
Hemoglobin Messenger RNAfrom Human Bone Marrow

ISOLATION ANDTRANSLATIONIN HOMOZYGOUS

ANDHETEROZYGOUSf3-THALASSEMIA

A. W. NIFwHuis, P. H. CANFIELD, and W. F. ANDERSON

From the Molecular Hematology Branch, National Heart and Lung
Institute, National Institutes of Health, Bethesda, Maryland 20014

A B S T R A C T A method for isolating human hemo-
globin messenger RNA (mRNA) from bone marrow
cells was developed to investigate the molecular basis
for the defect in globin synthesis in beta thalassemia.
Active mRNAwas isolated from the bone marrow cells
and peripheral reticulocytes of patients with homozygous
beta thalassemia, heterozygous beta thalassemia, sickle
cell trait, double heterozygosity for beta thalassemia and
sickle cell trait, as well as from a patient with normal
hemoglobin synthesis but with an elevated reticulocyte
count secondary to hereditary spherocytosis. The mRNA
was prepared for assay in an mRNA-dependent rabbit
reticulocyte cell-free system and the amount of alpha
and beta globin chains synthesized was determined by
carboxymethylcellulose column chromatography. The
relative synthesis of alpha to beta chains in response to
normal hemoglobin mRNAwas found to be a function
of the amount of mRNAadded to the assay system: in-
creasing the amount of mRNAled to a decrease in the
alpha-to-beta-chain synthetic ratio. Therefore, assays
were carried out at limiting concentrations of mRNA.

The molecular defect in homozygous beta thalassemia
was shown to be carried in the mRNAof bone marrow
cells as well as in the mRNAfrom peripheral reticulo-
cytes, because much less beta than alpha globin was pro-
duced in the cell-free system in response to mRNAfrom
either type of cell. In patients doubly heterozygous for
beta thalassemia and sickle cell trait, little or no syn-
thesis of betaA globin occurred in the bone marrow cells
or the peripheral reticulocytes. The alpha to betas syn-
thetic ratio of the intact bone marrow cells was approxi-
mately 1, while the same ratio in the peripheral reticulo-
cytes was between 1.5 and 2. The virtual absence of
translatable beta globin mRNAin the mRNAprepared
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from the cells of these doubly heterozygous patients fur-
ther demonstrates that the molecular defect produced by
the beta thalassemia gene is in the beta globin mRNA.

INTRODUCTION

Beta thalassemia is an hereditary hemolytic anemia char-
acterized by a deficiency or absence of synthesis of beta
globin (1-5), one of the polypeptide subunits of the
hemoglobin molecule. This defect in beta globin synthesis
occurs in the bone marrow erythroid cells as well as in
the peripheral reticulocytes of patients homozygous for
beta thalassemia (6), although the deficiency in beta
chain synthesis appears to be less marked in the bone
marrow cells as compared to the peripheral blood
reticulocytes. Hemoglobin synthesis in peripheral reticu-
locytes of patients heterozygous for beta thalassemia is
characterized by a 35-50% reduction in beta chain rela-
tive to alpha chain synthesis (3), but in the bone mar-
row cells of these patients an alpha/beta chain ratio of
close to 1 is observed (7, 8). The molecular mechanism
responsible for the apparent decrease in the relative rate
of synthesis of beta globin during maturation of the
beta thalassemia erythroid cells has not yet been defined.

We have previously reported isolation of hemoglobin
messenger RNA (mRNA)' from reticulocytes of pa-
tients with homozygous beta thalassemia and described
its translation into protein in a cell-free system capable
of synthesizing complete alpha and beta globin chains
(9). A marked deficiency in beta chain synthesis occurs
in the cell-free system, thus demonstrating that there is a
reduction in the amount of functional beta globin mRNA

'Abbreviations used in this paper: Hb, hemoglobin;
MEM, minimal essential Eagle's medium; mRNA, mes-
senger RNA; tRNA, transfer RNA; S100, post-ribosomal
supernatant.
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TABLE I
Clinical Data for Selected Patients

Reticulocyte Hemoglobin
Patient Age Hemoglobin Hematocrit MCV MCH count electrophoresis Hgb F Hgb A2

mg/1OOml % 3 Pg % %
Normal values

male 16.0±2 47±5 8845 29±2 0.5-1.5 A <2 <2.9
female 14.0±t2 42±45

Normal (hereditary F. N. 29 12.3 44.4 90 31.9 13.7 A ND ND
spherocylosis)

