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A B S T R A C T Homozygous thalassemia is due to in-
herited unbalanced synthesis of the a- or P-chains of
hemoglobin. Clinical severity may be in part related to
the extent of a: P imbalance. Two families are pre-
sented that illustrate this concept. Thalassemia in these
individuals was evaluated by clinical and genetic cri-
teria. The relative rates of a- and A-chain synthesis
in their reticulocytes were estimated by the extent of
incorporation of 1-leucine-U-"C into the chains. Un-
usual combinations of clinical and hematological data
and biosynthetic ratios were obtained in certain indi-
viduals which indicated the presence of combinations of
a- and P-thalassemia genes. The propositus of the first
family had mild Cooley's anemia and was believed to
have one a- as well as two P-thalassemia genes. Presuma-
bly the a-thalassemia gene interfered with a-chain pro-
duction which lead to less accumulation of a-chains and
a reduced rate of intramedullary and peripheral hemoly-
sis. In the second family two individuals were believed
to have an a-thalassemia, a "silent carrier," and a P-thal-
assemia gene. Despite the fact that they appeared to
have the genotype of hemoglobin H disease, their cells
contained no hemoglobin H and had a normal lifespan
presumably because excess P-chain production was in-
hibited by the P-thalessemia gene. These family studies
suggest that the a: P imbalance observed in thalassemia
may be favorably influenced by combinations of a- and
P-thalassemia genes.

INTRODUCTION

In thalassemia, there is a defect in the synthesis of
the normal polypeptide chains of human hemoglobins
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(1, 2). In the majority of cases, either the a- or the
P-chain is primarily affected (3-6) resulting in the ac-
cumulation of the unaffected chains in the erythroid
cells. In homozygous P-thalassemia, the highly unstable
a-chains precipitate to form inclusions, found most
abundantly in the bone marrow and in the peripheral
blood after splenectomy (7-9). In hemoglobin H disease,
the precipitated P-chains can be demonstrated in the
peripheral blood and bone marrow (9-12). The de-
struction of the erythroid cells in both disorders is be-
lieved to be related to these inclusions, which impinge
on the red cell membrane, increase cation permeability
(13), and also render the cell more liable to be trapped
in the reticuloendothelial system of the spleen and other
organs (9, 14-16). Inclusions of other precipitable
hemoglobins have similar effects (17).

If the extent of inclusion formation in thalassemia is
related to the degree of globin chain imbalance, a de-
crease in this imbalance will be expected to produce a
milder disease. In P-thalassemia, such a decrease in im-
balance could occur in the following three ways: less
inhibition of P-chain production due to a milder P-thal-
assemia gene; an increase in '-ychain production (18,
19); or a decrease in a-chain production. In a-thalas-
semia a decrease in imbalance could occur because of a
mild a-thalassemia gene (6) or the presence of a
P-thalassemia gene.

This paper describes cases of mild thalassemia in
which the combination of genetic, hematological, and
chain labeling data suggests that both a- and P-thalas-
semia genes were present. We propose that the inter-
action of these genes in certain members of these
families produced a decrease in globin chain imbalance
and amelioration of their clinical disease.

METHODS
Patients

Family C. The propositus was a 40 yr old man of
Italian descent in whom the diagnosis of homozygous 8-thal-
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TABLE I

Hematological Data and l/oa

Family Red blood
members Hemoglobin Hematocrit cells X 10-6 Reticulocyte MCV MCH

g/lGO ml % per mm3 % a AIg

Family C
I-1 15.2 47.1 5.34 1.3 86.0 29.1
1-2 13.9 44.9 6.19 1.5 71.0 22.8
I-3 15.3 48.8 5.71 1.7 84.0 27.2
I-4 12.7 40.4 5.20 1.5 77.5 24.4
1-5 13.4 44.0 6.35 1.6 69.3 21.1

II-1 13.8 40.5 4.50 0.6 90.0 30.7
11-2 10.0 34.5 5.86 7.2 58.0 17.0
II-3 16.0 47.0 5.65 1.2 83.2 28.3
I1-4 14.8 41.5 4.70 1.5 88.3 31.5
11-5 13.0 40.5 5.59 1.3 71.5 23.2

