and
8-globin genes at birth (24, 35). In contrast, only one switch
takes place in the a-globin cluster, embryonic (t) to fetal/
adult (oa2 and otl) at 6 to 7 weeks of gestation (35). The
0-globin gene is expressed at low levels of mRNA, in
parallel with the otl- and a2-globin mRNAs (1, 28; unpub-
lished data).
The organization and developmental switching patterns of

the human globin genes provide a model system for the study
of gene expression. In addition, understanding globin gene
regulation is clinically relevant to therapy of genetic diseases
such as thalassemia and sickle cell anemia (8, 43). Recent
experiments in which specific segments of the 13-globin gene
cluster have been introduced into the mouse germ line have
substantially advanced the understanding of the develop-
mental switching of globin gene expression. Results from
these experiments suggest that when the -y- and 1-globin
genes are carried in transgenic mice as isolated gene frag-
ments and expressed at low levels, the sequences in their
immediate vicinity are sufficient to establish normal devel-
opmental control (embryonic and fetal/adult) (3, 9). Achieve-
ment of full levels of -y- and ,B-globin transgene expression is
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dependent on the cointegration of a DNA segment encom-
passing a series of DNase-hypersensitive regions located 5'
of the native ,B-globin gene cluster (19, 21, 38). This locus
control region (LCR) has been previously referred to as the
dominant control region (19) or locus activating region (16,
38). A region with similar properties has recently been
localized 5' to the human a-globin cluster (23). When the -y-
and ,B-globin transgenes are independently juxtaposed to the
1-globin cluster LCR (,B-LCR), their developmental control
is lost and they are expressed throughout development.
Their appropriate expression is reestablished when they are
positioned in their native 5'-to-3' orientations in cis. These
data suggest that the adult and embryonic 1-globin genes
must be positioned in a way that allows them to compete for
some LCR-related activity to maintain their normal devel-
opmental control (4, 16).
An intrinsic problem in studying the developmental con-

trol of the human ,B-globin genes in the mouse is that mice
and humans have distinctly different developmental patterns
of 13-globin gene switching. The mouse 1-globin system,
unlike its human counterpart, lacks a fetal-stage-specific
gene (9). Instead, the mouse ,B-globin cluster contains three
embryonic 13-like globin genes (EY, 1hO, and 13hl) whose
expression is replaced by two fetal/adult genes (PmaJ and

in) at 11 days of gestation (embryonic-to-fetal/adult
switch). The lack of fetus-specific trans-acting factors in the
mouse raises concerns about interpreting the results of the
human A_ to ,B-globin transgene developmental switch. In
contrast, the organization and developmental regulation of
the mouse and human ot-globin clusters are identical (17, 22,
27, 29); a single embryonic t-globin gene switches to two
coexpressed fetal/adult ot-globin genes (oa2 and al). This
parallel pattern of developmental control and structural
similarity between the oa-globin genes of mice and humans
suggests that study of the human oa-globin cluster in the
transgenic mouse may serve as a more appropriate model for
the study of globin gene regulation and developmental
switching. In this study, we tested the hypothesis that the
4-globin gene is required to be linked in cis to the a-globin
gene for normal developmental switching to proceed.
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FIG. 1. Fragments of human a-globin cluster injected into fertil-
ized mouse eggs. The human a-globin gene cluster is shown on the
top line; genes and pseudogenes are represented by solid and open
boxes, respectively. The developmental stages at which these genes
are normally expressed are indicated. Selected restriction sites are
indicated: RI, EcoRI; Sp, SphI; H, HindIll; Hp, HpaI; S, SstII. The
two sets ofDNA fragments coinjected into fertilized mouse eggs are

shown on the second and third lines. The f-globin LCR (P-LCR)
contains all five DNase I-hypersensitive sites on a 6.5-kb SstII
fragment (44). This fragment was coinjected with the 23-kb EcoRI
fragment containing the two a-globin genes (a2 and al) and three
pseudogenes and the 13-kb HindIll fragment containing the func-
tional t-globin gene (Q2) (top bracket) or with the 12-kb fragment
containing only the two normal adult a-globin genes and a marked
a2-globin gene (*; expression of this gene was not studied) (bottom
bracket).

MATERIALS AND METHODS

Isolation of DNA fragments containing segments of the
human a-globin gene cluster. The 23-kb EcoRI fragment of
the a-globin cluster extending from 5' of the ipt-globin gene

to 3' of the al-globin gene was subcloned from cosmid pCL9
(26) into the EcoRI site of pSP64 (Promega). The 13-kb
HindIII fragment containing the (-globin gene was similarly
subcloned from pCL9 into pSP64. The 12-kb EcoRI fragment
containing the two adult a-globin genes (last line of Fig. 1)
also contains a marked a2-globin gene (a*) at the position
normally occupied by the *fa-globin gene. This marked gene

was inserted for a series of experiments unrelated to the
present study.
The 12-kb fragment containing the adult a-globin genes

was assembled in several steps. The pCL9 cosmid was first
digested with SphI, which cuts 2.5 kb 5' to the a2-globin
gene. The SphI ends were filled in with DNA polymerase I
(Klenow fragment) and ligated to linkers containing an

exposed cohesive EcoRI site, followed by an internal NotI
site and a blunted end. After linker ligation, this fragment
was digested with EcoRI, which cuts 3' to the oal-globin
gene. The released 8-kb fragment was ligated to the EcoRI-
linearized pSP64 vector. This recombinant plasmid was then
linearized at the NotI site (upstream of the a2-globin gene),
and a 4.2-kb HpaI genomic fragment containing a marked
a2-globin gene (see below) and adapted with NotI ends was

inserted at this position. The 4.2-kb HpaI a2-globin gene

fragment (a*) was marked by the insertion of a PvuII-
HindIII oligonucleotide adapter at the HindIII site internal
to exon 2 of the gene. All three a-globin genes were in the
same transcriptional orientation, as determined by restric-

tion mapping. The P-LCR construct used in these studies,
p1417 (44), contains all five DNase I-hypersensitive sites
within a 6.5-kb SstII fragment.

