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I. INTRODUCTION*

Thalassemia' is the term used to refer to a
heterogeneous group of hereditary disorders of
human hemoglobin synthesis, which are character-
ized by absent or decreased synthesis of the alpha
(@) or beta (f) globin chain of human adult
hemoglobin [Hb A: a,8,]. In those cases where
some of the affected globin chain is synthesized,
there is no evidence of an amino acid substitu-
tion.*”* However, in all cases where genetic
evidence is available, the thalassemia gene appears
to be allelic to the structural gene for the a or §
globin chain.

The major hematological manifestations of tha-
lassemia are related to the imbalance of globin
chain synthesis: when the synthesis of one chain is
decreased, the chain which is synthesized in
normal amounts accumulates in relative excess.
Free, unmatched globin chains (especially free a

chains) are unstable; they precipitate in the red
cells forming inclusion bodies which damage the
red cell membrane and lead to premature destruc-
tion of the red cell.! 4142

The precise molecular mechanisms responsible
for the imbalance of globin chain synthesis in
thalassemia are unknown, When synthesis of one
globin chain is totally absent, one may think of
thalassemia as perhaps being the result of a gene
deletion. However, one must invoke other mole-
cular mechanisms for the more common forms of
thalassemia in which a structurally normal globin
chain is synthesized in decreased amounts.

In recent years, scientific advances in the fields
of biochemistry and molecular biology have per-
mitted the application of sophisticated techniques
to the study of hemoglobin synthesis in normal
and thalassemic human erythroid cells. As a result,
there has emerged a more precise concept of the
nature of the molecular defect(s) in thalassemia.

*The following abbreviations arc used in this review: Hb: hemoglobin; mRNA: messenger RNA; AMV: avian
mycloblastosis virus; cDNA: DNA copy mRNA synthesized by AMV DNA polymerase; cRNA: RNA copy of ¢cDNA
synthesized by E. coli RNA polymerase: RNasc: ribonucleasc; tRNA: transfer RNA; CS: Constant Spring; §*-thalassemia:
p-thalasscmia with present but decreased f-chain synthesis; g°-thalassemia: g-thalassemia with absent g-chain synthesis;
N-terminal: amino-terminal; C-terminal: carboxy-terminal; TCA: trichloro-acetic acid.
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In summary, it has been found that thalassemic
erythroid cells lack normal amounts of globin
messenger RNA (mRNA) for the affected globin
chain. The cause of this deficiency is unknown but
a limited number of possibilities exist.

In this review, we shall first describe the earlier
studies of globin synthesis which provided indirect
evidence for involvement of globin mRNA in the
thalassemic defect. We shall then analyze in more
detail the more recent studies of globin mRNA
structure and function in thalassemia.

I1. STUDIES OF GLOBIN CHAIN
SYNTHESIS IN INTACT CELLS

A. Peripheral Blood Reticulocytes
The imbalance of globin chain synthesis, which

is characteristic of thalassemia, was first directly
demonstrated in thalassemic cells by three differ-
ent laboratories between 1964 and 1966.5"% The
technique that was used consists of incubating
peripheral blood reticulocytes for 1 to 2 hr in the
presence of a radioactive amino acid precursor,
usually leucine or valine. Globin is then prepared
from the total cell lysate or from the Hb A
purified from the lysate by column chromatogra-
phy. The globin is fractionated by carboxymethy-
Icellulose column chromatography in the presence
of 8 m urea, which separates the 7y, f, and a globin
chains. A chromatogram obtained from normal,
nonthalassemic, peripheral reticulocytes is shown
in Figure 1 A. It can be seen that equal amounts of
radioactive, newly synthesized « and § globin
chains are present under the o and § globin chain
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FIGURE 1. Globin synthesis by intact reticulocytes. Heparinized peripheral blood was incubated in the presence
of ['*C]leucine for 2 hr at 37°C. The red cells were then washed and lysed and the lysate freed of membranes by
centrifugation at 27,000 X g for 20 min. Globin was prepared from the lysate by acid acetone precipitation and
fractionated by carboxymethylcellulose column chromatography.!'® e—e: optical density of globin chains;
o-==-0: radioactivity incorporated into newly synthesized protein. A. Nonthalassemic patient with hemolytic
anemia and Hb A; there is virtually equal incorporation of leucine into o and 8 chains. B. Patient with homozygous
g*-thalassemia; there is markedly decreased incorporation of leucine into 8 chains relative 1o o chains. C. Patient
with Hb H disease (double heterozygosily for two « thalassemia genes of different severity); there is decreased
incorporation of leucine into a chains relative to 8 chains. (From Forget, B. G. and Kan, Y. W., in Hematology of
Infancy and Childhood, Nathan, D. G. and Oski, F., Eds., W. B. Saunders, Philadelphia, 1974, in press. With

permission.)
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peaks. By this technique, one can thus obtain a
quantitative ratio of B to & globin chain synthesis;
in normal cells, this ratio is equal to 1.0. When
applied to the study of §-thalassemic reticulocytes,
the initial studies®® all demonstrated a decreased
incorporation of radioactivity into § chains of Hb
A compared to a chain incorporation. Similar
studies have since been repeated in a number of
laboratories, and the results of these studies all
indicate marked decrease of f chain synthesis
relative to o chain synthesis in 8-
thalassemia.®™! 2! %24

In the usual heterozygotes for f-thalassemia,
approximately half as much radioactivity is incor-
porated into § chains as into a chains; however, for
unexplained reasons, in American Negroes with
heterozygous (-thalassemia, the B/ ratio can be
normal.!>'* In homozygotes for B-thalassemia,
there is either absent B chain radioactivity or
marked decrease in § chain radioactivity, resulting
in a B to a ratio of 0.1 to 0.3 (Figure 1B). It
should be pointed out that this technique does not
measure absolute rates of @ and § chain synthesis
but only expresses a ratio of one to the other. An
attempt has been made to express the data in
terms of absolute rates,'® and the findings are
consistent with a normal rate of a chain synthesis
in B-thalassemia.

The same techniques were applied to the study
of a-thalassemia.”’!?'?-2% In Hb H disease
(double heterozygosity for two a-thalassemia
genes of different severity) the globin synthesis
profile reveals decreased incorporation of radio-
activity into « chains when compared to § chain
synthesis. The « to f ratio in this instance is 0.3 to
0.6 with a mean of 0.4 (Figure 1C). Recently, a
hydropic infant with severe homozygous a-thalas-
semia (Hb Bart’s syndrome) was studied by this
technique, and total absence of @ chain synthesis
was demonstrated.’® When a-thalassemia heter-
ozygotes are studied by this technique a less
striking imbalance in globin synthesis is observed
in comparison to the p-thalassemia heterozy-
gotes.' #:2% In heterozygotes for “severe” a-thalas-
semia, (a-thalassemia; trait), the /B ratio is 0.7 to
0.8; in heterozygotes for “mild” a-thalassemia
(“silent carrier state” or a-thalassemia, trait), it is
0.8 to 095.'%2% Alpha thalassemia in the
American Negro does not demonstrate as marked
or as consistent an imbalance in globin chain
synthesis.?!
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B. Bone Marrow

When the technique of intact cell globin syn-
thesis was applied to the study of marrow from
patients with f-thalassemia, interesting observa-
tions were noted. In homozygous §-thalassemia the
B to a synthetic ratio was still abnormal but the
value was closer to 1.0 than in the peripheral
blood.'$:2? These findings suggested that the
thalassemic defect in § chain synthesis may be
more severe in peripheral blood than in marrow.

-Other workers, however, have not been able to

demonstrate a significant difference between mar-
row and peripheral blood globin synthesis in
homozygous f-thalassemia.®’'®2%® A major diffi-
culty in interpreting these various results arises
from the fact that the red cell population in
homozygous f-thalassemia is heterogeneous and
the peripheral blood red cells constitute a selected
population of cells which may have survived longer
than others because of greater synthesis of 7y
chains of Hb F, even though they have little 8
chain synthesis.

In heterozygous fS-thalassemia an even more
interesting observation has been made by
Schwartz. In the marrow of such heterozygotes,
the B to « synthetic ratio is very close to 1.0.%°
This observation has been confirmed in a number
of different laboratories in simple B-thalassemia
trait'?+23+26.27 and in Hb Lepore trait,2%:?°
which resembles f-thalassemia trait (see Section
[ILE.1, “Hemoglobin Lepore’). The findings are
difficult to interpret. It is unlikely that there exists
quantitatively normal a and B chain synthesis in
the marrow of these patients because over 90% of
globin synthesis occurs in the marrow, and if
decreased § chain synthesis occurred only at the
reticulocyte stage, then the f-thalassemic heter-
ozygotes should not be anemic and the red cells
should not be hypochromic (i.e., have a subnormal
cellular hemoglobin concentration). Another pos-
sible explanation for hypochromia despite rela-
tively equal amounts of a and 8 chain synthesis is
that the a chain synthesis as well as § chain
synthesis is decreased in marrow cells of patients
with heterozygous (-thalassemia, whereas in the
reticulocytes the imbalance becomes obvious.
There is as yet no experimental evidence to
support this type of presumed feedback inhibition
of synthesis of the nonaffected globin chain in
thalassemia. Studies by Clegg and Weatherall on
globin synthesis in heterozygous p-thalassemia
marrow?” indicate that despite the experimental
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synthetic ratio of 1.0 there is indeed imbalance
between 8 and a globin synthesis, as evidenced by
the finding of a free pool of a globin chains in
such marrow cells. The authors postulate two
explanations for the equal ratio. First, in marrow
cells, nonglobin peptides may co-chromatograph
with the § chain, thereby falsely increasing the
radioactivity in the  chain region. Second, the
authors also provide some evidence that, in vitro, «
chains are more unstable in marrow as compared
to peripheral blood and may undergo proteolysis
in time, thereby falsely lowering the radioactivity
found in the a chain peak. The question is still not
entirely resolved and remains the subject of
intense debate. More recently, cases of heterozy-
gous f-thalassemia of unusual severity have been
described in which the peripheral blood f/a globin
chain synthetic ratio is 0.5, whereas the marrow
B/ ratio is less than 1.0, ranging between 0.7 and
0.8.30 ,31

C. Summary

Studies of globin synthesis in intact erythroid
cells of individuals with «- and f-thalassemia
indicate that there exists in these syndromes
imbalance of globin chain synthesis, with absent or
decreased synthesis of § globin chains in $-thalasse-
mia and absent or decreased synthesis of & globin
chains in a-thalassemia. These studies, however, do
not shed any light on the possible molecular
mechanisms for the observed imbalance in globin
chain synthesis.

H1. STUDIES ON MOLECULAR
MECHANISMS IN THALASSEMIA

In the following descriptions of experimental
work on molecular mechanisms in thalassemia we
will assume that the reader is acquainted, in
general, with the different processes involved in
the synthesis of a protein in animal cells: transcrip-
tion of the genetic information of the cell’s DNA
into mRNA; transport of the mRNA from nucleus
to cytoplasm where it binds to ribosomal subunits
in the presence of specific initiation factors and
initiator transfer RNA (tRNA) (process of initia-
tion); polypeptide chain synthesis by sequential
peptide bond formation between tRNA-bound
amino acids in a specific sequence as the ribosome
moves along the mRNA as a “tickertape,” allowing
the amino acid-bearing tRNA’s to bind to their
specific recognition sequence (codon) on the

mRNA (process of translation); and, finally, re-
lease of the completed polypeptide chain (chain
termination) from the ribosome into the cell sap
where it combines with other peptide chains (or
other cellular components) and asssumes its func-
tional conformation.

