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Abstract Methods

Wehave identified a 6-thalassemia gene that carries a novel
nonsense mutation in a Chinese patient. This mutation, a G to
T substitution at the first position of codon 43, changes the
glutamic acid coding triplet (GAG) to a terminator codon
(TAG). Based on oligonucleotide hybridization studies of 78
Chinese and Southeast Asian ,-thalassemia chromosomes, we
estimate that this mutation accounts for a small minority of the
fl-thalassemia mutations in that population. Study of the ex-
pression of this cloned gene in a transient expression system
demonstrated a 65%decrease in levels of normally spliced mu-
tant ,8-globin mRNA.However, the study of reticulocyte RNA
isolated from an individual heterozygous for this mutation
demonstrated a total absence of this mutant mRNAin vivo.
The basis for this big discrepancy between the level of accu-
mulated mRNAin vivo and in vitro is probably the result of
differences in the stabilities of the mutant mRNAin erythroid
cells.

Introduction

The thalassemias are disorders of hemoglobin production
characterized by imbalanced synthesis of a and fi chains. A
large number of mutations that interfere with mRNAtran-
scription, splicing, polyadenylation, or translation have been
shown to result in a thalassemic phenotype (1). Wehave stud-
ied a f3-thalassemia gene from a Chinese patient doubly hetero-
zygous for f3-thalassemia and a nondeletion f3-thalassemia (2)
by molecular cloning and expression in a heterologous tran-
sient expression system. An amber mutation at amino acid 43
was created by a Gto T transversion. In addition to its deleteri-
ous effect on mRNAtranslation, this mutation seems to have a
more profound effect on the level of mutant fl-globin mRNA
in vivo than in vitro. Study of reticulocyte RNAfrom an indi-
vidual heterozygous for this mutation demonstrated a total
absence of this mutant mRNAin vivo. These findings are
discussed in relation to other ,B-thalassemia genes with differ-
ent nonsense mutations.
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Structural studies of the mutant f3-globin gene. High molecular weight
DNAwas isolated from the spleen of an individual who was double
heterozygous for f3-thalassemia and a nondeletion type of b5B-thalasse-
mia (2). The ,B-thalassemia allele could be distinguished from the non-
deletion type of bfl-thalassemia allele by the absence of the Ava II
restriction site in ,B-IVS-2 (2). Wecloned the fl-thalassemia gene as a
7.5 kb Hind III fragment in Charon 28 bacteriophage (3) and sub-
cloned it as a 3.7 kb Pst l/Bgl II fragment in the expression vector
irSVplac (4). DNAsequence analysis was performed by the dideoxy
chain termination method of Sanger et al. (5) as described earlier (3).
Oligonucleotides (19 mer), specific for the codon 43 mutation (CA-
GAGGTTCTTTTAGTCCT)and the normal sequence around codon
43 (GGTTCTTTGAGTCCTTTGG),were synthesized on a DNAsyn-
thesizer (Applied Biosystems, Inc., Foster City, CA). I0-,gg samples of
genomic DNAof various subjects were subjected to oligonucleotide
hybridization analysis as previously described (6, 7).

Functional studies of the mutant f3-globin gene. 7rSVplac recombi-
nants containing the cloned mutant ,B-globin gene described above or a
normal ,B-globin gene were cotransfected with an a-globin gene into
HeLa cells at 25% confluency using the technique of DNAcoprecipi-
tation with calcium phosphate followed by glycerol shock as described
earlier (8). After 36 h, the cells were harvested and cytoplasmic RNA
was extracted using methods described by Favaloro et al. (9). The
extracted RNAwas used in SI nuclease mapping experiments (10, I 1)
with either a 5' end-labeled double-stranded probe or a uniformly
labeled single-stranded probe (see Results for description of specific
probes). After Sl nuclease digestion, the protected DNA fragments
were fractionated by electrophoresis in 6 or 8%polyacrylamide gels in
the presence of 7 Murea. These same RNA, along with RNAisolated
from reticulocytes of an individual heterozygous for this fl-thalassemia,
and another normal individual were used in RNase A protection
assays. Uniformly labeled RNAprobes were synthesized as described
by Melton et al. (12) and hybridized to either 20 Mgof transfected HeLa
cell RNAor 5 ,g of reticulocyte RNAat 52°C in a hybridization buffer
made of 80% formamide, 0.4 MNaCl, 1 mMEDTA, and 40 mM
Pipes, pH 6.7. The RNA/RNAhybrids were digested with 10 gg RNase
A in 300 mMNaCl, 5 mMEDTA, and 10 mMTris, pH 7.5 at 30°C for
30 min. The protected RNAfragments were also fractionated by elec-
trophoresis in 6%polyacrylamide gels in the presence of 7 Murea.