Generation of transgenic mice. Each of the DNA fragments
to be injected (Fig. 1, bottom) was first released from its
plasmid vector. The P-LCR was released by digestion with
SstII, the (-globin gene was released by digestion with
HindlIl, the 23-kb fragment containing the a-globin genes
was released by digestion with EcoRI, and the 12-kb insert
containing the two normal a-globin genes and the marked
a2* gene was released by EcoRI digestion.
The digests were run on an agarose gel, and the regions of

the gel containing each of the fragments were visualized by
ethidium bromide fluorescence and excised. The DNA was
recovered from the gel slices by adsorption to glass beads
(41). The amounts of each fragment which were coinjected
were adjusted so as to be equimolar. On average, we injected
2 to 3 pl of 2-, 2-, 4-, and 3-ng/,ug solutions of 1-LCR, ;,
a2al, and a2a2al, respectively, per egg. DNA was micro-
injected into the male pronucleus of either fertilized F2
hybrid eggs from C57BL6 x CBA or fertilized F1 hybrid eggs
from SWR x SJL mice as described previously (7). The
injected eggs were incubated in Whitten's medium at 37°C
overnight, followed by transfer into the oviduct of a CD-1
pseudopregnant foster mother. The day when the vaginal
copulation plug was observed was considered day 0.5.
Hemizygous embryos were generated by mating each of the
founders to normal SWR or (C57BL6 x CBA)F1 females.
DNA analysis. DNA preparation and Southern blotting

were performed as described previously (41). Restriction
enzyme and probe specifications are given in Table 1,
footnote a. Final blot washes were carried out in 0.1 x
SSC-0.5% sodium dodecyl sulfate for 30 min at 650C (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
RNA analysis by RT/PCR. Human reticulocyte RNA was

isolated from acid-precipitated polysomes of an individual
with sickle cell anemia and a normal a-globin genotype
(described in reference 1). Mouse reticulocyte RNA was
prepared from phenylhydrazine-treated adult mice (5) and
from total embryos by the guanidine hydrochloride method
(1). The concentrations were determined by A260 measure-
ments. Primers used for reverse transcription and cDNA
amplifications were synthesized by the DNA synthesis facil-
ity of the Cancer Center at the University of Pennsylvania.
In each reverse transcriptase-polymerase chain reaction
(RT/PCR) experiment, one of the primers in each set was
end labeled with [_y-32P]ATP (Amersham; 5,000 Ci/mmol) in
the presence of T4 polynucleotide kinase (New England
BioLabs) by a standard protocol (41). All primers were
labeled to the same specific activity. Reverse transcription
was carried out under conditions optimized for full-length
globin cDNA synthesis (1) with avian myeloblastosis virus
RT (Life Sciences, St. Petersburg, Fla.). The reaction mix
was phenol extracted, ethanol precipitated, dried, and taken
up in 25 ,ul of water prior to PCR. PCR was carried out as
described previously with the following cycling conditions:
initial denaturation at 94°C for 10 min, followed by 30
successive cycles of renaturation at 58°C for 30 s, polymer-
ization at 74°C for 4 min, and denaturation at 94°C for 1 min.
The primers used for RT/PCR of the human a- and (-globin
mRNAs were those described previously (1). The 5' and 3'
primers used in the RT/PCR reaction of the mouse a-globin
mRNA correspond to codons 28 to 35 (5'CCTGGAAAGG
ATGTTTGCTAG3') and the 3' mRNA terminus (5'TT-T-T-T-
TTTGCAGGCTTC3'), respectively. The 5' and 3' primers
used in the RT/PCR reaction of the mouse ;-globin mRNA
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correspond to codons 28 to 37 (5'CTAGAGAGGCTCTTC
TGCAGCTACCCC3') and to nucleotides 12 to 39 upstream
of the poly(A) tail (5'GATCATAGCTGGTCATGGGGGT
CG3'), respectively. The 3' primer which was used for
RT/PCR of the mouse 3-globin mRNA (5'AGTGGCCACT
CCAGCCACCAC3') corresponds to codons 121 to 128 of
the mouse min-globin gene (25). The 5' primer, complemen-
tary to both mouse 13min and Pmaj-globin mRNAs (GCCCTG
GGCAGGCTGCTGGTTG), bridges the exon 1- and exon
2-encoded segments (25). The ability to accurately quantitate
changes in the relative levels of human a- and mouse

P-globin mRNAs or of human a- and human ;-globin mR-
NAs by this assay was demonstrated by RT/PCR analysis of
serial mixtures of RNA samples containing either human a-

and ;-globin mRNA (la) or human a- and mouse 3-globin
mRNA (see Fig. 3).
RNA analysis by primer extension. Primer extension anal-

ysis of human a- and mouse ,B-globin mRNAs was carried
out with 5'-end 32P-labeled primers (see above). The two
primers were labeled to equal specific activities (3 x 106
cpm/4Lg). The primer extension reaction mixes contained
unlabeled mouse a-globin oligonucleotide corresponding to
the position of the human a-globin primer to eliminate
potential cross-hybridization to the endogenous mouse
a-globin mRNA. Amplification and primer extension prod-
ucts were analyzed on an 8% polyacrylamide-8 M urea gel
and directly autoradiographed. Band intensities were quan-
tified by soft laser densitometry (Molecular Dynamics 300A
computing densitometer).
Hemoglobin analysis. Peripheral blood was obtained from

the tails of adult mice or by crushing total embryos. The
crushed 11-day embryos contained few erythroid cells, and
several attempts were carried out to obtain sufficient globin
for detection by direct staining in analytic gels. The blood
was washed three times in 0.9 M NaCl and subsequently
osmotically lysed in water. Then, 3 pl of each clarified lysate
was analyzed by isoelectric focusing electrophoresis on an
LKB Ultrophor apparatus (30) or by Triton-acid-urea gel
electrophoresis (2). Proteins on all isoelectric focusing and
Triton-acid-urea gels were visualized by staining with 1%
Coomassie brilliant blue (30).