Thal. major J. L. 16 6.8 27.0 72 21 4.5 AF 17.8 2.0
N. L. 20 6.4 28.0 73 19 10.2 AF 33.0 2.5

Thal. minor F. K. 42 13.2 40.8 65 20.7 1.6 A 1.3 3.1
Sickle trait A. K. 41 12.6 38 84 28 0.6 AS ND ND

J. P. 27 12.7 39 84 27 1.1 AS ND ND
Sickle-thal. J. K. 12 6.9 23 69 20.5 22 S 4.4 0.9

N. K. 14 9.2 29.2 65 20 12 S 6.8 1.3

ND; not determined.

in homozygous beta thalassemia at the reticulocyte stage
of erythroid cell maturation. Similar results were ob-
tained by Benz and Forget (10), However, most cellular
hemoglobin is synthesized in nucleated erythroid cells of
bone marrow before the reticulocyte stage (11). Fur-

thermore, as pointed out above, there is a disparity in the

relative amount of beta chain synthesized in bone mar-

row cells compared to peripheral reticulocytes, particu-
larly in heterozygous beta thalassemia. Therefore, we

have developed means for recovering globin mRNAfrom

human bone marrow cells and have studied the capacity

of the bone marrow mRNAto direct protein synthesis
in a cell-free system derived from rabbit reticulocytes
(9, 12). mRNAhas been obtained from bone marrow

cells and peripheral reticulocytes of patients homozygous
for beta thalassemia, doubly heterozygous for sickle cell
trait and beta thalassemia, heterozygous for sickle cell
trait or beta thalassemia, and from a patient without a

defect in hemoglobin synthesis. Thus the effect of the
beta thalassemia gene on functional beta globin mRNA
was assessed both in heterozygous and homozygous pa-

tients. In doubly heterozygous patients who synthesize

TABLE I I
Globin Chain Ratios for Selected Patients

Retic. Reticulocyle Bone marrow Bone marrow

Condition Patient Ratio whole cell mRNA whole cell mRNA

Normal (hereditary F. N. a/g3 1.01 1.03(8%) 0.93 0.74(25%)
spherocylosis) 0.37(96%) 0.56(50%)

0.11(310%) 0.21 (125%)
Thal major J. L. a/ 6.4 6.8(16%) 5.3 7.5 (27%)

5.6(40%) 7.6(53%)
N. L. a/# 7.3 5.6(80%) 4.6 6.7(27%)

5.6(56%)
Thal. minor F. K. a/,8 2.05 - 1.14 1.21(20%)

1.02(50%)
Sickle trait A. K. a/#A + as 1.3

J. P. a/fA + # - - 0.95 0.80(21%)
a/#A + ads - 0.54(53%)

Sickle-thal. J. K. a/0l 1.61 2.3(33%) 1.13 1.59(16%)
1.32(40%)

N. K. a/03 1.71 2.6(39%) 1.08 1.65(23%)
1.11(58%)

Numbers in parentheses represent the percent saturation of the mRNAconcentration used (see Methods).
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little or no beta' globin mRNA, the relative amounts of
functional alpha and beta' mRNAwere compared dur-
ing erythroid cell maturation.

METHODS
Patients studied. The hematological characteristics of

the patients studied are given in Table I. N. L. and J. L.
are siblings of Greek descent with homozygous beta thalas-
semia requiring transfusion at 6-wk intervals. Each had
been splenectomized at an early age. N. K. and J. K. are
siblings who are double heterozygotes for beta thalassemia
and sickle cell trait. They have Hb S but no Hb A on
electrophoresis, hypochromic microcytic anemia, marked
splenomegaly, and unbalanced synthesis of alpha and beta8
globin chains in their peripheral reticulocytes. Neither had
received transfusions for several years. F. K., the father
of N. K. and J. K., has the hematological and biochemical
characteristics of thalassemia minor. A. K., the mother of
N. K. and J. K., has sickle trait and no evidence of thalas-
semia. J. P. is an unrelated patient with sickle trait. F. N.
is a patient with hereditary spherocytosis who, before sple-
nectomy, served as a source of control peripheral reticulo-
cytes and bone marrow cells.

