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Preface

This volume contains the papers from the Sixth Cooley’s Anemia Symposium. Over
the past 25 years, remarkable progress has been made in our understanding of the
pathogenesis of molecular defects in this disease. Since the last symposium six years
ago, there have been vastly improved diagnostic tests and several new approaches to
the treatment of Cooley’s anemia. The data reported in this volume include a
summary of advances to date in our knowledge of (1) the molecular defects in the
thalassemias, (2) the regulation of fetal hemoglobin production, (3) antenatal
diagnosis of thalassemia, (4) iron chelation therapy, (5) bone marrow transplanta-
tion, (6) gene therapy for the thalassemias, and (7) psychosocial problems of
thalassemic patients and their families. All these topics are discussed by experts from
around the world, and from different points of view. It was the goal of this symposium
to have a sharing of ideas between scientists from different countries and interested
physicians. In addition, this is the first symposium to discuss in detail the psychosocial
consequences of Cooley’s anemia on patients and their families. We hope this
volume provides a comprehensive view of Cooley’s anemia from the{g€rspective of
the information available in 1990.

I would especially like to thank the Cooley’s Anemia Foundation for'their efforts
in support of this symposium. I dedicate this volume to Mr. Robert Ficarra of the
Cooley’s Anemia Foundation because of the time and energy he has donated in his
unwavering support of Cooley’s anemia research over the past several years. I would
also like to iank Dr. David Badman of the NIDDKD, and Drs. Alan Levine and
Helena Mishoe of the NHLBI, for their moral and financial support and their
continued dedication to Cooley’s anemia research. 1 also owe particular gratitude to
Dr. Maria Simpson and Ms. Renée Wilkerson of the New York Academy of
Sciences, and Ms. Oona Collins, my Executive Assistant at Columbia University, for
all their help in organizing this symposium. Lastly, I thank my colleagues in the
United States and abroad who made the symposium a most fulfilling event.

ARTHUR BANK




PART 1. GENETIC DEFECTS IN THALASSEMIAS AND
RELATED DISORDERS

Gene Defects in 3-Thalassemia and Their
Prenatal Diagnosis

HAIG H. KAZAZIAN, JR.%® CAROL E. DOWLING,?
CORINNE D. BOEHM,? TINA C. WARREN?
EFFROSINI P. ECONOMOU,? JOEL KATZ?

AND STYLIANOS E. ANTONARAKIS*?

Center for Medical Genetics
Departments of *Pediatrics and "Medicine
The Johns Hopkins University School of Medicine
Baltimore, Maryland 21205

MOLECULAR BASIS OF B-THALASSEMIA

In contrast to a-thalassemia, B-thalassemia is generally caused by point muta-
tions. These mutations were studied extensively from 1980 to 1986, usually by
haplotype analysis of the B-globin gene cluster followed by cloning and sequencing of
the mutant B-globin gene. About 40 point mutations producing B-thalassemia were
discovered by mid-1987, and many were documented by transient expression studies
of the mutant gene.'

In 1987 it became possible to amplify regions of the B-globin gene starting with
genomic DNA from leukocytes™ and to sequence directly the amplified products.*’
By use of this approach in selected individuals known to lack the common alleles of
the ethnic group represented by the patient under study, about 50 more alleles have
been characterized in less than 2 years.® In July 1990, the total number of point
mutations which produce B-thalassemia known to the authors is 91 (TABLE 1 and
FiG. 1). Since the total number of B-globin alleles known to produce any clinical
phenotype is roughly 200, the B-thalassemia alleles now account for over 45% of the
clinically significant alleles at the B-globin locus, and the “abnormal hemoglobins”
account for the remainder.