RESULTS

Generation of mouse lines expressing high levels of human
a-globin mRNA. Isolated human a-globin genes are not
expressed in transgenic mice (21, 40). However, high levels
of human a-globin gene expression can be achieved if the
a-globin gene is juxtaposed with the P-LCR (21, 40). To
establish mouse lines with functioning human a-globin
genes, we therefore coinjected the P-LCR into the male
pronucleus of fertilized mouse eggs along with human ge-
nomic fragments containing one or more segments of the
a-globin gene cluster (Fig. 1). Such coinjected fragments
usually integrate at a single locus in the oocyte genome (7).
The P-LCR fragment used contains all five 5' DNase I-hy-
persensitive sites grouped on a 6.5-kb SstII fragment (p1417)
(generous gift of F. Grosveld [44]) (Fig. 1) and facilitates
high-level expression ofjuxtaposed genes in erythroid tissue
in an orientation- and position-independent manner (44).

In the first set of experiments, a 23-kb EcoRI fragment
containing the al- and a2-globin genes, a 13-kb Hindlll
fragment containing the (-globin gene, and the ,B-LCR were

coinjected in equimolar concentrations (Fig. 1, second line).
The first two fragments span the majority of the a-globin
gene cluster, excluding only the 0-globin gene. Analysis of

TABLE 1. Transgene copy numbera

Mouse No. of copies
line a-Globin t-Globin 1-LCR
1 3 5 4
2 2 b 5
3 10 4
4 13 5
6 4 6 6

a Transgene copy number was determined by densitometric comparison of
band intensities on Southern blots containing equal quantities of total genomic
DNA from each of the lines and of normal human leukocyte DNA. For
analysis of the a-globin, t-globin, and LCR fragments, the DNAs were
digested with HindIlI and blots were successively hybridized with an ax-globin
gene probe (760-bp SmaI-PvuII fragment extending from IVSI to the 3'-
flanking region), a t-globin gene probe (1,753-bp Hinfl fragment extending
from IVSI to the 3-flanking region), and a human ,B-LCR probe (1.4-kb
HindIII fragment isolated from p1417 [44]), respectively.
b_, not present in injected DNA.

human globin mRNA expression in mice carrying this com-
bination of genes would establish whether adjacent human t-
and a-globin transgenes are expressed in the mouse at the
appropriate embryonic and adult stages. In a second set of
experiments, the ,-LCR was coinjected with an equimolar
concentration of a 12-kb fragment containing only the adult-
specific a-globin genes (Fig. 1, third line). Analysis ofhuman
mRNA expression in mice carrying these fragments would
establish whether the adult a-globin gene is appropriately
expressed in the absence of an adjacent embryonic (-globin
gene.
The number of transgenic embryos (13.5 days) and live-

born mice was assessed from the two sets of injections.
Twenty-three of 95 embryos and 6 of 85 live-born mice
generated from eggs injected with these two sets of frag-
ments were transgenic. The lower level of live-born trans-
genic mice may reflect a loss of fetuses with the highest
levels of a-globin expression (19, 21). Two of the six
founders (numbers 1 and 6) were derived from the first set of
injections (a, t, and ,-LCR), and the four remaining
founders (2 through 5) were generated from the second set of
injections (a and P-LCR). Each of the six founders was used
to generate a continuous line of hemizygotes. As demon-
strated by Southern analysis (data not shown), each line
contained two or more copies of each of the coinjected
fragments (Table 1). The pattern of hybridizing fragments
was unique to each line and were co-inherited in an autoso-
mal Mendelian manner.
Human a-globin mRNA expression in adult transgenic mice

from each line. Reticulocyte RNA from the progeny of each
founder mouse was initially analyzed for the presence of
human a-globin mRNA by RT/PCR. In each amplification,
one of the primers was 32P-end labeled so that the cDNA
products could be directly visualized by autoradiography of
the analytic gel. The analyses of founders 1, 2, 3, and 4
are shown in Fig. 2. Each of the founders (including 5 [data
not shown] and 6 [see Fig. 5]) expressed easily detectable
levels of human a-globin mRNA. The specificity of the
analysis was confirmed by HindIII restriction analysis, be-
cause Hindlll cleaves human but not mouse a-globin cDNA
(Fig. 2).
The level of human a-globin mRNA was compared with

that of endogenous mouse a- and 13-globin mRNAs in three
of these lines (lines 1, 2, and 3). This comparison was carried
out by two methods, RT/PCR and primer extension. In the
RT/PCR analysis, the relative levels of human a-globin
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FIG. 2. Expression of human a-globin mRNA in four separate
transgenic mouse lines detected by RT/PCR. Transgenic mouse
lines generated from two sets ofDNA coinjections (see Fig. 1) were
screened for human a-globin mRNA expression by an RT/PCR
assay. The 3' primer used for both the RT and the PCR was 32P end
labeled, and the amplified cDNA products were directly detected by
autoradiography of the analytic gel. Reticulocyte RNA samples
assayed were isolated from the following sources: Hu. control,
normal human; M. control, normal (nontransgenic) adult mouse; M.
line 1 through M. line 4, adult mice from the four transgenic lines.
An aliquot of each amplified cDNA was digested with HindIll and
analyzed in the adjacent lane; HindIII will cleave human but not
mouse a-globin cDNA (1, 17). The marker lane (M.) contains
32P-end-labeled Hinfl-digested pG3. The sizes of the three marker
bands are noted.

mRNA and endogenous mouse P-globin mRNA were ana-
lyzed in one tube, and in a parallel reaction the relative levels
of endogenous mouse a- and P-globin mRNAs were com-
pared. The human and mouse a-globin cDNA fragments
which were amplified in the two separate reactions were the
same size and had the same GC content and the primers
were 32P-end labeled to the same specific activities, all to
ensure equal efficiencies of synthesis of the two a-globin
cDNAs.
To demonstrate that the coamplified a- and ,B-globin

cDNAs are detected in direct proportion to the starting
concentrations of their respective mRNAs, we performed
this RT/PCR analysis on mixtures containing known propor-
tions of normal mouse (containing mouse 3-globin mRNA)
and human (containing human a-globin mRNA) reticulocyte
mRNA preparations (Fig. 3A). The results demonstrate a
linear correlation between the relative input of human a- and
mouse ,-globin mRNA and the relative yields of the respec-
tive cDNA products (Fig. 3B).