Results

The DNAsequence of the cloned f3-thalassemia gene was de-
termined from a position 100 nucleotides (nt)' upstream from
the cap site to 200 nt downstream from the polyadenylation
site excluding about 500 nt in the middle of intron 2. Whenthe
DNAsequence of the cloned f,-thalassemia gene was com-
pared with the sequence of a normal (3-globin gene (13), five
nucleotide substitutions were detected. Four of these have
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1. Abbreviations used in this paper: AT, adenosine thymidine; nt,
nucleotides.
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been previously demonstrated to represent polymorphic varia-
tions at codon 2 and IVS-2 positions 16, 74, and 666 (14).
These polymorphisms define the fl-globin gene framework as 3
Asian. In addition, a previously unidentified G to T transver-
sion at the first position of codon 43 was detected (Fig. 1). This
changes the glutamic acid coding triplet (GAG) to a stop
codon (TAG) and destroys the ability of the mRNAto be
translated into normal ,B-globin chains. This mutation falls
within the recognition sequence of the restriction enzyme Hinf
I and would be expected to lead to the loss of that restriction
site. This was tested in a Southern blotting experiment where
10 ,ug of DNA from the cloned gene was digested with the
enzyme Hinf I, run on a 2%agarose gel and probed with a 3'
end-labeled DNAprobe which extends from position 36 to
224 of exon 2. When DNAfrom a normal cloned 3-globin
gene is used, a 188-nt fragment is detected (Fig. 2); when DNA
from the cloned ,B-thalassemia gene is used, the 188-nt frag-
ment is lost and a larger 263-nt fragment is detected instead.
This fragment reflects the loss of the Hinf I site predicted by
the DNAsequence data.

A synthetic oligonucleotide that can detect this mutation
was synthesized and used as a probe in hybridization experi-
ments with genomic DNA, which was obtained from a patient
who carries the only remaining uncharacterized ,B-thalassemia
chromosome from a panel of 78 ,-thalassemia chromosomes
from the Chinese and Southeast Asian population (15). We
demonstrated that this patient, who was shown earlier by
Chang et al. (16) to have a 317 nonsense mutation on one of his
(3-globin alleles (15), has the same 034 nonsense mutation de-
scribed here on his other ,B-globin allele (data not shown).
From these data, we estimate that this f,-thalassemia mutation
makes up a small minority of the fl-thalassemia genes in Chi-
nese and Southeast Asians.

To investigate the functional consequences of this muta-
tion, we used a transient expression system where fl-globin
mRNA,which was transcribed from the mutant ,3-thalassemia
gene that was transfected into HeLa cells, is compared with
,B-globin mRNAtranscribed from a normal fl-globin trans-
fected into similar cells. A 5' end labeled DNAprobe extending
from the BamHI site in exon 2 to the BamHI site 5' to the
,B-globin gene was used in an S1 nuclease mapping experiment.
The RNAisolated from HeLa cells that were transfected with a
normal fl-globin gene protected the expected 209-nt fragment
seen in Fig. 3, lane 2. When RNA, which was isolated from
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Figure 1. DNAse-
quence. Autorardiograph
of a DNAsequencing
gel representing se-
quences betwpen codon
40 and codon 44 of the
cloned ,-thalassemia
gene. The drumstick
identifies the Gto T
substitution at the first
position of codon 43.
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Figure 2. Demonstration of the mutation by Southern blotting. Au-
toradiograph of a Southern blot where a cloned normal /3-globin gene
and the cloned fl-thalassemia gene were digested with Hinf I and
probed with an exon 2 probe. A schematic map of a normal fl-globin
gene with the relevant Hinf I sites is shown under the autoradio-
graph. The mutation leads to the loss of the Hinf I site, which is
marked by the drumstick, and the replacement of the 188-nt frag-
ment seen in the normal gene with a 263-nt fragment in the thalasse-
mic gene.