Methods. Hematological parameters were determined by
standard methods (13). Percent Hb As was determined by
DEAE-cellulose chromatography (14), and percent Hb F
by alkali denaturation (15). Bone marrow was obtained
from the posterior iliac spine of each patient. Three or
four aspirates yielded 6-8 cc of marrow containing a total
of 2-10 X 108 nucleated cells. The percentage of the total
nucleated cells that were erythroid precursors varied from
20 to 75%o depending on the degree of marrow erythroid
hyperplasia. There were 2540% as many reticulocytes as
total nucleated erythroid cells. The marrow from each aspi-
rate was collected in a syringe containing 10 ml of minimal
essential Eagle's media (MEM) (16), with 400 U of
heparin/ml. The aspirates were pooled, mixed, and portions
retained for nucleated cell counts and whole cell incubations.
The remainder was used for the extraction of globin
mRNA.

Extraction of globin mRNAfrom human bone marrow
cells. 2-9 X 10' nucleated bone marrow cells suspended in
approximately 40 ml of heparinized MEMwere added in
drops to a rapidly stirred phenol-buffer mixture at room
temperature. This mixture consisted of 40 ml of acetate
buffer (0.5 M sodium acetate (pH 5.0), 0.1 M NaCl, 0.01
M EDTA, and 0.5% sodium dodecyl sulfate) and 80 ml
of reagent grade phenol previously saturated with the ace-
tate buffer. Recovery of the aqueous phase, reextraction of
the phenol phase at 560C with acetate buffer, and recovery
of RNAby ethanol precipitation was performed exactly as
described previously for the preparation of globin RNA
from sheep and goat bone marrow cells (17), except that
chloroform was omitted. The RNA was fractionated by
sucrose gradient centrifugation, and a 9-10S fraction col-
lected, concentrated by ethanol precipitation, and prepared
for assay in the cell-free system as previously described
(9, 12, 17).

Extraction of globin mRNAfrom peripheral reticulocytes.
Preparation of membrane-free lysates from peripheral blood
(18, 19), phenol extraction of total cellular RNA, sucrose
gradient centrifugation of RNA, and preparation of the
mRNA(9-10 S) fraction for assay in the cell-free system
have been previously described (9, 12).

Cell-free protein synthesis in the mRNA-dependent assay
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FIGURE 1 The effect of normal human globin mRNA
concentration used in the cell-free assay system on the rela-
tive amounts of alpha and beta globin chains synthesized.
(A) Total activity. Assays were performed in a standard
0.1-ml incubation mixture as described in Methods. (B)
Alpha/beta globin chain ratio synthesized at various mRNA
concentrations. The human globin product was chromato-
graphed on a carboxymethylcellulose column and the ratio
of total radioactivity incorporated into alpha and beta
chains was calculated (See Methods).

system. All biological components of the assay system ex-
cept for mRNAwere prepared from reticulocytes (18)
obtained from rabbits injected with phenylhydrazine.
Ribosomes were freed of rabbit globin mRNAby mild
ribonuclease treatment (9, 12). The methods for preparation
of (a) the ribosomal wash fraction containing the protein
synthesis initiation factors, (b) the S-100 supernatant frac-
tion containing the aminoacyl transfer RNA (tRNA)
synthetases and the protein synthesis elongation factors,
and (c) the unfractionated reticulocyte tRNA have been
previously described (12, 18). Assay of the mRNAfrac-
tions was performed in a standard 0.10-ml reaction mixture
containing 20 mMTris-HCl (pH 7.5), 3.75 mMMgCl2,
90 mMKC1, 1 mMdithiothreitol, 1 mMATP, 0.2 mM
guanosine 5'-triphosphate, 3 mMphosphoenolpyruvate, 0.05
IU pyruvate kinase, 0.04 mM["Clleucine, 0.08 mM["C]-
amino acids except leucine, 0.16 A,6o U rabbit reticulocyte
tRNA, 150 jug of the ribosomal wash fraction, 100 ug of
the S-100 supernatant fraction, and 0.12 Amo U of ribo-
nuclease-treated ribosomes. Each mRNApreparation was
assayed at several different concentrations (range 0.01-0.50
Amo, U/0.10 ml reaction mixture) in order to determine
the amount of RNA that produced maximal activity (satu-
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ration). Incubation was for 30 min at 37'C. After incuba-
tion, protein was precipitated by addition of 2 ml of 10%
trichloroacetic acid. The reaction mixture was heated to
90'C for 15 min and cooled at 4VC for 10 min. The pre-
cipitated protein was collected by filtration on a nitrocellu-
lose filter; the filter was dried and counted in Liquifluor-
toluene (New England Nuclear, Boston, Mass.) at an
efficiency of 80%o for "C.