This assay was applied to the reticulocyte mRNA isolated
from adults from lines 1, 2, and 3. The ratios of human a- to
mouse P-globin mRNA in these three lines were 1.0, 0.2, and
0.2, respectively (Fig. 4A). RT/PCR of mouse a-globin and
P-globin mRNAs in the same samples demonstrated a con-
sistent ratio of 0.4 in each of the lines as well as in
reticulocyte RNA isolated from a nontransgenic control
mouse (Fig. 4B). Assuming approximately equal efficiency in
amplification of the human and mouse a-globin cDNAs (see
above), these data suggest that the ratios of human-to-mouse
a-globin mRNA in lines 1, 2, and 3 are 2.5, 0.5, and 0.5,
respectively [(Ha/M,B) . (Ma/Mp)]. Lines 4 to 6 were not
studied in similar detail.
To confirm the quantitation of a-globin transgene expres-

sion, we directly compared the absolute level of the human
a-globin mRNA with that of the mouse P-globin by primer
extension analysis (Fig. 4C). With human a- and mouse
P-globin-specific primers labeled to the same specific activ-
ity, the ratio of human a-globin to mouse P-globin mRNA in
lines 1 and 2 was 5.0 and 1.0, respectively. Since the
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FIG. 3. Linearity of the RT/PCR coamplification analysis. (A)
Human and mouse reticulocyte RNA samples were mixed at various
ratios and analyzed by RT/PCR with two primer sets which will
detect human a-globin (Ha) and mouse ,-globin (MO) mRNAs
(described in the text). The 5' primer used for RT/PCR of the mouse
P-globin mRNA and the 3' primer used for RTIPCR of the human
a-globin mRNA were both 5'-end 32P-labeled primers. The percent-
age of human reticulocyte RNA present in each mix is indicated at
the top of each lane, and the predicted positions of amplified human
a- and mouse P-globin cDNAs are shown to the right of the
autoradiograph. (B) The percentage of the human a-globin cDNA
amplification products detected in each reaction mix is plotted on
the ordinate against the percentage of human reticulocyte RNA
present in the mix on the abscissa. The relative intensities of the
bands in panel A were quantified by direct counting (Molecular
Dynamics Phosphorlmager).

concentration of a-globin mRNA exceeds that of P-globin
mRNA by approximately twofold in normal reticulocytes
(36), these data would equate to a human-to-mouse a-globin
ratio of 2.5 and 0.5, respectively in these samples. There-
fore, the results of the primer extension analysis and those of
the RT/PCR coamplification assay demonstrate comparably
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FIG. 4. Comparison of human and mouse a-globin mRNA levels
in three transgenic lines. (A) RT/PCR coamplifications of human
a-globin and mouse 3-globin mRNAs. The two primer sets used in
these reactions (detailed in the text and in Fig. 3) detect human
a-globin mRNA (a2 and al) and mouse ,B-globin mRNA (minor and
major). The expected positions of the amplified human a- and mouse
,-globin cDNAs are indicated. Lane designations are as detailed in
the legend to Fig. 2. (B) RT/PCR coamplifications of mouse a- and
3-globin mRNAs. The two primer sets are described in the text, and

the expected positions of the amplified mouse a- and P-globin cDNA
fragments are indicated. (C) Primer extension analysis of human a-

(H.a) and mouse 3-globin (M.,B) mRNAs in reticulocyte RNAs. The
priming oligonucleotides were 32P end labeled. Lane designations
are as above, and the positions of the full-length primer extension
products of the human a- and mouse 3-globin mRNAs are noted to
the right.

high levels of mRNA expression from the human ao-globin
transgenes.
The hematological data of adult hemizygous transgenic

mice from all six lines were normal for mean corpuscular
volume, mean corpuscular hemoglobin concentration, and
total hemoglobin compared with age-matched normal mice
(data not shown). Hemizygous F1 progeny generated by
mating the founders to normal females were killed at 4 weeks
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FIG. 5. Developmental switching of human a- and ;-globin gene
expression in transgenic mouse lines 1 and 6. (A) RT/PCR coampli-
fication of human a- and (-globin mRNAs in line 1. Reticulocyte
RNA from an adult transgenic mouse from line 1 and total RNA
from 11-day-old embryos generated by crossing a line 1 adult (male)
with a nontransgenic female (+/0 x 0/0) were analyzed alongside
normal human and mouse reticulocyte RNA controls. Lanes are
labeled as described in the legend to Fig. 2. The predicted positions
of the human a- (Ha) and t-globin (Ht) PCR cDNA products are
indicated to the right. Lane M contains 32P-end-labeled Hinfl-
digested pGEM3 size markers. (B) Extended exposure of the adult
human reticulocyte RNA control (Ad. H.) and the adult line 1 mouse
(Ad. M. line 1) lanes of the gel in panel A. (C) RT/PCR analysis of
human a- and t-globin mRNA expression in line 6. Total RNA was
isolated from 11- and 16-day embryos (Emb.) generated by crossing
the line 6 founder (male) with a nontransgenic female. Controls were
carried out as in panel A.

of age and showed no significant difference in the size or
weight of their spleens compared with nontransgenic litter-
mates. These results suggest that despite the active expres-
sion of human a-globin mRNA, these transgenic mice do not
show evidence of significant imbalance of globin protein
expression.

