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INTRODUCTION

The thalassemias are a group of inherited
anemias characterized by a decrease or absence
of a or B globin chain production of normal
hemoglobin (hemoglobin A, HbA, a,8,).' The
thalassemias differ from the hemoglobinopa-
thies, in that structural changes in the globin
chains do not appear to occur; however, a
change in the amount of either « or f§ globin
present does exist. These disorders may, there-
fore, represent models of disordered regulation
of the biosynthesis of specific mammalian pro-
teins.

Detailed information available from genetic
studies of the human hemoglobins provides a
powerful basis for determining the regulation
of specific globin chains at the molecular level.
These studies demonstrate that the y, d, and
globin genes are linked on a single chromo-
some, in a specific arrangement (Figure 1). Two
types of y globin genes have been identified,
while there appears to be only one structural
and d globin gene per haploid chromosome set.

The « globin genes appear to be multiple in
most populations and are on a different chro-
mosome than the y-d-f complex; the linkage of
the a globin genes with each other has not been
established. The genes for o and  thalassemia
are closely linked to the structural « and § glo-
bin genes, respectively.?

In fetal life, y globin gene expression pre-
dominates, and hemoglobin F (HbF, a,y,) is the
major hemoglobin synthesized. Late in fetal
life, y globin biosynthesis decreases markedly,
and d and f§ globin production increases. Pro-
duction of d globin chains is always limited,
even under the stress of severe anemia and sel-
dom represents more than 5% of the total
hemoglobin. The switch from y to 8 globin syn-
thesis is thus the major change accompanying
human erythroid development. The regulation
of this switch is poorly understood at the mo-
lecular level and has great potential signifi-
cance, since reversion to y globin synthesis to a
maximal extent would alleviate the severe ane-
mia present in patients with disorders of human
hemoglobin synthesis such as the f§ thalassemias
and sickle cell anemia.
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FIGURE 1. Arrangement of human f-like genes on a single chromosome. y¢ represents the gene for y globin with glycine
at position 136; y* represents the gene for y globin with alanine at position 136. The dotted areas represent postulated areas

of DNA containing regulatory gene material.

During the 3 years since the thalassemias
were last reviewed in this series,* progress has
been made in more precisely defining specific
defects at the RNA and DNA level in patients
with the thalassemia syndromes. The use of
specific globin complementary DNAs
(cDNAs)5™7 has permitted a further analysis of
the heterogeneity of the defects in the f thalas-
semias at the RNA®*5 and gene level.!31%-2! The
use of these cDNASs has resulted in the detection
of deletions of globin genes in cellular DNA of
patients with certain of the thalassemia syn-
dromes and related disorders.*¢-*21-22 This re-
view will summarize briefly the molecular biol-
ogy of the thalassemias at the globin chain
level, and will concentrate on an analysis of
more recent work utilizing globin ¢cDNA to
characterize globin mRNA content and globin
genes in the thalassemia syndromes and related
disorders.

TYPES OF THALASSEMIA

There are several types of 8 thalassemia, the
two most common being f$* and f8° thalassemia
(Table 1). In the heterozygous state of * thal-
assemia, abnormalities in red cell morphology
are present, and there is an increase in the
amount of hemoglobin A, (Hb A,, a,d;) and a
small and variable increase in HbF. The homo-
zygous state of f§* thalassemia is accompanied

by severe anemia, since there is inadequate
compensation by HbF or HbA, synthesis for
the marked diminution in the amount of 4
and, therefore, HbA. In the homozygous state
of 8* thalassemia, there is always some detecta-
ble §# globin and HbA, indicating that the struc-
tural gene sequences coding for f§ globin are in-
tact in this disorder. By contrast, there is
neither detectable 8 globin nor HbA in patients
homozygous for #° thalassemia. Heterozygotes
for 8° have morphologic changes and elevations
of HbA, similar to those seen in heterozygotes
for f* thalassemia. The severity of the anemia
in * and B° thalassemia homozygotes is roughly
comparable, suggesting that § globin synthesis
in * thalassemia is inadequate.

Two other disorders, df3 thalassemia and he-
reditary persistence of fetal hemoglobin
(HPFH), are related to the 3 thalassemia syn-
dromes. In homozygous dff thalassemia, there
is no HbA or HbA, production in homozy-
gotes. However, in contrast to the f* and f°
thalassemias, there is only a mild anemia pres-
ent. This is due to a marked increase in HbF as
compared to * and f° thalassemia. In 4§ thal-
assemia heterozygotes, there is a normal or de-
creased HbA, and a higher level of hemoglobin
F than in * or #° thalasemia. In homozygotes
for HPFH, there is no anemia despite the ab-
sence of hemoglobins A and A,. HPFH repre-
sents the extreme situation in which complete

TABLE 1

States of # Thalassemia and Related Disorders

Type Anemia
f* Heterozygous Absent
f* Homozygous Severe
i Heterozygous Absent
f3° Homozygous Severe
df3 Heterozygous Absent
df Homozygous Mild

HPFH Heterozygous Absent
HPFH Homozygous Absent

HbA HbA, HbF(%)
Normal Increased 1—3
Decreased Increased 10—90
Normal Increased 1—3
Decreased  Increased 10—98
Decreased Decreased 5—10
Absent Absent 100
Decreased  Decreased 10—40
Absent Absent 100
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compensation by HbF production for the ab-
sence of hemoglobins A and A, exists. HPFH
heterozygotes are of several types and have lit-
tle or no red cell abnormalities and marked in-
creases in their levels of HbF. The distribution
of HbF in the cells of patients with HPFH is
uniform, suggesting that in this condition all
cells are capable of continuous, relatively con-
stant production of HbF. By contrast, in *, 3°,
and dff thalassemia, the content of HbF varies
markedly from cell to cell and suggests that
there is either repression or inadequate biosyn-
thesis of HbF in these erythroid populations.

Anemia in the $ thalassemias and HPFH is
well correlated with the relative excess of « glo-
bin chains.? Alpha globin does not have a stable
molecular configuration and has been shown to
aggregate and precipitate in red cells in bone
marrow and blood when present and unasso-
ciated with y or f chains and results in the pre-
mature destruction of the cells containing
them.?*?* In f3* and f3° thalassemia, a globin ex-
cess is extreme, as a globin continues to be pro-
duced in normal amounts, while inadequate
numbers of # and y globin chains are synthe-
sized. In df thalassemia and HPFH, the in-
creased y globin synthesis leads to a marked de-
crease in a globin chain excess.

The availability of different types of mutants
in the 8 thalassemia syndromes and HPFH,
which are vastly different in their ability to syn-
thesize HbF, makes a comparison of the molec-
ular defects in patients with these syndromes of
special interest in attempting to relate the vari-
ations in HbF biosynthesis to specific changes
at the gene level.

The a thalassemias appear to be caused by
defects in one of four « globin loci (Table 2).

TABLE2
Types of a Thalassemia
Type Anemia a Globin genes®
Silent carrier state Absent 3
a Thalassemia trait Absent 2
HbH Disease Mild 1
a thalassemia/hydrops  Severe 0

fetalis

a

It is presumed that in most human populations four
a globin genes are present, two in each haploid chro-
mosome set.
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The mildest form, the silent-carrier state of o
thalassemia, is associated with no hematologic
abnormalities. A second state, the a thalasse-
mia trait, is associated with red cell abnormali-
ties, but not anemia. By contrast, the apparent
loss of three of the four a loci leads to hemoglo-
bin H disease, a disorder with moderate ane-
mia. HbH is an unstable tetramer of § globin
chains (f3,) which accumulate due to the lack of
adequate numbers of « globin chains. The pre-
cipitated HbH causes premature destruction of
these cells (primarily by the spleen) and some
anemia. In the most severe form of a thalasse-
mia, hydrops fetalis, no a globin is present and
only hemoglobin Bart’s (y,) and HbH are
found. This disorder is incompatible with post-
natal survival.

GLOBIN BIOSYNTHESIS IN INTACT
CELLS

The p Thalassemias

Globin synthesis is measured by incubating
either peripheral blood or bone marrow sam-
ples with a radioactive amino acid (usually *H-
leucine) and quantitating the amount of radio-
activity in e, 8, and y globin chains by column
chromatography.?®-*¢ The peripheral blood of
normal human subjects contains 0.5 to 2% re-
ticulocytes. These cells contain polyribosomes
and globin mRNA and permit the measurement
of globin biosynthesis in blood samples, despite
the presence of large amounts of mature red
cells which are incapable of globin synthesis. In
the thalassemia syndromes, the percent of reti-
culocytes may be quite low, especially if pa-
tients are undergoing intensive transfusion ther-
apy; however, the radioactive incorporation of
amino acids into globin is sensitive enough to
measure globin biosynthesis in the presence of
less than 1% reticulocytes. Bone marrow sam-
ples of normal and thalassemia subjects have
adequate numbers of nucleated erythroid pre-
cursors, which are capable of 10 to 50 times the
amount of globin synthesis as reticulocytes.
Over 95% of hemoglobin biosynthesis occurs in
bone marrow erythroid cells, as compared to
reticulocytes. Studies over the past decade in-
dicate that, in most cases, globin biosynthesis
by reticulocytes accurately reflects overall
erythroid cell activity. The chromatographic
method originally described by Clegg et al.,?" in
which globin chains are separated on a column
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of carboxymethyl cellulose (CMC) in the pres-
ence of 8 M urea and mercaptoethanol and are
eluted by changing the sodium phosphate con-
centration, is the standard method of quantita-
tion of individual globin chains. This technique
has been proven to be remarkably specific for
the separation of individual globin chains
which differ by as little as one charge group and
selective in separating globins from nonglobin
proteins in bone marrow and peripheral blood
samples.