III-1 13.4 41.0 6.04 1.4 67.9 22.2
III-2 13.4 40.0 5.74 1.8 69.7 23.3
11-3 13.4 42.0 5.69 0.6 73.8 23.6

111-4 12.6 38.0 5.45 1.6 69.7 23.1

Family L
I-1 10.8 40.0 7.18 0.8 55.7 15.0
1-2 11.6 39.0 5.88 0.3 66.3 19.7

11-1 10.3 38.0 6.84 1.0 55.6 15.1
11-2 11.2 38.5 5.57 1.0 69.1 20.1
I 1-3 Hydrops
I 1-4 10.4 36.0 5.44 0.4 66.2 19.2
11-5 Not studied

Normal 14-18 42-52 4.6-6.2 0.8-2 82-92 27-31

assemia was made at age 20. His development was normal.
He had hepatosplenomegaly and his hemoglobin ranged
from 9 to 11 g/100 ml of blood. Blood transfusion was re-
quired once very recently when he had bone marrow hypo-
plasia after a severe viral infection. His detailed hemato-
logical findings and those of his family members are shown
in Table I. The life span of his hemoglobins has been prev-
iously reported (20).

Family L. A 40 yr old Chinese male complained of
chronic cough. No explanation was found for his symp-
toms but he had mild anemia with severe hypochromia and
moderatae splenomegaly. The hemoglobin As was elevated
and his bone marrow showed erythroid hyperplasia with in-
creased iron stores. 'Cr red cell survival was normal. A
complete family study was instituted when this patient's wife
produced an infant who died at birth with nonimmunological
hydrops fetalis in which there was mainly Bart's hemo-
globin (21). The hematological studies in this family are
also summarized in Table I.

Seven patients with the severe form of homozygous
,f-thalassemia requiring blood transfusion every 6-9 wk,
and 14 fl-thalassemia heterozygotes who were the parents
of such patients were also studied.

Experimental
Blood counts were determined by routine methods (22)

and by the use of a Coulter Model S automatic cell counter.'

'Coulter Electronics, Hialeah, Fla.

Bone marrow aspirations were obtained from the iliac crest.
Hemoglobin A3 was determined by electrophoresis on aga-
rose.2 Hemoglobin F was measured by the method of Singer,
Chernoff, and Singer (23).

Globin chain synthesis in blood or bone marrow was mea-
sured by the incubation of the heparinized sample with
1-leucine-U-"C. The chains were separated on carboxy-
methyl cellulose columns using a gradient elution with a
buffer containing 8 M urea and increasing concentrations of
sodium phosphatae at pH 6.7 (24). The relative rates of
synthesis of a- and fl-chains were expressed by the fl/a
ratio. In the cases of homozygous fl-thalassemia, this ratio
was derived from the quotient of the total cpm in the en-
tire fraction of ,8-chain divided by the total cpm in the entire
fraction of a-chain. A similar method was described by
Bank and Marks (5). This quotient theoretically provided
an accurate estimate of relative a- and fi- chain synthesis in
this condition and was independent of variations in unla-
beled pool size. In the studies of heterozygotes where the
count rates were low and the pool sizes were equal, we
preferred to compute the f8/a specific activity ratios of the
tubes which contained the peaks of the fractions because
the count rates were higher and the purity was maximal.
Such considerations were important in samples in which
relatively few reticulocytes were present and the incor-

2Boenisch, T., C. A. Alper, and P. S. Gerald. 1969.
Quantitative hemoglobin electrophoresis in agarose gel.
Submitted for publication.
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Ratios of the Families

iS/a
Hemoglobin Hemoglobin

MCHC As F 1 2 3 Mean

gl
100 ml

32.9 2.0 0.4 1.05 1.02 - 1.03
31.4 4.3 0.5 0.96 1.07 1.01
31.8 1.9 0.5 1.11 1.11 1.11
31.4 4.2 0.6 1.10 0.96 - 1.03
30.4 4.4 1.4 0.57 0.58 0.58
34.1 2.8 0.5 1.02 0.96 0.99
29.0 5.9 40.0 0.49 0.41 0.45
34.0 2.6 0.4 0.95 1.03 0.99
35.6 2.6 0.5 0.96 0.96
32.5 4.4 0.8 0.91 0.98 0.95
32.7 5.2 1.7 0.53 0.57 0.55
33.5 4.6 2.6 0.98 0.93 - 0.95
31.9 4.1 1.1 1.04 0.82 0.93
33.1 5.2 0.8 0.63 0.60 0.62