HeLa cells transfected with the f3-thalassemia gene, was used in
a similar experiment, the same 209-nt fragment was seen in
addition to a new 171-nt fragment (Fig. 3, lane 1). This 171-nt
fragment arises from the protection of a part of the probe
which extends from the 5'-labeled end to the mutant nucleo-
tide within exon 2. This could be the result of either aberrant
splicing at the site of the mutation or to recognition of the
single base mismatch between the RNAand DNAby the SI
nuclease enzyme. To distinguish between these two possibili-
ties, we repeated the S1 mapping st~udy using a similar DNA
probe made from mutant fl-globin gene DNAinstead of nor-
mal DNA. This probe is completely complementary to the
mutant mRNAand has a single base mismatch with the nor-
mal mRNA.This probe was hybridized to the same RNAused
in lanes I and 2 of Fig. 3. In this case, the mutant RNA
protected a single 209-nt fragment (Fig. 3, lane 3) and the
normal RNAprotected a 209- and 171-nt fragment (Fig. 3,
lane 4). This confirms the hypothesis that the 171-nt fragment
is a result of the digestion of the probe DNAby S1 nuclease at
the site of the mismatch. When a uniformly labeled probe
generated from the mutant clone that spans the four intron-
exon junctions was made (3), splicing was shown to be normal
at all intron-exon junctions (data not shown). Whenthe level
of f3-globin mRNAin the HeLa cells'transfected with the nor-
mal gene was compared to that of f3-globin mRNAin HeLa
cells transfected with the mutant fl-globin gene, after correct-
ing for differences in the efficiency of transfection by normal-
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Figure 3. SI mapping
of mutant mRNA.SI
nuclease mapping study
of RNAfrom HeLa
cells transfected with ei-
ther the f3-thalassemia
gene or a normal fl-glo-
bin gene using a 5' end-
labeled probe, which is
represented on the sche-
matic map below the
autoradiograph. The
size marker (M) con-
sists of 3' end-labeled
Hpa II fragments of
pBR322 plasmid DNA.
In lanes I and 2, the
probe DNAwas derived
from a normal fl-globin
gene, and in lanes 3 and
4, the probe DNAwas

* derived from a 43 mu-
tant globin gene. Lane I

db shows the protected
fragments when ,B-thal-

_ ___ assemia mRNAis hy-

,-,'i------------gProbe
bridized to normal

209 nt probe DNA(mismatch
171 nt at B43), while in lane 2,

normal fl-globin mRNA
is hybridized to normal probe DNA(no mismatch). In lane 3, ,B-thal-
assemia mRNAis hybridized to fl-thalassemia probe DNA(no mis-
match), while in lane 4, normal fl-globin mRNAis hybridized to ,B-
thalassemia probe DNA(mismatch at f43). While the expected 219-
nt fragment is seen in every lane, a 17 1-nt fragment is only seen in
lanes where an mRNA/probe DNAmismatch occurs. This 17 1-nt
fragment is most likely a result of S1 digestion of the probe at the site
of the mutation.

izing to the level of expression of the cotransfected a-globin
gene, the mutant RNAlevel was determined to be 35% of the
normal RNA.

In the absence of an individual homozygous for this muta-
tion, it would be extremely difficult to determine the func-
tional consequences of this mutation in erythroid cells in vivo.
To circumvent this problem, we used a novel approach to
differentiate the fl-globin mRNAtranscribed from the normal
allele from the f,-globin mRNAtranscribed from the mutant
allele in the reticulocyte RNAof the simple heterozygote avail-
able for this study. This approach was suggested to us by the
ability of S1 nuclease to partially recognize the single base
mismatch at the site of the mutation as shown in the experi-
ment described above. We predicted that such a mismatch
may be completely recognized by a different nuclease (RNase
A) if an RNAprobe is used instead of a DNAprobe (12). We
synthesized an antisense RNAextending from position -100
upstream from the cap site to position 49 of exon 3 and used it
in the RNase protection experiment shown in Fig. 4. Wewere
able to optimize the hybridization and digestion conditions to
allow for 100% recognition of the mismatch between the mu-
tant RNAand the normal sequence of the probe. Whereas the
normal RNAprotects the expected 223-, 143-, and 49-nt frag-
ments (Fig. 4), the mutant RNAshows protection of the same
143- and 49-nt fragments and the complete replacement of the
223-nt fragment by a 185-nt fragment, which results from
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Figure 4. RNase A
mapping of mutant
mRNA.RNase A pro-
tection assay using an
antisense radiolabeled
RNAprobe, which is
represented on the sche-
matic map of the fl-glo-
bin gene below the au-
toradiograph. Lane 1
shows the protection by

-223 nt normal reticulocyte
RNAof the 223-, 143-,
and 49-nt fragments

_ 185 nt corresponding to exon
2, exon 1, and part of
exon 3, respectively.