From many studies of patients without thal-
assemia, the ratio of a globin synthesis to that
of 8 globin (« to B ratio) is close to 1.0. In reti-
culocytes of patients with heterozygous $° and
p* thalassemia of non-black origin, the « to f8
ratio is close to 2.0, consistent with the de-
creased or absent function of one 8 globin al-
lele.>2527 One recent study?® suggests that the o
to B ratios in #* and f3° thalassemia can be distin-
guished. The a to f§ ratios in $° thalassemia av-
erage 2.3, while those in * thalassemia average
2.0. In most other series, the variations in the
a to f8 ratios do not permit a distinction of het-
erozygotes with these disorders in the heterozy-
gous state. In some heterozygous black pa-
tients, a to B ratios of close to 1.0 have been
reported.?*-3°

The o to B ratios in homozygotes for * thal-
assemia vary markedly between 5 and 25.22° It
is still unclear whether this variation is due to
different levels of 8 globin production by dif-
ferent B* thalassemia genes or is due (at least in
some cases) to double heterozygosity for 8* and
B° thalassemia. Similar a to f ratios have been
found in siblings with homozygous f* thalasse-
mia.** Only a and y globin chains are synthe-
sized in the cells of patients with homozygous
p° and Jp thalassemia and HPFH. Measure-
ments of globin chain biosynthesis in reticulo-
cytes permit the distinction between individuals
with homozygous sickle cell disease (possessing
two f° genes) from those with sickle cell 3° thal-
assemia (possessing one f3° gene). The « to *ra-
tio in homozygous sickle cell disease is 1.0,
while in sickle cell $° thalassemia, the ratios are
closer to 2.0.%¢%7

The relative amounts of « and f§ globin syn-
thesis in bone marrow erythroblasts largely re-
flect that of reticulocytes. There is an increase
in the a to f globin ratio in total bone marrow
erythroblasts of f* thalassemia homozygotes.

In addition, in one study in which early eryth-
roid precursors were separated from thalasse-
mia bone marrow by selective antibody lysis of
late erythroid cells, the results indicated that f8
globin biosynthesis is decreased at all stages of
erythroid cell maturation.?? In $° thalassemia
homozygotes, no f3 globin synthesis is seen in
nucleated red cells in bone marrow. There has
been some controversy as to the possible con-
tamination of 3 globin peaks on CMC chroma-
tograms by nonglobin proteins in human bone
marrow. However, when total human bone
marrow from f° thalassemia patients is used to
prepare globin and the acid-acetone insoluble
material is separated by CMC chromatography,
no radioactivity is seen in the 8 globin region

of the chromatogram, thus indicating little, if-

any, contamination of this region by nonglobin
proteins.?? Although it is possible that measure-
ments of globin biosynthesis in bone marrow
specimens may reflect some contamination of
these specimens with reticulocytes, the 50- to
100-fold greater biosynthesis of globin per ery-
throblast compared to that in a reticulocyte
makes this unlikely in most studies.

One anomalous finding in B thalassemia is
the approximately equal o and f3 globin synthe-
sis in the bone marrow of patients heterozygous
for f* or ° thalassemia.?* This finding has been
reproduced in other laboratories®® and is also
demonstrable in patients with sickle cell-° thal-
assemia.?’*®> While the cause of the balanced «
and f globin synthesis in intact reticulocytes in
heterozygous f3 thalassemia is still obscure, sev-
eral studies have indicated that there is a re-
duced amount of 8 globin mRNA as compared
to a globin mRNA in these erythroid precursor
cells. It is possible that post-translational
events, such as the proteolysis of a globin
chains may occur in thalassemia?®® or feedback
inhibition of a globin translation by the excess
a globin present in cells, could account for the
balanced synthesis.

A vast excess of a globin, as compared to f§
globin synthesized in homozygous f§ thalasse-
mia, is only seen when hemolysates of red cells
or bone marrow specimens are used.?® If hemo-
globin is isolated from whole hemolysates prior
to globin chain chromatography, there is a
marked decrease in the relative excess of o glo-
bin.*” This finding initially suggested that free
a globin chains were present in other than the
tetrameric form.?®
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The production of y globin chains in the g
thalassemia syndromes is quite variable. There
is little increase in y globin chain synthesis in
heterozygous f§ thalassemia. By contrast, there
is an increase in y globin synthesis in homozy-
gous f thalassemia, and the ratio of « to non-a
globin synthesis can approach two. However,
only in HPFH is the total non-a to & globin ra-
tio close to unity. In homozygous f§ thalasse-
mia, the cells in peripheral blood synthesize a
relatively increased amount of y globin chains
as compared to those in bone marrow erythrob-
lasts.?® This is most probably due to selection
of those cells containing the largest amounts of
y globin and presumably the smallest amount
of a globin excess.*® Heterogeneity of y globin
production in different cells in B thalassemia re-
mains largely unexplained.

The a Thalassemias

In the « thalassemias, a decrease in a globin
as compared to 8 globin production in both re-
ticulocytes and bone marrow cells is character-
istic.** The a to f3 ratio in the silent carrier state
varies between 0.8 and 0.9; in « thalassemia
trait, the a to f§ ratios are 0.7 to 0.8; in hemo-
globin H disease, 0.3 to 0.6;** and in hydrops
fetalis, no a globin is synthesized.*? The de-
crease in a globin synthesis in reticulocytes
closely parailels that present in bone marrow
precursors in these conditions. Since hemoglo-
bin H, the tetramer of §§ globin chains (B.), is a
relatively stable structural hemoglobin as com-
pared to free a globin, it is presumed that there
is a lesser toxic effect of 8 globin in bone mar-
row cells as compared to reticulocytes.

Prenatal Diagnosis

The accuracy and reproducibility of measure-
ments of a, 8, and y globin biosynthesis has
provided the biochemical basis for the prenatal
diagnosis of homozygous [ thalassemia.®**
Improved methods for fetal blood sampling
have recently become available and have been
used to obtain specimens of fetal blood during
the 18th to 20th week of gestation.*s The rela-
tive amounts of y and f globin synthesis at dif-
ferent times during gestation have been quanti-
tated, and nomograms have been obtained in
which a comparison can be made between the
y to f ratios of synthesis at various gestational
ages between normal fetuses and those under
investigation.*¢ Using this methodology, accu-
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rate diagnosis of homozygous f§ thalassemia has
been made in nine cases to date, and over 75
analyses of pregnancies at risk have been per-
formed.**** Increased experience with methods
for obtaining fetal blood samples and for per-
forming biochemical analyses can be expected
to lead to widespread use of this procedure in
the future.

Although CMC chromatography continues
to be the single most accurate method of quan-
titating globin chains, the procedure is time-
consuming and only a limited number of sam-
ples can be analyzed at one time. More recently,
another method has been described in which a,
B, and y globin chains are separated by cellulose
acetate electrophoresis and quantitated by ra-
dioautography.*’ In these studies, **S methio-
nine is used to radioactively Iabel newly synthe-
sized globin chains in reticulocyte-rich samples.
The results are comparable to those obtained
by CMC chromatography. However, this
method is limited in that at least 2% reticulo-
cytes are required to obtain enough radioactiv-
ity to quantitate globin chains in the small
amounts of blood that are utilized. It will be
necessary to concentrate the reticulocytes be-
fore this method can be routinely used to estab-
lish the diagnosis of 8 thalassemia trait, since
most of these patients have less than 2% reti-
culocytes. However, it may be of use in the
screening of patients with homozygous f thal-
assemia for the presence of 3* or 8° thalassemia
and to compare a, 8, and y globin synthesis in
different patients with 8 thalassemia. As little
as 50 uf of blood can be used in this procedure
and as many as 24 samples can be analyzed in
a single experiment.

TRANSLATION OF GLOBIN mRNA

Studies to date indicate that the f§ globin syn-
thesized in f8* thalassemia appears to be struc-
turally identical with that of normal 8 globin.?
In addition, the time required to translate a f8
globin chain in * thalassemia is similar to that
of normal reticulocytes.*®-*° In these latter stud-
ies, short-term labeling of globin chains is used
to determine the time required from initiation
of globin peptide synthesis to the time of com-
pletion and release of globin chains. A defect
in the rate of initiation of f globin synthesis
would not be detected by this methodology.
With this limitation in mind, these initial data
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suggested that § globin mRNA in f3* thalassemia
was qualitatively normal within the nucleotide
sequence required to code for globin.

Early studies using crude cell-free systems, in
which ribosomes and supernatant fractions
were isolated from normal and f* thalassemia
cells, indicated that the ribosomal fraction of
f* thalassemia cells had a decreased ability to
support normal globin biosynthesis.*® By con-
trast, when a synthetic mRNA, polyuridylic
acid, was added to the thalassemia ribosomes,
they appeared to have a normal ability to stim-
ulate the synthesis of polyphenylalanine. These
results indicated that the underlying defect in
f* thalassemia cells was associated with either a
decrease in amount or an abnormal f globin
mRNA.

The isolation of functional globin mRNA
and the demonstration that this mRNA could
direct the biosynthesis of globin in heterologous
cell-free systems has led to the characterization
of globin mRNA function in the thalassemia
syndromes. Biologically active globin mRNA
was initially isolated by sucrose density-gra-
dient centrifugation as a 9 to 10S RNA.%' Sub-
sequently, the use of oligodeoxythymidylate
(oligodT) chromatography to bind polyadeny-
late (poly A) containing RNA has led to further
purification of human globin mRNA from re-
ticulocytes.®* Faithful translation of human
globin mRNA in cell-free systems was first
demonstrated using rabbit reticulocyte frac-
tions®? and mouse ascites tumor cells.5* In these
studies, it was shown that the defect in 8 globin
synthesis in intact cells could be reproduced by
isolated globin mRNA. Subsequently, it has
been shown that ribosomal salt-wash factors
isolated from rabbit reticulocytes enhance the
ability of mouse ascites lysates to translate hu-
man globin mRNA;*® cell-free systems, derived
from wheat germ®®3” and frog oocytes,*® also
permit the accurate translation of human glo-
bin mRNA. In all experiments reported to
date,?3-32-% the isolated mRNA from homozy-
gous f3* thalassemia cells has led to « to 8 ratios
of biosynthesis which are increased and com-
parable to those obtained in intact cells. Thus,
there appears to be little evidence in homozy-
gous f3 thalassemia for translational control of
a vs. f§ globin synthesis; in addition, the accu-
rate relative translation of human « and f glo-
bin mRNAs appears to require no specific fac-

tors present in erythroid cells other than intact
globin mRNA. These studies strongly suggest
that the underlying defect in the 8 thalassemias
is primarily due to abnormalities in the produc-
tion of 3 globin mRNA in the nuclei of cells.
They do not, however, distinguish between the
presence of abnormal  globin mRNASs in the
cytoplasm of cells in 3 thalassemia and a de-
crease in the amount of f§ globin mRNA present
in these cells.