The spectrum of B-thalassemia alleles has been determined in a wide variety of
population groups, including American blacks,” Asian Indians,*° Italians and
Greeks," Spanish,”? Turks,” Kurdish Jews," Chinese,'*'® Japanese,"” and Thai,"
among others. In most affected population groups, such as Mediterranean peoples,
Chinese and Southeast Asians, Asian Indians, and blacks of African origin, a handful
of ethnic-group-specific alleles accounts for roughly 90-93% of B-thalassemia genes.
For example, among Chinese from Kuontung province, 4 alleles account for about
90% of B-thalassemia genes.” On the other hand, a large number of rarer alleles
have been observed in each ethnic group. For example, to date 11 rare alleles
account for the remaining 10% of B-thalassemia genes in Chinese. The total number
of mutations observed in the well-studied groups is, in Chinese, 15; Asian Indians,
10; blacks, 12; Mediterraneans, 31. In the broad group of Mediterranean peoples it is
important to note that although many of the 31 alleles have been observed in diverse
regions of the Mediterranean basin, allele frequencies vary greatly from one country
to another. Because so many alleles are found in each region, most individuals with
B-thalassemia major carry two different alleles and are called genetic compounds.

1
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True homozygotes who carry two copies of the same allele are in the minority.
Because a wealth of general information about nucleotide sequences important for
gene expression is derived from the paradigm of the B-thalassemia mutations, a brief
discussion of the molecular effects of these mutations follows.

TRANSCRIPTION MUTANTS

A large number of alleles which affect transcription have been observed. These
have provided new information on critical nucleotide sequences of specialized genes
beyond that of in vitro transcription studies. The mutations are concentrated in the
TATA box (the sequence CATAAAA located roughly 30 nucleotides upstream of
the cap site) and in the proximal and distal CACACCC sequences at —90 and —105
nucleotides (nts) upstream of the gene.

In vitro transcription studies had previously implicated the TATA region’s
importance for proper efficiency of transcription and the location of the start site of
transcription.'” Mutations are now known at the ATAA residues at nts —31, —30,
—29, and —28. These mutations are generally associated with mild clinical pheno-
types and with reduced transcription beginning at the appropriate nt, +1. However,
ethnic variation in phenotype, probably due to modifier sequences, is observed.
Black homozygotes with the —29 A — G mutation show very mild symptoms’ or are
even silent for B-thalassemia, while the single known Chinese homozygote for the
~29 mutation has transfusion-dependent thalassemia major.” The explanation for
this difference in clinical phenotype is believed to lie in the presence or absence of a
partial up-promoter substitution (C — T) at —158 to the %y globin gene. This
up-promoter substitution is present in the chromosome bearing the Black —29
mutation, but it is absent from the chromosome carrying the Chinese —29 mutation.”

A large number of relatively mild mutations occur in the proximal CACACCC
sequence at —90. These are located at the 5’ C at —92 and at the 3’ C residues at nts
—88, —87, and —86 (See TABLE 1). A total of five different substitutions have now
been observed in this region. The —92 mutation has not been proven by transient
expression studies. A “silent carrier” mutation has been found in the distal CACACCC
sequence at the 3’ C residue at —101.* Only a single carrier each is known for the
—92 and -86 (C — G) mutations and these two individuals have MCVs (mean
corpuscular volumes) of 85 and 70, and Hb (hemoglobin) A, values of 4.5% and
3.9%, respectively. The —86 carrier has moderate B-thalassemia trait and was
detected by routine screening. Routine screening without Hb A, determination
would not have detected the individual carrying the —92 mutation.

It is of great interest that even though 12 transcriptional mutations are now
known, none have yet been found in the CCAAT box at —70 from the cap site. The
CCAAT box was one of the first regions to be implicated in regulatory activity in vitro
studies of promoter activity using the p-globin gene.”? Whether this region has
importance in transcription regulation in vivo is still unclear.

RNA MODIFICATION MUTANTS
Cap Site Mutant

The +1 nucleotide is the start site for transcription and also the site at which 5’
end modification (capping) of precursor RNA occurs. However, it is clear from a
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TABLE 1. Point Mutations in B-Thalassemia’