Labeling of globin in bone marrow whole cell incubations.
Intact bone marrow cells were incubated with 330 ALCi of
[3Hlleucine (Schwarz/Mann, Div., Becton, Dickinson &
Co., Orangeburg, N. Y., 12 Ci/mmole) or 16 ACi of ["C]-
leucine (Amersham/Searle Corp., Arlington Heights, Ill.,
331 mCi/mmole) in MEM, containing 15% fetal bovine
serum, 2 mM glutamine, 0.18% (wt/vol) NaHCOa, 150
U/ml penicillin, and 150 Atg/ml streptomycin. 2 X 107 nu-
cleated bone marrow cells were incubated for 6 h; the cells
were collected by centrifugation, washed twice with normal
saline, and lysed in 1.5 ml of distilled water with a glass
ball homogenizer. The lysate was centrifuged at 30,000 g
for 30 min to remove membranes and debris; the super-
natant fraction, containing labeled globin, was stored in
aliquots in liquid nitrogen. Labeling of globin in reticulo-
cyte incubations was performed as previously described
(18, 19).

Product analysis of globin chains synthesized iln tile cell-
free assay system. To analyze the products of the cell-free
assay system, the size of the reaction mixture was increased
3-15 fold. The concentration of all reactants was unchanged.
['H]leucine (specific activity 51 Ci/mmole) was substituted
for ["C]leucine. The incubations for product analysis were
run at rate-limiting amounts of mRNA. The amount of
mRNAtested and the percentage this amount represented
of that required to give maximum protein synthesis (percent
saturation) is given in Figs. 3 and 4 and in Table II. Each
column was run as a double-label experiment comparing the
products of the cell-free assay system (labeled with 3H)
to the corresponding products of a whole cell incubation
(labeled with "C). The uniformly labeled globin chains
obtained from whole cell incubations provided an internal
control for calculating alpha/beta globin chain ratios (Table
II). The globin chains were separated by carboxymethyl-
cellulose column chromatography in 8 M urea-phosphate
buffer after preparation of the globin by acid-acetone ex-
traction of heme (12, 19, 20). The conditions of chroma-
tography permitted separation of all the radioactive rabbit
globin from the human alpha peak (12). The radioactivity
in the column fractions was quantitated by standard double-
label counting techniques. 0.75 ml of each fraction, 0.75 ml
of water, and 15 ml of Triton X-100 in Liquifluor were
mixed in a scintillation vial and counted directly. The ef-
ficiency for 'H was 16% and for "C was 56%. The alpha/
beta globin chain ratios were calculated by summing the
total counts in each peak after correcting the 3H counts
per minute for the "C contribution.

RESULTS

Globin mRNAwas recovered from both total bone
marrow cells and peripheral reticulocytes and tested in

the cell-free assay system (see Methods). The amount
of protein synthesized in the cell-free system increased
with increasing amounts of either bone marrow or
peripheral reticulocyte mRNA until saturation was
achieved. The data for normal reticulocyte mRNAare
shown in Fig. 1A. A similar concentration curve was
obtained with each reticulocyte and bone marrow mRNA
preparation. The maximal activity, expressed as pico-
moles ["C] leucine incorporated into protein per Am
unit of RNA, ranged from 40 to 100 for the reticulo-
cyte preparations and from 12 to 30 for the bone mar-
row RNA preparations. There was no correlation be-
tween disease state and maximal activity of mRNA.
The most active preparations were obtained from the
peripheral blood samples having highest reticulocyte
counts and from bone marrow samples in which most
of the cells were erythroid precursors.