27.0 4.4 0.8 1.27 1.21 1.20 1.23
29.7 2.3 0.5 1.28 1.29 1.36 1.33
27.1 4.4 1.0 1.39 1.27 1.27 1.31

29.0 5.7 1.6 1.03 0.96 1.02 1.00
28.9 5.7 0.66 0.69 0.68 0.68 0.68

32-36 1.9-3.2 <2 0.97 40.06 (mean 4SD)

poration of labeled leucine into hemoglobin was relatively
low (6). The reproducibility of this method is shown in
Table II.

In one patient (I4) of family C bone marrow was as-
pirated from the iliac crest into a heparinized syringe. The
marrow and a simultaneously obtained peripheral blood
sample were treated exactly as described above. Identical
amounts of marrow and peripheral blood globin were
chromatographed.

RESULTS
In family C (Table I), the propositus had mild Cooley's
anemia with 40% fetal hemoglobin. His parents (I-4,
I-5), one uncle (I-2), his sister (II-5), and all four of
his children (III-[1-4]) had P-thalassemia trait as evi-
denced by low mean corpuscular volumes (MCV) and
mean corpuscular hemoglobins (MCH) and elevated
hemoglobin At levels. The hemoglobin F levels were
either normal or slightly elevated in these family mem-
bers. The patient's wife (II-1), two of his uncles (I-1,
I-3), and his two brothers (II-3, 4) were normal.

In family L, both parents were at the very least heter-
ozygous for a-thalassemia since they produced an hy-
dropic infant (25) and had hypochromia and micro-
cytosis. In addition, we assume that the father also car-

ried a fl-thalassemia gene because he had an elevated
hemoglobin A2 level (2, 26-29). Similarly, all the living
children who were examined carried the f8-thalassemia
gene. The presence of the a-thalassemia gene could not
be established in the children using these clinical and
genetic data. It is interesting to point out that the red
cells of two members of this family (I-1 and II-1) were
extremely hypochromic and microcytic. Their MCVand
MCHwere considerably lower than the values observed
in ordinary a- or f-thalassemia heterozygotes and were
even lower than the values observed in hemoglobin H
disease (Table III).

Table IV presents the f/a ratios found after incuba-
tion of blood samples of normal individuals and patients
with the two forms of a-thalassemia trait. These data
were obtained in a previous investigation (6).3 The ta-
ble also contains the mean f/a ratio of 14 patients with
P-thalassemia trait who were parents of homozygotes
with severe disease. This value was 0.49 ±0.07 (mean

5SD). The mean ratio of seven patients with severe

'In the previous paper, the data were presented as a/fl
specific activity ratios. In this communication, the data are
presented as fl/a ratios.
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TABLE I I
Reproducibility of (3/a Ratios Repeated on a Normal Individual,

a Patient with Heterozygous (3-Thalassemia, and Two
Patients with Heterozygous a-Thalassemia

Diagnosis ,8/a ratio

Normal 1.00, 1.02, 1.06, 1.06, 1.05, 1.06
Heterozygous #-thalassemia 0.51, 0.53, 0.52, 0.55, 0.55
Heterozygousae-thalassemia (A) 1.29, 1.34, 1.31

(B) 1.32, 1.26

homozygous (-thalassemia was 0.09 with a range of
0-0.21. These results in (8-thalassemia agree well with
those of Bank and Marks (5), and Bank, Braverman,
O'Donnell, and Marks (30) who used similar methods.

The 8/a ratios of the C and L families are shown in
the last column of Table I. The ratios were determined
on two separate occasions in all but one of the mem-
bers of family C, and on three occasions in all of the
members of family L. The individual results and their
average values are shown. In family C, all the normal
family members (I-1, I-3, II-1, II-3, and II-4) had
ratios within the normal range. Of the family mem-
bers in whom the diagnosis of (-thalassemia trait was
established by clinical criteria, three (I-5, III-1, and
III-4) had (/a ratios of 0.55-0.62. These are values
within the range obtained in 8-thalassemia heterozy-
gotes. However, the other five members with (-thalas-
semia trait (1-2, I-4, I1-5, III-2, and III-3) had ratios
close to 1. The propositus in family C who was ho-
mozygous by clinical and genetic criteria had a (8/a
ratio of 0.45, a value observed in patients heterozygous
for 8-thalassemia (Table IV). The chromatogram of
his labeled globin is shown in Fig. 1 where it is com-
pared to those of two more severely affected homozy-
gous patients both of whom had significant transfusion
requirements. The (/a ratios in these severely affected
patients were 0 and 0.2 respectively. The significance of
these differences is discussed below.

