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ABSTRACT In a-thalassemia, the genetic locus for the a
chains of adult hemoglobin is not expressed. We have examined
the hemoglobins of a number of individual mouse embryos
heterozygous for a particular a-thalassemia (Hba th-J) and find
n'o.'ecrease in the proportion of hemoglobins containing the
a chain as compared to the hemoglobin containing the a-like
embryonic globin chain. This result suggests that the locus for
this embryonic a-like chain is inactivated or deleted in these
embryos as well. Because a single mutational event inactivated
adult and embryonic loci, we conclude that they are probably
closely linked to one another on the same chromosome. We also
present evidence that an unusual hemoglobin in the blood of
these embryos is composed only of an embryonic A3-like chain,
and is thus analogous to the hemoglobin H (04 tetramer) of adult
a-thalassemics.

a-Thalassemia is a genetically determined condition involving
reduced production of a-globin relative to /3-globin chains. A
frequent finding, in addition to a reduction in the amount of
a2f32 hemoglobin, is the presence of /4 hemoglobin. Recent
restriction endonuclease mapping studies have shown that some,
perhaps all, normal humans inherit two closely linked a-globin
genes from each parent (1). The severity of anemia differs
among human cases, but expression of at least some of these
a-globin genes seems to be deficient in all humans with
a-thalassemia or a-thalassemia trait. Deletion of a-chain genes
appears to account for some human a-thalassemias, but other
cases may better be explained as due to the presence of defec-
tive a-globin alleles or to misarrangement of a-globin genes
(2).

Structural studies of mouse hemoglobins have shown that
homozygous normal mice from many inbred strains produce
two nonidentical a-globins, implying that the mouse a-globin
locus is also duplicated (3). Results of genetic crosses indicate
that the two loci are extremely closely linked, acting as an Hba
breeding unit, or haplotype. Homozygous normal mice from
other inbred strains produce only one kind of a-globin (3), and
it is not known whether chromosome 11 of these mice contains
one a-globin locus or more. In all, five different kinds of
a-globin chains have been distinguished by isoelectric focusing
(4). Three different "singlet" Hba haplotypes have been de-
scribed, each being responsible'for the presence of one kind of
a-globin only. For example,. C57BL/6 mice (Hbaa) produce
only the a-globin chain known as "chain 1." In addition, four
"doublet" Hba haplotypeg have been described, each of which
leads to synthesis of a different combination of two distinct
a-globin chains (4).
One a-thalassemia heterozygote was discovered at The

Jackson Laboratory among the progeny of a normal C57BL/6J

(Hbaa) female mouse and a triethylene-melamine-treated male
that carried a different, doublet, Hba haplotype (5). In this
affected a-thalassemic offspring of the treated male, only the
Hbaa haplotype inherited from the C57BL/6J mother was
expressed. The hemoglobins of this mouse were found by
electrophoresis after cystamine treatment (6) to be unusual in
that they contained a lower than normal proportion of the he-
moglobin containing the diffuse-major:/ chain, a condition also
reported for the x-ray-induced mouse a-thalassemia discovered
at the Oak Ridge National Laboratory (7). Because no littermate
of this male was abnormal, it seems reasonable to presume that
the a-thalassemia and all associated abnormalities are the result
of a single mutational event.
Embryonic hemoglobins in the mouse (8) are found in nuc-

leated erythrocytes of yolk sac origin (9). Beginning around day
12 of gestation, these large cells containing the three embryonic
hemoglobins are joined in the circulation by smaller, nonnu-
cleated cells of fetal liver origin, which contain adult-type he-
moglobin (9-12). Mice apparently have no true fetal hemo-
globin (13). By chromatography (11) and electrophoresis (14),
the globin compositions of the embryonic hemoglobins have
been found to be: EI; x- and y-globins; EII, a- and y-globins;
and EIII, a- and z-globins. Because they combirte with a chains,
both y and z chains are presumed to be /-like. Because the x-
globin combines with the /3-like y, it must be a-like. Some se-
quence data (15)'and other structural data (16) support these
assumptions. Further, it has been established by direct linkage
studies (I14, 15) and strain distribution analysis (17) that the locus
for the /3-like y chain (Hby) is intimately associated with the
adult /-chain locus (Hbb) on mouse chromosome 7.
The lowering of the number of active adult-a genes in an

