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ABSTRACT Transgenic mice were generated using a pu-
rified 248-kb yeast artificial chromosome (YAC) bearing an
intact 82-kb human (-globin locus and 148 kb of fanking
sequence. Seventeen of 148 Fo pups were transgenic. RNase
protection analysis ofRNA isolated from the blood of 13 r and
13-globin-positive founders showed that only the human
3-globin gene was expressed in the adult founders. Studies of
F1 and F2 fetuses demonstrated that the genes of the f-locus
YAC displayed the proper developmental switches in 3-like
globin gene expression. Expression of e- and -globin, but not
(-globin, was observed in the yolk sac, there was only minor
y and mostly 13 expression in the 14-day liver, and only (3
mRNA in the blood of the adult animals. Structural data
showed that the locus was intact. These results indicate that it
is now possible to dissect regulatory mechanisms within the
context of an entire locus in vivo by using the ability to perform
mutagenesis efficiently in yeast via homologous recombination,
followed by purification ofthe altered YAC and its introduction
into mice.

The functional genes of the human (3-globin locus are ar-
ranged 5' to 3' in the order in which they are expressed during
development: e, G , Ay, 8, (. Upstream of the E-globin gene
is the locus control region (LCR), a set of four erythroid-
specific and developmentally stable DNase I hypersensitive
sites (1-3), designated 5' HS1 to 5' HS4, that confer high-
level, integration site-independent, copy number-dependent
expression on globin genes in cells of the erythroid lineage
(3). Another developmentally stable DNase I hypersensitive
site, 3' HS1, is found 20 kb downstream from the (-globin
gene (1-3). The developmental control of the genes of the (3
locus has been investigated with various approaches, mainly
using transgenic mice. In those studies, recombinant human
globin genes were used and inferences about developmental
control were made from the patterns of human globin ex-
pression during development of the animals (4-11). Due to
technical limitations in the size of constructs that can be
manipulated in vitro for production of transgenic mice, only
portions of the ,B locus have been used, the organization of
the locus usually has been distorted, and regulatory elements
which are normally at great distance from the genes were
abnormally juxtaposed to the genes under investigation. The
situation closest to normal is a 70-kb fragment containing the
globin genes and the LCR, constructed by ligating two
cosmids used to produce transgenic mice (12). However, the
3' end of this fragment lies =2.4 kb 3' to the (3 gene and lacks
the developmentally stable, erythroid-specific 3' HS1.
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To analyze the control of human globin gene switching in
an intact ,Bglobin locus, we developed transgenic mice
carrying 230 kb of the human (8 locus contained in a yeast
artificial chromosome (YAC). We report here that the human
e-, 'y-, and ,-globin genes of this YAC display correct
developmental regulation; i.e., expression ofthe embryonic/
fetal genes occurs in the embryonic and early fetal stages of
development, whereas , gene expression is restricted to the
adult stage of development. Transgenic mice carrying the
human (-globin locus domain in a YAC provide another
approach to investigate the control of globin gene switching
in the context of the intact ,B-globin locus.

EXPERIMENTAL PROCEDURES
YAC Purification and Injection. Growth of yeast strain

AB1380 containing the human (-locus YAC ((3-YAC)
yneo,Bglobin, and gel purification and concentration of the
,B3YAC were performed essentially as described (13). Aga-
rose blocks containing YAC DNA were prepared as de-
scribed and DNA was separated in preparative 1% low-
melting-point agarose (SeaPlaque GTG, FMC) gels by
pulsed-field electrophoresis (CHEF gel, Bio-Rad) in 0.5x
TBE (44.5 mM Tris/44.5 mM boric acid/i mM EDTA) at
14°C. The gels were run at 160 V with a switching time of 12
sec for 40 hr. An unstained YAC-containing gel slice was
excised after ethidium bromide staining of marker lanes on
either side ofthe gel to locate the YAC in the gel. The gel slice
was cut into small pieces and equilibrated in 10mM Tris HCl,
pH 7.5/250 ,uM EDTA/100mM NaCl. Wide-bore pipette tips
were used to pipette YAC DNA solutions from this point on,
to avoid shearing the DNA. Agarose pieces weighing 0.4 g
were digested with 1 unit of ,B-agarase I (New England
Biolabs) per 100 mg of agarose for 2 hr essentially as
described by the manufacturer. Undigested agarose was
removed by centrifugation at 12,500 x g for 15 min at room
temperature and the supernatant was transferred to a new
tube and stored at 4°C. The YAC DNA was concentrated by
loading 400 ,ul of supernatant into an Ultrafree-MC filter unit
(nominal molecular weight limit, 30,000; Millipore) and cen-
trifuging at 3000 x g for 5 min at room temperature. The
volume of liquid that had passed through the filter was
measured and centrifugation was continued until -320 ,ud had
passed through. The remaining 80 ,ul of DNA solution was
incubated at room temperature for 1 hr in the filter, pipetted
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three times to resuspend, and transferred to a new tube. The
quality of the DNA was checked by pulsed-field gel electro-
phoresis (PFGE) and the concentration was estimated in a
0.8% agarose minigel with A phage DNA as a standard. Just
prior to injection of fertilized mouse eggs (from F1 females of
mouse strain C3/Hen x C57BL/6N), purified ,3-YAC DNA
was diluted to 1 ng/,ld with 10 mM Tris HCl, pH 7.5/250 ,uM
EDTA to reduce the NaCl concentration and filtered through
a 0.22-,um Acrodisk (Gelman) into a Nunc vial (InterMed,
Kamstrup, Denmark).

