
Balanced Globin Chain Synthesis in Hereditary Persistence of Fetal
Hemoglobin
C. L. Natta, G. A. Niazi, S. Ford, A. Bank

J Clin Invest. 1974;54(2):433-438. https://doi.org/10.1172/JCI107779.

In two black families with the hereditary persistence of fetal hemoglobin (HPFH) gene there are eight A-F heterozygotes and two double
heterozygotes for sickle cell trait and HPFH. These patients are clinically asymptomatic and have homogeneous acid elution smears.
Measurement of globin chain synthesis in peripheral blood demonstrates balanced production of a α and non-α (β plus γ) chains. In these
patients, the balance is achieved by increased γ globin production and increased activity of the remaining β globin allele. In two patients,
one A-F and the other S-F there is also balanced globin synthesis in the bone marrow. In a double heterozygote for HPFH and β-
thalassemia, anemia (Hb: 11.5 g/100 ml) is associated with a moderate degree of globin chain imbalance. There is a correlation between
balanced globin chain synthesis and the absence of anemia in patients with HPFH.

Research Article

Find the latest version:

https://jci.me/107779/pdf

http://www.jci.org
http://www.jci.org/54/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI107779
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/107779/pdf
https://jci.me/107779/pdf?utm_content=qrcode


Balanced Globin Chain Synthesis in
Hereditary Persistence of Fetal Hemoglobin

C. L. NATTA, G. A. NIAZI, S. Foim, and A. BANK

From the Departments of Medicine and HumanGenetics and Development,
Columbia University, College of Physicians and Surgeons, and the Medical
Services, Presbyterian Hospital, and the Sickle Cell Center, Harlem
Hospital, NewYork 10030

A B S T R A C T In two black families with the hereditary
persistence of fetal hemoglobin (HPFH) gene there are
eight A-F heterozygotes and two double heterozygotes
for sickle cell trait and HPFH. These patients are
clinically asymptomatic and have homogeneous acid elu-
tion smears. Measurement of globin chain synthesis in
peripheral blood demonstrates balanced production of
a a and non-a (P plus Y) chains. In these patients, the
balance is achieved by increased Y globin production and
increased activity of the remaining P globin allele. In
two patients, one A-F and the other S-F there is also
balanced globin synthesis in the bone marrow. In a
double heterozygote for HPFH and P-thalassemia,
anemia (Hb: 11.5 g/100 ml) is associated with a mode-
rate degree of globin chain imbalance. There is a cor-
relation between balanced globin chain synthesis and
the absence of anemia in patients with HPFH.

INTRODUCTION
Little is known of the mechanisms regulating human
fetal hemoglobin (Hb F) synthesis during fetal and
adult life. In patients with hereditary persistence of
fetal hemoglobin (HPFH),1 Hb F production persists
in adult life. Homozygotes for HPFH have no anemia
indicating that the Hb F completely compensates for
the complete lack of Hbs A or A2 (1). Unlike HPFH,
in the homozygous form of P-thalassemia, where Hb A
synthesis may be markedly reduced or absent, Hb F svn-
thesis may increase but not to a level adequate to com-
pensate for the reduced synthesis of Hb A. In so-called
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'Abbreviations used in this paper: HPFH, hereditary
persistence of fetal hemoglobin; KRB, Krebs-Ringer bi-
carbonate; MCV, mean corpuscular volume; S-thal, sickle-
,8-thalassemia.

89-thalassemia (2), in which Hb F is the only Hb com-

ponent synthesized, the level of total hemoglobin produc-
tion is also low. The molecular basis for the normal
levels of hemoglobin in patients with HPFH is obscure,
and studies of globin chain synthesis in these patients
have been lacking.

We have studied two families with the HPFH gene.
In four generations of the first family, individuals
heterozygous for HPFHand for 9-thalassemia and indi-
viduals doubly heterozygous for sickle-,B-thalassemia
(S-thal) and S-F were examined. In the second family,
four HPFH heterozygotes were studied. The results
indicate that the asymptomatic clinical course in patients
with HPFH gene is associated with balanced globin
chain synthesis in peripheral blood and bone marrow
cells. In addition, in patients doubly heterozygous for
a HPFHgene and either a sickle gene or a #-thalassemia
gene, the severity of the anemia seems related to the
degree of the imbalance in the synthesis of a globin rela-
tive to , + Y globins.