In family L. 1-2, the wife of the propositus and the
mother of the hydropic infant had a (3/a ratio of 1.33
compatible with the clinical diagnosis of a-thalassemia
trait. The findings in the other family members were
unexpected. The father, who was presumed to be doubly
heterozygous for a- and (8-thalassemia genes, had a ratio

TABLE IV
(3/a Ratios Obtained on a Group of Patients with Clinically

Defined Thalassemia Syndromes

Syndrome ,/a ratios

Normal* 0.97 (±0.06)1
Heterozygous (3-thalassemia (n = 14) 0.49 (+0.07)j
Homozygous,#-thalassemia (n = 7) 0.09 (±0.00-0.21)§
Heterozygous a-thalassemia* 1.30 (±0.08)j
"Silent carrier"* 1.15 (±0.08)j

* Values derived from reference 6, but expressed as (3/a ratio.
Mean 4SD.

§ Mean (range).

of 1.23. The three living children, who had P-thalas-
semia trait by clinical criteria, had ratios of 1.31, 1.0,
and 0.68 respectively. These last four values will also be
discussed below.

The results of simultaneous incubations of the bone
marrow and peripheral blood of the father (I-4) of the
propositus in family C are shown in Table V. The
specific radioactivity was 20 times higher in the a- and
(-chains of marrow than in peripheral blood, but the
,8/a ratios were not significantly different and ap-
proached unity in both samples.

DISCUSSION

The development of chromatographic methods for sepa-
ration of the a- and (3-chain of human hemoglobin
(24, 31) made possible the biochemical evaluation of
globin synthesis in (-thalassemia by Bank and co-
workers (5, 30), Weatherall, Clegg, and Naughton (4),
Heywood, Karon, and Weissman (3), and Weissman,
Jeffries, and Karon (32). More recently it has been
possible to utilize these methods to establish two forms
of a-thalassemia genes which account for the four
types of a-thalassemia (6). The Clegg method (4, 24)
is reproducible and accurate. Studies of (3/a ratios per-
fotmed on a single patient on different occasions pro-
duce very similar results (Table II). For this reason
it has been possible to apply this technique in the
family studies presented here in an attempt to evaluate
the presence of interacting thalassemia genes. That such
interacting genes may be present in these families
is based upon clinical data as well as on the (3/a ratios.

TABLE II I
Red Cell Indices (Mean -SD) of a Group of Patients with Various Thalassemia Syndromes

Diagnosis n MCV MCH MCHC

Heterozygous (-thalassemia (13) 69.7 (+3.7) 21.9 (±1.3) 31.4 (i1.1)
Heterozygous a-thalassemia (10) 69.2 (±5.0) 22.1 (±1.4) 31.7 (i1.7)
a-(3-Thalassemia (5) 71.7 (±2.4) 23.2 (±-2.1) 32.1 (±1.9)
Hemoglobin H disease (7) 67.2 (±4.0) 17.5 (±0.8) 36.1 (±1.8)
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In family C. the inheritance of the f-thalassemia gene
appeared to follow the usual pattern (Fig. 2). The pa-
tient inherited a f-thalassemia gene from each of his
parents, and all of this children were hetereozygous for
this gene. However, measurements of fl/a specific activity
ratios revealed very unusual results in certain indi-
viduals. All of the normal members of the family had
ratios close to 1, as expected. Of the nine individuals
writh f8-thalassemia trait defined by clinical methods
only three had fB/a ratios within the range found in
ordinary 9-thalassemia heterozygotes. The other six
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FIGURE 1 Chromatogram of the globin from the propositus
of family C (panel I), compared to two other chromato-
grams of globin from two other patients with severe ho-
mozygous B-thalassemia (panels II and III), who required
transfusions. Note that the fl/a ratio in the propositus is
higher.