Isolated bone marrow mRNA from f thalas-
semia cells also results in the decreased transla-
tion of 8 as compared to a globin comparable
to that present in intact bone marrow cells.3358
There is reduced translatable 8 globin mRNA
in heterozygotes for §* thalassemia as well.3%5°
The mRNA from cells of patients with f8°, df3,
and HPFH lead to absent f§ globin synthesis in
cell-free translational systems.'?2%2:33:3¢ An ob-
servation of great interest, although still uncon-
firmed by other laboratories, is that using crude
cell-free systems derived from reticulocytes of
B° thalassemia patients from the Ferrara region
of Italy, there is stimulation of 3 globin synthe-
sis by the addition of normal supernatant frac-
tions to the ribosome fractions of these pa-
tients.5®-¢' In addition, stimulation of 8 globin
synthesis by transfusion has also been reported
in these patients.®* However, no 3 globin trans-
lation has been demonstrated using the isolated
mRNA from these patients to date.'**® In «a
thalassemia, there is decreased a globin synthe-
sis by isolated mRNA demonstrable using celi-
free systems.!*%2:%3 The decrease in a synthesis
relative to 3 synthesis is much greater using iso-
lated RNA than in intact cells of HbH pa-
tients.%2-%3

QUANTITATION OF GLOBIN mRNA
CONTENT IN THALASSEMIA CELLS

To distinguish between abnormal and de-
creased 8 globin mRNA in f* thalassemia, it is
necessary to measure the actual amount of f
globin mRNA sequences present in these cells
as compared to normal cells. This requires the
biosynthesis of a specific molecular probe for
detection of specific globin mRNA nucleotide
sequences. To accomplish this, the enzyme re-
verse transcriptase, an RNA-directed DNA pol-
ymerase from avian myeloblastosis cells is used
to synthesize a complementary DNA (cDNA)
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using globin mRNA as a template.®>”” The pres-
ence of a long poly A sequence at the 3" end of
human globin mRNA provides a structural fea-
ture which allows the controlled biosynthesis of
c¢cDNA starting at the 3" end of the mRNA.
OligodT is added to the reaction mixture to
serve as a primer for synthesis by binding to the
polyA-rich region of globin mRNA. In the
presence of the four deoxyribonucleotide tri-
phosphates and reverse transcriptase, a com-
plete or nearly complete copy of globin cDNA
is obtained. This in vitro reaction involves the
use of relatively purified components. Highly
radioactive-labeled deoxyribonucleotide tri-
phosphates can be used in the reaction, and the
specific activity of the globin ¢cDNA product is
1.4 to 5 x 107 cpm/ug using *H-deoxyribonu-
cleotide triphosphates. The cDNA can be used
to detect the presence of 10 to 100 pg of globin-
specific mRNA or globin DNA complementary
sequences.

The specificity of globin ¢cDNAs has now
been largely demonstrated. In initial studies it
could be shown that human globin ¢cDNA did
not hybridize with ribosomal RNA, transfer
RNA, or viral or bacterial RNA species.* More
recently, it has been shown that o globin cDNA
does not hybridize with f, d, or y globin
mRNAs or gene DNA, and vice versa.'**” Also,
B ¢cDNA does not hybridize with « or y mRNA
or DNA sequences, and vice versa.'*% The lack
of significant cross-hybridization between y and
B nucleotide sequences is significant, since the
polypeptide structure of these two globin chains
differ by only 38 amino acids.' The stringency
of the hybridization conditions may be respon-
sible for the low apparent degree of homology
detected by these methods.

In the usual reaction mixtures for measuring
hybrid formation, a fixed amount of cDNA is
added to increasing amounts of RNA contain-
ing specific globin mRNA sequences in 0.3 M
NacCl. Since the melting temperature of cDNA-
mRNA hybrids under these conditions is ap-
proximately 90°C, a stringent temperature that
permits only the hybridization of strongly com-
plementary molecules is used, most commonly
68°C, or 43°C in 50% formamide. The precise
degree of homology of nucleotide sequences re-
quired to form a stable hybrid under these con-

ditions is unknown. )
The usual method of assay for specific globin

mRNA content is to add increasing amounts of
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RNA to a tracer amount of cDNA and allow
hybridization to occur. Following hybridiza-
tion, the reaction mixture is treated with en-
zymes which specifically degrade single-
stranded ¢cDNA, but will not attack double-
stranded nucleic acids (cDNA which is hybrid-
ized to specific globin mRNA).5*5 The com-
monly used enzymes of this type are S, nuclease
and micrococcal nuclease. In the authors’ lab-
oratory, after hybridization is complete, one
half of the hybridization mixture is subjected to
nuclease digestion and the other half is ana-
lyzed without nuclease and the percent of
cDNA resistant to nuclease digestion deter-
mined.®**'3*% The hybridization reaction ap-
pears to be dependent upon two factors: the
concentration (Co,) of RNA used and the time
(t) of hybridization.

The relative amounts of two globin RNAs for
example, o« and f mRNA, in a sample of RNA
can be determined by using purified o« and g
cDNAs. The relative amounts of RNA input at
which the a and § cDNAs are completely pro-
tected from degradation by nuclease are
found.®'"*? A convenient measure of this reac-
tion is a comparison of Coet,,, (the Cot value at
which 50% of the cDNA is hybridized) for each
c¢DNA .5

Using purified globin mRNA, it has been
found that a Cot,,, of about 10~ mol sec/} is
required.®

Relatively few studies have been done to
carefully examine the time course of hybridiza-
tion of globin RNA preparations to ¢cDNA.

Theoretically, if 2500 cpm of globin cDNA with
a specific activity of 1.4 x 107 cpm/ug are used,
175 pg of globin mRNA should be detectable
in a sample of RNA. This calculation assumes
that globin ¢cDNA and mRNA interact in an
equimolar ratio. Ramirez et al. have shown that
globin ¢cDNA will protect '?*I-labeled globin
mRNA from nuclease digestion to greater than
95% at ratios of one-to-one of the two reac-
tants.®® If the hybridization reaction is carried
out in a 10 uf volume, then the 175 pg of
mRNA is at a concentration of 17.5 ng/m{ and
at 5 hr; a Cot of approximately 1073 is reached,
and at 10 hr (Cot of 2 x 107 mol sec/I) all of
the cDNA is hybridized. Longer times of incu-
bation result in no further hybridization. If less
than 175 pg of mRNA are present in the RNA
sample, not all of the cDNA will be hybridized
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even after prolonged times of hybridization,
since the hybridization is limited by the amount
of available globin mRNA.

In practice, two different methods have been
employed to measure the relative amounts of
globin mRNA present in different samples of
RNA. In both methods it is assumed that the
relative amount of an RNA sample required to
protect a tracer amount of globin-specific
cDNA from degradation is an accurate measure
of the amount of the globin-specific mRNA se-
quences present in that sample. In one tech-
nique, increasing amounts of RNA are added
to a tracer amount of globin cDNA and the re-
action allowed to proceed for approximately 4
hr.8 In this method, the assumption is not made
that the reaction between globin mRNA and the
¢DNA is complete. It is rather presumed that,
at lower amounts of RNA, there will be insuf-
ficient RNA present to hybridize all of the
c¢DNA. Increasing amounts of globin cDNA
will become hybridized as the RNA is in-
creased, and the cDNA will become completely
hybridized when greater than 175 pg of globin
mRNA in 10 uf is added per 2500 cpm of
cDNA.. The use of relatively short hybridization
times in this method prevents any artifact which
may be due to RNA degradation.

Another method can be used in which vary-
ing amounts of RNA are incubated with a fixed
tracer amount of cDNA for extremely long
times to insure that all of the cDNA that can
be hybridized is, in fact, hybridized.® *s Periods
of up to 14 days have been used in hybridiza-
tion experiments.'® No evidence of linearity in
the time course of hybridization over prolonged
periods of time has been obtained. The authors
have compared the relative amounts of « and f
globin mRNAs in samples of RNA from mouse
and human cells using different times of hy-
bridization.®” No differences are detectable in
the relative amounts of a and 3 globin mRNAs
by varying the time of hybridization between 4
and 24 hr. The percent of hybridization of a
given amount of RNA is linear with time for
between 2 and 4 hr.

There has also been some controversy as to
the appropriate method of plotting hybridiza-
tion results. The authors have preferred to plot
their data on a semilog scale usually used in
measurements of Cot.®® It has been suggested
that the use of a log scale will obscure one- to
ten-fold differences in measurements of the rel-

ative amounts of RNAs present in hybridiza-
tion reactions.®* However, since the actual val-
ues are plotted on both log and linear scales,
the Cot's values are easily measured, and the
log scale permits a greater range of RNA values
to be presented on a single curve (see Figures 2
and 3). The relative amounts of « and § mRNA
in normal reticulocyte mRNA is close to 1.0
(Figure 2).5.11,13

A decrease in the content of § globin mRNA
sequences in f3* thalassemia was first demon-
strated using a and f3 globin cDNAs prepared
from purified rabbit « and 8 globin mRNAs.®*
The peculiar distribution of isoleucine residues
in o and f globin chains of rabbits permits the
use of a competitive inhibitor of isoleucyl
tRNA, O-methylthreonine (OMT) to separate
the polyribosomes containing « globin mRNA
from those containing 8 globin mRNA on the
basis of their size.®® 8 globin mRNA accumu-
lates on heavy polyribosomes because the iso-
leucine residues are nearer the carboxyl termi-
nal end of the 8 globin chain. « globin mRNA
is associated with lighter ribosomes in the pres-
ence of OMT because isoleucine residues are
grouped toward the amino-terminal end of the
a globin chain.®® Hybridization of the « and 8
cDNAs prepared from each of the separated
RNAs to @ and 8 mRNA preparations indicate
that each of cDNAs is enriched at least fivefold
with respect to the content of RNA of the op-
posite chain.®’® The extent of protection of
each of the rabbit cDNAs by an excess of hu-
man mRNA is approximately 50 to 60%, indi-
cating the relative extent of homology between
rabbit and human globin nucleotide sequences.
Using **P-labeled a« ¢cDNA and *H-labeled 8
cDNA in a single reaction mixture with normal
or thalassemia RNA, it was shown that (1) there
are relatively similar amounts of « and
mRNAs present in normal human reticulocyte
RNA and (2) there is a significant decrease in
the relative amount of # mRNA as compared
to « mRNA in five of seven patients with f*
thalassemia studied.® In two other patients,
there was no significant difference in the rela-
tive hybridization to a and # cDNA from nor-
mal, and these results were consistent with the
presence of an abnormal untranslated § mRNA
in these patients.