l 143 nt Lane 2 shows the iden-
tical protected frag-
ments that result from
the use of reticulocyte
RNAfrom the patient.
Lane 3 also shows a
similar protection pat-
tern when RNAfrom
HeLa cells that have
been transfected with a
normal fi-globin gene is
used. In lane 4, RNA
from HeLa cells trans-
fected with the (1-thalas-

49 nt semia gene is used. The
223-nt fragment corre-
sponding to exon 2 is
completely replaced by
a 185-nt fragment while
the 143- and 49-nt frag-
ments corresponding to
exons 1 and 3 are un-

changed. An expected 38-nt fragment, which results from cleavage of
the 223-nt fragment to generate the 185-fragment, is too small to be
seen on this autoradiograph. Very small amounts of the 185-nt frag-
ment are also seen in every lane of the autoradiograph. This is proba-
bly due to overdigestion of the probe by RNase A in the AT-rich re-
gion around codon 43.

complete digestion at the site of the mismatch (Fig. 4). There-
fore, this provides us with an accurate and efficient way of
distinguishing the mutant fi-globin mRNA(185-nt fragment)
from the normal ,B-globin mRNA(223-nt fragment) when the
same conditions of hybridization and digestion are used.

Wethen attempted to quantitate the level of mutant fl-glo-
bin mRNAin the reticulocyte RNAof the individual hetero-
zygous for this mutation. Whenan RNase A protection exper-
iment was performed comparing reticulocyte RNA from a
normal individual with reticulocyte RNA from the affected
individual under conditions that allow for 100% detection of
the mismatch, no differences were noted between the two
RNAs (Fig. 4). In both the normal and patient reticulocyte
lanes, a faint 185-nt band is seen that probably resulted from
RNase A overdigestion at the adenosine thymidine (AT)-rich
region around codon 43. However, since the normal reticulo-
cyte RNAand the patient's RNAshow an identical protection
pattern, we can conclude that the level of mutant mRNAin
vivo must be extremely low.
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Discussion

In the course of the study of the molecular pathology of the
fl-globin cluster of a family from China, we detected a f3-thalas-
semia globin gene on a chromosome with Chinese haplotype 2
(2, 15). Study of the hemoglobin phenotype in different family
members did not allow for the unambiguous characterization
of this mutant gene as a f30-thalassemia or #,-thalassemia
gene. Previous studies of the spectrum of the f3-thalassemia
mutations in China and Southeast Asia showed that fl-thalas-
semia genes on chromosomes of haplotype 2 may be asso-
ciated with a frameshift 41-42 mutation, nonsense 17 muta-
tion, -28 A to G promoter mutation, or frameshift 71-72
mutation (15). Oligonucleotide hybridization demonstrated
the absence of any of these mutations from the fl-globin gene
on the haplotype 2 chromosome in this family (data not
shown). Gene cloning and DNAsequence analysis revealed a
novel nonsense mutation resulting from a Gto T substitution
at the first position of codon 43. In our panel of 78 fl-thalasse-
mia genes from China and Southeast Asia, there remained a
single uncharacterized fl-globin gene on a haplotype 3 or 5
chromosome (15). Oligonucleotide hybridization using a syn-
thetic oligonucleotide probe that can detect the nonsense mu-
tation at codon 43 revealed the presence of this mutation in
that f3-globin gene. This completes the characterization of all
the mutations in the available panel of Chinese fl-thalassemia
chromosomes and suggests a low incidence of the t4 nonsense
mutation in mutant genes from that population.

To study the functional effects of this mutation on fl-globin
mRNAmetabolism, we used an in vitro expression system
where the mutant fl-thalassemia gene is cloned in an expres-
sion vector and introduced into heterologous HeLa cells. The
mRNAexpression of the mutant gene is then compared with
that of a normal gene transfected in parallel into similar cells.
Globin mRNAwas accumulated in the steady state in those
cells, and then quantitated and mapped by Sl nuclease analy-
sis. HeLa cells that were transfected with the mutant (43 gene
accumulated 35% of the globin mRNAlevel in HeLa cells
transfected with a normal fl-globin gene. This is quite similar
to the data of Takeshita et al. ( 17) and Humphries et al. ( 18)
who studied a ,B-globin gene with a nonsense mutation at posi-
tion 39 in a similar transient expression system. Baserga et al.
studied the expression of several in vitro-generated ,B-globin
mutant genes with nonsense mutations at codons 17, 37, 39,
and 82, and found decreased accumulation of -globin mRNA
in cells transfected with all of those genes (19). Moschonas et
al., however, detected the same level of f-globin mRNAin
HeLa cells transfected with a normal gene or with a gene with
the #39 nonsense mutation (20). The reason for the discrepancy
between the results of this study and all the other studies men-
tioned above is not clear.