Appropriate developmental switch from human t- to
a-globin gene expression in transgenic mice. To determine
whether the human t- and a-globin transgenes are develop-
mentally regulated in the mouse, we analyzed their expres-
sion in two separate lines (1 and 6) which contain both genes
adjacent to the 1-LCR. The endogenous switch from embry-
onic to fetal/adult globin gene expression in the normal
mouse occurs between days 12 and 14 of gestation (27).
mRNA from day 11 embryos should therefore contain the
embryonic globin mRNAs, while samples from day 16 of
gestation and onwards would contain fetal/adult-expressed
globin mRNAs. The founders of lines 1 and 6 were mated to
nontransgenic females, and embryos were obtained at 11 and
16 days of gestation. mRNA from these embryos and from
the respective adult founders was assayed for relative levels
of human (- and a-globin mRNAs by RT/PCR coamplifica-
tion. Of the samples from the day 11 embryos isolated from
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FIG. 6. Expression and developmental switching of the human
a- and (-globin proteins in transgenic mice. (A) Detection of human
;-globin chains in day 11 line 1 embryos. The embryos were
generated by crossing the line 1 founder (male) with a nontransgenic
female (+/0 x 0/0). Hemolysates from three embryos were analyzed
in parallel with hemolysates from a normal human control and from
a human heterozyous for the (__)SEA a-globin deletion (adults
heterozygous for this deletion, which removes both fetal and adult
a-globin genes from the cluster, express high levels of residual
t-globin [11]). Globin content was analyzed by Triton-acid-urea-
acrylamide gel electrophoresis. The positions of the human globin
chains are indicated to the right of the gel. C.A., carbonic anhy-
drase. (B) Detection of human a-globin chains in an adult line #1
mouse. Hemolysate from the adult line * 1 founder was analyzed in
parallel with the controls noted in A. See legends to Fig. 2 and 5 for
abbreviations.

both sets of matings (lines 1 and 6), 50% contained abundant
levels of human (-globin mRNA (Fig. 5A and C; additional
data not shown). Some of these samples contained trace
amounts of human a-globin mRNA as well. In contrast,
transgene mRNA analysis of samples at the fetal (day 16)
and adult stages (lines 6 and 1, respectively) contain only
a-globin mRNA (Fig. SC and A, respectively). Residual
expression of human (-globin mRNA can be detected in the
adult line 1 mouse as well as in the normal human control
after prolonged exposure of the analytic gel (Fig. SB). This
has been demonstrated previously for normal human reticu-
locytes (1). The human a-globin/I-globin mRNA ratio in the
day 11 embryo of line 1 was 1:6, and in the adult founder it
was 20:1. Comparison of these values demonstrates a 120-
fold switch in the ratio of human a-globin and t-globin
mRNAs during mouse development and a corresponding
decrease in (-globin expression. Similar developmentally
appropriate switching from human t- to a-globin transgene
expression were obtained for line 6 (Fig. 5C).

Appropriate developmental switching from human embry-
onic t- to adult a-globin gene expression detected by protein
analysis. To confirm the switch from human embryonic t- to
adult a-globin gene expression by a second independent
method, we directly assayed for switching at the level of
hemoglobin composition. We were able to carry out this
analysis in transgenic line 1, in which steady-state globin
levels were high enough to be detected on stained protein
gels (Fig. 6). Two of the 11-day embryos were negative for

;-globin and were presumed to be negative for inheritance of
the transgenes, while a third [M. Emb. (3)] contained sub-
stantial amounts of human ;-globin (Fig. 6A). Analysis of the
line 1 founder (Fig. 6B) demonstrated human a-globin and a
complete absence of human ~-globin. Comparable studies
could not be carried out in line 6 owing to the lower levels of
transgene expression.

Appropriate developmental control of isolated adult
a-globin genes in transgenic mice. To determine whether
appropriate developmental control of the human adult
a-globin genes in lines 1 and 6 was dependent on the
presence of the human embryonic (-globin gene in cis, we
analyzed transgenic lines containing only the adult a-globin
genes juxtaposed to the ,B-LCR. Four lines were generated,
and two were selected at random for detailed study. A
hemizygous transgenic male from line 2 was mated with
nontransgenic females. Day 9 embryos, day 11 embryos, and
adult progeny were analyzed for expression of the human
a-globin mRNA by RT/PCR coamplification ofhuman a- and
mouse (-globin mRNAs. The endogenous mouse (-globin
mRNA was coamplified as an internal control in each sample
to confirm the quality of the embryonic RNA preparations.
None of the 9-day embryos (total of 13 analyzed; 8 shown in
Fig. 7 and an additional 5 not shown) contained human
a-globin mRNA, while 50% of the 11-day embryos were
positive for the human a-globin mRNA (Fig. 7A). The line 2
transgenic adults demonstrated high levels of human
a-globin mRNA in the absence of mouse t-mRNA (for an
example, see Fig. 7, last lane). Assay of day 9 embryos and
adults from line 3 demonstrated an identical adult-specific
pattern of a-globin transgene expression (data not shown).
These results demonstrate that the a- and t-globin transgene
switch occurs between 9 and 11 days of gestation. It is noted
from the control coamplification of endogenous mouse a-
and t-globin mRNAs in these samples (Fig. 7B) that there
may be a minor discordance between the control of endog-
enous mouse a-globin mRNA, which is expressed at low
levels as early as 9 days of gestation, and the human a-globin
transgene mRNA, which appears to be more tightly con-
trolled, appearing only after day 9.