The relationship between the alpha/beta synthetic
ratio and the concentration of normal reticulocyte
mRNAadded to the cell-free assay system was deter-
mined. At limiting mRNA, the alpha/beta ratio is close
to 1 (Fig. 2A); at saturating mRNAit is about 0.3-
0.4 (Fig. 2B); and at inhibiting concentrations of
mRNA, the ratio drops to 0.1 (Fig. 2C). The full
range of alpha/beta ratios is plotted in Fig. 1B. Similar
data were obtained with normal bone marrow mRNA
(Table II) and had previously been found with rabbit
globin mRNA. Thus, for the alpha/beta globin chain
ratio in the cell-free assay system to reflect the ratio
found in the intact normal cell, the concentration of
mRNAassayed in the cell-free system must be below
30% saturation. The data obtained with mRNAprepa-
rations extracted from abnormal cells and assayed at
various concentrations also demonstrate these observa-
tions (Table II). The percentage saturation of mRNA
in each experiment is given in Table II and in the
legends of Figs. 3 and 4.

The alpha/beta globin chain ratio was measured in
each patient (Table I), both in intact cells by whole
cell incubation and in the cell-free system in response
to globin mRNAisolated from the bone marrow cells
and peripheral reticulocytes (see Table II). In the two
patients with homozygous beta thalassemia, a marked
decrease in beta chain synthesis was evident in both
marrow cells and peripheral reticulocytes. mRNAex-
tracted from each of these cell populations reflected the
same alpha/beta globin chain imbalance (Fig. 3).
Little or no betaA globin synthesis was demonstrated

FIGURE 2 Chromatography of the globin products produced at various concentrations of
normal human reticulocyte mRNA. The cell-free product, labeled with [3H]leucine (@-e),in each experiment was co-chromatographed with globin labeled by incubation of intact
reticulocytes with ["C]leucine (0-0) (See Methods for experimental details). (A) Rate-
limiting mRNA (0.014 OD2w/assay). (B) Saturating mRNA (0.22 ODMo/assay). (C) In-
hibiting mRNA (0.76 ODR6/assay). Compare with Fig. 1. BM, bone marrow.

Hemoglobin Messenger RNA from Human Bone Marrow 1739



lo A.
J.L.- 13-THAL. HOMOZYGOUSa
RETIC.mRNA (40%satn)0H 5.6 3.1

8 INTACT RETICULOCYTES'4C 7.2 3.4

6

4

2

0O

y
/3

6 B a __

INTACT RETICULOCYTES- 3H 6.0 2.9
I INTACT B.M. CELLS- 14C 5.2 3.8

5

4

3

2

a

/3y

70 80 90

TUBE NUMBER

1.5

1.0

Rabbit

I
0
x

w

c.
:a
C,
cr-
w

wz

-J
I

25

1.2

1.0 A.
0

0.8 wm

0.6 w.
a.0.

w
0.4 z

C.)
w
-J

0.2 V
q,

2.0

1.5

1.0

C
B.M. mRNA(53% sotn.)-3H

INTACT B.M. CELLS-14 C

Rabbit

/3

i

a lo+y.!/P-
76 6.1

5.1 4.2



by whole cell incubations or in the cell-free system in
response to mRNAisolated from the cells of the two
patients with sickle-thalassemia (Fig. 4). However, the
alpha/beta8 ratios were different. Intact cells from the
bone marrow produced equal amounts of alpha and beta'
chains; in the cell-free system at rate-limiting concen-
trations of bone marrow mRNA, an excess of alpha
globin was produced. The peripheral reticulocytes of
these patients had an alpha/beta' synthetic ratio of
1.6-1.7 in the whole cell incubation, and 2.3-2.6 in the
cell-free system in response to reticulocyte globin
mRNA, while the corresponding ratio for bone marrow
cells was close to 1 (Table II). This disparity in syn-
thesis of globin by intact cells of the bone marrow and
peripheral reticulocytes is similar to that seen in the
beta thalassemia heterozygote: the alpha/beta synthetic
ratio of bone marrow was nearly 1, but that of reticulo-
cytes was approximately 2.0 (Fig. 5). The alpha/beta
ratios in the cell-free system at rate-limiting concen-
tration of this patient's bone marrow mRNAwere
greater than 1 and were considerably higher than those
obtained with normal bone marrow mRNAat equiva-
lent concentrations (Table II).