Mutant Class Type® Origin
Nonfunctional mRNA
Nonsense mutants
Codon 17 (A—T) 0 Chinese
Codon 39 (C—>T) 0 Mediterranean, European
Codon 15 (G—A) 0 Asian Indian
Codon 121 (G—T) 0 Polish, Swiss
Codon 37 (G—A) 0 Saudi Arabian
Codon 43 (G—T) 0 Chinese
Codon 61 (A—T) 0 Black
Codon 35 (C—A) 0 Thai
Codon 22 (G—T) 0 Reunion Islander
Frameshift mutants
—1: codon 1 (-G) 0 Mediterranean
—~2:codon 8 (—AA) 0 Turkish
—1: codon 16 (-C) 0 Asian Indian
—1: codon 44 (-C) 0 Kurdish
+1: codon 47 (+A) 0 Surinamese black
+1: codons 8/9 (+G) 0 Asian Indian
—4: codons 41/42 (-CTTT) 0 Asian Indian, Chinese
—1: codon 6 (—A) 0 Mediterranean
+1: codons 71/72 (+A) 0 Chinese
+1: codons 106/107 (+G) 0 American black
—1: codons 76 (—C) 0 Italian
—2: codon 5 (—CT) 0 Mediterranean
~1:codon 11 (-T) 0 Mexican
—1: codon 35 (-C) 0 Indonesian
-2, +1: codon 114 (-CT, +G) + French
+1: codons 14/15 (+G) 0 Chinese
—7: codons 37-39 0 Turkish
+2: codon 94 (+TG) 0 Italian
~1: codon 64 (-G) 0 Swiss
—1:codon 109 (-G) + Lithuanian
—1: codons 36-37 (—T) 0 Kurdish (Iranian)
+1: codons 27-28 (+C) 0 Chinese
+1: codon 71 (+T) 0 Chinese
—1: codons 82/83 (—G) 0 Azerbaijani
—1: codon 126 (- T) + Italian
—4: codoiss 128-129, —11: + Irish
codons 132-135, +5: codon 129
Initiator codon mutants
ATG—-AGG 0 Chinese
ATG—-ACG 0 Yugoslavian
RNA Processing Mutants
Splice junction changes
IVS-1 position 1 (G—A) 0 Mediterranean
1VS-1 position 1 (G—T) 0 Asian Indian, Chinese
IVS-2 position 1 (G—A) 0 Mediterranean, Tunisian,
American black
IVS-1 position 2 (T—G) 0 Tunisian
IVS-1 position 2 (T—C) 0 Black
IVS-13’ end (-17 bp) 0 Kuwaiti
1VS-13' end (-25 bp) 0 Asian Indian

NOTE: Table continues on following two pages.
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Mutant Class

b

Type

Origin

RNA Processing Mutants (continued)

Splice junction changes (continued)
1VS-13’ end (G—C)
IVS-23' end (A—G)
IVS-2 3’ end (A—C)
IVS-15’ end (—44 bp)
IVS-13' end (G—A)
Consensus changes
IVS-1 position 5 (G—C)

IVS-1 position 5§ (G—T)

IVS-1 position 5 (G—A)

IVS-1 position 6 (T—C)

IVS-1 position —1 (G—C)
[codon 30]

IVS-1 position —1 (G—A)
[codon 30]

1VS-1 position -3 (C—T)
[codon 29)

1VS-2 3’ end (CAG—AAG)

IVS-1 3’ end (TAG—>GAG)

IVS-2 3’ end position —8
(T>G)

Internal 1VS changes

1VS-1 position 110 (G—A)

IVS-1 position 116 (T—G)

1VS-2 position 705 (T—G)

1VS-2 position 745 (C—G)

IVS-2 position 654 (C—T)

Coding region substitutions

affecting processing

Codon 26 (G—A)

Codon 24 (T—A)

Codon 27 (G—T)

Codon 19 (A—G)

+++ ++++ + ocoocoo

o+ + o+

E

+
Knossos
Malay

Italian
American black
American black
Mediterranean
Egyptian

Asian Indian, Chinese,
Melanesian
Mediterranean, black
Algerian
Mediterranean
Tunisian, black