DISCUSSION

The results of these studies demonstrate that normal
developmental control of the human a-globin gene is not
dependent on the presence in cis of the embryonic ;-globin
gene. In the first set of experiments, we generated two
transgenic mouse lines (1 and 6) carrying DNA fragments
encompassing most of the human a-globin gene cluster.
Analysis of these two lines demonstrated developmentally
appropriate expression of the human globin transgenes (Fig.
5). Switching from embryonic to adult a-globin synthesis
occurs between days 11 and 16 of development. This paral-
lels the switching of the corresponding endogenous mouse
genes (Fig. 7B). The high level of human transgene expres-
sion in line 1 allowed us to confirm appropriate developmen-
tal switching by detecting replacement of the embryonic
human (-globin with the adult human a-globin (Fig. 6).
To test whether the developmental regulation of the adult

a-globin genes was dependent on the presence of the
;-globin gene in cis, we generated transgenic lines which
contained the human adult a-globin genes juxtaposed to the
P-LCR in the absence of the embryonic t-globin gene. Data
from two of these lines (2 and 3; lines 4 and S were not
analyzed in detail) clearly demonstrated that human a-globin
mRNA expression continues to be fetal/adult stage specific
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FIG. 7. Appropriate developmental control of isolated human

adult a-globin genes in transgenic mice. (A) Analysis of human a-
and mouse t-globin gene expression in the adult line 2 founder (Ad)
and in 9- and 11-day embryos generated by the line 2 founder (+/0)
with normal females (0/0). RT/PCR and coamplification of the
human a- and mouse (-globin mRNAs were carried out as described
in the text. The predicted positions of the amplified human a- (Ha)
and mouse (- (M;) globin cDNA products are indicated to the right
of the autoradiograph. Lanes are labeled as noted in Fig. 5. (B)
RT/PCR coamplification of mouse a- and t-globin gene expression
during development of line 2 mice. The mouse a- and (-globin
mRNAs were RT treated and coamplified as detailed above. The
RNAs were isolated from the reticulocytes of the line 2 founder
(adult) and from day 9 and 16 embryos generated by crossing the
founder with a nontransgenic female. Analysis of two 9-day em-
bryos from lane 3 (which also fail to demonstrate a-globin expres-
sion) is also shown. The predicted positions of the two amplified
cDNA products are indicated to the right of the autoradiograph.

in the absence of an associated (-globin gene (Fig. 7A).
Human a-globin mRNA appeared to switch on between 9
and 11 days of development. We conclude from these data
that appropriate developmental regulation of the human
a-globin genes is independent of the presence of the (-globin
gene. In a complementary set of experiments, Spangler and
colleagues have demonstrated that the isolated human
(-globin gene is appropriately developmentally regulated in
transgenic mice when juxtaposed to the ,B-LCR (42). There-
fore, it is apparent that both the (- and a-globin genes are
autonomous in their developmental control.
When we began this study, it was unclear whether we

would be able to generate live-born transgenic mice express-

ing high levels of the human a-globin mRNA unbalanced by
comparable expression of a ,-globin transgene (19, 21). The
observed lower efficiency of generating live-born transgenic
mice (7%) than transgenic embryos (25%) suggests that some
fetuses may be lost because of unbalanced globin transgene
expression. Although not studied specifically, this may re-
flect anatomic or hematologic abnormalities resulting from
excess human globin protein synthesis and consequent net
imbalance between the expression of a- and P-globin chains
in a proportion of the founder embryos (23).
The low-level expression of steady-state human a-globin

protein despite the relatively high levels of a-globin trans-
gene mRNA may reflect a translational or posttranslational
disadvantage of a-globin transgene expression. This gap may
be exaggerated in our mice, because expression of the
human a-globin transgene was not balanced by additional
P-globin expression, with consequent degredation of the
uncomplexed human a-globin chains. Prior studies support
these findings in noting (i) a lack of morphologic abnormal-
ities in transgenic embryos expressing unbalanced human
a-globin mRNA (23), (ii) a substantial discrepancy between
the levels of human a- and P-globin protein synthesis and the
levels of the corresponding transgene mRNAs (18), and (iii)
an inability to increase levels of human globin expression in
mice by increasing the levels of the corresponding mRNAs
(39). We demonstrate here that transgenic mice expressing
relatively high levels of unbalanced human a-globin mRNA
can be obtained and should provide a convenient model with
which to study developmental regulation of the oa-globin
gene cluster.
The human embryonic and adult a-globin transgenes were

activated by the 3-LCR. A corresponding a-globin gene
cluster LCR has recently been described (23) and is posi-
tioned comparably to the P-LCR (5' to the cluster). The
normal developmental control of the a-globin transgenes
activated by the ,B-LCR which we observed in the present
study suggests that the a- and P-LCRs are not only parallel
in their positioning but may be parallel and possibly inter-
changeable in their function(s) as well (23).
The pattern of expression in transgenic mice of the human

a-globin genes juxtaposed to the ,B-LCR contrasts with the
results of similar studies carried out on the human Ay and
P-globin genes (4, 15, 16). Both the Ay and P-globin genes
are developmentally regulated in transgenic mice when they
are introduced separately (4, 9, 15, 16, 33). They appear to
lose their developmental regulation when each is linked to
the P-LCR. The developmental control of these two genes is
regained only when they are linked together (4, 16). These
results suggest that the LCR overrides their temporal regu-
lation in the absence of the native genomic organization (4,
16). Although these data are quite convincing, the interpre-
tation is based on an assumption that in mice the human
A-yglobin gene behaves as an embryonic globin gene and the
adult P-globin gene behaves as a fetal and adult gene (9).
However, since the human -y- and ,3-globin genes are ex-
pressed at distinct stages of human erythroid development
(fetal and adult, respectively) which do not occur in the
mouse, these results may reflect a lack in the mouse of
erythroid factors necessary for the human -y- to P-globin
switch.

In contrast to the human 3-globin gene cluster, the devel-
opmental control of the a-globin gene cluster in humans is
parallel to that in the mouse. The autonomous developmen-
tal control of the a- and (-globin genes would predict that the
organization of these genes within the cluster is not of
critical importance to their timing of expression. The appro-

MOL. CELL. BIOL.



HUMAN a-GLOBIN CLUSTER EXPRESSION IN TRANSGENIC MICE 3793

priate embryonic expression of the isolated human e-globin
transgene juxtaposed to the 1-LCR (37) extends the finding
of autonomous control to the only gene in the human
13-cluster with a clear parallel in the mouse (embryo specific).
These data suggest that the temporal regulation of the human
a- and ;-globin genes in the transgenic mouse is controlled
by interaction between developmentally specific and evolu-
tionarily conserved transcription factors that interact with
signals in cis to the respective genes.
The structural similarity and the parallel developmental

regulation of the mouse and human a-globin gene systems
and the ability to maintain appropriate developmental regu-
lation of the human a-globin cluster in mice upon juxtaposi-
tion to the 1-LCR support the utility of this transgenic model
of globin gene regulation and switching. Furthermore, the
demonstrated ability to generate mice expressing substantial
levels of human a-globin mRNA and detectable levels of
a-globin protein may allow the development of model sys-
tems with which to explore the effects of excess and unbal-
anced globin synthesis on the function and development of
the erythroid cells.