A. Ribosome Function

The earliest studies on molecular mechanisms in
thalassemia involved studies of ribosome function
in B-thalassemic reticulocytes as compared to that
of nonthalassemic reticulocytes. These studies
32236 were carried out by a group at Columbia
University under the direction of Dr. P. Marks,

In summary, these studies revealed that ribo-
some number’? and function was similar in
B-thalassemic reticulocytes and nonthalassemic
reticulocytes. Although specific radioactivity of
ribosomes of B-thalassemic reticulocytes incubated
with a radioactive amino acid was reduced,??:*3
this reduction could be accounted for by the
decreased synthesis of Hb A (and presumably 8
chains); radioactive profile of polysomes,>? ability
to synthesize fetal hemoglobin (Hb F),>? and
capacity of ribosomes to synthesize poly-
phenylalanine in response to the artificial mRNA
poly U were all normal in B-thalassemic as com-
pared to nonthalassemic ribosomes.>® Addition of
reticulocyte supernatant fraction from nonthalas-
semic humans or rabbits to g-thalassemic ribo-
somes in a cell-free system did not stimulate
protein synthesis by the thalassemic ribosomes,
and thalassemic supernatant fraction did not de-
press protein synthesis by normal ribosomes.®® In
a later study®® by this group, it was shown that
the number of free ribosomal 60s and 40s subunits
was increased by 50% in thalassemic reticulocytes
compared to normal cells, but addition of either of
these thalassemic or other normal ribosomal subu-
nits to a nonthalassemic cell-free system resulted
in equal stimulation of protein synthesis, indi-
cating that the ribosomal subunits themselves were
not functionally abnormal.

In conclusion, these studies revealed no signifi-
cant differences between fS-thalassemic and non-
thalassemic ribosomes, except for the decreased
amount of Hb A and § chain synthesized by the
former. The results of these experiments led to the
conclusion that the defect in f-thalassemia must
reside in the globin mRNA or the mRNA-ribosome
complex.?$
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B. Rate of Globin Chain Assembly

One of the early hypotheses on the molecular
defect in thalassemia stated that the globin mRNA
might contain a base substitution resulting in a
codon that called for the same amino acid as the
normal codon (thus no synthesis of an abnormal
globin chain). However, if the new codon required
a tRNA for the amino acid, which was normally in
short supply in the cell, then the rate of transla-
tion and the total amount of synthesis of the
affected globin chain would be diminished. There
exist, in fact, experimental models for translational
control (“modulation”) of protein synthesis by
tRNA.37’38

This hypothesis has been tested by studying the
rate of assembly of the B chain in B-thalassemia.
The technique employed (“Dintzis plots™) consists
of pulse labeling reticulocytes for different short
periods of time using a radioactive amino acid,
then examining the appearance of the label in
specific peptides at various positions of the globin
chain. If there were a slowdown of B chain
synthesis in f-thalassemia due t6 an abnormal
codon (or other abnormality), then there should
be a different pattern or rate of peptide labeling
when compared to the pattern obtained from
nonthalassemic reticulocytes.

The experiment was first done by Clegg et al *°
using reticulocytes of Oriental patients with §-
thalassemia. The results indicated normal assembly
time of the f§ chain that was synthesized by these
f-thalassemic patients. There was no evidence of a
slower rate of § chain mRNA translation compared
to nonthalassemic controls. The authors concluded
from their studies that there was no defect in f
chain translation or termination in B-thalassemia.

Rieder performed similar studies using peripher-
al blood reticulocytes (and nucleated red cells)
from five different patients of Italian ancestry and
one Black patient with homozygous -thalassemia.
40 Results similar to the previous study were
obtained. However, not only was there no slowing
of B-mRNA translation in these f-thalassemic cells,
the rate of translation was faster in $-thalassemia
than in the nonthalassemic controls. The presence
of large numbers of nucleated red blood cells in
the blood may be the cause for this unexpected
finding, which was not observed by Clegg et al.
The radioactive amino acid used by Rieder was
valine rather than leucine; these studies, therefore,
provided data on the first (amino terminal) amino
acid of the § chain and indicated that the normal
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rate of § chain translation in §-thalassemia applies
to the earliest measurable amino acid in the 8
globin chain.

The rate of assembly of globin in thalassemia
has been also studied in a different manner by the
technique of analyzing the distribution of nascent
a and B globin chains on polysomes of normal and
thalassemic reticulocytes. Polysomes are groups of
various numbers of ribosomes simultaneously in-
volved in the translation of a single strand of
mRNA. The number of ribosomes attached to a
strand of mRNA at a given time will depend on a
number of factors: rate of initiation, rate of
translation, and rate of chain termination and
release. In normal reticulocytes, in man®®*4 as
well as in rabbits,*® the nascent @ and § globin
chains are heterogeneously distributed on the
polysomes. The larger, more rapidly sedimenting
polysomes carry predominantly f chains, whereas
the smaller, more slowly sedimenting polysomes
carry predominantly o chains. It is generally
agreed that the rates of translation (and of
termination) of the a and B chains are similar;*®
therefore, the predominance of 8 chains on larger
polysomes is taken to reflect a normally faster rate
of initiation of B chains than « chains. 7

If there were a slowing of the rate of translation
(or of initiation, or of termination) in thalassemia,
then it should be reflected in the profile of nascent
globin chains on thalassemic polysomes. This has
been studied both in thalassemic reticulocytes®?
and bone marrow cells.*® The technique involves
sucrose density gradient centrifugation of lysates
of human erythroid cells previously incubated for
a short period of time in the presence of [*°S]
methionine which becomes incorporated into the
globin chains being synthesized by the cells. The
polysomes of various sizes are then isolated,
[*H] methionine globin is added as a standard, and
the mixture is digested with trypsin. The digests
are then fractionated by high voltage electro-
phoresis to separate a from § chain specific
methionine peptides; a /o ratio of nascent globin
chains on the various sized polysomes is thus
obtained.

The studies performed with thalassemic cells
revealed the same pattern as in nonthalassemic
cells: the nascent B chains in B-thalassemia are
preferentially associated with the same sized poly-
somes as in nonthalassemic cells.**+*8 If the rate
of translation of f§ chains in f-thalassemia were
abnormally slow (while initiation was normal),
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then the nascent 8 chains would be associated with
larger polysomes than normal. Similar findings in
bone marrow cells of patients with -thalassemia® ’
indicate that normal rates of translation (and
initiation) occur in B-thalassemic cells at early as
well as late stages of maturation. In a-thalassemia
(Hb H disease) similar studies were performed and
revealed similar findings: a normal distribution of
nascent chains, with a chains predominating on
smaller polysomes.®® Again, this normal distribu-
tion implies normal rates of globin chain transla-
tion and initiation in a-thalassemia as well as in
B-thalassemia.

C. Initiation of Globin Chain Synthesis

As just described in the previous section,
analysis of the distribution of nascent globin
chains on polysomes can provide information about
the rate of initiation of @ and B globin synthesis.
If @« and B chain translation and termination
are equal in normal reticulocytes®® and are normal
in thalassemic cells,®®"*® then the size of poly-

' somes bearing o and § nascent chains is directly

proportional to the rate of initiation of these
chains.*3 Thus, in normal cells, the finding of 8
chains predominantly on larger polysomes implies
that f chain synthesis is initiated more rapidly
than « chain synthesis; the cell must, therefore, a-
chieve balanced synthesis by having more a-mRNA
than B-mRNA.*®*7 In B-thalassemia, if 8 chain
initiation were abnormally slow, then the nascent
B chains would be found associated with smaller
rather than larger polysomes. Since that is not the
case,***® one must conclude that those 8 chains
which are being synthesized in f-thalassemia are
being initiated at a normal rate.

More direct studies of initiation have also failed
to reveal a defect of chain initiation in thalassemia.
These studies were performed by the group at the
National Institutes of Health under the direction
of Dr. W. F. Anderson. These workers have devised
a cell-free protein synthesizing system®®3! which
is very active and efficient in translating exogen-
ously added mRNA and which has a number of
advantages. The system utilizes primarily rabbit
reticulocyte components, but human components
are also effective; the background protein synthesis
from endogenous mRNA is virtually absent be-
cause the rabbit ribosomes are treated with low
doses of ribonuclease to destroy the endogenous
mRNA. Finally the system is entirely fractionated
so that the effect of various components can be

studied individually. These same workers have also
purified and characterized the major protein
factors (initiation factors) that are specifically
involved in the initiation of globin chain
synthesis.’ 2754

The initial studies performed involved the
incubation of fS-thalassemic ribosomes in the cell-
free system to study the effect of added normal
initiation factors on the translation of endogenous
mRNA by the thalassemic ribosomes.’® These
experiments showed that added initiation factors
(rabbit or human) do increase total protein synthe-
tic activity by the f-thalassemic ribosomes in the
cell-free system, but analysis of the products
synthesized revealed that « chains were still
synthesized in a great excess over § chains.®® The
decreased f chain synthesis in S-thalassemia there-
fore did not appear to be associated with a
deficiency of initiation factors.

The ability of p-thalassemic ribosomes to initi-
ate and translate exogenously added globin mRNA
was next tested in this cell-free system.>® Thalas-
semic and nonthalassemic ribosomes were incu-
bated in the cell-free system in the presence of
rabbit globin mRNA. Both -types of ribosomes
were equally effective in translating the rabbit
mRNA | and the relative amounts of rabbit « and 8
chains synthesized were similar with both types of
ribosomes.*® These studies confirmed the pre-
viously described studies of Bank and Marks®$ on
the functional ability of -thalassemic ribosomes
but added the important new dimension of
showing normal translation of a natural mRNA
(instead of simply a synthetic mRNA:Poly U) by
thalassemic ribosomes. These results again implied
that the defect in $-thalassemia must reside in the
globin mRNA itself.

These workers also studied the fine details of
the initiation process in f-thalassemia.®” In eukar-
yotic protein synthesis, the process of peptide
chain initiation involves the binding, to mRNA
and ribosomes, of a specific methionine-bearing
tRNA, methionyl tRNA;, which is different from
the tRNA (methionyl tRNA,) that inserts meth-
jonine residues at other sites of a peptide chain.
The initial peptide bond is therefore formed
between methionine and the amino acid that is
situated at the amino terminus of the completed
chain; the methionine residue that initially was
situated at the amino terminus is normally cleaved
from the growing chain after it has a length of 20
to 30 amino acids. The study of this initial
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dipeptide bond formation can shed light on the
process of chain initiation.

A possible defect in thalassemia could be
abnormal synthesis of the initial dipeptide (per-
haps associated with a base substitution at or near
the initiator codon of the mRNA). Such a defect
would be missed in the previously described
studies because the initial methionine residue
escapes scrutiny by the techniques used. The
normal initial dipeptide for human « and § globin
chains would be expected to be methionine-valine,
and for the v chain of Hb F, methionine-glycine.
The initial dipeptides synthesized in the fraction-
ated cell-free system in the presence of thalassemic
and normal human globin mRNA were studied and
found to be similar with both types of mRNA:
methionine-valine for the « and B chains, and
methionine-glycine for the v chain.®” In addition,
the specific initiator tRNA (methionyl tRNAy)
donated the methionine for this initial dipeptide in
both the normal and B-thalassemic § chains synthe-
sized in the cell-free system in the presence of the
appropriate mRNA.57 It was concluded that the
mechanism of globin chain initiation is normal in
B-thalassemia.