Bulgarian
Lebanese

Iranian, Egyptian, black
Saudi Arabian
Algerian

Mediterranean
Mediterranean
Mediterranean
Mediterranean
Chinese

Southeast Asian, European
American black
Mediterranean

Malaysian

Transcriptional Mutants

nt —101 (C-T) + Turkish
nt =92 (C-T) + Mediterranean
nt —88 (C-T) + American black, Asian Indian
nt —88 (C—A) + Kurdish
nt -87 (C—-G) + Mediterranean
nt —86 (C—G) + Lebanese
nt -31 (A—>G) + Japanese
nt =30 (T—A) + Turkish
nt -30 (T—C) + Chinese
nt -29 (A—-G) + American black, Chinese
nt ~28 (A—C) + Kurdish, Mexican
nt -28 (A—QG) + Chinese

RNA Cleavage and Polyadenylation Mutants
AATAAA->AACAAA + American black
AATAAA—-AATAAG + Kurdish
AATAAA-A (~AATAA) + Arab
AATAAA-AATGAA + Mediterranean
AATAAA->AATAGA + Malaysian
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TABLE 1 (continued).

Mutant Class Type' Origin
Cap Site Mutants
nt +1 (A—-C) + Asian Indian
Unstable Globins
girdisnaeols (codon 112; + European
Cys—Arg)
st~ Yskuhié (codon 110; + Japanese
Leu—Pro)
gHew=" (codon 127; Gln—Pro) + British
Codons 127-128 (- AGG; + Japanese

Gln, Ala—Pro)
Codon 60 (Val—Glu) + Italian

*The total number of point mutations (91) known as of July 1990 is listed. For references, see
review in Ref. 55.
b0, g% +, B*; E, B%; Knossos, 5, Malay, p**'*’; ?, unknown.

number of genes that any nucleotide, not just the commonly seen A residue, can
serve as the site of RNA capping. The observed A — C mutation produces very mild
symptoms; a homozygote has the hematologic values of a mild 8-thalassemia carrier,
and heterozygotes have low normal MCV values and borderline normal Hb A,
levels.® This mild mutation may act on transcription (reduced g-globin mRNA is
observed after in vitro gene transfer of a B-globin gene bearing an altered +1
nucleotide®) or on capping with a secondary effect on translation. Experiments to
distinguish between these possibilities are very difficult to accomplish and have not
yet been carried out.

It is of interest that the combination of this mutation, which is nearly a silent
carrier allele, with a severe B-thalassemia allele can produce p-thalassemia major.’
We have observed transfusion-dependent thalassemia in two unrelated children with
this B-globin genotype (C. D. Boehm, unpublished observation).

RNA Cleavage and Polyadenylation Mutants

At the 3’ end of eukaryotic genes is a signal sequence AATAAA, which in the
precursor RNA is AAUAAA. Ten to twenty nucleotides 3’ to this sequence is the
site of cleavage of the nascent RNA transcript and the point to which a polyadenylic
acid [poly(A)] tail is added. In the AATAAA sequence, 4 different nucleotide
substitutions and a 5-nt deletion have been seen to date (see TABLE 1). Two of these
five mutants have been studied by transient expression analysis. In both cases only a
small percentage of the RNA transcript is cleaved appropriately and nearly all
transcripts are not cleaved until transcription proceeds beyond AATAAA signals
one to three kilobases 3’ to the gene.'** Since the concentration of these elongated
transcripts in vivo is about 10% of that expected, it is presumed that deficient
B-globin synthesis associated with these mutants is secondary to instability of the
abnormal elongated transcripts. All mutations of this type are p*-thalassemic alleles,
because they produce some normal transcripts. Also, it is likely that normal f-globin
is synthesized from any elongated transcripts present in vivo.
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Mutants Affecting RNA Splicing

Critical sequences in RNA splicing lie at the exon-intron splice boundaries. The
splicing process begins with cleavage of the 5’ splice junction and a looping back of
the 5’ end of the intron to form a covalent 5'-2’ phoiphodiester bond with an A
residue 30 or so nucleotides 5’ to the 3’ splice junction.”* The resulting structure is
cailed a lariat. The first two nucleotides at both the 5’ and the 3" end of the intron are
essential for splicing. Nearly all eukaryotic genes have a GT sequence at the 5’ end
and an AG sequence at the 3’ end of every intron. To date, 10 different mutations are
known to alter these GT or AG residues; they all produce g°-thalassemia alleles.