a-thalassemia heterozygote to half (those inherited from the
untreated parent) provides a unique opportunity to study the
niqture of the mutation itself and thereby to better understand
the. structure and workings of the genetic region in which it
arose. We have reasoned that if the locus for the a-like x em-
bryonic globin chain (Hbx) was not inactivated when The
Jackson Laboratory a-thalassemia was induced, then 'the
amount of the El'(x2y2) embryonic hemoglobin, which contains
the x chain, should be normal in a-thalassemia heterozygous
fetuses, whereas the amounts of the adult (a2/32), EII (a2Y2),
and EIII (a2z2) bands containing the a chain should be reduced.
This would cause an apparent increase in the proportion of EI
relative to the other hemoglobins in heterozygous thalassemia
embryos, when compared to normal controls. Conversely, si-
multaneous inactivation or deletion of the adult a-chain locus
(Hba) and the Hbx locus (no proportional increase in El) would
support the concept that they were closely linked to one another
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on chromosome 11. The results we present support the second
alternative.

METHODS
Mice. C57BL/6J mice (Hbaa, Hbbs) were bred from

C57BL/6J mice supplied from The Jackson Laboratory
Foundation Stocks or obtained from the Animal Resources
Department of The Jackson Laboratory. Our original ot-tha-
lassemic male No. 15975 was the offspring of an untreated
C57BL/6J female and a triethylenemelamine-injected male
of a stock (PosA) derived from the mating of Mus musculus
poschiavinus and "Swiss" mice (5); this stock carried Hbbd and
probably Hbac (4). The mutation induced in.male 15975 has
been designated Hbath-J. Three or more additional backcrosses
to the C57BL/6J strain produced the a-thalassemic fathers of
the embryos used for this study. These embryos, normal +1±
and heterozygous Hbath-Ji +, were collected from C57BL/6J
females 14 or 141/2 days after the appearance of a mating
plug.

Isolation of Embryonic Hemoglobins. Individual embryos
were allowed to bleed into small petri dishes containing 1-2 ml
of 0.9% NaCl/1% heparin. The blood cells were pelleted with
a Clay-Adams Serofuge and resuspended in a small volume of
0.9% NaCl. The suspension was drawn into nonheparinized
20-,id Drummond Microcaps, which were sealed and then
centrifuged inside larger tubes for 5 min in a hematocrit cen-
trifuge. Erythrocyte columns were lysed in CO-saturated 5 mM
ammonium acetate at 150 gl/11 Ml of packed cells. Electro-
phoresis on Mylar-backed cellulose acetate strips was performed
as described (13) for 30 min or longer. In some cases, Ponceau
S-stained strips were cleared and scanned in a Helena Labo-
ratories Auto Scanner recording densitotieter.

Globin Electrophoresis. For second-dimensional analysis
of the subunits of hemoglobins separated in the first dimension
by cellulose acetate electrophoresis, the region containing each
hemoglobin band of interest was removed and mixed with
noncystamine/8 M urea globin gel running buffer (12). The
EIII material whose second dimension analysis is shown in Fig.
2 came from the pooled EIII bands in first dimension prepa-
rations from three normal 14-day embryos, as did each of the
EII, EI, and adult materials. In Fig. 3, the EII material is the
same as in Fig. 2, and the abnormal band was pooled from
first-dimensional preparations from two heterozygous a-tha-
lassemic littermates. After 1 hr at room temperature each
sample was mixed with 0.5 vol of 0.2 ml acetic acid: 1.0 ml of
deionized 40% sucrose in 8 M urea. Globin electrophoresis on
polyacrylamide disc gels (without cystamine, for 18 hr), staining
with amido black, and gel scanning were as described (12).

RESULTS
Fig. 1 depicts the electrophoretic pattern of the hemoglobins
from 141/2-day normal embryos (samples b and e) and a-tha-
lassemic littermates (samples c, d, and f). In the normal embryo
samples, migration of adult-type hemoglobin is fastest, followed
in order by EI, EII, and EIII (14). An abnormal hemoglobin
band in preparations from the thalassemic embryos, which
migrates slightly slower than EII, is indicated by an arrow.