DISCUSSION

Globin mRNA, extracted from the bone marrow eryth-
roid cells of patients with homozygous beta thalassemia,
directed the synthesis of a large excess of alpha com-
pared with beta globin in the cell-free system. This
disparity in alpha/beta chain synthesis was comparable
to the disparity seen during whole cell incubation. Since
75-90% of total red cell hemoglobin is produced in the
nucleated marrow erythroid cells (11), this observation
was necessary to confirm the interpretation, based on
studies with reticulocyte globin mRNA, that the molec-
ular defect in homozygous beta thalassemia is a re-
duction in the amount of functional beta globin mRNA
(9, 10).

Two interesting observations have been obtained
from the study of double heterozygotes with sickle-
thalassemia. Little or no betaA globin synthesis was de-
tected in the intact erythroid cells of these patients, and
little or no translatable betaA globin mRNAwas found
after extraction of the RNA from these cells. This ob-
servation suggests that in the type of beta thalassemia
characterized by very low or absent betaA synthesis, the
molecular defect is also carried by the beta globin mRNA.

Conconi, Rowley, Del Senno, and Pontremoli, however,
have obtained data using a cell-free system of low activity
which they interpret to suggest that patients homozygous
for thalassemia with zero betaA production (Ferrara
type) have normal betaA globin mRNAbut are missing
a factor present in normal human reticulocyte lysates
(21). Similar experiments performed by Rowley and
Rosciolek in studies of patients with homozygous beta
thalassemia who produce some beta chain have shown
no alteration in the alpha/beta ratio in the cell-free sys-
tem (22), confirming our previous results obtained in a
highly active cell-free system derived from rabbit reticu-
locytes (19). It would be of interest to examine directly
the bone marrow globin mRNAof patients with Ferrara-
type homozygous beta thalassemia in an active cell-free
system to see if a normal amount of translatable betaA
globin mRNAis present despite the lack of betaA globin
synthesis by the intact cells.

A second observation derived from the study of the
sickle-thalassemia patients bears on the apparent dis-
parity between the alpha/beta synthetic ratio in bone
marrow cells and peripheral reticulocytes. This dis-
parity would not seem to be a direct result of the beta
thalassemia gene since betae globin synthesis is essen-
tially absent in both marrow cells and peripheral re-
ticulocytes, and yet the alpha/betas ratio is much closer
to 1 in the intact bone marrow cells of these doubly
heterozygous patients than in their peripheral reticulo-
cytes. An apparently balanced synthesis of globin occurs
at the expense of total reduction of hemoglobin synthe-
sis, because the cells of these patients are hypochromic
and microcytic (Table I). Recently, Gill, Atwater, and
Schwartz have shown that a similar phenomenon exists
in patients heterozygous Jfor Hb Lepore: alpha/beta
globin chain synthesis is close to 1 in the bone marrow
of these/ patients while unbalanced synthesis occurs in
the peripheral reticulocytes even though there is very
little Hb Lepore produced in either cell type (23).

Detection of a small pool of excess alpha chains in
the marrow of heterozygous beta thalassemia patients
indicates that globin synthesis is not completely bal-
anced (24). In addition, the presence of an unknown
marrow protein eluting with the beta globin chain
from carboxymethylcellulose columns may further com-
plicate the picture (24). Nevertheless, the evidence
indicates that bone marrow cells can achieve more
closely balanced globin synthesis than occurs in the

FIGURE 3 Homozygous beta thalassemia: globin produced in rabbit reticulocyte cell-free
system in response to bone marrow cell and peripheral reticulocyte mRNAcompared to globin
synthesized in intact cells. (A) Reticulocyte mRNA: 40% saturation ([3H]leucine, *-*)
vs. intact reticulocytes (["C]leucine, 0-0). (B) Intact reticulocytes ([3H]leucine, 0-0)
vs. intact bone marrow cells (["C]leucine, 0-0). (C) Bone marrow cell mRNA: 53%
saturation ([3H]leucine, 0-0) vs. intact bone marrow cells (["C]leucine, 0-0). See
Methods for experimental details.
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FIGURE 5 Heterozygous beta thalassemia: comparison of alpha/beta globin chain ratio in
intact peripheral reticulocytes ([3H]leucine, 0-0) vs. intact bone marrow cells ([4Cileu-
cine, 0-0). See Methods for experimental details.