More recently, several other methods have
been used to prepare purified human « and §
globin cDNASs. 1116175771 In one procedure, the
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FIGURE 2. Hpybridization of human reticulocyte 10S RNA preparations to purified a and  ¢cDNAs. Assays are done as
described in Reference 8. Increasing amounts of RNA are hybridized to 2000 to 2400 *H cpm of a or ff cDNA (specific
acitivity: 1.4 x 107 ¢cpm/ug) for 4 to 24 hr. After hybridization, half of the sample is treated with micrococcal nuclease and
the other half analyzed directly. The percent of hybridization is the nuclease resistant cpm/untreated sample cpm x 100; (A)
homozygous f* thalassemia mRNA; (B) f3° thalassemia (Catania pt.); (C) homozygous f8° thalassemia (Ferrara pt.); (D) normal
reticulocyte; (E) homozygous df thalassemia; (F) hydrops fetalis mRNA, 4,acDNA; A, fcDNA.
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FIGURE 3. Hybridization of human reticulocyte 10S RNA to « and § cDNAs. Conditions of assay are described in Figure
2; (A) HbH mRNA, (B) homozygous B* thalassemia RNA; (C) homozygous Lepore mRNA. A, acDNA; A, fcDNA.

mRNA from a fetus with hydrops fetalis has
been used to isolate o and 8 cDNAs as follows.
Hydrops fetalis RNA contains only § and y
mRNA and no «a mRNA. When hydrops fetalis
RNA is added to a mixture of « and § cDNAs
(prepared from normal reticulocyte RNA), the

f cDNA hybridizes to the hydrops fetalis RNA,
while the « ¢cDNA remains single-stranded.**'”
Hydroxylapatite chromatography at 68°C
elutes single-stranded nucleic acids at 0.12 M
phosphate and double-stranded nucleic acids at
0.4 M sodium -phosphate and, thus, is used to
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separate the o cDNA (single-stranded) from the
B cDNA (double-stranded) hybridized to f3
mRNA. With the a« and 8 ¢cDNAs obtained by
this method, the decrease in amount of f§ globin
mRNA in the RNA of f8* thalassemia patients
has been confirmed (Figures 2A and 3B)."* In
these studies, the relative decrease in § mRNA
content in $* thalassemia is proportional to the
decrease in the translation of f# mRNA in cell-
free systems.

RNAs enriched for a and 3 sequences have
been prepared by other methods. RNA from
patients with hemoglobin H disease has been
used as a source of 3 globin mRNA to synthe-
size § cDNA.'® In addition, RNA from a pa-
tient with df3/f° thalassemia has been used to
synthesize @ cDNA.'” The potential pitfall of
using such unfractionated cellular RNAs is that
they may contain abnormal untranslated « or
mRNA sequences which may be transcribed
into cDNA. Physical separation of a and f8
mRNAs has been accomplished by using form-
amide gels.5”7*7% [Initially, « and B globin
mRNAs were separated by gels on a relatively
small scale, and the RNA eluted from the gels
used to synthesize globin-specific ¢cDNAs.”!
More recently, the authors have used a poly-
acrylamide gel preparative column to separate
a and f globin mRNAs.*” Using this procedure,
50 to 150 ug of poly A-containing RNA can be
fractionated into « and 8 globin mRNA frac-
tions. The fractions eluted from the column are
assayed for their globin mRNA content by hy-
bridization to *H-polyuridylic acid. Appropri-
ate fractions are pooled, passed through an
oligodT column, and assayed for their specific
a and f globin mRNA content by translation in
a wheat germ cell-free system with S methio-
nine; the cell-free product is analyzed by cellu-
lose acetate electrophoresis and autoradiogra-
phy.*” The recovery of translatable o« and f
globin mRNAs with this procedure is close to
50%. With the purified a and 3 cDNAs ob-
tained from mRNA using this method, the de-
crease in f mRNA content in f* thalassemia
RNA has been confirmed. The purity of the o
and f# cDNAs have been analyzed by hybridi-
zation to purified ¢ and 8 mRNAs. Greater
than 20-fold differences in Cot,,; are obtained
indicating that by these criteria the cDNAs are
greater than 95% pure. In a vast excess of hy-
drops fetalis RNA (containing no a mRNA),
less than 20% of the o ¢cDNA above back-

ground is hybridized, while over 90% of the f8
c¢DNA is hybridized.’” When Jf thalassemia
RNA (which contains no ¢ or 8 mRNA) is hy-
bridized to f§ cDNA, less than 10% of the f
c¢cDNA is hybridized, indicating that the £
¢DNA is greater than 90% pure. By contrast,
only 70% of the cDNA is hybridized, indicating
that it is probably contaminated with 20% §
c¢DNA, a conclusion consistent with data from
hybridization to hydrops fetalis RNA. Experi-
ments using df thalassemia and hydrops fetalis
RNA are shown in Figure 2.

The RNA from patients homozygous for 4
thalassemia and HPFH have no RNA se-
quences complementary to # ¢cDNA.913:22 Jp
f° thalassemia, the situation appears to be more
complicated, and the results from different lab-
oratories are inconsistent. In some Italian f°
thalassemia homozygotes, no f mRNA is de-
monstrable.'*2® In other 3° patients of Sicilian
and Chinese extraction, structural f globin
mRNA sequences appear to be present, as in-
dicated by the complete or nearly complete hy-
bridization of the RNA to f§ ¢cDNA (Figure
2B).'*'% In some cases, the f mRNA content by
hybridization is similar to that of ¢ mRNA,?
while in others, the f mRNA content is 2- to
ten-fold less than that of « mRNA.?7® [t is
probable that § mRNA sequences will interact
with § ¢cDNA, since the 4 and f globin chains
differ by only nine amino acids. However, the
relatively high amount of f-like mRNA is un-
likely to be d mRNA, since d globin synthesis
represents less than 2% of the total globin syn-
thesis and is particularly low in
reticulocytes.”* S However, it is possible that
mRNA sequences exist in cells in a higher con-
centration than the relative amount of 4 globin
synthesis or content in cells. In a recent study
of one f3° patient, it has been shown by RNA
nucleotide sequence analysis that intact f
mRNA sequences are present in these cells.”
The finding of some intact normal amounts of
f mRNA sequences in cells of patients with °
thalassemia who have no detectable f globin
synthesis suggests the presence of an abnormal
untranslated B globin mRNA in these patients.
This mRNA may either not bind to ribosomes
normally or may be defective in its ability to
initiate translation. Since globin mRNA is
known to contain at least 50 untranslated nu-
cleotides at its 5" end, as well as a methylated
cap structure, and at least 100 nucleotides
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which are untranslated at its 3" end adjacent to
the poly A region, it is possible that these re-
gions may be defective in f° thalassemia
mRNA. The authors have recently found a sig-
nificant variation in the relative amount of the
B mRNA in different patients with o thalasse-
mia from Catania and in the same patient stud-
ied at different times.”® This may be due to an
instability in the f mRNA present in these pa-
tients. Since the time and conditions of hybrid-
ization vary significantly in different labora-
tories, the different results may be due to
relative instability of certain of these S,
mRNAs, as well as the length and purity of the
cDNA probes used.

Another unresolved issue is whether intact 8
mRNA sequences are present in the cells of f°
thalassemia patients from the Ferrara region of
Italy.'*'57¢ Results from the authors’ labora-
tory indicate that there are no intact § mRNA
sequences in ° Ferrara mRNA, since only 45
to 55% of f cDNA can be protected in a vast
excess of f° Ferrara mRNA in five different pa-
tients (Figure 2C)."* Mixing of different ° Fer-
rara mRNAs did not increase the hybridization
plateau of the § cDNA, indicating that a similar
defect is probably present in the RNA of all of
these patients. These results suggest that either
grossly abnormal f-like mRNA is present in
these patients or that f mRNA is completely ab-
sent and the hybridization observed due to ho-
mology between 8 cDNA and d mRNA. The
relatively high amounts of f-like mRNA as
compared to d globin in these cells makes this
latter possibility unlikely. In a recent study us-
ing homozygous Lepore globin mRNA, we
have found almost complete homology (greater
than 90% hybridization) between Lepore
mRNA sequences and those of 8 ¢cDNA, indi-
cating that at least the d sequences present in
Lepore mRNA are homologous to 8 cDNA."
Whether all d mRNA sequences are hybridized
by f ¢cDNA remains to be determined. In an-
other study of ° Ferrara thalassemia patients,
the presence of 4 to 10% as many intact §
mRNA sequences as « mRNA sequences has
been reported on the basis of the complete pro-
tection of B cDNA by an excess of RNA.!® An-
other study of these same patients does not per-
mit a conclusion as to whether intact § mRNA
sequences are present in 3° Ferrara.’® In this lat-
ter study, there was significant hybridization of
B cDNA with the Ferrara RNA, but only 60%
of the # cDNA was protected at high RNA in-
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puts. It is important to note that extrapolation
of hybridization curves to determine RNA con-
tent can be made only if it is known that intact
mRNAs are present in the sample under analy-
sis. Since it is possible that in 3° Ferrara thalas-
semia cells there are incomplete f mRNA se-
quences, it is not possible to extrapolate the
curve from 60 to 100% without demonstrating
the ability of the ° Ferrara mRNA to com-
pletely hybridize to § cDNA under some condi-
tions. Again, it is possible that some of these
conflicting results are due to differences in the
conditions of hybridization, instability of S
mRNA in f8° Ferrara, and the quality of the
cDNA probes.