Nucleic Acid Analysis. Slot blot hybridization, restriction
enzyme digestion, PFGE, and Southern blot analysis were
carried out by standard procedures. PFGE was carried out in
1% Seakem gold agarose (FMC) with 0.5x TBE buffer at
14°C for 24 hr with a 14-sec pulse time. Agarose plugs for
PFGE were prepared from single-cell suspensions of liver
(13). DNA was prepared from frozen carcasses (9). A 2.4-kb
EcoRI 3' Ay fragment, a 0.9-kb BamHI-EcoRI /3 fragment, a
2.5-kb EcoRI-HindIIl ,uLCR fragment, and a 3.7-kb EcoRI e
fragment were used as probes. RNase protection analysis
was performed essentially as described (9).
PCR Analysis. Murine tail DNA from transgenic founder

mice was analyzed by PCR. The primer sequences for the left
vector arm were 5'-GTGATAAATTAAAGTCTTGCGCCT-
TAAACC-3' and 5'-GCTACTTGGAGCCACTATCGAC-
TACGCGAT-3'; those for the right vector arm were 5'-
TCCGTAATCTTGAGATCGGGCGT-3' and 5'-GGTGAT-
GTCGGCGATATAGGCGCCAGCAAC-3'. The product
sizes were 204 bp for the left vector arm and 183 bp for the
right vector arm.

RESULTS
The 13-YAC. The YAC contained 230 kb of the human

l3-globin locus in a YAC previously characterized by Gaen-
sler et al. (14). This 3-YAC, A85D10, was retrofitted to
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incorporate a neomycin-resistance gene into the right arm of
the YAC vector for use in somatic cell selection studies. The
resultant 248-kb YAC, yneof3globin, has been used for
,B3YAC transfer in L cells (13), in mouse erythroleukemia
cells, and for the experiments described here.
The human chromosomal region contained in the ,B-YAC

encompasses the ,¢globin genes, the upstream LCR, and the
downstream 3' HS1 (the distance between 5' HS4 and 3' HS1
is 82 kb). The 5' end of this YAC insert extends :40 kb
upstream of 5' HS4, while the 3' end extends %130 kb
downstream ofthe ,3-globin gene (or 109 kb downstream of 3'
HS1). Most of the 83 locus is contained in a 140-kb Sfi I
fragment (Fig. 1A).
The ,B-YAC contains all the (3globin locus domain that has

been so far identified by DNase I sensitivity studies (1-3).
The borders of the DNase I-sensitive domain have not been
defined; it is, however, assumed that the 3' end ofthe domain
extends at least 95 kb downstream of the 3-globin gene (15).

Production of Transgenic Mice Carrying a Human (-YAC.
The major technical problems that had to be overcome for
successful transfer of large DNA molecules into cells in-
cluded mechanical shearing and denaturation of the DNA,
concentration of DNA solutions within a useful range, and
cleaning of the DNA solution to avoid clogging the injection
needle. Gnirke et al. (13) found that solutions of high ionic
strength (100 mM NaCl) could be used as a protective agent
and that intact YAC DNA could be obtained. We concen-
trated the DNA by ultrafiltration through a filter with a
nominal molecular weight cutoff of 30,000 and cleaned the
DNA solution by a second filtration just prior to injection.
Using this technology, we obtained 148 pups of which 17