ACKNOWLEDGMENTS

We thank Nancy E. Cooke for critical readings of the manuscript,
Luisa Romao for carrying out several of the gene dosage determi-
nations (Table 1), Phillip Impriano for help in the mouse facility,
Frank Grosveld for plasmid pl417, and Chris Y.-F. Lau for cosmid
pCL9.
Maher Albitar is the recipient of a Physician Scientist Award from

the National Institutes of Health (HL-02229). Stephen Liebhaber is
an associate investigator of the Howard Hughes Medical Institute.
Initial phases of this work were supported in part by the Lucille P.
Markey Charitable Trust (88-21) (to M.K.).

REFERENCES
1. Albitar, M., and S. A. Liebhaber. 1989. Theta, zeta, and epsilon

globin messenger RNAs are expressed in adults. Blood 74:629-
637.

la.Albitar et al. Submitted for publication.
2. Alter, B. P. 1979. The G-y:Ay composition of fetal hemoglobin in

fetuses and newborns. Blood 54:1158-1163.
3. Behringer, R. R., R. E. Hammer, R. L. Brinster, and T. M.

Townes. 1987. Two 3' sequences direct adult erythroid-specific
expression of the human ,B-globin genes in transgenic mice.
Proc. Natl. Acad. Sci. USA 84:7056-7060.

4. Behringer, R. R., T. M. Ryan, R. D. Palmiter, R. L. Brinster,
and T. M. Townes. 1990. Human fy- to 1-globin gene switching in
transgenic mice. Genes Dev. 4:380-389.

5. Behringer, R. R., T. M. Ryan, M. P. Reilly, T. Asakura, R. D.
Palmiter, R. L. Brinster, and T. M. Townes. 1989. Synthesis of
functional human hemoglobin in transgenic mice. Science 245:
971-973.

6. Blom Van Assendelft, G., 0. Hanscombe, F. Grosveld, and D. R.
Greaves. 1989. The 3-globin dominant control region activates
homologous and heterologous promoters in a tissue-specific
manner. Cell 56:969-977.

7. Brinster, R. L., H. Y. Chen, M. E. Trumbauer, M. K. Yagle, and
R. D. Palmiter. 1985. Factors affecting the efficiency of intro-
ducing foreign DNA into mice by microinjecting eggs. Proc.
Natl. Acad. Sci. USA 82:4438-4442.

8. Bunn, H. F., and B. G. Forget. 1986. Hemoglobin: molecular,
genetic, and clinical aspects, p. 169-321. The W. B. Saunders
Co., Philadelphia.

9. Chada, K., J. Magram, and F. Costantini. 1986. An embryonic
pattern of expression of a human foetal globin gene in transgenic
mice. Nature (London) 319:685-689.

10. Choi, O.-R., and J. D. Engel. 1988. Developmental regulation of
1-globin gene expression. Cell 55:17-26.

11. Chui, D. H. K., W. C. Mentzer, M. Patterson, T. A. Larocci,
S. H. Embury, S. P. Perrine, R. S. Mibashan, and D. R. Higgs.

1989. Human embryonic t-globin chains in fetal and newborn
blood. Blood 74:1409-1414.

12. Deisseroth, A., A. Nienhuis, J. Lawrence, R. Giles, P. Turner,
and F. Ruddle. 1978. Chromosome localization of human
,B-globin gene on human chromosome 11 in somatic cell hybrids.
Proc. Natl. Acad. Sci. USA 75:1456-1460.

13. Deisseroth, A., A. Nienhuis, P. Turner, R. Velez, W. F. Ander-
son, F. Ruddle, J. Lawrence, R. Creagan, and R. Kucherlapati.
1977. Localization of human a-globin structural gene to chro-
mosome 16 in somatic cell hybrids by molecular hybridization
assay. Cell 12:205-218.

14. Driscoll, M. C., C. S. Dobkin, and B. P. Alter. 1989. -yb1-
thalassemia due to a de novo mutation deleting the 5' 1-globin
gene activation-region hypersensitive sites. Proc. Natl. Acad.
Sci. USA 86:7470-7474.

15. Enver, T., A. J. Ebens, W. C. Forrester, and G. Stamatoyanno-
poulos. 1989. The human 1-globin locus activation region alters
the developmental fate of human fetal globin gene in transgenic
mice. Proc. Natl. Acad. Sci. USA 86:7033-7037.

16. Enver, T., N. Raich, A. J. Ebens, T. Papayannopoulou, F.
Costantini, and G. Stamatoyanopoulos. 1990. Developmental
regulation of human foetal-to-adult globin gene switching in
transgenic mice. Nature (London) 344:309-313.

17. Erhart, M. A., K. Piller, and S. Weaver. 1987. Polymorphism
and gene conversion in mouse a-globin haplotypes. Genetics
115:511-519.

18. Greaves, D. R., P. Fraser, M. A. Vidal, M. J. Hedges, D. Ropers,
L. Luzzatto, and F. Grosveld. 1990. A transgenic mouse model
of sickle cell disorder. Nature (London) 343:183-185.

19. Grosveld, F., A. G. Van, D. R. Greaves, and G. Kollias. 1987.
Position-independent, high-level expression of the human Ay-,
,B-, and hybrid -y/0-globin genes in transgenic mice. Cell 51:975-
985.

20. Guesella, J., A. Varsanyi-Breiner, F. T. Kao, C. Jones, T. T.
Puck, C. Keys, S. Orkin, and D. Housman. 1979. Precise
localization of human ,B-globin gene complex on chromosome
11. Proc. Natl. Acad. Sci. USA 76:5239-5243.