A more relevant question is what happens in vivo in ery-
throid cells of individuals with the mutant gene described
above. Such an analysis could have been made easier if an
individual homozygous for this mutant allele were available
for this study. In the absence of such an individual, one can
only obtain information about the functional consequences of
this mutation in vivo if the mRNAtranscribed from the mu-
tant allele could be distinguished from that transcribed from
the other normal allele (in a simple heterozygote). Thus, it
became imperative to develop an assay that can distinguish
two mRNAspecies that differ at a single nucleotide. S1 nu-

clease, which is notoriously inefficient at recognizing single
base mismatches (21), was nonetheless able to partially recog-
nize this mismatch as shown in Fig. 3, presumably due to the
AT-rich sequence surrounding the mismatch. This experiment
raised the possibility that using a different nuclease that was
more efficient at recognizing single base mismatches may
allow for the detection of 100% of the mutant fl-globin mRNA
and provide us with a quantitative assay that could distinguish
normal and mutant mRNA.Winter et al. had used RNase A to
successfully distinguish normal K-ras RNA from mutant
K-ras RNA(22) and Myers et al. used RNase A to detect single
base substitutions in genomic DNAof patients with fl-thalasse-
mia (23). Wewere able to adjust the hybridization and diges-
tion conditions of our RNase A protection assay to cleave at
the site of this mismatch in close to 100% of the mutant
mRNAmolecules (Fig. 4). Thus, this approach provided us
with a convenient assay that allows us to distinguish normal
and mutant globin mRNAin vivo in erythroid cells.

When this assay was used to study reticulocyte RNAfrom
the only surviving individual who is known to carry this mu-
tant gene (simple heterozygote), the RNase A-protected frag-
ments were identical in the patient's RNAand RNAfrom a
normal control (Fig. 4). Weestimate that the sensitivity of this
assay should allow the detection of 3% or more of mutant
RNArelative to normal RNA. Therefore, we may conclude
that steady state mutant mRNAlevels in erythroid cells in vivo
are < 3% that of normal mRNAfrom the normal allele. It is
interesting to note that the other patient, who was shown by
oligonucleotide hybridization to carry the same mutant gene,
is a double heterozygote for the #'" and ,3"4 nonsense mutation.
When reticulocyte RNAfrom this patient was used as a sub-
strate in a cell-free translation assay in the presence of a ser-
ine-inserting amber suppressor tRNA, a fl17Y5Ysr polypeptide
product was detected that corresponded to the #17 mutant
mRNA(24). No IB3 mutant mRNAwas detected in the trans-
lation products of the patient's RNA(24). This may be the
result of the presence of very low levels of I43 mRNAin the
reticulocyte RNAof the affected individual or conceivably, a
result of the nonsuppressability of the amber mutation of the

'3I allele. Based on the calculations of Chang et al., all the
globin mRNAin this patient could be accounted for by the # 17
allele. This led them to propose at that time that the other
allele may contain a different mutation that results in the ab-
sence of mature ,B-globin mRNAfrom that gene (24). Their
results, which were derived using a completely different ap-
proach in a different patient with the same mutation, are in
agreement with ours.

It appears that the finding of low levels of fl-globin mRNA
in vivo, transcribed from genes with nonsense mutation, is a
widespread phenomenon. It also appears that there is consider-
able variation in the levels of mutant mRNAin reticulocytes
from patients with different nonsense mutations ranging from
< 1%in a patient with a single nucleotide deletion at codon 44,
which produces a terminator at codon 60 (25), to 15% in the
patient with the #17 nonsense mutation (24). There is no ap-
parent linear relationship, however, between the level of mu-
tant mRNAand the position of the mutation. The reasons for
the decreased levels of mutant mRNAin vivo are still not
clear, although differences in mRNAstability in erythroid cells
is still the most attractive hypothesis. Different stabilities of
globin mRNAin bone marrow cells and in HeLa cells were
demonstrated by Maquat et al. in the f3-thalassemia that re-
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sulted from a single nucleotide deletion at codon 44 (26). The
available experimental data suggest that missense mutations
do not lead to similar decreases in levels of mutant mRNA(19)
and that a relationship may exist between the ability to trans-
late mRNAand its stability in vivo. The exact nature of the
mechanism responsible for the low levels of mRNAin vivo
remains to be elucidated.
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