(11.5%) were transgenic as judged by positive signals from
tail-DNA slot blots with /3- or t-globin gene probes. DNA of
13 founders hybridized with both the 'y and ,B probes, 3 with
(3 only, and 1 with y only. PCR analysis using two sets of
primers, one set specific for YAC vector sequence immedi-
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FIG. 1. (A) Physical map of the human ,-globin YAC. (B) RNase protection analysis of transgenic mouse founders. Protected fragment sizes
are as follows: human , (Hu ,3), 205 bp; human Ay (Hu Ay), 170 bp; mouse ; (Mo {), 151 bp; mouse a (Mo a), 128 bp. Lane M, Msp I-digested
pBR322 (size standards); lanes 1-14, transgenic founders. Notice the predominant human 3 expression and the absence of y mRNA. In lanes
2, 8, 10, 11, 12, and 14 the band present slightly lower than the control human Ayband (Hu Ay) is an artifact observed when human (3 expression
is high, not an Ay-protected fragment. The Hu ( and Hu (By (fetus) control constructs contain a (-marked ((3") gene. The protected fragment
band between Mo ; and Mo a is ("m exon I.
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ately adjacent the vector-insert junction on the left, the other
specific for vector sequence immediately flanking the right
vector-insert junction, demonstrated that 10 of the 13
founders with both the y and ,B genes also contained both left
and right vector-arm sequences (Table 1).
(3-YAC Founders Express Only Adult Human Globin.

RNase protection analysis ofRNA isolated from the blood of
the 13 y,B-positive founders and the one y-positive-only
founder (no. 13) was done with probes specific for human e-,
y-, and ,B-globin mRNA and for mouse {- and a-globin
mRNA. Only (-globin gene expression was detected (Fig.
1B). 'y mRNA was not detected and probably amounted to
<0.5% of human globin mRNA. Thus, the (- and y-globin
genes of the (-YAC displayed the proper developmental
regulation, since there was predominant (-globin gene ex-
pression in the adult animal.
Three founders (nos. 5, 6, and 9; see Fig. 1B) which

retained the P gene had minimal 3 gene expression (1% or
lower), perhaps indicating that these transgenes contained
rearranged (-YACs that had lost the LCR or other regulatory
sequences. (-Globin mRNA in the remaining founders
ranged from 6% to 80%o of endogenous mouse a-globin
mRNA (uncorrected for copy number) (Table 1).

Structure of the Integrated (-YAC. Of the founders which
appeared to harbor an intact human (3-globin locus (by having
both vector-insert junctions, fy and P gene sequences, and
,B-globin expression), we chose the line of founder 10 for a
detailed analysis to confirm the structural integrity and copy
number ofthe (-YAC insert. To examine whether the (3locus
of the YAC is intact, PFGE of Sfi I digests and diagnostic
Southern blot analysis for LCR and globin gene fragments
were done. DNA prepared from livers of F1 transgenic mice
was subjected to PFGE and Southern blot analysis using a
human Ay fragment probe. The predicted 140-kb Sfi I frag-
ment encompassing the entire ,B-globin cluster and most of
the upstream controlling region was detected (Fig. 2A). The
presence of this large fragment, coupled with the results of
PCR analysis that confirmed the presence ofYAC sequences
immediately adjacent to the left and right insert-vector
junctions, indicated that the YAC was not internally deleted.
The =60-kb band present in lanes 5 and 6 of Fig. 2A may be
due to fragmentation of DNA during handling or a second
partially deleted copy of the YAC. Additional Southern blot
analyses were performed to further confirm the structural
integrity of the ( locus. Expected 10.6- and 6.5-kb EcoRI
LCR, 3.8-kb EcoRI e, 5.5-kb EcoRI (3, and 2.4-kb EcoRI y
fragments were found (Fig. 2B). YAC copy number was
ascertained by quantitation (PhosphorImager, Molecular Dy-
namics) of the 'y bands in transgenic DNA and in samples