All of these studies indicate that when some §
chain is synthesized in f-thalassemia, it is initiated
and translated normally. The deficient synthesis of
B chains in f-thalassemia is therefore due to less
frequent initiation of B chains. This could be
caused by quantitative deficiency of B chain
mRNA or to a § mRNA that is abnormal in its
ability to bind to the ribosome in the process
immediately preceding the specific biochemical
events of chain initiation.

D. Chain Termination

In those cases of thalassemia where some of the
affected globin chain is synthesized, there is no
evidence of an abnormality of globin chain termi-
nation. If such an abnormality existed, the studies
of Clegg et al.>? and of Rieder*® on the rate of
globin chain assembly in thalassemia would have
revealed a slow rate of appearance of completed §
chains in lysates and in the postribosomal super-
natant fraction of pf-thalassemic reticulocytes.
Such was not the case.

In those cases of thalassemia where there is
absence of completed globin chains, one possible
explanation could be premature chain termination
due to a nonsense mutation of the mRNA: a base
substitution changing a normal codon to a chain

318  CRC Critical Reviews in Biochemistry

termination codon. If this were the case, one
would expect to find incomplete fragments of the
affected globin chain.’® Experimental systems
have been devised which suggest that this hypothe-
sis can be tested: incomplete globin chains, which
are initiated at the normal N terminus, but
permaturely terminated, are not immediately
degraded in reticulocytes but can be detected as
such.5 8

A search for incomplete § globin chain frag-
ments was carried out in reticulocytes of f-
thalassemic patients from the Ferrara region of
Italy, in which there was totally absent synthesis
of completed B chains (so-called 8°-thalassemia).®®
The study was performed with a great deal of
technical care and detail, but no incomplete f
chain fragments could be identified.5®

In the severe form of homozygous o-
thalassemia (hydrops fetalis with Hb Bart’s) which
is usually fatal in utero or within hours of birth,
there is total absence of completed o chains. In
such a case a search was made for N terminal
peptides longer than 11 amino acid residues.?®
None were found, indicating that if nonsense
mutation were present in the a chain mRNA it
would have to be located within the first 33
nucleotide residues following the initiation
codon.2?

In summary, then, there is no evidence to
support the hypothesis of abnormal chain termina-
tion in the thalassemia syndromes.

E. Thalassemia-like Disorders Associated with
Structurally Abnormal Globin Chains
1. Hemoglobin Lepore

We have previously stated that in thalassemia
the globin chain which is synthesized in decreased
amounts is structurally normal, i.e., shows no
evidence of an amino acid substitution. There are
two rare thalassemia-like disorders, however, in
which a structurally abnormal globin chain is in
fact synthesized. The first is the hemoglobin
Lepore syndrome®® in which the abnormal globin
chain appears to be a hybrid chain, having the N
terminal amino acid sequence of the normal &
chain of Hb A,, and the C terminal amino acid
sequence of the normal B chain.®! This defect
appears to have resulted from nonhomologous
crossing over of the chromosomes at meijosis in the
region of the adjacent § and B loci.®! As illustrat-
ed in Figure 2, this phenomenon would yield on
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FIGURE 2. Diagrammatic representation of origin of Hb Lepore and anti-Lepore by
nonhomologous crossing over between g and 8 globin chain genes. The N and C indicate the
extremities of the gene coding for the amino (N) and carboxy (C) terminal amino acids of the
globin chains. (From Forget, B. G. and Kan, Y. W., in Hematology of Infancy and Childhood,
Nation, D. G. and Oski, F., Eds., W. B. Saunders, Philadelphia, 1974, in press. With permission.)

one chromosome a fused 6-8 (Lepore) locus only,
and on the other chromosome a hybrid (anti-
Lepore)locus containing the N terminal amino acid
sequence of the § chain and the C terminal
sequence of the & chain, situated between the
normal & chain and 8 chain loci. The Hb Lepore
gene resembles fS-thalassemia because there is a
marked decrease in synthesis of the gene product
and presumably absence of the normal § (and §)
chain loci of the affected chromosome. This latter
assumption is confirmed by the findings in
patients homozygous for Hb Lepore, in which
there is total absence of normal Hb A and Hb A, .}
Clinically, heterozygous and homozygous Hb
Lepore resemble heterozygous and homozygous
f-thalassemnia. In addition, the doubly heterozy-
gous state of Hb Lepore and p-thalassemia is
clinically similar to homozygous B-thalassemia.

The condition in which the §, -6, and g loci all
occur on one chromosome is called the anti-
Lepore syndrome, and its demonstration is
important in confirming the Lepore cross over
hypothesis. Two instances of such an abnormal
hybrid N $8-C & chain have recently been demon-
strated, in Hb P Nilotic®?°¢* and Hb Miyada.®*
The anti-Lepore syndrome does not resemble

thalassemia because the affected chromosome
carries, in addition to the mutant gene, normal 38
and & genes with normal output.

In both the heterozygous Lepore and anti-
Lepore syndromes, the abnormal hemoglobin
comprises approximately 15% of the total hemo-
globin. It is not immediately obvious why these
abnormal hemoglobins should be present in such
low amounts. Biosynthetic studies in intact cells
indicate that in both instances there is decreased
synthesis of these hemoglobins rather than increas-
ed destruction, and that the synthesis of the
abnormal chains, similar to the & chain of Hb A,,
occurs primarily in the bone marrow cells and is
virtually absent in the peripheral blood reticu-
locyte 65:66:105,106 These findings are probably
easier to understand in the case of Hb Lepore; one
would expect the Lepore chain to be under the
same control as the & chain, because the Lepore
gene must include the genetic information (control
gene or operator) adjacent to the N terminus of
the 6 chain gene. However, if the Lepore gene
were strictly under the same control as the normal
& chain gene, then it should be expressed only up
to 5% (and not 15%) of the total hemoglobin.

The situation is even more confused with the
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anti-Lepore globin chain. In theory, one would
expect this chain to be expressed as well as the
normal B chain, if it is under control of the normal
B chain control gene expected to be adjacent to
the N terminus of the § chain gene (the latter
supposition is, however, purely speculative). In
fact, the anti-Lepore gene is expressed less well
than the B chain.

-One possible explanation for these observations
is that both the pre-initiation-and post-termination
regions of the mRNA are important for mRNA
stability and its effective translation. The charac-
teristics of & chain synthesis may be in great part
due to instability and rapid degradation of the &
chain mRNA because of its secondary structure.
The latter may be influenced by the nature of the
3’ and 5’ untranslated sequences of the 8- mRNA,
which are situated at the carboxy- and
amino-terminal side, respectively, of the structural
gene information of the mRNA. Since both the
Lepore and anti-Lepore globin chain mRNA’s
must contain either the pre-initiation (5') or
post-termination (3') untranslated sequences of
the 8 chain mRNA, these sequences may render
these mutant mRNA’s less stable than normal 8
chain mRNA; these mRNA’s should, however, be
more stable than the § chain mRNA because they
contain either the 3’ or 5’ terminal untranslated
sequences of the B chain mRNA.!?¢

2. Hemoglobin Constant Spring

The second thalassemia-like condition in which
a structurally abnormal globin chain is synthesized
is the hemoglobin Constant Spring (Hb CS)
syndrome.®7>¢® Hb CS is an abnormal hemoglobin
that consists of two 8 chains and two abnormally
long a« chains, which are elongated at their C
terminal end by an additional 31 amino acids. This
globin chain is produced in only small amounts (1
to 3% of the total hemoglobin) and therefore the
gene for this abnormal globin chain resembles an
a-thalassemia gene. Clinically, the simple heterozy-
gous state for Hb CS has no hematologic manifes-
tations except for the presence of 1% or less of the
abnormal hemoglobin.

Hb CS was first detected in association with the
a-thalassemia syndrome of Hb H disease, which
can be considered as a mild form of “homozy-
gous” a-thalassemia in which some a chains and
Hb A are synthesized (see Section II.A, “Peri-
pheral Blood Reticulocytes,” and Figure 1C). The
affected patient was clinically similar to other
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patients with Hb H disease but hemoglobin
electrophoresis revealed 3% Hb CS.®7 Small
amounts of Hb CS have been subsequently observ-
ed in a number of patients (mostly of Oriental
ancestry) with Hb H disease. Family study in these
cases usually reveals that one parent has the
hematological findings of typical heterozygous
a-thalassemia (hypochromia and microcytosis with
normal levels of Hb A, and Hb F) whereas the
other parent is hematologically normal except for
the finding of 1% Hb CS. It should be pointed out
that in the usual case of Hb H disease without Hb
CS, one parent has typical heterozygous a-
thalassemia (so-called a-thalassemia, trait) whereas
the other parent appears hematologically normal.
The latter is referred to as having the silent carrier
state of a-thalassemnia (or q-thalassemia, trait),
because the a-thalassemia gene carried by this
person is so mild that it is undetected in the
heterozygote. It therefore appears that the gene
for Hb CS behaves as a mild a-thalassemia gene,
similar to that of the silent carrier state (or
a-thalassemia, trait).

The fact that some normal a chains and Hb A
are produced in patients with Hb H disease and Hb
CS is considered to be evidence that the normal «
chain loci (or genes) are duplicated.'*® The gene
for a-thalassemia, is thought to be completely
inactive in directing a chain synthesis: infants
homozygous for o-thalassemia, have hydrops
fetalis with Hb Bart’s, and total absence of a chain
synthesis.2® Therefore, the a chain synthesis seen
in patients with Hb H disease and Hb CS could not
arise from the activity of the thalassemic a chain
gene inherited from the parent with a-thalassemia,
trait, but must result from the activity of the «
chain gene inherited from the parent with Hb CS
trait. The latter parent must therefore transmit, in
cis, both a gene for the structurally abnormal CS
a chain and a gene for a normal « chain.
Duplication of the a chain locus has therefore
been invoked, and there is other cvidence as well
to support such a hypothesis.® °

Parenthetically, it is much easier to explain the
genetics of a-thalassemia if one assumes duplica-
tion of the o chain locus: heterozygous a-
thalassemia, (silent carrier state) would result
from inactivation of one of the four a chain loci;
heterozygous a-thalassemia, would be the result
of inactivation of two « chain loci in c¢is; Hb H
disease would represent inactivation of three o
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chain loci; and hydrops fetalis with Hb Bart’s,
absence of activity from all four a chain loci.

The reason for the finding of only small
amounts of Hb CS in the red cells of affected
individuals is not known. There is evidence that
the mutant hemoglobin is synthesized in decreased
amounts rather than rapidly destroyed.”® The
pattern of synthesis of the CS globin chain is
similar to that of the Lepore chain (and 6 chain):
there is much less synthesis in reticulocytes than in
bone marrow cells,”® suggesting instability of the
mRNA as one reasonable possibility for this
finding.

The precise molecular basis for the origin of Hb
CS is also uncertain, but there is convincing
evidence to suggest that the a CS chain is
synthesized because of a chain termination muta-
tion which allows translation of usually untrans-
lated portions of the a chain mRNA.53 This was
initially suggested®® because of the nature of the
amino acid in position 142 (adjacent to the usual a
chain C terminal amino acid, number 141) of the
CS «a chain; this amino acid is glutamine, and the
codons for glutamine are CAA and CAG, which
could arise by single base substitution of the chain
termination codons UAA or UAG.