TABLE V
Chain Labeling in Bone Marrow and Peripheral Blood

(Patient 1-4, Family C)

Total cpm
Ratio

Diagnosis Sample a-Chain a-Chan a

Proposed a/f, PB 5.22 X 102 5.01 X 102 1.03
thalassemia BM 1.23 X 104 1.12 X 104 1.10

PB represents peripheral blood and BM represents bone
marrow. The total cpm are calculated by integration of the
area under the radiochromatograms.

members had fl/a ratios which were near unity. Such
ratios -were within the range of normal and implied that
a- and ,8-chain synthesis occurred at equal rates in
their reticulocytes. This balance of globin chain syn-
thesis in the presence of a f-thalassemia gene could be
explained in three ways. First, the P-thalassemia gene
might be so weak that it does not alter the f/a ratio in
reticulocytes. Indeed, there is evidence for variability
of severity of the f-thalassemia gene particularly in
Negroes (33). However, it is difficult to imagine a
thalassemia gene so mild as to be undetectable and yet
severe enough to cause a degree of hypochromia and
microcytosis equal to that observed in the usual f-thalas-
semia trait where the ratio is 0.5. Indeed, in the a-thalas-
semia syndromes, an abnormal ratio due to a very mild
a-thalassemia gene (the "silent carrier gene") can be
detected by the Clegg method (6). This gene is so mild
that it causes no abnormality of morphology. It is un-
likely that an even milder f-thalassemia gene could
cause distinct morphologic abnormalities. Secondly, it
might be proposed that the f-thalassemia gene in this
family is present only in marrow cells and not in reticu-
locytes. The hypochromia, microcytosis, and normal
ratio could then be explained. But the marrow and
peripheral blood studies of the father of the propositus
rule out this possibility since the rates of a- and f8-chain
production were equal in his marrow as well as in his
peripheral blood. Proof of adequate sampling of mar-
row was obtained from measurements of specific ac-
tivity in which the globin chains of the marrow sample
contained 20 times the radioactivity of peripheral blood
globin. A third possibility is the additional presence of
an a-thalassemia gene. Patients who are thought to be
doubly heterozygous for a- and 8-thalassemia genes
have been detected by the use of clinical and genetic
information (2, 26-29). We have previously demon-
strated a definite decrease in a-chain synthesis relative
to f-chain synthesis in the reticulocytes of patients with
a-thalassemia trait (6). Therefore, patients doubly
heterozygous for these traits would be expected to have
ratios near unity.
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FIGuRE 2 Pedigrees of family C and family L. The inserted key defines the
genotype. The numbers above the symbols represent the per cent of hemo-
globin A2 and the numbers below the symbols represent the mean f8/a ratios.

We conclude that in the five individuals in the C
family who have P-thalassemia by clinical criteria, the
fl/a ratios of unity are best explained by the presence

of an additional abnormality, an a-thalassemia gene.
Abnormalities of a- and f-chain production cannot be di-
rectly determined by incubation of peripheral blood
with labeled amino acids because the rate of labeling is
closely related to cell age.' Therefore, the P/a ratios as

well as the clinical data are required to reach this con-

clusion. Additional support for this conclusion would
have been gained had a family member with isolated
a-thalassemia been observed, but the patients with pur-

ported a-thalassemia all had an associated P-thalassemia
gene as reflected by the hemoglobin A2 concentration.

If the propositus' father and two of his children car-

ried the a-thalassemia gene, and his wife was normal, the
propositus himself must also have harbored this gene.

'Kan, Y. W., and D. G. Nathan. Unpublished observations.

On the basis of this reasoning, his genotype must be
a-, fi-, f-thalassemia. This conclusion was supported by
his f/a ratio of 0.45, a value much higher than those
values obtained in patients with ordinary homozygous
f-thalassemia (Table IV).