In spectrophotometer scans (not shown) of normal and het-
erozygous thalassemic mouse hemoglobin patterns similar to
those shown in Fig. 1, it is clear that the unusual band is the most
intense hemoglobin band in preparations from 14-day thalas-
semic embryos (the adult band becomes the major band soon
thereafter). Further, the proportion of EI hemoglobin, which
contains the x chain, is not markedly increased in the thalas-
semics relative to the other hemoglobins (adult, EIl, and EIII),
which contain the a chain.
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FIG. 1. Electrophoresis of the hemoglobins of C57BL/6J mice.
Channels a and g show samples from normal adult mice; channels b
and e, from normal 141/2-day embryos; and channels c, d, and f, from
heterozygous a-thalassemic embryos (HbatlhJ/+). An arrow indicates
the abnormal band of the thalassemic embryos. 0, origin. These an-
imals are all homozygous "single" (Hbb8), but the abnormal band of
thalassemic embryos can also be Observed in samples from "diffuse"
(Hbbd) mice. In diffuse embryos, the D-minor adult-type hemoglobin
lies between the embryonic hemoglobins El -and EII under these
conditions.

It should be noted that no additional phenotypes were ob-
served among embryonic offspring bf matings between het-
erozygous Hbath-J/ + parents and that the number of all 11-
to 14-day offspring was abnormally small. The clear implication
is that homozygous severely affected Htbdth-J/Hbath-J embryos
were not present.

Fig. 2 shows the globin compositions of the normal adult, El,
ElI, and EIII hemoglobin bands. Note that baselines are offset
on the vertical axis for ease of interpretation. As previously
reported (11, 14), the adult hemQpglobin contains a and ,B glo-
bins, El is composed of x and y, ElI has a and y, and EIII con-
tains a and z. Although the proportions of the a-like and f3-like
chains must have been equal in the hemoglobins, the a and
a-like bands are stained more intensely than are the f3 and
(3-like globins in each of these preparations of normal hemo-
globins.

Fig. 3 compares the globin profile of the normal EII, also
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FIG. 2. Globin analysis on acrylamide disc gels ofthe hemoglobins
of nornial 14-day C57BL/6J embryos. The individual hemoglobins
were prepared by cellulose acetate electrophorepis, as shown in Fig.
1, then subjected to electrophoresis in 8M urea. Horizontal axes are
offset upward for clearer representation. The vertical scale has been
expanded as necessary to give an approximately equal deflection to
the highest peak of each sample. Individual hemoglobins and globin
peaks are identified. The leftmost, unlabeled, peak in the ElI sample
may be carbonic anhydrase.
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FIG. 3. Electrophoretic analysis of the globin of the abnormal
hemoglobin of heterozygous a-thalassemic embryos (-). All of the
a-globin and some of the y-globin in this sample probably comes from
the EII hemoglobin that contaminated this preparation (see Fig. 1).
Globins from the EII band of normal 14-day C57BL/6J littermate
embryos gave the profile shown by --

shown in Fig. 2, to the pattern of the globin from the abnormal
hemoglobin band of the a-thalassemic embryos. Because of the
incomplete resolution of this band from EII in the first di-
mension (Fig. 1), we anticipated some contamination of this
abnormal hemoglobin with ElI, the globin of which serves as

a useful marker. The a chain found in this preparation pre-

sumably comes entirely from the EIl contamination. A small
part of the y-globin in this sample must therefore also come
from this EIl. Nonetheless, the great majority of the y-globin
in this sample must be derived from the abnormal thalassemic
band: Further, no other globin band is evident.

DISCUSSION
The evidence that is available (8) has supported the arrange-
ment of all of the genes for the and 0-like chains of mam-
malian hemoglobins in a lightly linked group on one chromo-
some, and the genes for the adult a chains in another cluster,
unlinked to the cluster. In humans, the'/'cluster includes the
genes for the adult chain of hemoglobin A, and 6 chain of
hemoglobin A2, and the y chains of the fetal hemoglobins (18).
This cluster has recently been shown to lie on the short arm of
human chromosome 11 (19). Direct evidence has not yet been
published to suggest that the locus for the human E chain, a

,8-like embryonic chain (20), is a part of this cluster. In mice,
however, direct linkage 'studies have shown that the gene for
one /-like embryonic globin is in fact on the same chromosome
as and linked to the adult 3-'chain locus (Hbb), on mouse

chromosome 7 (14, 15). Because an extensive study of inbred
strains of mice found one allele for the embryonic y globin
(Hby') always associated with the Hbbs "allele," or haplotype,
and the alternative Hby2 always associated with the Hbbd hap-
lotype, the linkage is inferred to be tight (17);

It has been presumed that the a-like embryonic globins are

encoded by loci closely linked to the loci for the adult a-globin
genes. However, because no genetic variant of embryonic a-like
globin chains has been described in any species, despite an ex-

tensive search by electrophoresis for El variants of the mouse
(17), no direct evidence has supported this assumption. The
evidence presented here strongly suggests that-the assumption
is correct. Because the a-thalassemia mutation we describe
arose as a single step, it seems reasonable to attribute all of the
three gene inactivations to the same primary cause, especially
after the mutation has been maintained intact when transferred
by several additional generations of backcrossi'ng to normal
C57BL/6J mice. That single mutational event may indeed have

been a deletion of all three of these globin genes, or, alterna-
tively, an intolerable alteration in some genetic region critical
to the expression of each of them.