A second abnormally long human a-chain has
been identified in Hb Wayne.”! Hb Wayne is
presumed to have arisen by frameshift mutation,
at position 139 of the a chain, resulting in the
synthesis of an « chain that contains 146 amino
acids instead of the normal 141. However, the
amino acids in positions 139, 140, and 141 of the
Wayne « chain are not the same as in the normal a
chain. A frameshift mutation results from the loss
(deletion) of one (or two) of the three nucleotides
in a codon of the mRNA. This phenomenon
changes the normal reading phase or triplet punc-
tuation of the mRNA. The translational apparatus
cannot skip over the deletion and it will therefore
read and decode the mRNA sequence in a new
arrangement of successive triplet codons. The
result will be the synthesis of a polypeptide chain
with a different amino acid sequence and different
length from normal: the normal chain termination
codon will not be read as such because it is out of
phase, and translation will continue until a new
chain termination codon (in phase) is encountered
by chance association of adjacent nucleotides. One
can derive a single hypothetical a chain mRNA
nucleotide sequence to account for both the Hb
Wayne and Hb CS « chain amino acid sequences if

one supposes that the former is due to a frameshift
mutation and the latter due to a chain termination
mutation.”!»’? More recently, studies of the
nucleotide sequence of normal globin mRNA have
given added support to the hypothesis of chain
termination mutation to explain Hb CS. Nucleo-
tide sequences have been identified in normal
globin mRNA, which match the proposed se-
quence of the chain termination region and match
other amino acid sequences in the a CS chain (see
Table 1). Furthermore, these sequences are defi-
cient in a-thalassemia mRNA (see Figure 11 and
Section VI, “Structural Studies of Globin Mes-
senger RNA™). All of these findings make chain
termination mutation a very likely cause for the
origin of Hb CS.

Other mechanisms that have been proposed' »*3
for the origin of the a CS chain but which seem
less likely are (1) a suppressor tRNA mutation
giving rise to a tRNA that reads the chain
termination codon as a codon for a specific amino
acid and (2) a Lepore-type cross over between the
a chain gene and the gene for another protein.

If the only abnormality in the a CS gene is the
chain termination mutation, it is not clear why
this alone should give rise to so little gene product.
It is difficult to conceive how this single base
substitution should lead to either decreased trans-
cription of mRNA from the DNA or instability
and rapid destruction of the mRNA. A single base
substitution in the termination codon should not
significantly alter the secondary structure of the
mRNA in solution. However, it is possible that
during the translation of the normally untranslated
portions of the mRNA the conformation of the
mRNA changes in such a manner that it becomes
very susceptible to attack by various nucleases and
is rapidly degraded. This latter explanation is pure
speculation.

Another possible explanation for the low
amount of Hb CS is that it results from a chain
termination mutation in a so-called “silent” «
chain locus which normally produces only small
amounts of gene product.! There is good evidence
for such silent loci in higher apes.”® If this were
the case, however, one would also have to postu-
late the co-existence of another a-thalassemia,
gene in cis with the Hb CS gene to explain the
genetics of Hb H disease associated with Hb CS.
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Nucleotide Sequences of Human Globin Messenger RNA

Spot number

3t

7%
11#
12f
13*
21*
2t
28+
30*
44+

6
25*
141

sit

56t
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136
leu

137
thr

TABLE 1

Sequence

138
ser

139 140 141
tys tyr arg

NN(G)- ACC-UCC- AAA ~ UAC -CG(U)

79
asp

80
asn

81
leu

(G)AC-AAC-CUC- AAG —(G)NN

115
ala

116
his

117
his

82 83
lys gly
118 119
phe gly

(G)XCC -CAU-CAC - UUU ~G(G)N

144
lys

145
tyr

146
his

Term

NN(G)-UAU-CAC- UAA -G(CN

59 60
lys val

(GYGC-AAC-CCU- AAG —(G)NN

104
arg

126

56 57 58

aly asn  pro

101 102 103

glu asn  phe
NN(G)-AAC-UUC- AGN

123 124 125

ala ser leu

asp

(G)YCC -UCA -CUU - GNN

86
ala

89

83 84 85
gly thr  phe
N(G)C - ACC-UUU- GNN
86 87 88
ala thr leu

ser

(G)CC - ACA —CUG —(A)NN

138
ala

139
asn

140
ala

(G)CU - AAU-GNN

(G)U[AAU,AUU,_,,C,_, ] AAAG(G)

(G)U[AU,_,,U,_, 1 AUG(A)

155
ala

156
ser

157
gln

158
arg

(G)CC - UCC -CAA -CG(G)

145
ala

(G)CC - UCG - (G)NN

141
arg

N(GU-UAA-G(C)N

146
ser

142
term

147
val

143
ala

Chain

Alpha

Beta

Beta

Beta

Beta

Beta

Alpha

Beta

Beta

Beta

No match

No match

Alpha CS

Alpha CS

Alpha +

Alpha CS
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TABLE 1 (continued)

The spot numbers refer to Figure 11. The nucleotide sequences are based on the
composite information obtained by enzymatic digestions of oligonucleotides from
cRNA (differentially labeled with the 4 triphosphates) and from the natural 108
inRNA labeled in vitro by various techniques.”®:?* Listed over the nucleotide
sequence is the amino acid sequence matched (by computer analysis) to the
nucleotide sequence in the indicated codon grouping. The nucleotides in
parentheses at the 3' terminus (right) and S’ terminus (left) of the hyphenated
nucleotide sequence are not contained in the numbered oligonucleotide but are
known to be present in the indicated position by ‘“‘nearest neighbor” analysis??»
74 and by the nature of the nuclease (T, RNase) digest, respectively. The exact
sequence of the nucleotides in brackets cannot yet be determined from the
sequence information alone. N indicates an unknown nucleotide in a codon. The
numbers over the sequences refer to the position of the indicated amino acid in
either the « or g globin chain. The sequence listed for spot number S1 also
matches the amino acid sequence of a chain position 130-131. The sequence
listed for spot number 56 also matches (in a different codon grouping:
NN[G]-UUA-AG[C] = y-leu-ser) the following amino acid sequences: § 87 -89, «
1-3, @ 79-81, @ 82—84, and « 100-102. *: indicates that the oligonucleotide is
prominent in the fingerprint of o-thalassemia ¢RNA. T: indicates that the
oligonucleotide is faint or absent in the fingerprint of a-thalassemia cRNA.

Modified from References 73 and 74.

IV. FUNCTION OF GLOBIN
MESSENGER RNA IN THALASSEMIA

The main conclusion that one can draw from all
of the studies described in the previous section on
molecular mechanisms is that there must be a
deficiency of functional mRNA for & and § chain
synthesis in a- and f-thalassemia, respectively. By
ruling out other molecular mechanisms, all of the
previous studies provide indirect evidence for the
involvement of mRNA in the biosynthetic ab-
normality of globin chain synthesis in thalassemia.
The globin mRNA may be deficient quantitatively
or structurally abnormal (in its untranslated re-
gions) and thereby less efficient functionally (i.e.,
in binding to ribosomes). Involvement of mRNA
in the thalassemia defect was first demonstrated
directly by translation of mRNA, isolated from
thalassemic reticulocytes, in heterologous cell-free
protein-synthesizing systems capable of translating
exogenously added mRNA.

A. Reticulocyte mRNA in Homozygous
('-Thalassemia

Involvement of globin mRNA in the thalas-
semia defect was first demonstrated directly by
Nienhuis and Anderson’® and Benz and Forget””’
who succeeded in isolating functional globin
mRNA from S-thalassemic reticulocytes and
having it translated in a heterologous cell-free

protein-synthesizing system. In both studies the
imbalance of human globin chain synthesis char-
acteristic of the intact thalassemic reticulocytes
was duplicated in the cell-free system in the
presence of f-thalassemic globin mRNA, which
was the only human or thalassemic reticulocyte
component present in the incubation mixture.

The cell-free system used by Nienhuis and
Anderson’® was the fractionated rabbit reticulo-
cyte cell-free system previously mentioned which
contained RNase-treated rabbit reticulocyte ribo-
somes (to eliminate endogenous mRNA), rabbit
reticulocyte initiation factors (ribosomal salt
wash), tRNA, and supernatant enzyme fraction.
The thalassemic mRNA was isolated by sodium
dodecyl sulfate treatment of ribosomes of two
siblings with homozygous pf-thalassemia whose
reticulocytes produced some § chains (B'-thalas-
semia) but in markedly decreased amounts. The
cell-free system used by Benz and Forget”’ was
the Krebs II mouse ascites tumor cell system,
which consists of a membrane-free (S30) lysate of
disrupted tumor cells, preincubated in protein-
synthesizing conditions to decrease endogenous
mRNA activity. No added initiation factors were
used in the initial experiments. The thalassemic
mRNA was obtained by phenol extraction of total
reticulocyte lysates of two unrelated patients with
homozygous §*-thalassemia.

In control experiments using reticulocyte
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mRNA from nonthalassemic patients, both cell-
free systems synthesized approximately equal
amounts of « and § chains (Figure 3). However, in
the presence of f-thalassemic mRNA, much more
a than f§ chain was synthesized and the S/«
synthetic ratio obtained was similar to that of the
patients’ intact cells” 77 (Figure 3).

These experiments, then, conclusively demon-
strated that the thalassemic imbalance of globin
chain synthesis is mediated via the cell’s globin
mRNA; there must be either true quantitative
deficiency of the mRNA for the affected chain or,
at least, deficiency of functional mRNA capable of
participating in protein synthesis. It should also be
noted that mRNA isolated from total reticulocyte
lysate”” gave the same result as polysome-derived
mRNA;?® this finding indicates that there does
not exist in thalassemic reticulocytes a pool of
supernatant mRNA which is untranslated in the
thalassemic cells but capable of being translated in
a heterologous cell-free system (and presumably in
a normal cell).

These initial experiments have now been con-
firmed in a number of different individual patients
with homozygous p-thalassemia. Dow et al.”®
translated polysomal mRNA from reticulocytes of
five patients with homozygous §'-thalassemia in
the Krebs I ascites cell-free system, supplemented
by rabbit reticulocyte ribosomal salt wash, which
increases the activity of the system.®? In all five
cases the aff synthetic ratios obtained in the
cell-free system were similar to those obtained in
intact cells of the same patients. Forget et al.”’
also reported results of cell-free translation of
reticulocyte mRNA from a series of ten individual
patients with homozygous §*-thalassemia using the
Krebs II cell-free system (with added rabbit
ribosomal salt wash}). In all cases tested there was
deficiency of functional mRNA for the § globin
chain, and the degree of imbalance between a and
B chain synthesis was similar in the cell-free system
and intact cells (Figures 1B and 5B).

B. Bone Marrow mRNA in Homozygous
B"-Thalassemia

Because the reticulocyte is an end-stage cell and
the thalassemic reticulocyte is probably less
healthy than a normal reticulocyte, it is conceiv-
able (although unlikely) that the deficiency of
mRNA in the thalassemic reticulocyte is a “pre-
terminal” event, not representative of the situation
in less mature erythroid cells in thalassemia. For
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this reason, globin mRNA isolated from thalas-
semic marrow has been tested in the cell-free
systems. Nienhuis et al.2? tested individual mar-
row and reticulocyte mRNA preparations from the
same two siblings initially studied.”® Natta et
al.®! studied marrow mRNA of one case of
homozygous §*-thalassemia and one case of B-
thalassemia intermedia; Forget et al.”®  also
studied marrow mRNA of one patient with
B-thalascemia intermedia. In all cases, cell-free
translation of the mRNA revealed deficiency of
functional mRNA for § globin chains. All of these
studies, however, used total unfractionated mar-
row, which necessarily contained considerable
numbers of reticulocytes. Although the results are
convincing and probably valid, the conclusions
drawn from the marrow studies would be more
firm if the mRNA had been isolated from nucle-
ated marrow cells that had been previously pur-
ified of contaminating reticulocytes.