It has also been possible to isolate y globin
specific ¢DNA and quantitate the relative
amount of y globin mRNA in normal and thal-
assemia cells.®*’” Gamma globin ¢cDNA has
been prepared as follows: cord blood mRNA
known to contain y, 3, and « mRNAs has been
used to synthesize a mixture of ¢cDNAs. This
c¢DNA is then hybridized to an excess of mRNA
obtained from normal reticulocytes which con-
tains « and § mRNA in significant amounts.
The y cDNA remains unhybridized, while the «
and B cDNA hybridize to their complements in
normal mRNA. The single-stranded y cDNA is
separated from the double-stranded « and f8
cDNA-mRNA hybrids by hydroxylapatite
chromatography. The y ¢cDNA will not hybri-
dize to normal reticulocyte mRNA except at ex-
tremely high C,t values. By contrast, the y
cDNA hybridizes at low C,t values to mRNA
samples containing large amounts of y mRNA,
such as that from patients with f§ thalassemia
and hydrops fetalis as well as from cord
blood.** The lack of contamination of the y
c¢DNA with nonglobin cDNA has been demon-
strated by its failure to hybridize with an excess
of human fibroblast RNA.% The lack of hy-
bridization between y mRNA and 8 cDNA un-
der stringent conditions has been shown using
RNA from patients with dff thalassemia.®® This
RNA does not hybridize to g ¢cDNA, although
it does hybridize to y cDNA at low C,t values.

GLOBIN GENE CONTENT AND GENE
DELETION IN THE THALASSEMIA
SYNDROMES

The specificity of hybridization of globin
cDNAs has been most dramatically demon-
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strated by hybridization studies using human
cellular DNA. The ability to detect specific «
globin gene deletions in the a
thalassemias!t''6-!'7'* and f$-like gene deletions
in df thalassemia and HPFH'**%2"2?? have con-
firmed the specificity of these probes. A single
globin gene in human cellular DNA represents
approximately 1 part in 10 million. If one or
two f3 globin genes are present in human cellular
DNA, this indicates that globin cDNA is capa-
ble of specifically detecting a single globin gene
in a mixture of between 1 and 10 million non-
globin gene sequences.

Several different methods have been used to
measure the number of globin genes and detect
deletions of globin genes in cellular DNA. All
methods to date use cellular DNA that has been
sheared either by sonication or by alkaline
treatment to a size comparable to that of the
cDNA. The cellular DNA and cDNA are mixed
in an appropriate salt solution, denatured by
heating, and allowed to rehybridize. The spe-
cific hybridization of cDNA to its complement
in cellular DNA is usually measured by hydrox-
ylapatite chromatography, which will detect
both partial and complete hybrids of the cellu-
lar DNA and ¢cDNA. Alternatively, a single-
stranded nuclease such as S, can be used to de-
tect only the amount of double-stranded re-
gions between cellular DNA and cDNA. The
methods used to date differ in the relative
amounts of cDNA and cellular DNA added.

Vast Excess Cellular DNA Hybridization

In these experiments, a vast excess of cellular
DNA is added to cDNA to insure that all of the
cDNA sequences which can be hybridized are
hybridized. Since unfractionated cellular DNA
is used, it is necessary to add a greater than 107-
fold amount of cellular DNA compared to
c¢cDNA to obtain DNA excess for the specific
gene sequence being measured. For example, if
500 counts of cDNA are used in a hybridization
reaction and represent 35 pg of cDNA, then one
equivalent of a single globin gene in cellular
DNA would be 35 x 107 or 350 ug of DNA. If
a 10- to 100-fold excess of cellular globin gene
is to be achieved, then 3.5 to 35 mg of cellular
DNA would have to be added. Although using
32 p_labeled cDNA, it is possible to diminish the
amount of cellular DNA required by a factor
of ten because of its higher specific activity;
these experiments still require large amounts of

cellular DNA in the hybridization reactions. To
quantitate the reaction of cellular DNA with
c¢DNA using this methodology, two parameters
can be used: the Cot,,, of the reaction or the
hybridization obtained at saturation in a vast
excess of DNA. The interpretation of Cot,,, in
reactions between a double-stranded cellular
DNA and a single-stranded ¢cDNA probe is
complex. The Coqt,,, can be used to determine
the reiteration frequency of the gene being
measured, as compared to that of the bulk of
unique cellular DNA sequences. However, dif-
ferences in the Cot,,; of two- or threefold are
difficult to quantitate and depend on the rela-
tive concentrations of the reactants.

The extent of hybridization of the cDNA at
very high C,t values (saturation hybridization
plateau) is more informative and has been used
to determine the presence of deletions of a glo-
bin genes in hydrops fetalis a« thalassemia!s-!”
and deletion of f-like globin genes in homozy-
gous HPFH.?* In studies with hydrops fetalis
DNA, the « cDNA probe was hybridized to 25
and 40% in two studies,’®*” as measured by
hydroxylapatite chromatography. Under the
same conditions using normal DNA, the «
c¢DNA probe was hybridized to over 60% indi-
cating deletion of part or all of the o globin
gene sequences. The f cDNA probe was hybrid-
ized to approximately 60% with both normal
and hydrops fetalis DNA. It has been unusual
to obtain more than 75% hybridization of «
and 3 cDNA using cellular DNA. This may be
due to preferential reassociation of the two cel-
lular DNA strands as compared to that between
c¢DNA and its complement in cellular DNA. It
is difficult to detect deletion of globin genes in
heterozygotes using a vast excess of cellular
DNA, since the presence of half of the normal
complement of globin genes would permit rela-
tively complete hybridization of the cDNA at

saturation (high C,t values) and can only be ex-
pected to change the Cot,,; by a factor of 2. Use

of this method has been reported to detect dele-
tions in HbH disease.®

Relative Excess of cDNA

In these experiments, the relative amounts of
¢DNA and DNA used in hybridization reac-
tions are calculated, such that a competition is
established between cDNA and the two strands
of cellular DNA.’8-%° Hybridization of the
cDNA will be limited by the amount of its com-
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plement in cellular DNA. Consequently, it is
expected that a predictable decrease in the per-
cent of ¢cDNA hybridized should occur as the
amount of cDNA is increased relative to the
amount of cellular DNA added. When equal
amounts of cDNA and cellular globin genes are
mixed, approximately 50% of the cDNA
should be hybridized, since the cDNA is com-
peting with an equivalent amount of cellular
globin gene for the complementary cellular glo-
bin DNA strand. When ten times as much
cDNA as cellular globin genes are present, then
one part of cellular DNA and ten parts of
¢DNA are competing for one part of cellular
DNA strand and, therefore, one eleventh of the
c¢cDNA should be hybridized. Similarly, when
three parts of cDNA are added to one part of
calculated globin gene in DNA, then one fourth
of the cDNA should be hybridized.

In practice, the amount of cDNA used is cal-
culated from the specific activity of the cDNA;
the amount of cellular DNA added is measured
directly. The assumption is made that a single
globin gene represents 1.1 X 1077 of the total cel-
lular DNA and, therefore, the amount of cel-
lular DNA globin gene copies added can be cal-
culated. If there is more than a single globin
gene in cellular DNA then the percent of cDNA
hybridized under the calculated conditions
should reflect the increase in the number of glo-
bin genes in the cellular DNA. For example, if
50% of the cDNA is hybridized at a calculated
input of three times as much ¢cDNA as the cal-
culated amount of a single globin gene in the
cellular DNA, then there are three copies of
globin genes in the cellular DNA. The relative
numbers of a, 3, and y globin genes in cellular
DNA have been measured wusing this
method.'*64-80

In initial experiments, total cDNA was hy-
bridized to varying inputs of human cellular
DNA. In all these experiments, saturation hy-
bridization values are measured and confirmed
by determining two values at high Cot (> 1000)
at which there is no further increase in the hy-
bridization of the cDNA.'*'37® Fifty percent
hybridization was achieved at approximately
three times the amount of ¢cDNA added per
amount of calculated globin genes in cellular
DNA, indicating that there were approximately
three globin genes in cellular DNA. It is as-
sumed in these studies that the relative rates of
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hybridization of the two cellular DNA comple-
mentary strands of cellular DNA and that of
c¢cDNA with its complementary strand in cellular
DNA are similar. The results indicated that as
the relative amount of cDNA was increased, the
calculated gene copy number in cellular DNA
increased as well.®® This might have several ex-
planations: relative rates of hybridization of the
two cellular DNA strands as compared to that
between cellular DNA and ¢cDNA could differ
significantly, the size of the cellular DNA and
¢DNA might not be comparable, and the cal-
culated inputs of cellular DNA and c¢cDNA
might not be accurate. In addition, the calcula-
tion of globin gene copy is made assuming that
100% of the ¢cDNA can be hybridized to cellu-
lar DNA. If, as determined experimentally,
only 75% of the cDNA is hybridized at vast ex-
cesses of DNA, then the calculated globin gene
copy numbers with different inputs of cellular
DNA are more comparable and are between
three and ten copies. In an analysis in which no
assumptions are made as to the relative rates of
hybridization of the two cellular DNA strands,
as compared to that between cellular DNA and
cDNA, it was calculated that there are less than
20 globin genes per cellular human genome.5°