METHODS
Clinical and hematological data. Hemoglobin levels and

red cell indices were performed on a Model S Coulter
Counter (Coulter Electronics, Inc., Fine Particle Group,
Hialeah, Fla.). The distribution of Hb F in intact red cells
was studied by the acid elution technique (3). Cellulose
acetate electrophoresis using Tris-EDTA-borate buffer at
pH 8.6 was routinely performed. The level of Hb F was
measured by alkali denaturation (4). Starch gel electro-
phoresis was used to measure Hb A2 (5). Agar gel electro-
phoresis was performed when Hb S was present and to con-
firm the presence and amount of Hb F.

The two families are black. The pedigree of the first
family is shown in Fig. 1. Hematological data are in
Table I.

Family I. III-3 (the proband), a 24-yr-old student nurse
was studied because of hyperbilirubinemia found on a rou-
tine examination. She has had no hospital admissions in
New York or in Haiti, where she was born and resided until
age 19. Her physical examination reveals hepatomegaly, 3
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FIGURE 1 Family I pedigree.() indicates proband.

cm below the right costal margin, and a palpable spleen.
She has a mild anemia. (Table I). Her smear shows a
moderate number of target cells, moderate hypochromia,
anisocytosis, poikilocytosis, and slight polychromasia. Hb F:
78%; Hb A: 19.5%, Hb A2: 2.5%. By the acid elution
technique, there is Hb F in every cell with a relatively
homogeneous distribution. She is doubly heterozygous for
high A2-p-thalassemia trait and HPFH. The genetic find-
ings in other family members, described below, are all con-
sistent with this diagnosis.

II-4 (her father), age 52, is also asymptomatic. He has
cholelithiasis. Physical examination reveals a 3-cm, firm,
nontender liver and a 3-cm palpable spleen. His blood
values include a low mean corpuscular volume (MCV) and
a normal hemoglobin. The peripheral blood smear has mod-
erate anisocytosis, slight polychromasia, and target cells.
The cellulose acetate electrophoresis reveals an S-F pattern.
Hb F is 24% by alkali denaturation, Hb A2: 1.1%o, and
Hb S: 75%. There is no Hb A. The acid elution test
reveals a relatively homogeneous distribution of Hb F in red
cells, with over 70% of the red cells showing a high amount
of Hb F, while the remainder of the cells show less Hb F.

II-3 (a paternal aunt), age 47, is clinically asymptomatic.
Hb S is 76%, Hb F: 22.2% and Hb A2: 1.9%.

II-3 and II-4 were diagnosed as double heterozygotes for
sickle cell trait and HPFH because of the following: (a)
absence of Hb A; (b) Hb F of 24% and 22%, respectively;
(c) relatively homogeneous distribution of Hb F in the
cells of II4; (d) daughter of II4 (III-4) with presence
of HPFHgene and absence of sickle gene; and (e) sibling
II-1 with HPFH. These latter findings also suggest the
absence of atypical homozygous sickle cell disease in II-3
and II-4.

The 50-yr-old mother of the proband (II-5) has an un-
remarkable history and a normal physical examination. She
is not anemic. Her peripheral smear shows slight anisocy-
tosis and moderate numbers of target cells. Hemoglobin
electrophoresis on cellulose acetate shows an A-A pattern.
Hb F: 5.8%, and Hb A2: 4.8%. Her acid elution test
shows a heterogeneous pattern with 20-30% of the cells
with large amounts of Hb F and the others with less or no
Hb F. She has high A2-j-thalassemia trait.

The brother of the proband (III-2), age 20, is clinically
normal. His smear shows moderate anisocytosis, moderate
hypochromasia, and poikilocytosis. Few target cells are
present. Cellulose acetate electrophoresis reveals mainly
Hb S. Starch gel electrophoresis shows 23% Hb A, 67.9%
Hb S, 4.5% Hb A2, and 4.7% HbF. By acid elution, there
is a heterogeneous distribution of Hb F with 20% of the
cells containing mainly Hb F and the remainder containing
less to none. Patient III-2 is heterozygous for both sickle
cell trait and p-thalassemia. In contrast to II-3 and II-4,
Hb A is present, Hb A2 is elevated, and the distribution of
Hb F in red cells is heterogeneous.