C. Reticulocyte and Marrow mRNA in
Heterozygous f-Thalassemia

Function of reticulocyte and marrow globin
mRNA has been tested in heterozygous f-thalas-
semia in order to study the role of mRNA in the
phenomenon of apparently balanced globin chain
synthesis in intact marrow cells of patients with
heterozygous f-thalassemia.’®>®' In summary,
these studies have shown that, in the two cases
studied,2®®! both the reticulocyte and marrow
globin mRNA of patients with heterozygous §-
thalassemia direct the synthesis of less A chain
than « chain when translated in a cell-free system,
even though the intact marrow cells demonstrate
balanced globin chain synthesis. In three patients
doubly heterozygous for °-thalassemia (absent A
chain synthesis) and sickle hemoglobin (@,8,5),
similar observations have been made;>3+®! these
patients manifest in their intact cells the same
phenomenon as simple f-thalassemia heterozy-
gotes: imbalanced $5/a chain synthesis in reticulo-
cytes but balanced g o synthesis in marrow cells.
Cell-free translation of both reticulocyte and
marrow globin mRNA from these patients resulted
in decreased BS chain synthesis compared to «
chain synthesis.?3>®! The authors concluded that,
despite the presence of balanced globin chain
synthesis in the marrow cells of these patients with
heterozygous B-thalassemia, there was evidence for
decreased functional globin mRNA for f chains in
these marrow cells. The implication is that the
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FIGURE 3. Translation of human giobin messenger RNA in the Krebs II
cell-free system. Total cellular RNA was prepared from reticulocyte lysates by
detergent-phenol-cresol extraction and fractionated by sucrose gradient centrifu-
gation.”” The fractions containing RNA sedimenting between 4S and 18S were
pooled, and the RNA was precipitated with ethanol and added to the Krebs Il
cell-free system.”” After incubation for 1 hr at 37°C in the presence of
[*H]leucine, nonradioactive hemoglobin was added to the reaction mixture in the
form of membrane-free red cell lysate; globin was then prepared from the mixture
by acid acetone precipitation and chromatographed as in Figure 1. e——e: optical
density of globin chain markers. o----0: radioactivity incorporated into protein
by the cell-free system. Top: pooled mRNA from two patients with homozygous
g-thalassemia; there is decreased incorporation of leucine into 8 chains relative to
a chains (8/a: 0.3). Bottom: pooled mRNA from patients with homozygous sickle
cell anemia; there is virtually equal incorporation of leucine into 8 and a chains
(Bfa: 1.1). (From Benz, E. J., Jr. and Forget, B. G., J. Clin. Invest., 50, 2755,
1971. With permission.)
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balanced globin chain synthesis observed in intact
marrow cells is due to either an artifact of the
analytical method or to translational control (de-
pression) of a chain synthesis.

With regard to these studies, one can again
point out that the mRNA was obtained from
unfractionated marrow cells containing variable
numbers of reticulocytes, the mRNA of which
could “dilute” the mRNA activity of the nuc-
leated marrow cells. Ideally, one would like to see
the studies repeated using mRNA isolated from
relatively pure populations of nucleated marrow
cells. Another difficulty in the analysis of these
results arises from the fact that both of the
cell-free systems used in these studies give variable
B/a synthetic ratios depending on the amount of
mRNA used.?3:82:83 At limiting concentrations
of mRNA, a and B chain synthesis are roughly
equal, but total activity of the system is sub-
maximal. At high concentrations of mRNA giving
maximal protein synthetic activity, two to three
times as much B as « chain is synthesized.?*:8258%
In fact, using higher concentrations of mRNA,
marrow mRNA from patients with heterozygous
B-thalassemia resulted in equal synthesis of « and
chains in the cell-free system.2® In conclusion,
cell-free translation of mRNA from unfractionated
marrow cells is probably not a sensitive enough
assay to definitively resolve the issue relating to
the finding of balanced a and B globin chain
synthesis in marrow cells of patients with heter-
ozygous $-thalassemia.

D. Reticulocyte and Marrow mRNA in
(°-Thalassemia

Globin mRNA function in B-thalassernia with
absent rather than decreased $A chain synthesis
(so-called B°-thalassemia) is of particular interest
because of observations in 3°-thalassemic patients
of Ferrara, Italy (see next section), which are
interpreted as showing the presence of substantial
amounts of § chain mRNA in these patients which
is not translated because of the supposed lack of a
factor present in the supernatant fraction of
nonthalassemic reticulocytes. Globin mRNA from
a number of °-thalassemia syndromes (other than
Ferrara thalassemia) has been studied in the
cell-free systems: marrow and reticulocyte mRNA
from two patients with Hb S-8°-thalassemia,’?
marrow and reticulocyte mRNA from another case
of Hb S-8°-thalassemia and one case of homo-
zygous B°-thalassemia,”®®! reticulocyte mRNA
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from two Chinese siblings with hbmozygous
(°-thalassemia,®® reticulocyte mRNA from three
cases of Hb S-#°-thalassemia, two cases of homo-
zygous R°-thalassemia, and one case of Hb
Lepore-8° -thalassemia.”? >3 In all cases there was
undetectable synthesis of 8 chains in the cell-free
system (Figure 4) despite use of saturating
amounts of the thalassemic mRNA in some cases,
which should favor translation of § chain mRNA
in the cell-free systems used. These results indicate
that in non-Ferrara type B°-thalassemia there is
absence of functional mRNA for A globin chains
and no evidence of deficiency of another factor
specifically required for § chain synthesis.

E. Ferrara-type °-Thalassemia

One possible exception to the rule of deficient
mRNA in thalassemia may be the (homozygous)
(°-thalassemia of the Ferrara region of northern
Italy. Intact reticulocytes from these patients
synthesize no f chains;®*®* in addition, there is no
evidence in these patients for the synthesis of
incomplete B globin chains.*°

Conconi et al.®% have reported that ribosomes
isolated from patients with homozygous Ferrara
°-thalassemia will synthesize fA globin chains
when added to a human reticulocyte cell-free
system that contains nonthalassemic reticulocyte
supernatant fraction. The same ribosomes incu-
bated in the same cell-free system but in the
presence of thalassemic reticulocyte supernatant
synthesize no f chains but do synthesize a and 7y
chains. To prove that the normal supernatant was
not providing A chain mRNA to the Ferrara
ribosomes, supernatant from reticulocytes of
patients with sickle cell anemia (a,8%) was sub-
stituted and gave similar results: synthesis of gA
chain (but not BS chain) was observed after
incubation of the Ferrara ribosomes in the cell-free
system. Furthermore, the “induction” of A chain
synthesis by the nonthalassemic supernatant was
not abolished by pretreatment of the latter with
ribonuclease but was abolished by pretreatment
with trypsin.®¢ The ‘“induced” BA chain was
identified as such not only by its chromatographic
properties on carboxymethylcellulose columns but
by analysis of tryptic peptides. The newly syn-
thesized radioactive peak which cochromato-
graphed with the § chain optical density marker
contained radioactive BA chain-specific peptides
(although total radioactivity was frequently quite
low);#* when Hb S supernatant was used, there
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reconstituted cell-free system containing Ferrara
ribosomes and nonthalassemic supernatant.®®
However, there was unexplained absence of gA
chain synthesis and the appearance of vy chain
synthesis when adult nonthalassemic ribosomes
were incubated with the Ferrara thalassemic super-
natant.8®

One of the difficulties with these studies is that
they rely on a cell-free system that has very low
activity and which contains some surprising com-
ponents such as 9.5 mM Mg" (6.5 umol in 0.68
ml)®* (which is much higher than that used in all
other functional mammalian cell-free systems) and
thalassemic ribosomes obtained in part from soni-
cated lysates®® (this treatment would be expected
to dissociate mRNA from ribosomes). For these
reasons the results obtained from this type of
cell-free system have been viewed with some
skepticism.

It should also be pointed out that when 8 chain
is synthesized by Ferrara ribosomes in the cell-free
system, less B than a chain is synthesized,®* so
that the B/a synthetic ratio appears somewhat
similar to that of f'-thalassemia. Conceivably,
these patients could have a defect similar to
patients with B'-thalassemia, and an additional
defect causing suppression of their already reduced
capacity to synthesize § chains.

An even more remarkable observation has been
made by Conconi and his colleagues.®® When
Ferrara thalassemia patients receive blood trans-
fusions it is possible to detect small amounts of 8
chain synthesis in their circulating red blood cells
if approximately 10 to 15 days after the trans-
fusion intact peripheral blood cells are incubated
in the presence of a radioactive amino acid.®® This
finding is interpreted as indicating that the *‘fac-
tor” that Ferrara thalassemics lack can be provided
by normal intact red cells and somehow trans-
ferred to the patients’ own cells to stimulate the
synthesis of § chains in these cells by translation of
their usually inactive § chain mRNA.

However, it has not yet been unequivocally
established that the observed B chain synthesis
occurs in the patients’ own cells and not in
transfused cells (i.e., reticulocytes originating from
stem cells infused with the transfused blood).
Further developments in this fascinating condition
are awaited with great interest. It is certainly
conceivable that Ferrara-type 3°-thalassemia is a
distinctly different genetic variant of f-thalassemia
in which deficiency of functional mRNA is not the

factor (or not the only factor) responsible for
absence of 8 chain synthesis.

F. Reticulocyte mRNA in a-Thalassemia
Reticulocyte mRNA from patients with the
a-thalassemia syndrome of Hb H disease has also
been tested in the Krebs II cell-free system.53+87
Similar results were obtained in the three cases
examined in the two studies. The Hb H disease
mRNA directed the synthesis of a great excess of §
chains over « chains (Figure 5A). The imbalance of
B to a chain synthesis observed in the cell-free
system was much greater than in the intact cells of
the same patient (Figure 1C). Some of this
difference might be attributed to the property of
the Krebs II cell-free system to synthesize more §
than a chain in the presence of saturating amounts
of mMRNA#2#7 however, the same exaggerated
imbalance of globin chain synthesis was observed
in the cell-free system when Hb H disease mRNA
was used in rate limiting amounts.®387 Therefore,
it appears that in Hb H disease reticulocytes there
is a greater deficiency of functional & chain mRNA
than suggested by the ratio of 8 to a chain globin
synthesis in the intact cells. This exaggerated
deficiency of a chain mRNA has also been
confirmed by mRNA-DNA hybridization studies
(see next section). These findings suggest the
presence of some translational control in the Hb H
disease reticulocyte by which the decreased «a
chain synthesis limits the synthesis of 8 chains,
leading to less 8 to a chain imbalance than would
be expected from the § to & chain mRNA content
of the cells. A possible role for & chains in the
control of B chain synthesis has been suggested by
a number of workers.2?7®3 In rabbit reticulocytes,
one finds a small poo! of soluble, free a chains
(not bound to B chains),®®% as well as a small
quantity of completed a chains bound to ribo-
somes.®® It has been proposed that these « chains
bind to 8 chains while the latter are still being
synthesized on the ribosome, and aid in the release
of the § chains from ribosomes in the form of af
dimers. This hypothesis is supported by results of
experiments that have examined the effect of
added free globin chains on the synthesis of
hemoglobin in cell-free reticulocyte lysates.”!™®3

G. Summary and Conclusions

With the possible exception of Ferrara-type °
thalassemia, cell-free translation of thalassemic
globin mRNA, in all cases tested, has resulted in
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FIGURE 5. Cell-free translation of thalassemic globin messenger RNA. Globin mRNA
was isolated from reticulocyte lysates and trdnslated in the Krebs II cell-free system
supplemented by ribosomal salt wash fraction, as in Figure 4B. A. Patient with Hb H
disease (same patient as in Figure 1C). In the cell-free system there is a much greater
excess of g chain synthesis, relative to a chain synthesis, than in the same patient’s intact
reticulocytes (Figure 1C). B. Patient with homozygous g'-thalassemia (same patient as in
Figure 1B). In the cell-free system the g/a globin chain synthetic ratio is similar to that
in intact reticulocytes of the same patient (Figure 1B) but there is somewhat more y
chain synthesis relative to o chain synthesis in the cell-free system than in intact cells.
o——+: optical density of marker globin chains. o---o: radioactivity incorporated into
newly synthesized protein in the cell-free system.

the same type of imbalance of globin chain in & and B thalassemia, respectively. These studies,
synthesis as is observed in intact thalassemic cells. however, only demonstrate deficiency of biologi-
These studies provide direct evidence for a defi- cal activity and do not necessarily indicate that the
ciency of functional mRNA for « or 8 globin chain affected globin mRNA is deficient in absolute

328  CRC Critical Reviews in Biochemistry

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

chemical amounts. The studies still leave open the
possibility that there exist in thalassemia substan-
tial amounts of an abnormal mRNA which is

unable, both in the intact thalassemic cells and in
heterologous cell-free systems, to function nor-
mally in protein synthesis.