21. Hanscombe, O., M. Vidal, J. Kaeda, L. Luzzatto, D. R. Greaves,
and F. Grosveld. 1989. High-level, erythroid-specific expression
of the human a-globin gene in transgenic mice and the produc-
tion of human hemoglobin in murine erythrocytes. Genes Dev.
3:1572-1581.

22. Higgs, D. R., M. A. Vickers, A. 0. Wilkie, I. M. Pretorius, A. P.
Jarman, and D. J. Weatherall. 1989. A review of the molecular
genetics of the human a-globin gene cluster. Blood 73:1081-
1104.

23. Higgs, D. R., W. G. Wood, A. P. Jarman, H. Sharpe, J. Lida,
I. M. Pretorius, and H. Ayyub. 1990. A major positive regula-
tory region located far upstream of the human oa-globin gene
locus. Genes Dev. 4:1588-1601.

24. Kazazian, H. H., Jr., and A. P. Woodhead. 1973. Hemoglobin
synthesis in the developing fetus. N. Engl. J. Med. 289:58-62.

25. Konkel, D. A., J. V. Maizel, and P. Leder. 1979. The evolution
and sequence comparison of two recently diverged mouse
chromosomal ,B-globin genes. Cell 18:865-873.

26. Lau, Y. F., and Y. W. Kan. 1983. Versatile cosmid vectors for
the isolation, expression, and rescue of gene sequences: studies
with the human a-globin gene cluster. Proc. Natl. Acad. Sci.
USA 80:5225-5228.

27. Leder, A., L. Weir, and P. Leder. 1985. Characterization,
expression, and evolution of the mouse embryonic t-globin
gene. Mol. Cell. Biol. 5:1025-1033.

28. Ley, T. J., K. A. Maloney, J. I. Gordon, and A. L. Schwartz.
1989. Globin gene expression in erythroid human fetal liver
cells. J. Clin. Invest. 83:1032-1038.

29. Liebhaber, S. A. 1989. oa-Thalassemia. Hemoglobin 13:685-731.
30. Liebhaber, S. A., F. E. Cash, and S. K. Ballas. 1986. Human

a-globin gene expression: the dominant role of the a2-globin
locus in mRNA and protein synthesis. J. Biol. Chem. 261:
15327-15333.

31. Liebhaber, S. A., M. Goossens, and Y. W. Kan. 1981. Homology
and concerted evolution at the al- and a2-loci of human
a-globin. Nature (London) 290:26-29.

VOL . 1 l, 1991



3794 ALBITAR ET AL.

32. Liebhaber, S. A., E. F. Rappaport, F. E. Cash, S. K. Ballas, E.
Schwartz, and S. Surrey. 1984. Hemoglobin I mutation encoded
at both a-globin loci on the same chromosome: concerted
evolution in the human genome. Science 226:1449-1451.

33. Magram, J. M., K. Niederreither, and F. Costantini. 1989.
P-Globin enhancer targets expression of a heterologous gene to
erythroid tissues of transgenic mice. Mol. Cell. Biol. 9:4581-
4591.

34. Nicholls, R., J. A. Jonasson, J. 0. D. McGee, S. Patil, V. V.
Ionasescu, D. J. Weatherall, and D. Higgs. 1987. High resolution
gene mapping of the human a-globin locus. J. Med. Genet.
24:39-46.

35. Peschle, C., F. Mavilio, A. Care, G. Migliaccio, A. R. Migliaccio,
G. Salvo, P. Samoggia, S. Petti, R. Guerriero, M. Marinucci, D.
Lazzaro, G. Russo, and G. Mastroberardino. 1985. Haemoglobin
switching in human embryos: asynchrony of (-a and r--y
globin switches in primitive and definitive erythropoietic lin-
eage. Nature (London) 313:235-238.

36. Philips, J. A., III, P. G. Snyder, and H. H. Kazazian, Jr. 1977.
Ratios of a- to ,B-globin mRNA and regulation of globin synthe-
sis in reticulocytes. Nature (London) 269:442-445.

37. Raich, N., T. Enver, B. Nakamoto, B. Josephson, T. Papayan-
nopoulou, and G. Stamatoyannopoulos. 1990. Autonomous de-
velopmental control of human embryonic globin gene switching
in transgenic mice. Science 250:1147-1149.

38. Ryan, T. M., R. R. Behringer, N. C. Martin, T. M. Townes,
R. D. Palmiter, and R. L. Brinster. 1989. A single erythroid-

specific DNase I super-hypersensitive site activates high levels
of the human P-globin gene expression in transgenic mice.
Genes Dev. 3:314-323.

39. Ryan, T. M., T. M. Townes, M. P. Reilly, T. Asakura, R. D.
Palmiter, R. L. Brinster, and R. R. Behringer. 1990. Human
sickle hemoglobin in transgenic mice. Science 247:566-568.

40. Ryan, T. M., R. R. Behringer, T. M. Towns, R. D. Palmiter, and
R. L. Brinster. 1989. High-level erythroid expression of human
a-globin genes in transgenic mice. Proc. Natl. Acad. Sci. USA
86:37-41.

41. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

42. Spangler, E. A., K. A. Andrews, and E. M. Rubin. Developmen-
tal regulation of the human zeta globin gene in transgenic mice.
Nucleic Acids Res. 18:7093-7097.

43. Stamatoyannopoulos, G., A. Nienhuis, P. Leder, and P. W.
Majerus. 1987. The molecular basis of blood diseases, p. 66-
126. The W. B. Saunders Co., Philadelphia.

44. Talbot, D., P. Collis, M. Antoniou, M. Vidal, F. Grosveld, and
D. R. Greaves. 1989. A dominant control region of the human
P-globin locus conferring integration site-independent gene
expression. Nature (London) 33:352-355.

45. Tuan, D., W. Soloman, Q. Li, and L. London. 1985. The P-like
globin gene domain in human erythroid cells. Proc. Natl. Acad.
Sci. USA 82:6384-6388.

MOL. CELL. BIOL.