In family L (Fig. 2), the wife of the propositus
(I-2) had a-thalassemia trait established by clinical
criteria and measurement of the f/a ratio (Table IV)
(6). Subject II-2, who had an elevated hemoglobin As
level and a f8/a ratio of 1 was, therefore, doubly heterozy-
gous for a- and f-thalassemia (vide supra). On the
other hand, the propositus (I-1), who was also clinically
defined as a double heterozygote for a- and f-thalassemia,
had a fl/a ratio of 1.23 when the expected ratio was 1.
The technique was sufficiently reproducible and sensi-
tive (Tables II and IV) to differentiate his ratio very

certainly from a ratio of 1. The increased P/a ratio must
be due either to a higher rate of f8-chain production or

640 Y. W. Kan and D. G. Nathan
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to a lower rate of a-chain production than is ordinarily
observed in a-, f-thalassemia. A higher rate of f-chain
production could be due to an unusually mild P-thalas-
semia gene. If this were present, the patient's red cell
indices would be expected to be no lower than the
values observed in patients doubly heterozygous for
a- and fi-thalassemia. However, his MCVof 55 A' and
MCHof 15 iAg (Table I) were lower than 2 SD below
the means of these indices in a large group of patients
with a-thalassemia trait; fi-thalassemia trait; and a-,
f--thalassemia trait (Table III), and he was not iron
deficient. The exceptionally low indices do not favor
the presence of a weak P-thalassemia gene but they do
support the presence of an additional a-thalassemia gene
which would also explain the increased ratio. The addi-
tional gene could not be an ordinary a-thalassemia gene
because homozygosity for the usual a-thalassemia genes
results in the complete suppression of a-chain synthesis
and death from hydrops fetalis (21, 22, 25, 34). It could
be due, however, to the additional presence of a milder
a-thalassemia gene such as that previously defined as
the "silent carrier gene" of hemoglobin H disease (6).
Therefore, we believe that the clinical findings and
fl/a ratio in this individual indicate the presence of the
three following thalassemia genes: an a-thalassemia, a
"silent carrier," and a P-thalassemia gene. The same
genotype can be assigned to II-1, whose findings are
identical with those of her father. In II-4, the f/a ratio
of 0.68 is higher than 2 SD above the mean found in a
group of patients with 8-thalassemia trait (Table III).
The additional inheritance of a "silent carrier gene"
together with a P-thalassemia gene would elevate the f/a
ratio. Indeed, if the father had both an a-thalassemia
gene and a "silent carrier gene," and if they are either
allelic or closely linked (35), the inheritance of an ab-
normal a-gene by II-4 would be inevitable.

In the propositus of family C, the presence of an
a-thalassemia gene could have contributed to ameliora-
tion of the clinical severity of his homozygous P-thalas-
semia because excess a-chain production is directly re-
lated to inclusion formation (9) and to the rate of de-
struction of red cells in the #-thalassemia syndromes
(36). Fig. 1 illustrates how the extent of chain im-
balance was affected. In this figure, globin chain syn-
thesis in the propositus (panel I) is compared to that
of two f-thalassemia homozygotes who required frequent
blood transfusions (panels II and III). Integration of
the areas under the radioactivity curves show that the
amount of excess a-chain production relative to the
sum of the production of P- and v-chains in the proposi-
tus is much less than the a-radioactivity excess observed
in the blood of the severely affected patients. Had the
patient shown in panel II inherited an a-thalassemia
gene, his P/a ratio and perhaps his clinical status would

have approached that of the propositus. On the other
hand, the patient shown in panel III produced no
f-chains at all. His f/a ratio could not be altered by a
decrease in a-chain production, but such a decrease
would still result in less excess a-chains and, hence, less
erythroid cell destruction (36).

In family L, the presence of a f8-thalassemia gene in
two individuals who may also have had the genotype of
hemoglobin H disease (6) resulted in a syndrome which
was clinically almost indistinguishable from the heter-
ozygous state except for severe hypochromia. Unlike
patients with hemoglobin H disease, these individuals
had no excess precipitated hemoglobin and the survival
of their red cells in the circulation was normal. These
data lend support to the contention that hemolysis in
thalassemia is related to the accumulation of uncom-
bined globin subunits (5, 9). The suppression of chain
synthesis per se which results in hypochromia and mi-
crocytosis of the red cells is apparently not responsible
for the severe hemolysis in this disease.

The conclusions presented in this report are based
upon several different kinds of data. Morphology, he-
moglobin electrophoresis, family relationships, and bio-
synthetic studies have been combined in an effort to
provide the most reasonable interpretations. Viewed
as a whole, the evidence strongly suggests that three
thalassemia genes may combine in one individual to pro-
duce a relatively mild form of the disease.
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