V. QUANTITATIVE STUDIES OF GLOBIN MESSENGER RNA IN
THALASSEMIA BY MOLECULAR HYBRIDIZATION

A. Principles of the Hybridization Assay

Ideally, one would like to assay the relative
amounts of a and 8 chain mRNA in thalassemic
cells by a direct chemical quantitative assay that
does not rely on the ability of the mRNA to
function in a cell-free system. Such an assay is
essential to definitively settle the issue of whether
or not there exists in thalassemia a substantial
amount of an mRNA (for a or § globin chains)
that is unable to function normally in protein
synthesis, either because it is structurally abnormal
(in a segment other than its strict structural gene
information) or because of some other abnormal-
ity in the cells’ protein synthesis “machinery.”
Such an assay has recently become possible.

A technique often used for the identification
and/or quantitation of a specific mRNA present in
a mixture of RNA’s is that of molecular hybridiza-
tion of the RNA mixture with DNA complemen-
tary to the specific mRNA in question. Until
recently the use of this technique has been limited,
in eukaryotic systems, by the lack of availability
of specific DNA probes. However, a number of
important research contributions have made pos-
sible the acquisition of separate radioactive DNA
probes specific for @ and § globin mRNA. The
RNA-dependent DNA polymerase of avian myelo-
blastosis (also referred to as reverse transcriptase
and as AMV DNA polymerase) can synthesize in
vitro a radioactive DNA copy (¢cDNA) of a portion
of globin mRNA.?*®¢ The reaction requires oligo
dT as a primer, which presumably acts by binding
to the poly A sequence situated at the 3'-terminus
of the globin mRNA. The size of the cDNA®47%¢
and the nature of the RNA sequences transcribed
from it”* suggest that the cDNA may be the copy
of approximately 75% of the mRNA. The radio-
active ¢cDNA that is synthesized will hybridize
almost completely to purified globin mRNA,?47%¢
but with the use of total reticulocyte mRNA the
probe must consist of a mixture of a and 8
chain-specific sequences. It is, however, possible to
obtain purified rabbit globin mRNA that is 80 to
90% enriched in « or § chain-specific mRNA. The
a chain mRNA is obtained from a ribo-

nucleoprotein particle which is found in the
postribosomal supernatant fraction of rabbit ret-
iculocytes’” — a serendipitous observation; the
chain mRNA is obtained from the largest poly-
somes of O-methyl-threonine-treated reticulo-
cytes.’® O-Methyl-threonine is an isoleucine ana-
logue and the rabbit a and f§ chains contain
isoleucine in different positions; in the B chain
isoleucine is first found only at position 112 of
the sequence, whereas in the a chain isoleucine is
first encountered at position 10. In the presence of
O-methyl-threonine, polysomes bearing a and §
mRNA will be “blocked” at the site of the first
isoleucine codon on the mRNA. In the case of 3
mRNA the polysomes will be large because many
other ribosomes will have started to translate the
mRNA in the time it takes the first ribosome to
reach position 112; on the other hand, the a chain
polysomes will be blocked early in the translation
process and will accumulate as small polysomes.
This technique can also serve as a means to obtain
relatively purified a chain mRNA. In the O-
methyl-threonine procedure one gets an exaggera-
tion of the normal asymmetrical distribution of a
and B chain synthesizing polysomes with g chains
on more heavily sedimenting polysomes and the «
chains on more slowly sedimenting
polysomes.*374%

The purified @ and 8 mRNA’s are efficient
substrates for AMV DNA polymerase and the
resulting cDNA’s are specific for « and § chain-
specific sequences, as evidenced by cross-
hybridization experiments carried out between the
two types of mRNA’s and ¢cDNA’s®®"'®! (Figure
6). Sufficient homology exists between human and
rabbit globin chain amino acid (and mRNA)
sequences to permit the use of this type of
hybridization assay to detect (and quantitate)
relative amounts of human « and § chain mRNA
sequences in human reticulocyte RNA.*?:1°0 Ap
outline of the general procedure is shown in Figure
7, parts A and B. The amount of hybridization is
detected by digesting the reaction mixture, at the
end of the hybridization period, with the S,
nuclease of Aspergillus oryzae (or another
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FIGURE 6. Molecular hybridization of chain-specific
rabbit globin messenger RNA’s to their DNA copies.
Saturation hybridization curves were obtained using a
constant amount of radioactive DNA copy (cDNA)
obtained by incubating rabbit « or g globin mRNA with
the RNA-dependent DNA polymerase of avian myelo-
blastosis virus (AMV DNA polymerase). Increasing
amounts of a or g globin mRNA were added to individual
reaction mixtures and hybridization allowed to proceed
for 40 hr at 65°C — a time sufficient to allow hybridiza-
tion of all the RNA to the cDNA.”? The amount of
hybridization was then determined by digestion of the
reaction mixture with the S, nuclease of Aspergillus
oryzae (Figure 7),°° which degrades single-stranded nu-
cleic acids but leaves intact DNA-RNA hybrids. A.
Hybridization using constant amount of rabbit o« cDNA.
B. Hybridization using constant amount of rabbit g
¢DNA. X: rabbit « mRNA derived from ribosome free
supernatant.®? e: rabbit # mRNA derived from largest
polysomes of O-methyl-threonine-treated reticulocytes.®?
The arrows indicate the points of half maximal (satura-
tion) hybridization: eight times as much o mRNA is
required to achieve half saturation with 8§ cDNA than is
required to achieve half saturation with its own « cDNA.
The “a mRNA™ therefore contains a:8 mRNA sequences
in the ratio of 8:1. Conversely, six times more 8 mRNA is
required to obtain half saturation with o« ¢cDNA than is
required to achieve half saturation with the 8 cDNA; the
“8 mRNA™ therefore contains a:f mRNA sequences in
the ratio of 1:6.”® (From Housman, D., Forget, B. G,
Skoultchi, A., and Benz, E. J., Jr., Proc. Natl, Acad. Sci.
US.A., 69,1574, 1972. With permission.)
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FIGURE 7. Hybridization procedure. A. Qutline of the
general approach. Sufficient homology exists between
rabbit and human mRNA’s and cDNA’s that cross
hybridization will occur between human and rabbit
nucleic acids. AMV polymerase refers to the RNA-
dependent DNA polymerase of AMV. B. Schematic
representation of the-hybridization assay. Three possible
results are illustrated. On the left there is no homology
between mRNA and cDNA and therefore no hybrid
formation. The S, nuclease of Aspergillus oryzae will
completely degrade the radioactive ¢cDNA and no TCA-
precipitable counts will be recovered. In the center there
is complete homology between mRNA and ¢cDNA, and
formation of a perfect hybrid; if sufficient mRNA is
present to bind all of the cDNA, 100% of the labeled
c¢DNA will be resistant to S, nuclease and be recovered as
TCA-precipitable counts (see text). Finally, on the right
there is partial homology between mRNA and ¢DNA; an
imperfect hybrid is formed with redundant loops of
c¢cDNA and mRNA in the nonhomologous regions. These
loops will be degraded by the S, nuclease and less than
100% of the labeled cDNA will be recovered as TCA-
precipitable counts even if the mRNA is present in a great
excess over the cDNA. This last situation is representative
of the conditions when human mRNA is hybridized to
rabbit cDNA; even at saturating amounts of mRNA, less
than 100% hybridization will occur because there is only
partial homology between the species. Therefore, the final
percent hybridization will be proportional to the degree
of homology between mRNA and cDNA.
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enzyme) which specifically degrades single-
stranded nucleic acids and leaves intact double-
stranded hybrids (Figure 7B). Therefore, even if
there is not perfect homology between RNA and
¢DNA (as in human-rabbit cross-hybridization
experiments), the portions of the hybrid complex
in which there is good homology will be protected
from nuclease digestion, and these nondegraded
hybrid complexes will be precipitated by 10%
TCA and retained on Millipore™ filters. In such
cases, however, one never recovers 100% of the
counts of the radioactive ¢cDNA probe. The non-
homologous (nonhybridized) regions of the ¢cDNA
are degraded by the nuclease and therefore remain
soluble in the presence of TCA and pass through
the filters. The maximum amount, or percentage,
of the probe recovered is proportional to the
degree of homology between mRNA and cDNA.
When normal (nonthalassemic) human globin
mRNA is hybridized to the rabbit « and § cDNA
probes (Figure 8), it can be seen that there is more
homology between human and rabbit o chain
mRNA sequences than between the  chain mRNA
sequences. This finding is somewhat surprising,
since by amino acid composition alone one would
expect the opposite: the amino acid sequences of
the human and rabbit globin chains differ by 26
out of 141 amino acids for the « chain, and by
only 16 out of 146 amino acids for the 8 chain.
Amino acid composition alone, however, does not
reflect differences in mRNA sequences in the third
or “wobble” position of the mRNA codons, which
may be more or less homologous between human
and rabbit a and 8 chain mRNA’s. The untrans-
lated sequences of these mRNA’s may also be
more or less homologous.