In subsequent studies in which purified o and
f cDNAs were used with varying inputs of cel-
lular DNA, it was determined that normal hu-
man spleens contain between one and five a
globin genes and between two and five 8 globin
genes per haploid genome.*' The variation in
gene numbers with different inputs of cellular
DNA was explored because the accuracy at
any particular cDNA to cellular DNA input
could not be determined. In studying the num-
bers of globin genes in thalassemia DNA, a
range of inputs of cDNA and cellular DNA was
used and the relative extents of hybridization
compared.'***78 It was found that §* thalasse-
mia DNA hybridizes to total cDNA® and puri-
fied f cDNA'"' to an extent similar to normal
DNA, indicating that there is no detectable
deletion of f globin genes in f* thalassemia
DNA. In more recent experiments with other
cellular DNAs obtained from blood buffy
coats, spleen, and lymphocyte cell lines, it has
also been determined that §* and p° thalassemia
DNA hybridize with 8 cDNA to an extent simi-
lar to normal cellular DNA, again suggesting
no detectable deletion of 8 globin genes in f*
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FIGURE 4. Hybridization of human cellular DNA samples to purified « and § cDNAs. For each point, 150 ug of cellular
DNA was mixed with 700 cpm of a or f ¢cDNA (1.4 x 107 cpm/ug) at a DNA concentration of 3 mg/ml. The time of
hybridization was varied to obtain the desired Cot values. Hybridization was measured as described® using hydroxylapatite
to separate hybridized and unhybridized cDNA. f* refers to homozygous f3* thalassemia DNA; ° to homozygous f° thalasse-
mia DNA; homozygous (homoz) HPFH DNA is from a fibroblast cell line;'* homoz dff DNA is from white blood cell DNA
and has been . zpeated with lymphocyte cell line DNA; heterozygous (hetero) éf thalassemia DNA is from white blood cell
DNA; Hydrops fetalis (hydrops) DNA is from liver; and normal DNA is from white biood cell, spleen, and lymphocyte cell

liver DNASs.

thalassemia (Figure 4).®' Normal numbers of
B-like genes are also present in f3° thalassemia
DNA using these techniques.*® Similar results
have been reported by others in f° thalasse-
mias.?°-82

By contrast, when homozygous df3 thalasse-
mia DNA is hybridized to f cDNA, only 31 to
33% of the f ¢cDNA is hybridized, while 50 to
55% of the § cDNA is hybridized with similar
inputs of normal cellular DNA** (Figure 4). In
addition, DNA from a patient homozygous for
hereditary persistence of fetal hemoglobin
HPFH hybridized only 22 to 23% of # cDNA
(Figure 4). The relative hybridization of all df3,
HPFH, and normal DNAs to o« ¢cDNA were
comparable.* In these experiments, the
amount of @ and f§ cDNA added was approxi-
mately three times the amount of calculated sin-
gle globin gene cellular DNA added. The de-
creased hybridization of 8 cDNA to HPFH and
dp thalassemia DNA is consistent with deletion
of some or all of the -like genes in these con-
ditions. The results obtained by this methodol-
ogy are in agreement with similar data reported

from other laboratories on deletion of f-like
genes in these disorders.'8:2:22

The extent of deletion of -like globin genes
in df thalassemia appears to be less than that
in HPFH, only 22 to 23% of the f cDNA with
HPFH DNA and 31 to 33% with df thalasse-
mia DNA. In addition, when equal amounts of
homozygous dff thalassemia and HPFH DNA
are mixed, only 37% of the g ¢cDNA is hybrid-
ized, while 67% of the B ¢cDNA is hybridized
when a similar amount of normal DNA is
used.!? These results indicate that the deletions
in df thalassemia and HPFH are overlapping
and support the presence of a greater deletion
of f-like genes in HPFH than in df3 thalassemia.
It has been suggested that there is a region be-
tween the y and d regions which may be impor-
tant in regulating the relative amount of y glo-
bin gene activity (Figure 1).'*#* It is assumed
that d structural gene DNA will interact with f§
c¢DNA. These results suggest that the lesser hy-

bridization of HPFH DNA with 3 cDNA is due

to a greater deletion of DNA sequences in this
region adjacent to the d structural genes than
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in df thalassemia. The greater hybridization of
B cDNA with df3 thalassemia DNA may indicate
the persistence of a regulatory gene region in-
cluding at least part of the J structural gene.
The persistence of this region may be responsi-
ble for the relatively decreased y globin com-
pensation in df3 thalassemia as compared to that
in HPFH.'® The persistence of the nucleotide
sequences between the d and f globin structural
genes (Figure 1) may further suppress the pro-
duction of y globin expression postnatally in
normal individuals and those with f* and fB°
thalassemia.

Using the methods described above, it has
also been possible to detect gene deletions in
heterozygotes for df thalassemia and HPFH in
cellular DNA from white blood cells, spleen,
and lymphocyte cell lines (Figure 4).'38! In the
experiments reported to date, 40 to 42% of 8
c¢cDNA is hybridized to df thalassemia hetero-
zygotes DNA, as compared to 50 to 55% using
normal DNA. DNA from HPFH heterozygotes
hybridizes to between 35 and 37%. These tech-
niques have also been used to confirm the pres-
ence of @ globin gene deletions in hydrops fe-
talis DNA.'" The authors were able to show
that while « cDNA hybridizes to 45 to 50% with
normal cellular DNA, only 20 to 25% of the «
¢DNA hybridizes with cellular DNA from livers
of patients with hydrops fetalis-a thalassemia
(Figure 4). More recently, this technique has

been used to detect globin gene deletions in am-
niocentesis fluid of pregnancies at risk for hy-
drops fetalis and have been shown to easily dis-
tinguish between hydrops fetalis, HbH, and «
thalassemia trait.%

In the authors’ initial experiments, the
cDNAs used were heterogeneous in size, al-
though a significant percent of the DNA was
approximately 500 nucleotides in length.! %78
The authors have recently re-examined the hy-
bridization of cellular DNA from normal and
thalassemia patients to full-length or nearly
full-length a and 8 cDNAs.% By incorporating
4 mM sodium pyrophosphate in reaction mix-
tures,®® larger size and more homogeneous
¢cDNA can be synthesized. The remaining
smaller ¢cDNA is eliminated by subsequent al-
kaline sucrose gradient centrifugation (Figure
5). By analysis on acrylamide gels, the « and f8
cDNASs obtained are homogeneous in size and
about 700 nucleotides in length. Rabbit globin
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FIGURE 5. Alkaline sucrose density centrifugation of
c¢DNA prepared in the presence of sodium pyrophosphate.
The fractions in the shaded area were pooled and subse-
quently analyzed on a polyacrylamide gel and shown to
contain approximately 700 nucleotides.

cDNA prepared in a similar fashion is capable
of protecting over 95% of I'?S-labeled rabbit
globin mRNA from S, nuclease digestion at an
equimolar ratio of cDNA to globin mRNA.

All of the experiments reported to date have
utilized hydroxylapatite chromatography for
evaluation of the exent of hybridization of glo-
bin ¢cDNA to cellular DNA. With hydroxylapa-
tite, the extent of globin gene deletion is diffi-
cult to ascertain, since partial hybrids as well as
true hybrids between ¢cDNA and cellular DNA
are measured. Reports to date'*'¢!” indicate
that 25 to 40% of the o« cDNA is hybridized to
hydrops fetalis DNA in both a vast excess of
cellular DNA as well as in relative excess of
c¢cDNA. Thus, it is still unclear whether all or
only a part of the a globin gene structural se-
quences are deleted in this disorder. To further
explore this question, the authors have recently
analyzed the hybridization of hydrops fetalis
DNA with « ¢cDNA by S, nuclease.®” In these
experiments, increasing amounts of cellular
DNA have been added to a fixed amount of «
and 3 cDNA and the percent of hybrid meas-
ured with S, nuclease. Using normal and hy-
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drops DNA, approximately 40 to 45% of the
c¢DNA is hybridized at inputs of 3- to tenfold
as much globin gene cellular DNA as compared
to cDNA. There is a gradual increase in hybrid-
ization as increasing amounts of cellular DNA
are added. Maximal hybridization (40 to 45%)
is obtained at approximately a one-to-one ratio
of cellular DNA gene to ¢cDNA. Further ex-
cesses of cellular DNA do not lead to increased
hybridization of the cDNA. This may be due to
the preferential association of the two cellular
DNA strands as compared to the competing hy-
bridization between ¢cDNA and its complemen-
tary strand in cellular DNA. Approximately
40% of the o cDNA is also protected from S,
digestion in an excess of normal cellular DNA.
When hydrops fetalis DNA is hybridized to «a
cDNA, only 5 to 8% of the @ cDNA is hybrid-
ized, even in a vast excess of hydrops fetalis
DNA. In addition, there is no gradual increase
in the percent of hybridization using hydrops
fetalis DNA as the amount of cellular DNA is
increased. This result indicates that the hybrid-
ization between ¢ cDNA and hydrops fetalis
DNA probably represents background hybridi-
zation of either § ¢cDNA contaminating the «
¢DNA or other nonspecific hybridization be-
tween the cDNA and hydrops fetalis DNA. The
background on mixing cellular DNA and
¢DNA without incubation or mixing « ¢cDNA
with Escherichia coli DNA is approximately 2
to 3%. These results suggest that the deletion
of a globin genes in hydrops fetalis-o thalasse-
mia is complete or nearly complete. Similar re-
sults have been obtained using both « cDNA of
heterogeneous size and full-length or nearly
full-length « cDNA.?7

The y globin gene content of normal and
thalassemia DNA has also been evaluated using
y cDNA determined as described previously.®
In these experiments in relative cDNA excess,
between two and four y globin genes per hap-
loid genome have been measured. Similar num-
bers of y globin genes have been found in both
f* thalassemia DNA and normal cellular DNA,
indicating that the diminished amount of y glo-
bin synthesis in §* thalassemia cannot be due to
deletion of y globin genes in this disorder.
These and other measurements of y globin gene
content in erythroid and nonerythroid tissues®®
indicate that y globin genes are not excised from
human genomes during erythroid development.