Table 1. Characteristics of ,B-YAC transgenic founders
Vector-insert

junction DNA ,8/a mRNA,
Line Left Right ly Is t

1 + + + + 10
2 + + + + 48
3 - - + + 6
4 + - + + 18
5 + - + + 0.5
6 + + + + 0.5
7 + + + + 7
8 + + + + 80
9 + + + + 1.6
10 + + + + 12
11 + + + + 22
12 + + + + 33
13 - + - 0
14 + + + + 21
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FIG. 2. Structure of the human ,-globin locus of the 3-globin
YAC. (A) PFGE analysis confirms the presence of the 140-kb Sfi I
fragment bearing the 3-globin locus. Lanes 1 and 2, yeast containing
the ,B-YAC (two exposures); lane 3, mouse erythroleukemia (MEL)
cell negative control; lane 4, nontransgenic 17-day F1 liver; lanes 5
and 6, 17-day livers from ,B-YAC F1 transgenics; lane 7, undigested
DNA of F1 transgenic liver. DNA of lanes 1-6 was digested with Sfi
I. A 2.4-kb EcoRI 3' At nfragment was used as a probe. (B) Southern
blot analysis showing diagnostic fragnents for different regions ofthe
human ,B-YAC. All samples were digested with EcoRI. The probe
utilized in hybridization is indicated above each panel. The expected
fragment sizes in kilobases for each digest/probe combination are
shown to the left of each panel. Lanes: A, yeast containing human
,B globin YAC; B, 9-day nontransgenic F1; C, 9-day transgenic Fl.

containing 1, 10, 100, or 1000 copies of the human Ay gene.
Comparison of total counts in the transgenic mouse 'yband to
a standard curve of total counts versus copy number gave an
estimated copy number of 1 for three F1 fetuses, 2 for one F1
fetus, and 3 for the founder of line 10. In this line human
globin expression, per copy of transgene, was 69o of the
expression of the endogenous murine a genes.

Correct Developmental Regulation of the Globin Genes of
the 3-YAC. To investigate the developmental control of the
genes of the (-YAC, F1 and F2 fetuses were obtained from
timed pregnancies of line 10. RNA isolated from yolk sac and
blood of 9-, 9.5-, and 11-day embryos and liver and blood of
14-day fetuses was subjected to RNase protection analysis.
There was e and fy mRNA but no (B mRNA in the cells of 9-,
9.5-, and 11-day yolk sac samples (Fig. 3 Top and Middle). In
the 14-day fetus, emRNA was present in the peripheral blood
(which still contains embryonic erythrocytes) but not in the
liver (which is the organ of adult erythropoiesis) (Fig. 3
Middle). There was some ymRNA but mostly (3mRNA in the
erythroid cells of the 14-day fetal liver and predominantly (3
mRNA in the adult. Thus the human E and y genes behaved
like the embryonic 3Ihl and e genes of the mouse whereas the
human ( gene behaved like the adult (3nai gene of the mouse
(Fig. 3 Bottom). These results demonstrated that all the
globin genes of the YAC displayed correct developmental
regulation.
To assess globin gene expression at the cellular level, we

stained yolk sac, fetal liver, and adult blood preparations with
fluorescent anti-E, anti-y, or anti-(3 monoclonal antibodies.
e-Globin was restricted to the cells of primitive erythropoie-
sis, whereas ( gene expression was restricted to the cells of
definitive erythropoiesis. There was abundant y-globin in
yolk sac red cells (Fig. 4A), as well as in a proportion of
definitive erythroblasts in the fetal liver (Fig. 4B). -Globin
was present in the majority of fetal liver erythroblasts (Fig.
4C) and also the red cells ofthe adult animals (Fig. 4E). A few
of the red cells of the adult animal also contained yo-globin
(Fig. 4D), resembling the pattern of y gene expression in the
adult humans who have a small number ofred cells containing
y-globin, called F cells.

Developmental Biology: Peterson et al.
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FIG. 3. Human P-globin gene expression is developmentally
regulated in (-YAC F1 and F2 transgenic mice. RNase protection
analysis was used to analyze expression of human ,B and y (A),
human e (B), and mouse embryonic 83M and ey and adult (3Aj genes
(C). The age, in days (d), of prenatal samples and the tissue source
are indicated above each lane (Y, yolk sac; L, liver; B, blood). Lane
M, size markers (length in base pairs at left).

DISCUSSION

Studies in transgenic mice have provided several insights on
the developmental regulation of the genes of the j3globin
locus. In these studies, constructs containing LCR sequences
linked to e-, y--, or -globin genes or to cosmids containing
these genes have been used (1, 9-12, 16, 17-20). The general
concept that has emerged from this work is that two mech-
anisms are involved in the control of hemoglobin switching:
gene silencing, represented by the turnoff of the e gene in
definitive cells (17-19), and gene competition, represented by
the silencing ofthe f3gene in embryonic cells (10, 11, 21); both
mechanisms may be required to turn off y gene expression in
the adult stage of development (9-11, 16, 20). All the work
done so far has employed artificial constructs that lack
sequences known to comprise major regions of the f3globin
domain. Thus, it is possible that conclusions based on such
artificial constructs may not always be physiologically rele-
vant. Ideally, one would like to analyze the control of
hemoglobin switching in transgenic mice in the context of the
whole locus. This has been impossible for technical reasons,
mainly due to the inability to manipulate, in vitro, the
==200-kb DNA sequence encompassing the human f3-globin
locus. As we show here, such experiments are now possible
with the experimental system we have applied. In this paper,
we demonstrate that a purified YAC containing the entire
human 3-globin locus and extensive 5' and 3' flanking se-
quences can be successfully introduced into fertilized mouse
eggs by microinjection and transgenic mice generated. Fur-
thermore, we demonstrate proper developmental regulation
of the genes within the p locus contained in the YAC.