The hybridization reaction can be carried out in
two different ways. The first procedure involves
performing saturation hybridization curves,’®-1°!
as in Figures 6 and 8; a constant amount of cDNA
is hybridized with variable amounts of mRNA
ranging from limiting to saturating amounts. This
method has the advantage that the results are
expressed on a linear scale; differences ranging
from one- to tenfold can, therefore, be more easily
measured than on a logarithmic scale. The ratio of
the amounts of input RNA required to achieve
half maximum (saturation) hybridization against 8
and @ cDNA is the ratio of a to 8 mRNA
sequences in the RNA. The second procedure
involves performing Cot curves;'°® the amounts
of DNA and RNA are constant (the RNA usually

being present in excess), and the time of hybridiza-
tion is varied in a number of replicate samples.
Achievement of maximum hybridization is a func-
tion of two factors: the time (t) of the reaction,
and the concentration (C) of the nucleic acid being
tested (Cxt, thus Cot); percentage of hybridization
is plotted against the log of the Cot. The curve
obtained is an expression of the rate at which
hybridization occurs, which in turn is affected by
the amount of mRNA present. The Cot curve is
the classical tool used to study the frequency of

specific sequences in DNA.'®? Use of a logarith-

mic scale, however, makes it difficult to precisely
quantitate differences between 1 and 10. Both
techniques have been applied to the quantitation
of a to # mRNA sequences in thalassemia.?®+!°0

B. Hybridization Studies in a- and 8"-Thalassemia

Housman et al.’® have studied thalassemic
mRNA by saturation hybridization. When «
-thalassemia (Hb H disease) mRNA is hybridized
with rabbit « cDNA (Figure 8A), five to ten times
more RNA is required to achieve maximum
hybridization than is necessary for the nonthalas-
semic control. On the other hand, both a-
-thalassemia and control mRNA achieve maximum
hybridization with the rabbit 8 cDNA (Figure 8B)
at roughly the same RNA input. The & to § mRNA
content (on the basis of the ratio of the half
saturation values) was 1:6. In Hb H disease,
therefore, one observes a true quantitative defi-
ciency of @ mRNA sequences relative to 8 mRNA
sequences, and this deficiency is greater than
expected from the intact cell §/a globin chain
synthetic ratio. Similar observations were made in
a second case of Hb H disease,’® and the mRNA
preparations of these two patients were the same
which stimulated a great excess of § chain syn-
thesis over « chain synthesis when translated in the
Krebs 1II cell-free protein-synthesizing system
(Figure 5A).2® By similar hybridization experi-
ments, total absence of @ mRNA has been demon-
strated by Kan et al. in reticulocytes of an infant
with homozygous o-thalassemia (hydrops fetalis
with Hb Bart’s).!'* ‘

When  B-thalassemia mRNA  was  hy-
bridized with rabbit a and 8 ¢cDNA’s (Figure
8)°° there was only a relatively small difference
between the half saturation values, a § to @ mRNA
ratio of 1 to 2, whereas the §§ to a synthetic ratio
in the cell-free system and intact cells was 1 to 10.
This unexpected finding was attributed to cross
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FIGURE 4. Globin synthesis in homozygous 8°-thalassemia. A. Globin synthesis by
intact reticulocytes of a patient (of southern Italian ancestry) with homozygous
$°-thalassemia. Experimental conditions are similar to those described in Figure 1. There
is absent g chain synthesis and excess synthesis of « chains relative to y chains (of Hb F).
The optical density of g chains was contributed by transfused red cells. B. Translation of
reticulocyte globin mRNA from the same patient in the Krebs II cell-free system.
Experimental conditions are similar to those described in Figure 3 except that the
cell-free system was supplemented by rabbit reticulocyte salt wash fraction.®® The
pattern of globin synthesis is similar to that seen in intact reticulocytes; there is absent g
chain synthesis. #——e: optical density of marker globin chains. o---<: radioactivity
incorporated into newly synthesized protein.

was no radioactivity in the peptide specific for the
BS globin chain, 8S-T,. In a subsequent study®® it
was shown that patients of southern [Italian
ancestry with f*-thalassemia do not manifest this
phenomencon; in the cell-free system the amount
of PA chain synthesis is similar whether
thalassemic or nonthalassemic supernatant is used.

These results were interpreted as indicating that
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in Ferrara thalassemia substantial amounts of
globin mRNA are present but not translated
because of the absence of a specific (protein)
factor present in nonthalassemic supernatant. The
authors did not believe that a specific inhibitor
was present in the Ferrara thalassemic cells be-
cause the Ferrara supernatant did not inhibit the
BA chain “induction” when it was added to the
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FIGURE 8. Hybridization of human globin messenger RNA’s with rabbit a and g cDNA.
Globin mRNA was isolated from total reticulocyte lysates of patients with nonthalassemic
hemolytic anemia and Hb A (0), homozygous g*-thalassemia (x), and Hb H disease (A). Various
amounts of the RNA’s were hybridized with a fixed amount of rabbit cDNA (65°C for 40
hr)®® to obtain saturation curves (see Figure 6 caption). A. Hybridization with rabbit a cDNA.
B. Hybridization with rabbit 8 cDNA. In the case of the Hb H disease mRNA (A) (same mRNA
as in Figure 5A), six times more RNA is required to achieve half saturation with the o cDNA
than with the 8 cDNA; this mRNA therefore contains «:8 mRNA sequences in the ratio of 1:6.
The nonthalassemic mRNA achieves half saturation with both ¢cDNA's at roughly the same
RNA input and therefore contains a:3 mRNA sequences in the ratio of roughly 1:1. In the case
of the g thalassemic mMRNA (same mRNA as in Figure 5B), there is only a I-to-2 difference in
the half saturation values, indicating an « to § mRNA ratio of 2:1 whereas the intact cell and
cell-free a/@ synthetic ratio of this patient was 10:1 (Figures 1B and 5B). The maximum
percentage of hybridization achieved by human mRNA with rabbit ¢cDNA is higher with the «
cDNA (60 to 70%) than with the § cDNA (35 to 40%), indicating greater homology between
human and rabbit « chain mRNA’s than between human and rabbit 3 chain mRNA’s.
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hybridization of ¥ chain mRNA (of Hb F) with
the 8 ¢cDNA; the mRNA of the patient in question
had substantial amounts of y chain activity®®
(Figure 5B), and a fair degree of homology exists
between B and v chain amino acid sequences (39
amino acid differences in 146 residues). A more
specific assay was therefore devised; the o
thalassemia mRNA that was shown to contain &
to f mRNA sequences in a ratio of at least 1:6
(Figure 8) was transcribed into cDNA and used as
a probe which was perfectly complementary to
human 8 mRNA. By performing melting curves of
hybrids between this cDNA and mRNA containing
either 8 mRNA alone or § plus 7 chain mRNA
activity, it was determined that increasing hybridi-
zation temperature from 65 to 78 to 80°C left the
B mRNA-B8 ¢cDNA hybrid intact but dissociated the
v mRNA-8 ¢DNA hybrid. The f-thalassemic
mRNA was then tested under these conditions
(Figure 9) and showed a marked deficiency of
chain-specific sequences: § to a mRNA ratio of

1:10,°* similar to the synthetic ratio obtained in
the intact cell. Reticulocyte RNA from three other
patients with §’-thalassemia was studied, and in all
cases specific hybridization assays revealed defici-
ency of 8 chain-specific mRNA sequences, consis-
tent with the degree of deficient § chain synthesis
observed in the patients’ intact cells.”®*'®3 The
RNA used in these studies was obtained from total
reticulocyte lysates rather than polysomes; the
demonstrated deficiency of a and § mRNA there-
fore represents total cellular deficiency and not
simply deficiency of polysome-bound mRNA.
These findings rule out the existence in thalas-
semic reticulocytes of large amounts of an mRNA
that is unable to bind to ribosomes and therefore
remains inactive and free in the postribosomal
supernatant.

Kacian et al.'°® studied hybridization of
mRNA by Cot curves. The mRNA was incubated
in the same reaction mixture with [*H]labeled
rabbit B ¢cDNA and [3>?P]labeled rabbit & cDNA.
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FIGURE 9. Hybridization of human globin messenger RNA’s with cDNA of Hb H disease
mRNA. Hybridization was performed as in Figure 8, but using as a source of human g cDNA
the cDNA of the Hb H disease mRNA which was shown in Figure 8 to contain a:f mRNA
sequences in the ratio of 1:6. Hybridization temperature was increased from 65 to 78°C to
render unstable (melt) imperfect hybrids between vy chain mRNA and g8 cDNA. The symbols
and the specific mRNA’s are the same as in Figure 8. In these conditions the hybridization
pattern of the nonthalassemic and Hb H disease mRNA is not altered; half saturation of
hybridization is achieved at approximately the same RNA input as with the rabbit 8 cDNA, but
now 100% hybridization is achieved, indicating formation of a perfectly homologous hybrid.
Now, however, ten times more 8 thalassemic mRNA is required to achieve half saturation with
the 8 cDNA than was required to achieve half saturation with the rabbit o cDNA (Figure 8A);
the a8 mRNA content of this RNA is therefore 10:1. The previous ratio of 2:1 (Figure 8b)
was probably due to hybridization of the patients’s y chain mRNA (Figure SB) with the rabbit
B cDNA, giving a falsely high value for 8 chain mRNA content.
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The ratio of « to § mRNA in a sample of RNA was
expressed as the ratio 8 Coty,/a Coty,, i.e., the Cot
values at the midpoint between minimum and
maximum hybridization of the RNA with $and «
cDNA’s, respectively. Nonthalassemic RNA gave
ratios ranging from 0.8 to 1.3 in five of six
samples, but one sample gave a ratio of 0.5; the
mean was 0.9. RNA from two patients with Hb H
disease gave aff mRNA ratios of 0.6 and 0.7
(intact cell o/f synthetic ratios were 0.45 and
0.55). RNA from seven patients with B-thalassemia
gave o/ mRNA ratios ranging from 1.4 to4.9.In
five of the seven cases, the &/ ratio obtained by
hybridization (3.3 to 4.9) was considered to
correlate well with the o/f synthetic ratios ob-
tained by intact cell incubation (3.8 to >20) and
cell-free translation of the mRNA (2.2 to 6.2). In
the other two cases, hybridization revealed only
slightly decreased § mRNA («/8: 1.4 and 1.7)
whereas a greater deficiency was expected on the
basis of intact cell incubation (a/8: 3.5 and >20)
and cell-free translation (a/f8: 4.5 and >20). The
latter discrepancy may have been due to the
previously mentioned problem of cross hybridiza-
tion between Y mRNA and § c¢cDNA. Because
rabbit (and not human) § ¢cDNA was used in this
study, stringent conditions to eliminate this cross
hybridization could not be employed. The study
used mRNA obtained both from polysomal RNA
and total lysate RNA, and similar results were
obtained with both types of RNA, providing
additional evidence against the existence of a
nonfunctional supernatant pool of mRNA in
thalassemia.

C. Hybridization Studies in f°-Thalassemia

In view of the findings in Ferrara-type
8°-thalassemia, much attention has been focused
on other types of 8° -thalassemia. There have not
yet been any reports of hybridization of Ferrara
B-thalassemia RNA, but Forget et al. have reported
studies using RNA from southern [talian and
Sicilian patients with §°-thalassemia.'®* The most
striking demonstration of § mRNA deficiency was
provided by the study of RNA from three siblings
with homozygous 6f-thalassemia, a rare condition
in which there is total absence of the minor
hemoglobin Hb A, as well as Hb A (the patients
have 100% Hb F), in contrast to the usual forms of
B-thalassemia in which Hb A, is usually elevated.
When RNA from these patients is hybridized with
human f§ cDNA under stringent conditions to
eliminate vy chain cross hybridization, there is no
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FIGURE 10. Hybridization of messenger RNA from
patients with g°-thalassemia. mRNA was hybridized as in
Figure 9 with cDNA of Hb H disease mRNA as a probe
for human 8 chain mRNA; the cDNA, however, had two
to three times the specific radioactivity as the cDNA used
in Figure 9.' % A. Pooled reticulocyte mRNA from three
siblings with homozygous & g-thalassemia, whose red cells
totally lack Hb A and Hb A,'°* (e); nonthalassemic
control (o). B. Reticulocyte RNA from two unrelated
patients (.. and &) with homozygous 8°-thalassemia of the
high Hb A, variety’®® (a: same patient as in Figure 4);
nonthalassemic control (o). In the case of homozygous
§B-thalassemia, (A), there is total absence of RNA that
will hybridize with the 8 cDNA (above the 15% hybridiza-
tion baseline contributed by e chain-specific sequences in
the Hb H disease cDNA), even at extremely high RNA
inputs. In the case of the two patients with homozygous
g°-thalassemia (B), some hybridization is seen but only at
an extremely high RNA input; this hybridization
represents less than 1% of the sequences in these RNA
preparations which hybridized with o chain ¢cDNA, and is
presumably due to‘hybridization of 8 chain mRNA with 8
cDNA.
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significant hybridization even though 200 times
more RNA is added than is necessary to achieve
maximum hybridization with nonthalassemic RNA
(Figure 10A).'°* A small but constant amount of
hybridization is observed at a level of approxi-
mately 15%. This probably represents hybridiza-
tion of a chain-specific mRNA in the RNA
preparation to a cDNA sequences present in the
Hb H disease cDNA. As previously discussed
(Section V.B, “Hybridization Studies in a- and
8"-Thalassemia,” and Figure 8), the Hb H disease
mRNA has been shown to have @ and § mRNA
sequences in the ratio of 1 to 6 (roughly 15% «
mRNA and 85% 8 mRNA). The cDNA of this
mRNA would be expected to have roughly the
same relative content of a and B-specific se-
quences. Hybridization of RNA from two unre-
lated patients with A,-f°-thalassemia revealed a
small amount of hybridization above the baseline
(Figure 10B), but only at RNA inputs 100 times
greater than required for maximum hybridization
of nonthalassemic RNA. This small amount of
hybridizable material (less than 1% of the « chain
mRNA in the samples) could be § chain mRNA
which would be expected to hybridize with f
c¢DNA even under the stringent conditions utilized
because of the very close homology between 6 and
B chains (only 10 amino acids different in 146
residues). These studies were interpreted as ‘indi-
cating absence of § chain mRNA in these three
instances of §°-thalassemia of southern Italian and
Sicilian origin.