The 22-yr-old sister (III-4) of the proband is also
healthy. She is not anemic and shows 9.4% Hb F by agar
gel electrophoresis and alkali denaturation. A paternal aunt
(II-1), one paternal uncle (II-2), the paternal grandfather
(I-1), paternal first cousin (III-1), and second cousin
(IV-1) are all asymptomatic. The Hb F level is elevated
to 16.0, 16.6, and 9.3% in II-1, III-1, and IV-1, respectively.
The Hb A2 is normal. Acid elution shows a relatively
homogeneous distribution of Hb F in the red cells of II-1
and III-1. These findings are consistent with a diagnosis
of HPFH in these subjects. I-1 and II-2 have sickle cell
trait. The serum iron determinations are all in the normal
range. Blood group determinations are compatible with the
diagnoses.

TABLE I
Hematologic and Electrophoretic Data on Family I

Family
Genotype members Hb Hct MCV Hb S Hb A Hb F Hb Ax MCHC Hb F distribution

A-S I-1 ND ND ND 45 55 ND ND ND ND
A-F II-1 11.8 38 74 81.9 16.0 2.1 31 Homogeneous
A-S 11-2 ND ND ND 45 55 - - ND ND
S-F 11-3 ND ND ND 76.0 22.2 1.9 ND ND
S-F II-4 12.5 38 79 74.7 24.2 1.1 33 Homogeneous
Thal trait II-5 11.7 39 85 89 5.8 4.5 30 Heterogenous
A-F III-1 12.3 36.4 75 - 81 16.6 2.3 34.7 Homogeneous
S-Thal III-2 15.0 48.0 - 67.9 23 4.7 4.5 31.2 Heterogenous
Thal-F III-3 11.5 35.2 66 - 19.5 78 2.5 33.4 Homogeneous
A-F III-4 12.2 36.2 71 - 88.8 9.4 1.8 34 Homogeneous
A-F IV-1 12.3 39 73 - 88.5 9.3 2.2 31 Homogeneous
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TABLE II
Hematologic and Electrophoretic Data on Family II

I

FIGURE 2 Family II pedigree. Solid black area indicates
the presence of HPFH trait.

Family II. In the pedigree (Fig. 2), the proband, I-2
is a 24-yr-old woman found on population screening to have
an A-F pattern on Hb electrophoresis. She is asympto-
matic. Physical examination reveals cutaneous lesions of
the upper eyelids and posterior neck, diagnosed as sarcoid.
She has a palpable spleen 3 cm below the left costal mar-
gin. Her MCVis 71 (Table II). Starch gel electrophoresis
shows Hb A of 72%, Hb F of 26.8%, and a slowly mi-
grating mutant Hb A2 (1.2%) with no detectable normal
Hb A.

Her husband, I-1, is asymptomatic and clinically normal.
Electrophoresis reveals A-A. Their three children, II-1,
age 5, II-2, age 8, and II-3, age 9, are all asymptomatic and
have normal physical examinations. Starch gel electro-
phoresis of II-1 reveals Hb A of 63.9%, Hb A2 of 1.6%,
and Hb F of 34.5%7. II-2 and II-3 show slight micro-
cytosis on smear, but are not anemic. Starch gel electro-
phoresis reveals Hb A of 80%o, Hb A2 of 1.5%, and Hb F
of 18.5%, and Hb A of 79%, Hb A2 of 2.0%, and Hb F of
19%, respectively. The acid elution is homogeneous, with
HJb F in all cells. None of the children have the abnormal
Hb A2.

The study of the two generations of family II demon-
strates that I-1, II-1, II-2, and II-3 are HPFH hetero-
zygotes because of the asymptomatic clinical state, the elec-
trophoretic findings, low Hb A2, and homogeneous acid
elution smears in addition to the elevated Hb F levels.

Globin chain synthesis. Red cells were washed with iso-
tonic saline three times, and the buffy coat removed. Packed
red cells were incubated with an equal volume of modified
Krebs-Ringer bicarbonate (KRB) at pH 7.4 and 0.1 vol
of ['H]leucine (40 Ci/mmol) from New England Nuclear
(Boston, Mass.) as reported previously (6). KRB (pH
7.4) is composed of 30 mMKCl, 7 mMKH2PO4, 7 mM