n

FIG. 4. Staining of erythroid cells derived from (3YAC F1 mice
with human globin chain-specific fluorescent monoclonal antibodies.
(A) Yolk sac cells at day 9 stained with anti-y. Virtually all embryonic
erythroblasts are positive. Labeling of this population was also
positive with anti-e, but negative with anti-(8 (data not shown). (B and
C) Fetal liver cells at day 14 labeled with anti-y(B) or anti-,8 (C). Note
that only a portion of the definitive erythroblasts present as well as
afew circulating embryonic erythroblasts are positive for y(B), while
a much higher proportion ofthe population is labeled with anti-,B (C).
(D and E) Labeling of adult blood with anti-y(D) or anti-,B (E). There
is uniform expression of f3globin (E), but only a few adult red cells
express y-globin (D), reminiscent of a pattern of a few "F cells" in
normal humans.

Successful transfer ofYACs covering multigenic loci or large
single genes would allow investigation of control of gene
expression with confidence that the manipulation of genes
during the production of the recombinant constructs would
not alter or obfuscate the control of gene expression.
Developmental expression of the globin genes of the

p-YAC in transgenic mice showed a pattern similar, but not
identical, to that of the endogenous murine globin genes
(Figs. 3 and 4). The human e gene displayed exclusively
embryonic expression in the yolk sac cells, while the human
,p gene displayed exclusively adult expression in cells of
definitive erythropoiesis in the fetal liver and in adult red
cells. ygene expression was mostly embryonic, as previously
observed in constructs lacking an LCR (6); this can be
attributed to the evolutionary homology of the human y and
murine ph' genes, both of which derive from an ancestral
y-globin gene. The expression of the y genes of the YAC,
however, differs from ph' gene expression because it con-
tinues in the erythroblasts of adult (definitive) erythropoiesis

B
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in the fetal liver (Fig. 4B) and in a small population of adult
red cells (Fig. 4D). This suggests that the murine liver
contains trans-acting factors that can activate the 'y gene, a
conclusion that is supported by previous work in transgenic
mice (9-11, 16), and that the ygene contains cis elements that
respond to these factors. Thus, fetal recruitment of the fy
genes probably evolved by a combination of sequence
changes surrounding the genes and changes in the fetal liver
trans-acting environment during evolution (6, 12).
The correct developmental control of the genes of this

/3-YAC suggests that this system can have multiple applica-
tions in the analysis of globin gene expression during devel-
opment and differentiation. A major advantage ofthe system
is the ability to manipulate YAC DNA in yeast by taking
advantage of the yeast's inherent high frequency of recom-
bination. Specific mutations can be introduced into the (
locus and the effect of these directed mutations on develop-
mental regulation of the globin genes can be studied in
transgenic mice. For example, the physiological relevance of
silencers, enhancers, and other regulatory motifs that have
been defined with other expression systems (including the
use of short recombinant genes in transgenic mice) can be
evaluated by introducing such mutations into the whole
(-YAC and assaying how these mutations affect develop-
mental control. Furthermore, several questions of the devel-
opmental regulation of the human 3-globin locus can best be
answered in the context of a normally organized locus. For
example, the function ofeach hypersensitive site ofthe LCR,
the developmental role ofeach individual hypersensitive site,
the relationship between gene order and temporal order of
gene expression, and the control of globin gene switching
through gene competition can best be investigated with
manipulations that do not affect the overall organization of
the locus or the distance between genes and regulatory
elements. Such manipulations can best be done in the context
of the YAC.

Efforts to dissect developmental regulatory mechanisms in
complex multigene loci have been hampered by the inability
to manipulate, in vitro, the large, often hundred- and some-
times thousand-kilobase-sized, stretches of DNA encom-
passing these loci. As we show here [and also shown recently
by others (22-24)] this can be done by producing transgenic
mice carrying DNA from YACs. Transgenic mice produced
by injection of YACs will allow functional analysis of other
large human loci whose investigation is limited by the size
requirements of current technologies used for production of
transgenic mice.
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