D. Summary and Conclusions

Hybridization studies of thalassemic mRNA to
« and B chain-specific cDNA’s indicate that in Hb
H disease and f'-thalassemia there is an absolute
decrease in the amount of a and § chain mRNA,
respectively, compared to the amount of mRNA
present for the other chain®®'%® In
o®-thalassemia of Oriental origin and
(° -thalassemia of southern Italian origin, there
appears to be absence of a and § chain mRNA,
respectively.! %1 1* These demonstrations of true
quantitative deficiency of chain-specific mRNA’s
in thalassemia still leave unresolved the precise
molecular basis for this deficiency. The following
processes can all be considered as feasible explana-
tions and remain to be investigated:
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1. Absent {(with or without gene deletions)
or decreased transcription of the globin gene into
mRNA

2. Abnormal processing of the mRNA pre-
cursor molecules transcribed from the gene, and/or
abnormal transport of the mRNA from nucleus to
cytoplasm

3. Synthesis of an mRNA that is structurally
abnormal in its untranslated regions and thus
rendered unstable, and susceptible to early degra-
dation in immature erythroid precursor cells,
either because of its secondary structure alone or
because it is unable to bind normally to ribosomes.

In fact, two different groups have recently
reported, evidence for a chain gene deletion in
homozygous a-thalassemia.' ' *>! ' These workers
have hybridized & cDNA with total DNA extracted
from the liver of stillborn infants with hydrops
fetalis and Hb Bart’s. No significant hybridization
was demonstrated by Cot curves using a cDNA
and the DNA from the hydropic infants, whereas
normal Cot curves were obtained using the same
¢DNA and liver DNA from nonthalassemic infants.

VI. STRUCTURAL STUDIES OF
GLOBIN MESSENGER RNA

A. Nonthalassemic Globin mRNA

Another approach to the study of qualitative or
quantitative differences in a and g globin mRNA is
the direct analysis of the primary structure or
nucleotide sequence of the mRNA. A number of
different techniques have been used for this
purpose,’® but probably the most successful has
been the study of the [>*P]labeled RNA synthe-
sized from globin ¢cDNA by E. coli RNA poly-
merase.”* The labeled synthetic RNA (cRNA) can
be digested with specific nucleases and fraction-
ated in two dimensions to give a characteristic
“fingerprint” pattern (Figure 11A) analogous to
peptide fingerprints of proteins. The individual
spots can then be eluted and their sequence
analyzed by further enzymatic degradation. A
number of sequences of human globin mRNA have
been determined by this procedure (Table 1). Most
of the sequences match unique amino acid se-
quences in either a or f globin chains, but others
do not, and presumably represent untranslated
sequences of the globin mRNA. Certain of these
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FIGURE 11. Nucleotide sequence analysis of human globin messenger RNA. Radioactive ([*?P]labeled) RNA (cRNA)
was synthesized by incubating human globin cDNA with E. coli RNA polymerase.”*>7* The RNA was then digested with
T, RNase and the digest fractionated in two dimensions: (1) from left to right by high voltage electrophoresis on
urea-Cellogel® strips at pH 3.5; (2) from bottom to top by displacement chromatography (‘“homochromatography”) on
thin-ayer plate of DEAE cellulose, using a solution of partially hydrolyzed nonradioactive yeast RNA in 7 M urea. The
fingerprint pattern was revealed by radioautography. A. Fingerprint of RNase T, digest of nonthalassemic (sickle cell
anemia) cRNA labeled with «[*?P]GTP. B. Fingerprint of RNase T, digest of Hb H disease cCRNA (same patient as in
Figures 5 and 8), labeled with «f*2P] GTP. The sequences of the numbered spots are listed in Table 1. The Hb H disease
fingerprint is deficient in a number of spots which are prominent in the nonthalassemic RNA and which match « chain
amino acid sequences. This technique therefore confirms the deficiency, in Hb H disease, of « chain mRNA, previously
demonstrated by cell-free translation (Figure 5) and hybridization (Flgure 8) techniques. The sequences also confirm the
hypothesis of a chain termination mutation as the cause of the abnormally long « chain in Hb Constant Spring,®7+%® (spots

number 14, 51, 56; see Table 1).

" sequences, however, do match amino acid se-

quences in the abnormally long segment of the Hb
Constant Spring « chain, and provide support for
the origin of this abnormal chain by chain termina-
tion mutation. The evidence for this conclusion is
as follows. The sequence of spot number 56 (Table
1) contains the codon NGU (which could be a
codon for arginine, the last amino acid [number
141] of the a chain), followed by the chain
termination codon UAA. A single base substitu-
tion in this codon, UAA to CAA, would give the
codon for glutamine which is the amino acid in
position 142 of the a CS chain. More importantly,
however, the nucleotide codon sequence following
the UAA of spot number 56 is GCN, which is the
codon for alanine, and alanine is precisely the
amino acid found in position 143 of the a CS
chain. In addition, the sequences of spot numbers
51 and 14, isolated from normal mRNA, also
match other amino acid sequences in the abnor-
mally long segment of the a CS chain. The

sequences of spot numbers 51 and 56 were
predicted, on theoretical grounds, to be the likely
sequences for this region of the a chain mRNA by
comparing the amino acid sequence of Hb CS to
that of Hb Wayne’''’? (see Section IILE.2,
“Hemoglobin Constant Spring”). However, be-
cause these two nucleotide sequences are rather
short, considered as isolated sequences, they can
also be matched to other di- and tri-peptide
sequences in normal a or B globin chains.”3:"4
Spot number 14, on the other hand, is longer, and
its sequence cannot be matched to any amino acid
sequences in normal a and B globin chains. Spot
number 14 must therefore be a normally untrans-
lated nucleotide sequence of normal mRNA and
its sequence can code for amino acids 155 to 158
of the a CS chain. The assignment of spots 51, 56,
and 14 to a chain mRNA is reinforced by the fact
that these sequences are deficient in fingerprints of
mRNA from our patient with Hb H disease (see
next section). In summary, then, nucleotide se-
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quence analysis of normal and « thalassemic
mRNA provides convincing evidence to confirm
the hypothesis that Hb CS arose by chain termina-
tion mutation.

B. Thalassemic Globin mRNA

The fingerprint of a-thalassemia (Hb H disease)
cRNA (Figure 11B) shows a distinctly different
pattern from the normal. A number of spots that
are prominent in the normal are very faint or
absent in the & thalassemic cRNA; the sequences
that are prominent match § chain amino acid
sequences, whereas those that are faint match a
chain sequences. These results provide another
direct demonstration of quantitative deficiency of
a chain mRNA in a-thalassemia. The fingerprint of
B-thalassemia cRNA also demonstrated quanti-
tative deficiency of many spots.”® Among the
prominent spots in the f-thalassemia cRNA were
numbers 3, 14, 22, and 56 (Table 1), which match
amino acid sequences in the a and « CS chains,
whereas the many spots that match § chain
sequences were faint or absent (B. G. Forget and
S. M. Weissman, unpublished observations).

Nucleotide sequence analysis of thalassemic
globin mRNA therefore confirms the previous
demonstrations by hybridization studies of quanti-
tative deficiency of & and f globin mRNA in a-
and f-thalassemia, respectively.

VII. CONCLUSIONS AND
FUTURE PROSPECTS

The cumulative results of all the various studies
described in the preceding pages lead to the final
conclusion that chain-specific globin mRNA is
deficient in the thalassemia syndromes. One pos-
sible exception to this generalization is the
°-thalassemia of Ferrara, in which there may be
deficiency of a factor specifically required for
translation of B mRNA. However, there still
remain a number of unanswered questions: Is the
deficiency of mRNA as great in the immature
erythroid cells as it is in reticulocytes? Is the
affected globin mRNA initially transcribed from
the DNA in decreased amounts, or in normal
amounts with subsequent degradation? Is the
processing of globin mRNA precursors normal in
thalassemia? Is there abnormal transport of mRNA
from nucleus to cytoplasm? Why are Hb Lepore
and Hb Constant Spring synthesized in decreased
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amounts? What is the role of untranslated se-
quences in globin gene transcription and globin
mRNA stability? Are 8°- and o°-thalassemia due
to gene deletions? Obviously, research in thalas-
semia must focus on these questions in order to
determine more precisely the nature of the specific
molecular defect that is responsible for the abnor-
mality in quantity of globin mRNA observed in
thalassemic reticulocytes and marrow cells.

The following areas of study in thalassemic cells
are likely to lead to further insight into the
problem: study of globin synthesis and globin
mRNA (structure and quantity) in relatively pure
populations of immature erythroid precursors,
study of transcription of globin gene into mRNA
precursors (heterogeneous nuclear RNA) in intact
cells, transcription of chromatin into globin-
specific RNA sequences in vitro using reconsti-
tuted cell-free transcription systems, search for
gene deletions by vast DNA excess hybridization,
and, eventually, gene isolation and DNA sequence
analysis of thalassemic globin genes.

Technology is advancing rapidly and certain
specific procedures are already available to permit
some of these studies. It is possible to obtain
relatively pure populations of immature erythroid
cells by antibody lysis of mature cells’®7:!°8 and
cell separation techniques.'®® Cell-free systems
have been devised that carry out transcription of
chromatin from erythroid cells into globin-specific
RNA sequences.'!°7!!3 As hybridization techni-
ques improve, it should be feasible to isolate the
DNA of the globin genes by preparative hybridiza-
tion of total cellular DNA to purified globin
mRNA; then one could study directly the struc-
ture of the globin gene DNA. Finally, one techni-
que that would be most valuable, but which has
thus far been elusive, is the establishment of a
permanent human cell culture line of hemoglobin-
synthesizing cells to permit the study in vitro of
the factors that affect expression of the human
globin genes; work with hybrid cell lines may
accomplish this goal.

Research in thalassemia is now entering a new
phase; the empbhasis is shifting from the cytoplasm
and globin mRNA to the nucleus and the globin
gene or DNA. The next few years should see
exciting developments in this virgin area of thalas-
semia research and, perhaps, at long last, the
pinpointing of the precise molecular genetic de-
fect(s) in the thalassemnia syndromes.
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