peripheral reticulocytes despite the presence of a

thalassemia gene that does not produce functional beta
globin mRNA. Balanced synthesis in the bone marrow

occurs at the expense of substantial reduction in hemo-
globin synthesis, because the resulting erythrocytes are

hypochromic and microcytic (Table I). Kan, Nathan,
and Lodish (8) have calculated that in thalassemia
heterozygotes there is reduction of hemoglobin synthe-
sis to 70% of normal. Each of our patients heterozygous
for beta thalassemia had approximately 20 pg of hemo-
globin/cell rather than the normal 29 pg (Table I),
implying a similar reduction of hemoglobin synthesis
to 70% of normal. Thus, to achieve balanced synthesis
there must be reduction of alpha chain production al-
though there may also be some compensatory increase
in.beta chain production from the nonthalassemia gene.

Thus multiple factors may account for the apparent
balanced synthesis of globin in bone marrow cells of
patients with heterozygous thalassemia. At the end
stages of hemoglobin production as it occurs in the
peripheral reticulocyte, the ability to compensate for
the decrease or lack of functional betaA globin mRNA
is no longer present.

We have attempted to determine whether there is

an excess of alpha mRNAin the cells of thalassemia
heterozygotes. Several observations are pertinent. Ref-
erence to Table II shows that both the patient with
normal hemoglobin synthesis and the patient with
sickle trait have alpha/beta synthetic ratios of nearly
1 in their intact bone marrow cells. The mRNAex-
tracted from these cells gave alpha/beta ratio of some-
what less than 1, even at the lowest concentrations
tested. The whole cell bone marrow alpha/beta synthetic
ratios of the three patients heterozygous for beta thal-
assemia are all only slightly greater than 1. The bone
marrow mRNAextracted from the cells of these pa-

tients gave an alpha/beta synthetic ratio greater than
1, particularly when examined at low and rate-limiting
concentrations. Thus at 15-25% saturating concentra-
tions of mRNA, the two nonthalassemic patients had
alpha/beta ratios in response to bone marrow mRNA
of 0.74 and 0.80, while the thalassemic heterozygotes
had values of 1.21, 1.59, and 1.65. These results are

taken to suggest that there may be an excess of alpha
mRNAin the bone marrow cells of the thalassemic
heterozygotes. This conclusion must be regarded as

tentative, however. A similar comparison can be made
between the reticulocyte mRNAof the patient with

FIGURE 4 Double heterozygosity for beta-thalassemia and sickle cell anemia: globin produced
in rabbit reticulocyte cell-free system in response to bone marrow cell and peripheral reticulo-
cyte mRNAcompared to globin synthesized in intact cells. (A) Reticulocyte mRNA: 33%
saturation ([3H]leucine, 0 0) vs. intact normal reticulocytes ([4C]leucine, 0 0). (B)
Intact reticulocytes ([3H]leucine, 0-0) vs. intact bone marrow cells (["4C]leucine, 0-0).
(C) Bone marrow cell mRNA: 40% saturation (['H]leucine, 0-0) vs. intact hone mar-
row cells (V'Clleucine, 0-0). See Methods for experimental details.
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normal hemoglobin synthesis and that of the two pa-
tients doubly heterozygous for beta thalassemia and
sickle cell trait. The alpha/beta ratio of the normal
mRNAis equal to or less than that of the intact reticu-
locyte, while the alpha/beta ratio of the double hetero-
zygote mRNAexceeds that of the corresponding intact
cell. This may imply again a relative excess of alpha
mRNAin these cells, the translation of which is re-
tarded. Similar comparisons between the intact cells and
mRNApreparations of the patients with homozygous
thalassemia do not show any consistent differences,
perhaps because of the very small amount of functional
beta mRNApresent. The difference in alpha/beta ratio
between bone marrow cells and reticulocytes of our
homozygous patients was less than the average found
by Braverman and Bank (6), but there was a consider-
able range in this parameter among the patients they
studied.

Several factors influencing the relative amount of
alpha and beta globin chain synthesis have been identi-
fied in cell-free systems (18, 25-28), but whether any of
these is operative in intact erythroid cells is unknown.
Such knowledge might be of value, however, because
deliberate reduction of alpha chain synthesis, producing
more nearly balanced synthesis of globin chains, might
reduce the severity of the disease in the beta thalas-
semia homozygote (29).
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