MgSO4, 160 mMNaHCOs, 360 mMFeCi2 4H20, 100 mM
inosine, 340 mMglucose, 30 mMNaCl, and amino acids
(520 mM) minus leucine. In the study of certain family
members, bone marrow aspirated from the posterior iliac
crest was similarly studied. After incubation, the KRB was
removed, and the cells lysed with four vol of water. From
the lysate, globin was precipitated by extraction with acid
acetone and further purified by carboxymethyl cellulose
chromatography using a modification of the method origi-
nally described by Clegg, Naughton, and Weatherall (7)
and detailed elsewhere (8). The [14C] carrier globin used
was derived from either cord blood, normal, or sickle
hemolysates. The a/P + y ratios of the ["C] hemolysates in
35 columns averaged 1.2 with an SD of 0.1. The 'H a/l +
y ratios are calculated by correcting the 'H ratios for the
relative recovery of '4C a/fl + 'y radioactivity. Samples were

counted using a Packard Tricarb liquid scintillation counter

Geno- Family Hb F
type members Hb Hct MCVHb A Hb F Hb A2 distribution

A-A I-i ND . . . . . ND
A-F 1-2 12.3 41 71 72 26.8 1.2* ND
A-F II-i ND ND ND 63.9 34.5 1.6 ND
A-F 11-2 13.3 38.3 76 80 18.5 1.5 Homogeneous
A-F II-3 14.0 38.7 77 79 19 2.0 Homogeneous

* All Hb A2 is a mutant Hb A2 migrating more slowly than normal A2.

(Packard Instrument Co., Inc., Downers Grove, Ill.). The
efficiency of counting with double label settings was 10%
for 'H and 30% for "C.

RESULTS

Family I. Reticulocytes from peripheral blood of the
proband (III-3) produce 2.2-fold as many a as ay chains
(a/y ratio: 2.2), her a/PA being 7.7 (Table III). As
shown in Fig. 3, the reticulocytes show an excess of a
chains (a/P + y:1.73) of a moderate degree. This a/
non-a ratio is in the range of P-thalassemia heterozygotes
(6); the major non-a globin contribution is by y chains
(Table III).

II-3 and II-4, both S-F, show an a/P5 in peripheral
blood of 1.0 and 1.4, respectively, and relatively balanced
a to non-a chain synthesis (0.9 and 1.2, respectively).
These data indicate less asymmetry in a and non-a syn-
thesis than that reported for patients with sickle-13-
thalassemia (6, 9). In addition, II-4 has balanced a/PS
synthesis in bone marrow. In contrast, III-2 with S-thal
shows a greater excess of a over P' globin synthesis with
an a/#' of 2.0 and an a/P of 4.6. However, he com-

TABLE III
Globin Chain Synthesis in Family I

Family
Genotype members Cells a/flA (a/l#S) a/^, a/, + y

A-S* I-1 - -
A-F II-1 PBJ 1.4 5.0 1.1
A-S* 11-2 - -
S-F 11-3 PB (1.0) 7.3 0.9
S-F II-4 PB - (1.4) 8.9 1.2

BM (1.1) 7.2 1.0
Thal trait II-5 PB 1.4 5.3 1.1
A-F III-1 PB 1.5 2.4 0.9

BM 1.2 3.6 0.9
S-thal III-2 PB 4.6 (2.0) 8.4 1.2
Thal-F 111-3 PB 7.7 - 2.2 1.7
A-F 111-4 PB 1.4 2.5 0.9
A-F IV-1 PB 1.3 - 3.9 1.0

* No studies done on sickle trait patients.
BM, bone marrow; PB, peripheral blood.
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FRACTION NUMBER

FIGURE 3 CMCcolumn chromatography of globin prepared
from reticulocytes of proband III-3. Cells were labeled
with [3H] amino acids by the procedures indicated in the
text. (0-0) ["4C]leucine in globin from added labeled
cord blood control. (0-- -0) [8H]leucine radioactivity in
globin from blood of patient III-3 of family I.

pletely compensates for total a and non-a produc-
tion (a/#A + pS + : 1.2). Simliar compensation has
been reported in other mild #' S-thal patients (9). II-1
and III-1 with A-F show an a/P A ratio in peripheral
blood of 1.4 and 1.5, respectively, but an a/P + 'y
ratio of closer to unity (1.1 and 0.9, respectively).
The chromatogram of patient II-1 (Fig. 4) illustrates
the separation of y, A, and a chains. In A-F patients,
increased y chain synthesis in addition to a relative in-
crease in P synthesis leads to balanced a and non-a
chain production. The bone marrow cells of III-1 show
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FRACTION NUMBER

FIGURE 4 CMCcolumn chromatography of globin prepared
from reticulocytes of patient 11-1. Cells were labeled with
[3H]amino acids by the procedures indicated in the text.
(@-@-) ["C]leucine in globin from a mixture of added
labeled cord blood and normal blood control. (0---0)
[3H] leucine radioactivity from blood of patient II-1 of
family 2.

an a/PA of 1.2 and a/P + My of 0.9. II-5 with P-thalas-
semia trait has an a/,8A of 1.4 and achieves balanced total
globin synthesis with an a/P + -y of 1.1. Similar results
have been reported in some black P-thalassemia heterozy-
gotes. III-4, another A-F heterozygote, has an a/PA of
1.4 and completely compensates with a/P, + y of 0.9.