Fig. 1 shows that some fetuses fathered by heterozygous
a-thalassemic males (HbathJ/ +) have a major hemoglobin
component never seen in normal fetuses. These fetuses make
up about half of the total and must be the a-thalassemia het-
erozygotes. It is clear that their proportion of El hemoglobin
is not markedly increased, as it would be if the Hbx locus for
the embryonic a-like globin were fully active while only half
of the usual number of adult a genes were active. Fig. 3 shows
that the abnormal band near Eli in preparations from hetero-
zygous thalassemic embryos contains much y (3-like) globin.
(Some contamination with Eli hemoglobin could not be
avoided.) We conclude that the new abnormal hemoglobin
band is a tetramer of y chains comparable to the human he-
moglobin H (/34 tetramer) of adults and the hemoglobin Bart's
(7y4) of fetuses and neonates with relatively severe a-thalas-
semia.
The absence of recognizable Hbat^hJ/Hbath-J embryos

among 11- to 14-day offspring of crosses between heterozygous
Hbath-J/ + parents suggests that homozygous affected embryos
die prior to the 11th day of development. Deletion or inacti-
vation of the embryonic x-chain gene would almost certainly
cause an parly lethality by preventing the synthesis of x2y2, the
earliest to be formed of the three mouse embryonic hemoglo-
bins.

Heterogeneity among human a-thalassemias has been de-
scribed: in some cases of a-thalassemia the globin genes are
actually deleted whereas in other affected individuals the genes
are present though inactive (2). In Asian adult-gene-deletion
cases, the presumed homozygous individual, severely affected,
is observed as an infant with hydrops fetalis. This class is rarely
seen in non-Asian pedigrees of a-thalassemia (2). One possible
explanation of this difference between east and west would be
that, in at least some non-Asian populations, the a-thalassemia
mutation involves "deletion of essential DNA sequences, pos-
sibly embryonic a-like genes," (2) which would lead to early
embryonic lethality. Our finding no homozygous affected
mouse embryos when the embryonic x-like globin locus is in-
activated certainly supports this possibility.

Although the hemoglobins of different inbred strains of mice
have been studied extensively (4, 8, 17), no spontaneously oc-
curring abnormalities of mouse hemoglobin structure or ex-
pression have been described. In an attempt to discover a he-
reditary mouse hemoglobinopathy, we examined the hemo-
globins of approximately 500 offspring of mutagen-treated
males; we recovered only the single thalassemia we describe
here. Two other heritable x-ray-induced a-thalassemias of the
mouse have been described at the Oak Ridge National Labo-
ratory (21). After measuring incorporation of radiolabeled
amino acids into El and EIl hemoglobin tetramers, Popp et al.
(22) had concluded that the Hbx locus was still active in the Oak
Ridge 352HB mutant, although the adult-a loci were totally
inactivated (21). However, application of our cellulose acetate
electrophoretic method to the embryonic hemoglobins of Oak
Ridge thalassemia heterozygotes (23) gives results like those
shown in Fig. 1. It thus seems that the Hbx loci of the Oak Ridge
mutants are inactivated, the original incorrect conclusion (22)
having been based upon the failure of their method to resolve
the EIII hemoglobin from the abnormal y4 band (23). Parallel
analysis of the a-globin gene DNAs of the three mutants should
provide a better understanding of the genetic bases of their
nonexpression of a and a-like globin genes.
Two observations suggest that, if HbathJ is a deletion, it must

be small. First, cytogenetic studies (M. T. Davisson, personal
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communication) have not detected any chromosomal abnor-
mality associated with the a-thalassemia. Secondly, the re-
combination rate between flanking chromosome 11 markers
wa-2 and sh-2 in a-thalassemia heterozygotes is quite normal
in the limited number of potential recombinants we have
studied thus far and establishes conclusively that the mutation
we call Hba th-J actually resides at or near the Hba locus com-
plex on mouse chromosome 11.
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Grants CA-01074 from the National Institutes of Health, VC58 from
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