Excess cDNA Hybridization

It has been reported that use of a vast excess
of cDNA results in more accurate quantitation
of globin genes and more accurate detection of
globin gene deletions than can be obtained with
other techniques.®?” In these experiments, in-
creasing amounts of cDNA are added to a fixed
amount of cellular DNA, and saturation levels
were measured at high Cot values. The potential
advantage of vast excess cDNA hybridization is
that the excess of cDNA will avoid the compe-
tition of one strand of cellular DNA with the
other, since the ¢cDNA is present in such large
excess. A plateau value of hybridization is ex-
pected when all of the globin gene sequences in
cellular DNA have been hybridized to the
c¢DNA. However, the use of large amounts of
cDNA as compared to cellular DNA has signif-
icant potential disadvantages. Background hy-
bridization of the cDNA increases as the cDNA
input is increased, and contamination of one
c¢cDNA with another (e.g., « with f§) increases
the hybridization as more ¢cDNA is added, and
no hybridization plateau is obtained. In most
experiments performed to date, no plateau
value has been obtained.?!-82-8%:°° Tt has also
been stated that excess ¢cDNA hybridizations
give more precise measurements of the number
of globin genes in human DNA, since only a
single saturation value is obtained.®® However,
this occurs only because a single value is desig-
nated as the presumed saturation value despite
the fact that no single plateau value is obtained.
Since only one value is used to calculate the glo-
bin gene number, the variability in these exper-
iments is not adequately considered.

In addition, excess ¢cDNA hybridizations
have been shown to be relatively insensitive to
detection of deletions of globin genes in heter-
ozygotes, as compared to studies using a rela-
tive excess of cDNA in which competition of
¢DNA and cellular DNA occurs. In the case of
heterozygotes for dff thalassemia, no difference
from normal in the percentage of cDNA hy-
bridized was obtained in one study using excess
cDNA.%° By contrast, a significant decrease in
the percent of hybridization of § cDNA from
that of normal has been obtained in several dp
thalassemia heterozygotes using the relative ex-
cess of cDNA (Figure 4).'%-8!

From experiments to date, it can be seen that
the relative purity of a, f§, and y cDNAs are suf-
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ficient to detect deletions of «, f3, or y globin
genes in cellular DNA in homozygotes for
HPFH, df3, and « thalassemia, and in hetero-
zygotes with these disorders. However, the var-
iations in globin gene number obtained in these
studies is significant and it is difficult to utilize
this technology at present to determine accu-
rately the absolute numbers of «, 3, and y glo-
bin genes. In addition, the cross-hybridization
of d globin genes to § cDNA and the possible
presence of other partial or complete globin
gene sequences which have significant homol-
ogy with a, 8, and y cDNA make these mea-
surements imprecise. These considerations also
pose problems in pursuing the possibility of
partial deletions of the § globin genes in $* or
p° thalassemia, since the sensitivity using cur-
rently available cDNA probes may be insuffi-
cient to detect small changes. The availability
of specific cDNA probes that are purer and
more homogeneous in size may increase the
sensitivity of these measurements of gene dele-
tion and gene number.

Restriction Enzyme Analysis of Cellular DNA
The discovery of a class of enzymes called re-
striction endonucleases, which specifically
cleave DNA at designated nucleotide sequences
between three and six bases long, has led to fur-
ther analysis of globin genes in cellular DNA
fragments.?**? Cellular DNA can be cleaved
into an array of specific fragments of different
sizes and sequences with these enzymes. The
specificity of cleavage sites of the restriction en-
zymes result in identical fragments being ob-
tained from all the cellular DNA molecules.
The restricted DNA fragments can then be se-
parted by agarose gels and transferred without
loss of resolution between fragments from these
gels to nitrocellulose filters (blotting).** The ni-
trocellulose filters are 'then hybridized to spe-
cific highly radioactive cDNAs or mRNAs to
localize fragments of cellular DNA containing
the specific genes complementary to the specific
probes used.?*-?¢ Using this method, the num-
ber of restricted rabbit cellular DNA fragments
complementary to rabbit f globin cDNA has
been determined.®® The change in the size of
cellular DNA fragments containing the globin
genes following subsequent digestion of the
DNA with other restriction enzymes can be
used to determine the organization of cellular
gene fragments with relation to each other and
to sequences adjacent to the structural globin
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genes.’® Using this technology, it may be possi-
ble to determine if there are differences between
normal f globin structural genes and those of
patients with 8* and 8° thalassemia. The authors
have already used this technique to determine
the extent of deletion and the structural nucleo-
tide changes in HPFH and df thalassemia and
in the a thalassemias.®” DNA is prepared from
either spleens or lymphocyte cell lines. Sixty ug
samples of unfractionated human cellular DNA
restricted with the enzyme EcoRI are run on
agarose gels in alkali. After electrophoresis, the
cellular DNA fragments are transferred to ni-
trocellulose filters and hybridized to *2P-labeled
human ¢cDNA. Five to six discrete bands of ra-
dioactivity are detectable by subsequent ra-
dioautography corresponding to between three
and five kilobase cellular globin DNA frag-
ments.®” Between | and 10 pg of human globin
gene can be detected with this technique. The
results indicate the sensitivity of this system in
analyzing human cellular DNA fragments de-
spite the complexity of the human genome and
the presence of about 10¢ EcoRI fragments.

The authors have found changes in the size
and number of bands between normal, HPFH,
and Jf thalassemia DNA consistent with dele-
tion of f-like genes in the latter two conditions
and with a greater deletion in HPFH than in
déf thalassemia.®” Subsequent restriction en-
zyme analysis of these cellular DNAs with other
restriction endonucleases and with purified
a,B, and y cDNA probes should provide a de-
tailed map of the changes in DNA in Jf thalas-
semia and HPFH, as compared to normal
DNA.

Fractionation of the cellular DNA by C,t
analysis prior to agarose gel electrophoresis and
blotting should provide information about the
reiteration frequency of nucleotide sequences
adjacent to the human globin structural genes
similar to that obtained for the rabbit 8 globin
gene.’® [t may be possible using this methodol-
ogy to determine if there are differences in the
DNA sequence either within or adjacent to the
f3 structural gene between normal cells and
those of patients with * and f3° thalassemia.
These studies could lead to new techniques for
prenatal diagnosis. Amniocentesis fluid con-
taining fetal cells could be grown in tissue cul-
ture, and if reproducible differences in the re-
striction enzyme pattern of 8 globin genes are
found in f thalassemia DNA as compared to
normal DNA, this information could be used
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to establish the prenatal diagnosis of homozy-
gous f thalassemia using amniocentesis fluid
cells instead of using the techniques of fetal
blood sampling presently required.

SUMMARY OF GENE DEFECTS IN
THE THALASSEMIAS

In df thalassemia and HPFH, deletions of 8
globin genes as well as variable amounts of ¢
structural genes appear to be responsible for the
absence of 3 and d globin mRNAs and globin.
(See Table 3 for a summary of molecular de-
fects in 8 thalassemia and related disorders.) In
p* and p° thalassemia, no detectable deletion of
B globin structural genes has been observed to
date. In some cases of f3° thalassemia, there are
detectable 8 globin mRNA sequences, indicat-
ing that abnormal untranslatable f globin
mRNA sequences may be present. The gene de-
fect in these cases may be a nucleotide change
in the DNA leading to a # mRNA incapable of
normal binding to ribosomes or normal initia-
tion. Globin mRNA has a sequence of approx-
imately 50 nucleotides at its 5" untranslated end
and a methylated cap structure. In addition,
there are approximately 100 untranslated nu-
cleotides at the 3’ prime end of the 8 globin
mRNA prior to the 100 to 150 poly A residues.
It is possible that defects in either of these un-
translated sequences could lead to abnormal
mRNAs incapable of translation in the cyto-
plasm of cells.

In f* thalassemia, the amount of § globin
mRNA sequences as measured by hybridization
to cDNA is roughly proportional to the amount
of B globin relative to « globin synthesized in
both intact cells and by isolated mRNA trans-
lated in cell-free systems. The two possible de-

TABLE 3

Molecular Defects in # Thalassemia and Related
Disorders

f Globin f Globin f Globin

Type synthesis mRNA genes
fing Decreased  Decreased  Present
p° Absent Absent or  Present

abnor-
mal
éf Absent Absent Deleted
HPFH  Absent Absent More de-
leted

fects in 3* thalassemia at the gene level are de-
creased transcription of a normal f# globin
structural gene (defined here as the sequences
in DNA transcribed into 8 globin mRNA and
its precursors in the nucleus) and decreased sta-
bility of 8 globin mRNA or its precursors due
to nucleotide changes in the f giobin structural
gene. If decreased transcription is present, the
genetic defect in f* thalassemia most likely in-
volves an abnormality in a regulatory gene se-
quence modulating 3 globin mRNA production
by the 3 globin gene. By contrast, if decreased
stability of 8 globin mRNA or its precursors ex-
ists, no such defect in regulatory gene activity
need be postulated.

Recent findings by Leder®® and Flavell®® in-
dicate that both mouse and rabbit  globin cel-
lular genes have a 600 to 1000 nucleotide se-
quence inserted within the structural gene
between the 5" and 3" nucleotide sequences rep-
resented in mature f# globin mRNA. The au-
thors have recently found a similar intragenic
intervening sequence approximately 1 kb length
within the 4, 3, and Lepore structural genes.
This inserted nucleotide sequence may be tran-
scribed into globin mRNA precursors in the nu-
cleus which are larger in size than cytoplasmic
globin mRNA. If such normal 8 globin mRNA
precursors are required for proper nuclear pro-
cessing (nuclear stability) of 8 globin mRNA se-
quences, then a nucleotide defect in this in-
serted midstructural gene sequence in f*
thalassemia nuclear RNA could result in de-
creased stability of 8 globin mRNA precursors
in this disorder and lead to decreased j globin
mRNA in the cytoplasm and decreased f glo-
bin. If, as postulated, this abnormal inserted
midgene sequence is subsequently excised dur-
ing the formation of mature globin mRNA, the
presence of structurally normal 3 globin mRNA
and p globin in f* thalassemia would be ex-
plained. A recent report is consistent with de-
creased stability of § globin mRNA in f* thal-
assemia.'®®

HEMOGLOBINOPATHIES
RESULTING IN THALASSEMIA-LIKE
DISORDERS

Several abnormal hemoglobins have been de-
scribed in which there is decreased biosynthesis
of the affected mutant globin chain similar to
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that of a or 8 globin in the thalassemias. Two
of these hemoglobins are associated with the
clinical picture of thalassemia: the Lepore
hemoglobins and hemoglobin Constant Spring.