Other key sequences at the splice junctions are also important for efficient
splicing. After a large number of eukaryotic genes were sequenced, marked similari-
ties in sequence were seen at many intron-exon boundaries. These identified
sequences were called consensus sequences. For donor sites (5’ end of introns) they

. 11 ! i
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FIGURE 1. Point mutations in B-thalassemia. Hatched
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encompass the last 3 nucleotides of the exon and the first 6 nucleotides of the intron;
for acceptor sites (3’ end of introns) they are the last 10 nucleotides of the intron and
the first nucleotide of the exon.” Seven consensus changes have been observed in
donor sites of B-globin genes, all in the donor site of intron 1. They occur at nts -3,
—1, +5, and +6 from the splice site. The mutation at +6 leads to an especially mild
allele, while mutations at +5 (all three possible nucleotide substitutions have been
seen) produce diverse clinical phenotypes.

At the acceptor site, at position —3 from the splice junction, mutations in which
the consensus nucleotide, a pyrimidine, is changed to a purine have been observed in
both intervening sequence (IVS) 1 and IVS-2.>* Another mutation in the consensus
sequence for acceptor sites substitutes an A for a C in the polypyrimidine tract 8 nts
5’ to the splice site.” It is curious that no other mutations have been observed in this
tract in either intron even though the polypyrimidine tract is at least 6 nucleotides
long in the consensus sequence.




KAZAZIAN et al.: GENE DEFECTS IN B-THALASSEMIA 7

Nucleotide substitutions can lead to the presence of a consensus splice site
sequence within either an intron or an exon (FiG. 1). These mutations are very
interesting because their location and nature need to be explained in any proposed
mechanism of splicing. In intron 2, mutations of this type produce new donor sites
roughly 100, 150, and 200 nts from the acceptor site of IVS-2.” The first two lead to
reduced production of normally spliced RNA, while the latter eliminates normal
splicing and is a B’thalassemia allele. Mutations of this type in exon 1 activate the
cryptic splice site in codons 24-27 and are generally mild alleles. A cryptic splice site
is a sequence which mimics the consensus sequence for a splice site but is never used
under normal circumstances. When a mutation in a cryptic site, e.g., cocons 24-27,
makes the site resemble more closely the normal splice site, the mutant site becomes
no longer cryptic and it is used at a low efficiency for splicing.

One of these codon-26 mutations in exon 1, the BF allele, leads to deficient
production of B5-globin, which contains a Glu — Lys substitution at amino acid 26.”
The abnormal-globin thalassemia phenotype is due to production of two forms of
B-globin mRNA. A low level of normally spliced mRNA contains the exon-1
substitution, leading to deficient production of B5-globin. For the remainder of the
mRNA, splicing into the codons-24-27 site does not lead to a recognizable B-globin.
The BE gene, with its high prevalence in Southeast Asia, is probably the second most
common abnormal hemoglobin gene in the world. In all, about 35% (31 of 91) of the
known mutant alleles affect RNA splicing in one of the ways outlined.

TRANSLATION MUTANTS

Thirty-seven of the 91 known mutant alleles affect translation of the RNA into
globin. Nine of these are nonsense codons which terminate translation. Twenty-six
more are frameshifts due to insertion or deletion of 1, 2, 4, or 7 nucleotides in one of
the exon sequences coding for 8-globin. Two are substitutions in the initiator codon
for translation, which is ATG in the DNA. These two recently observed initiator
codon mutations, both of which are rare, affect the same nucleotide: ATG — AGG
and ATG — ACG (see TABLE 1). Of the translation mutations, 3 alleles (nonsense
codon 121, nonsense codon 39, and frameshift 64) have occurred as de novo
mutations.” ¥

DELETIONS PRODUCING B-THALASSEMIA

A number of deletions affecting much of the B-globin gene cluster have been
observed (see Ref. 33a for review). Many of these in which both 8- and B-globin
genes are deleted give rise to hereditary persistence of fetal hemoglobin (HPFH) and
dB-thalassemia. A handful of deletions, all but one of which are rare, affects only the
B-globin gene and produces B-thalassemia.*” The common deletion removes 619 bp
of IVS-2, exon 3, and sequences 3’ of the B-globin gene.” It accounts for about
one-third of the B-thalassemia genes among Asian Indians.’