Family II. Three members of this family studied, II-1,
II-2, and II-3, show balanced globin chain synthesis
(Table IV). The a/P3+ y ratios are 1.2, 1.1, and 1.1,
respectively. I-2 has an a/,8 + y ratio of 0.7 which is
lower than normal and may represent the additional
presence in this patient of an a-thalassemia gene.

DISCUSSION
The HPFH gene like the 59-thalassemia gene is asso-
ciated with complete suppression of the synthesis of Hb
A in most cases. This is the first study of globin chain
synthesis in HPFH patients to date. The results show
that there is balanced globin chain synthesis in peri-
pheral blood of heterozygotes in the two families studied
here. In addition, globin synthesis is close to balanced
in the two patients with S-F in family I, who are also
asymptomatic clinically and have close to normal Hb
levels. In these patients, balanced globin synthesis is
achieved by increased activity of the y genes and the
remaining P allele. The a/P ratios of 1.3-1.5 indicate
compensation by the remaining p allele as well as by
increased y production.

The clinical and hematological data are most con-
sistent with the interpretation that the high F values in
these two families are due to the presence of the HPFH
gene. The homogenous staining for Hb F using acid elu-
tion makes it unlikely that this high F gene is due to
8,-thalassemia. HPFHis a benign state in which Hb F
persists into adult life. Heterozygotes have been de-
scribed from Uganda (10), Ghana (11), Jamaica (12),
Puerto Rico (13), and the U. S. A. (14, 1), but not
previously from Haiti. Homozygotes are rare and are
usually asymptomatic (15). As can be seen from these
family studies, individuals with HPFH trait or doubly
heterozygous for Hb S and HPFH are asymptomatic.
In the doubly heterozygous S-F patients studied, the
percent of Hb F is higher than in most patients with

TABLE IV

Globin Chain Synthesis in Family II

Family
Genotype members a/s a/,y a/j + Y

A-A I-1 ND ND ND
A-F 1-2 1.2 1.6 O. 7
A-F II-1 1.9 3.2 1.2
A-F 11-2 1.9 2.4 1.1
A-F II-3 1.6 3.8 1.1
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homozygous sickle cell disease; they have no crises and
are generally asymptonmatic. This has been attributed to
the protective effect of the high Hb F in all cells as
compared to the presence of high Hb F in only a small
fraction of the cells in patients with sickle cell disease.

The S-F patients are also less symptomatic clinically
than patients with S-thal who have no Hb A production.
Globin chain synthesis in one black S-thal patient with
no Hb A and in two patients of Italian origin with
S-thal and no Hb A is unbalanced with relative a chain
excess in peripheral blood (9, 16). This is in contrast
to the balanced a and non-a synthesis in S-F patients
described here. The high A2-p8-thalassemia gene in cer-
tain black patients produces a milder clinical disorder
than in patients with 9-thalassemia in other racial groups
(17). As seen in the case of II-5 of the first family with
the diagnosis of mild 9-thalassemia trait, the a/P of
1.4 is well in agreement with such patients described by
Braverman, McCurdy, Manos, and Sherman (18) and
Schwartz (19). Balanced globin chain synthesis in some
black #-thalassemic heterozygotes is described by Fried-
man, Hamilton, and Schwartz (16). The 0-thalassemic
gene in family I is a P'-producing gene. In the S-thal
patient, III-2, the mild clinical state is correlated with
relatively balanced globin chain synthesis (a/P + y: 1.2).
The mechanism for compensation in this S-thal patient
differs from that of the S-F patients. In the S-F patients
compensation is due to increased activity of both the pS
and y genes, while in the S-thal patient pA chain syn-
thesis contributes significantly and y synthesis is not as
significant.