The Lepore Hemoglobins

Several abnormal homoglobins known as the
Lepore hemoglobins have been described in
which the abnormal globin chain contains a J-
like sequence at its amino terminal end and a
B-like globin sequence at its carboxyl terminal
end.? These abnormal globin gene fusion prod-
ucts are thought to result from unequal crossing
over between the d and f3 globin structural genes
during meiosis. The relative representation of
d-like sequence and f-like sequence varies in
different types of Lepore hemoglobin and
either the d- or f-like component is the major
structural feature in different Lepore hemoglo-
bins. The amount of hemoglobin Lepore in het-
erozygotes for this disorder varies between 5
and 15% of the total hemoglobin. In homozy-
gous hemoglobin Lepore, there is a marked ex-
cess of a globin over non-a globin synthesis
similar to that seen in homozygous thalasse-
mia,® and the clinical severity of the two dis-
orders is comparable. Since Lepore globin has
the same amino terminal amino acid sequence
as d globin, it has been postulated that Lepore
globin synthesis is under the same genetic con-
trol as ¢ globin and is therefore synthesized in
reduced amounts.’” The reduction in ¢ globin
synthesis could be ascribed to either decreased
d globin mRNA production or decreased stabil-
ity of d globin mRNA precursors, either in the
nucleus or as mature d globin mRNA. Low or
undetectable d globin synthesis is found in reti-
culocytes as compared to bone marrow cells
and favors the concept of decreased d globin
mRNA stability.”*”% In recent studies, the au-
thors have found that there is a reduced amount
of Lepore globin mRNA in reticulocytes of a
pateint homozygous for hemoglobin Lepore by
hybridization to « and 8 globin cDNA (Figure
3C).% The decrease in Lepore globin mRNA
content by this method is proportional to the
decrease in Lepore globin synthesis as com-
pared to a globin synthesis. Hemoglobin Mi-
yada is an abnormal globin chain which is -
like at its amino terminal end and d-like at its
carboxyl terminal end, and is believed to be the
anti-Lepore product resulting from an unequal
criossover between the d and f§ globin genes. It
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has been found that hemoglobin Miyada is syn-
thesized and present in decreased amounts in
heterozygotes for this disorder.*?* This finding
suggests that the d-like end of this abnormal
globin chain has also influenced either the tran-
scription or processing of Miyada mRNA.
However, Miyada globin mRNA biosynthesis
should be under the control of f§ globin regula-
tory genes adjacent to it; therefore, the de-
creased synthesis of this globin chain does not
fit with the concept of d-like regulatory se-
quences being responsible for decreased Lepore
and Miyada globin biosynthesis, although it is
possible that both the 5" and 3" end of d-m RNA
or its precursors leads to decreased stability of
d mRNA.

The recent finding of sequences inserted
within the 8 globin genes of humans as well as
of rabbits®®?? suggests another explanation for
the reduced content of d, Lepore, and Miyada
globins by a single mechanism. It is possible
that the d globin structural gene has an altered
inserted sequence as compared to that present
in the f§ globin gene, which results in decreased
stability of d globin mRNA and its precursors.
The Lepore and Miyada genes may also contain
part or all of this abnormal d inserted sequence
as part of the fusion gene product (Figure 6).
The presence of this altered inserted gene se-
quence could result in unstable globin mRNA
precursors for d, Lepore, and Miyada globins
and could explain the decreased production of
these globins by a common mechanism. Differ-
ences in the relative amount of d, Miyada,and
Lepore globins present in heterozygotes could
be explained by a variability in the relative
amount of d vs. f§ inserted sequences present in
each of the mRNA precursors for these chains.

Hemoglobin Constant Spring

Hemoglobin Constant Spring (HbCS, a,*8,)
is an elongated « globin chain containing 31 ex-
tra amino acids at its carboxyl terminal end.
This abnormal « globin appears to result from
a single base change in the normal termination
for « globin.’* Hemoglobin Constant Spring
represents between 1 and 2% of the total hemo-
globin present in cells and acts like an o thalas-
semia gene. Studies of globin chain synthesis in
patients with hemoglobin CS indicate that « CS
production is reduced proportionally to its con-
tent in intact cells.'®® There also appears to be
no decreased rate of translation of a CS.'*® Al-
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FIGURE 6. Formation of Lepore and anti-Lepore (Miyada) globin genes. The (sswsms) region of the é sequence represents
a postulated mid-gene nucleotide sequence; the @ ») region of the § sequence, the mid-gene sequence in the f§ structural gene.
The crossovers leading to the formation of both Miyada and Lepore genes may include part or all of the d mid-gene untran-
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slated inserted sequence. This latter sequence may lead to instability of d, Lepore, and Miyada nuclear RNA sequences.

pha Constant Spring may function as an « thal-
assemia gene either because of decreased tran-
scription of a« CS globin mRNA or abnormal
processing of @ CS mRNA precursors in the nu-
cleus by virtue of an altered nucleotide se-
quence present in this elongated mRNA and its
precursors.

HETEROCELLULAR HEMOGLOBINF

Evidence has recently been presented which
indicates there may be a genetic basis for in-
creasing the percent of HbF producing cells in
human erythroid populations.'®-'°¢ The gene
involved, termed the gene for heterocellular
HPFH, has been found to be linked to either
the B thalassemia or sickle cell gene in several
cases. Detection of the presence of the hetero-
cellular HPFH gene relies on immunofluoresc-
ence measurements of hemoglobin F in cells us-
ing an anti-HbF antibody. Individuals with this
gene who are heterozygous for f3 thalassemia or
sickle cell hemoglobin show no significant in-
crease in the content of HbF-containing cells;
however, homozygotes with sickle cell anemia,
B thalassemia, or sickle f-thalassemia, who
have also inherited the heterocellular HPFH
gene, appear to be capable of markedly increas-
ing their level of production of HbF.™"*' [t
has recently been demonstrated in man that
three f-like globins (f°, <, and y) can all be ac-
tivated in a clone of cells derived from a single
cell. These results suggest that the control of y
globin biosynthesis in early erythroid precursor
cells may be regulated by genes that are nor-
mally inactivated at certain stages of differen-
tiation but may be reactivated under certain

conditions. The potential ability to increase the
number of erythroid precursor cells that can
produce HbF raises the possibility of alleviating
the deficit in B chains in f§ thalassemia and de-
creasing the relative amount of HbS in sickle
cell disease. The genetic mechanisms and con-
trol of the heterocellular HPFH genes remains
to be determined.

FUTURE RESEARCH ON THE
MOLECULAR BIOLOGY OF
THALASSEMIAS

Several recent advances in molecular biology
can potentially revolutionize research on the
molecular basis of the thalassemia syndromes.
Over the past 2 years, several groups have pre-
pared full-length or nearly full-length rabbit,
mouse, and human ¢cDNAs and have then syn-
thesized the complementary strand.'°®-'*? These
have been inserted into either bacterial plasmids
or phages. The insertion of even mixed cDNAs
into bacterial plasmids or phages has resulted
in essentially complete purification of the
c¢DNAs, since only a single cDNA species is in-
serted into a single plasmid or phage molecule.
This technology has permitted two advances.
First, completely pure a, 8, and y cDNAs can
be isolated, since a single plasmid will only con-
tain a single type of cDNA even when a mixture
of cDNAs is used. Secondly, large amounts of
these purified cDNAs can be obtained since the
plasmid or phage cDNA can be grown to large
volumes in E. coli. The plasmid or phage DNA
can be separated from the bacterial cellular
DNA. The ¢cDNA can then be reisolated and la-
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beled to highly radioactive-specific activity us-
ing the technique of ‘‘nick translation’’ in
which %?p deoxynucleotides are incorporated
into DNA which has been nicked with DNAse
1.1 The availability of large amounts of puri-
fied cDNAs should provide increased sensitivity
for the measurement of specific globin DNA se-
quences. These purified ¢cDNAs can also be
used to isolate specific cellular globin gene frag-
ments and globin mRNA precursors.
Incorporation of specific cellular DNA frag-
ments into bacterial plasmids or phages may
permit the cloning of large amounts of individ-
ual globin genes and determination of their
structure. Leder has already demonstrated that
the mouse globin genes can be purified 1000-
fold using RPC-5 chromatography and agarose
gel electrophoresis and has subsequently cloned
these fragments in defective phages.®® The col-
onies are assayed for their globin gene content
by using either radioactively-labeled globin
c¢DNA or globin mRNA. For similar experi-
ments with human gene isolation, it is probable
that a 1000-fold enrichment of the cellular
DNA for globin genes must be accomplished.
Recent rapid techniques of DNA sequencing
provide another strong tool for the analysis of
purified DNA sequences and hold promise for
determination of the structure of nucleotide se-
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quences adjacent to the human «, 3, and y glo-
bin genes.!***!s The nucleotide structure of hu-
man f globin mRNA has recently been reported
using a combination of restriction enzyme anal-
ysis of globin ¢cDNA and RNA sequencing.''s-
'8 These data should be of use in research into
the structure of nucleotide sequences inserted
within globin genes, as well as those adjacent
to globin structural genes. They will also be
beneficial for analyzing restriction enzyme pat-
terns obtained using cellular DNA.

In summary, investigation of the molecular
biology of the thalassemia syndromes has al-
ready indicated that certain of these disorders
are caused by gene deletions; others are associ-
ated with the presence of abnormal mRNAs.
The occurrence of f* thalassemia is due either
to a regulatory defect in transcription of 8 glo-
bin genes or abnormal processing of 8 mRNA.
The precise nature of the molecular defects in
the thalassemias should become apparent with
the detailed analysis of the nucleotide sequences
in DNA in normal cells and in those of patients
with thalassemia. It is hoped that the results ob-
tained from these experiments will provide
clues to the molecular defects in other genetic
diseases of man and lead to insights into more
general principles involved in the regulation of
specific gene expression in eukaryotic cells.
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