It is possible that the increased activity of the Y
chain genes in every cell in HPFH is primarily respon-
sible for balanced globin synthesis in patients with this
disorder. If this is the only mechanism involved, why
is the Y chain compensation so incomplete in 9-thalas-
semia, especially 5p-thalassemia? In the first family, the
levels of Hb F vary from 9 to 23%, similar to that de-
scribed by Schneider, Levin, and Everett (20). In the
second family, the Hb F values are higher (20-30%)
as described by Conley, Weatherall, Richardson, Shep-
ard, and Charache (1). The two types of Hb F in black
patients have been shown by Sukumaran et al. (21) to
contain different ratios of glycine and alanine at position
136 of the y chain. The presence of four y-producing
genes, two synthesizing 136 alanine-containing ay chains
(TA) and two 136 glycine-containing Y chains (-yG) has
been postulated (22). There is evidence that each of
these genes leads to a unique relative amount of y chain
synthesis; in addition, deletion of different of these y
chain genes may account for variations in the total
amount of Hb F produced in different HPFHpatients.

A recent report indicates that Hemoglobin Kenya, a
y-,8 fusion product is associated with a HPFH-like syn-

dome with elevation of yG-chains primarily (23). These
findings suggest that the absence of normal S and P
cis genes may permit the increased or continued expres-
sion of -Y genes. In 0-thalassemia, the persistence of acti-
ity of either structural or regulatory a and 8 cis loci may
prevent this continued or compensatory activity of a
genes.

In assessing the mild clinical state in these two fam-
ilies, one must also consider the possibility of the pres-
ence of an a-thalassemia gene that might account for bal-
anced globin synthesis and the mild clinical state. There
is no evidence for this in either family except for pa-
tient I-1 of family II. It is clear, however, that the mild
clinical syndromes in the two families are associated with
a lack of excess a chains. Excess a chains have been
shown to contribute to the anemia in 9-thalassemia by
precipitating in erythrocytes as inclusion bodies, and
decreasing the life span (24, 25). As a consequence of
the increased y globin synthesis and increased activity
of the remaining Ps globin allele in the HPFHheterozv-
gotes described in this report, no excess a chains are
produced. This may explain, in part, the absence of
anemia in these patients. In addition, in a series of
patients with S-thalassemia, there is a correlation be-
tween the absence of anemia and relatively balanced
globin synthesis in reticulocytes (9).

Alternatively, it is possible that the HPFH gene in-
volves interaction of nonglobin genes with the globin-
producing genes that affect the intracellular production
of Hb in as yet unknown ways.

ACKNOWLEDGMENTS

We wish to thank Dr. Paul A. Marks for his valuable
advice in the preparation of the manuscript and Dr. Raoul
Pierre-Louis, Dean of the Medical School at Port au Prince,
Haiti, for obtaining blood specimens of patients II-1, II-2,
II-3, and III-1 of family I.

This work was supported by grant no. 1-P18-H11-
1516141, National Institutes of Health grant GM-14-14552,
National Science Foundation Research grant no. 27388-X,
and Cooley's Anemia Foundation.

REFERENCES
1. Conley, C. L., D. J. Weatherall, S. N. Richardson, M.

K. Shepard, and S. Charache. 1963. Hereditary per-
sistence of fetal hemoglobin: a study of 79 affected
persons in 15 Negro families in Baltimore. Blood J.
Hernatol. 21: 261-281.

2. Ramot, B., I. Ben-Basset, D. Gafni, and R. Zaanoon.
1970. A family with three PB thalassemia homozygotes.
Blood J. Hematol. 35: 158-165.

3. Betke, Von K., and E. Kleinhauer. 1958. Fetaler und
bleibender blutfarbstoff in erythrozyten und erythro-
blasten von menschlichen feten und neugeborenen. Blut.
4: 241-249.

4. Dacie, J. V., and S. M. Lewis. 1968. Practical Hema-
tology. Grune & Stratton, Inc., New York. 4th edition.
512.

Balanced Globin Chain Synthesis in Hereditary Persistence of Hb F 437



5. Huisman, T. H. J. 1963. Normal and abnormal human
hemoglobins. Adv. Clin. Chem. 6: 231-361.

6. Bank, A., and P. A. Marks. 1966. Excess a-chain syn-
thesis relative to p chain synthesis in thalassemia major
and minor. Nature (Lond.). 212: 1198.

7. Clegg, J. B., D. J. Naughton, and D. J. Weatherall.
1966. Abnormal human haemoglobins. Separation and
characterization of the a and fi chains by chromatog-
raphy and the determination of two new variants Hb
Chesapeake and Hb J (Bangkok). J. Mol. Biol. 19:
91-108.

8. Metafora, S., M. Terada, L. W. Dow, P. A. Marks, and
A. Bank. 1972. Increased efficiency of exogenous mes-
senger RNA translation in a Krebs Ascites cell lysate.
Proc. Natl. Acad. Sci. U. S. A. 69: 1299-1303.

9. Bank, A., L. W. Dow, J. V. O'Donnell, S. Ford, M.
G. Farace, and C. Natta. 1973. Changes in globin syn-
thesis with erythroid cell maturation in sickle thalas-
semia. Blood J. Hematol. 41: 353.

10. Jacob, G. F., and A. B. Raper. 1958. Hereditary per-
sistence of foetal haemoglobin production, and its inter-
action with sickle-cell trait. Br. Med. J. 4: 138-149.

11. Edington, G. M., and H. Lehmann. 1955. Expression
of the sickle-cell gene in Africa. Br. Med. J. 1: 1308-
1311.

12. MacIver,' J. E., L. N. Went, and R. A. Irvine. 1961.
Hereditary persistence of foetal haemoglobin: a family
study suggesting allelism of the F gene to the S and C
haemoglobin genes. Br. J. Haematol. 7: 373-381.

13. Distenfeld, A. 1966. Persisting fetal hemoglobin in
Puerto Rican family. N. Y. State J. Med. 66: 981-
984.

14. Thompson, R. B., J. W. Mitchener, and T. H. J. Huis-
man. 1961. Studies on the fetal hemoglobin in the per-
sistent high Hb-F anomaly. Blood J. Hematol. 18:
267-284.

15. Siegal, W., R. Cox, W. Schroeder, T. H. J. Huisman,
0. Penner, and P. T. Rawley. 1970. An adult homozy-
gous for persistent fetal hemoglobin. Ann. Intern. Med.
72: 533-536.

16. Friedman, S., R. W. Hamilton, and E. Schwartz. 1973.
Beta thalassemia in the American Negro. J. Clin. Invest.
52: 1453-1459.

17. Hamilton, R., and E. Schwartz. 1970. Equal synthesis
of a- and 8-chains in a Negro family with beta thalas-
semia. Am. J. Hum. Genet. 22: 12a.

18. Braverman, A. S., P. R. McCurdy, 0. Manos, and A.
Sherman. 1973. Homozygous beta thalassemia in Ameri-
can Blacks: the problem of mild thalassemia. J. Lab.
Clin. Med. 81: 857-866.

19. Schwartz, E. 1970. Heterozygous beta thalassemia:
balanced globin synthesis in bone marrow cells. Science
(Wash. D. C.). 167: 1513-1514.

20. Schneider, R. G., W. C. Levin, and C. Everett. 1961.
A family with S and C hemoglobins and the hereditary
persistence of F hemoglobin. A family with S and C
thalassemia disease with the C7 syndrome. N. Engl. J.
Med. 265: 1278.

21. Sukumaran, P. K., T. H. J. Huisman, W. A. Schroeder,
P. R. McCurdy, J. T. Freehafer, N. Bourer, J. R.
Shelton, J. B. Shelton, and G. Apell. 1972. A homozy-
gote for the HhbGy type of fetal- hemoglobin in India:
a study of two Indians and four Negro families. Br.
J. Haematol. 23: 403417.

22. Schroeder, W. A., W. A. Bannister, J. L. Grech, A. K.
Brown, R. N. Wrightstone, and T. H. J. Huisman.
1973. Non-synchronized suppression of postnatal activity
in non-allelic genes which synthesize the Gy chain in
human foetal haemoglobin. Nat. New Biol. 244: 89-90.

23. Clegg, J. B., D. J. Weatherall, and H. M. Gilles. 1973.
Hereditary persistence of foetal haemoglobin associated
with a yfl fusion variant, Hemoglobin Kenya. Nat. New
Biol. 246: 184-186.

24. Fessas, P., D. Loukopoulos, and A. Kaltsoya. 1966.
Peptide analysis of the inclusions of erythroid cells in
p-thalassemia. Biochim. Biophys. Acta. 124: 430432.

25. Bank, A., and P. A. Marks. 1971. Hemoglobin synthesis
in thalassemia. Ser. Haematol. 43: 97-115.

438 C. L. Natta, G. A. Niazi, S. Ford, and A. Bank