Three other deletions are of particular interest because they leave the B-globin
gene intact and yet silence its expression. They are all rare, having been reported
only in heterozygotes, and they have their 3’ ends 2.5 kb, 30 kb, and 50 kb 5' of the
8-globin gene.*™ These deletions cause so-called position effects, which (as previ-
ously defined by Drosophila geneticists) involve the variable expression of a particu-
lar gene that is dependent on the focation of that gene in the genome. The deletions
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cited above eliminate the 5’ end of the B-globin gene cluster and =30 or kb 5’ to the
cluster. One could hypothesize that these deletions silence the B-globin gene either
(1) by bringing chromatin into the cluster that is “closed,” thereby blocking transcrip-
tion of neighboring gene sequences or (2) by eliminating DNA sequences 5’ to the
cluster which are important in activating transcription of all genes in the cluster at
the appropriate developmental stage. We now know that the second of these
hypotheses is correct; the deletions silence the p-globin gene because they delete a
“locus-activating” region.”

SILENT AND DOMINANT B-THALASSEMIA ALLELES: TWO ENDS OF A
SPECTRUM

Over the past year we have learned more about the phenotypic variation
associated with a number of B-thalassemic alleles. We now recognize that a spectrum
of B-thalassemia alleles exists, all the way from silent carrier alleles to those that
produce B-thalassemia intermedia in the heterozygous state. We also realize that
comments on phenotypic variation are generalizations, and that while the phenotype
associated with many of the 91 alleles is generally uniform, it may vary significantly in
response to other modifying genetic factors. Two such modifying factors are the
presence of a-thalassemia (silent carrier or trait), which may reduce the clinical
severity of B-thalassemia, and an up-promoter substitution at —158 of the %y gene,
which may also ameliorate the disease.

Among the mild alleles are those that affect transcription, alter the cap site,
activate cryptic splice sites, and disrupt consensus sequences for splicing. At the
other end of the spectrum are more severe alleles that produce either a thalassemia
intermedia or an inclusion-body hemolytic anemia in the heterozygous state. In
general, these alleles produce a highly unstable B-globin which has a half-life
measured in minutes.

Missense mutations producing amino acid substitutions at residues 110, 112 and
127 and a one-codon deletion at codon 127, leading to replacement of glutamine/
alanine by proline, usually produce a thalassemia intermedia phenotype. Globin
chain synthesis studies of the codon-110 mutation (B"****") and the codon-127
mutation (B"*") suggest that these globins assemble weakly into «,8, dimers and
that mixed a,8*B* tetramers form and are rapidly degraded.**

The chronic hemolytic anemia phenotype results from more extensive changes to
exon 3. Single-nucleotide deletions in exon 3 lead to an elongated B-globin of 156
amino acids and an altered amino acid sequence COOH-terminal to the frameshift
mutation. Two mutations of this type have been seen; —2, +1 at codon 114* and —1
at codon 109. Heterozygosity for nonsense codon 121 also produces this phenotype.*’
The —1 frameshift in exon 3 leads to new proline residues at positions 115, 123, 129,
140, and 142. Nonsense codon 121 eliminates all residues COOH-terminal to amino
acid 120. These mutations would completely disrupt the COOH-terminal region of
B-globin and eliminate a,-B, dimer assembly. B/a synthesis studies suggest that these
B chains are highly unstable and, in contrast to ™% and g"™*" do not
participate in hemoglobin tetramers.

The genetic implications associated with these more severe mutations are
noteworthy. These exon-3 mutant alleles are all very rare. Indeed, each one has been
observed in single families from widely dispersed ethnic groups (French, Lithuanian,
European, Japanese,” British, and Italian). It is postulated that the clinical pheno-
type associated with these alleles is sufficiently severe to counterbalance any reduced
morbidity vis-4-vis malaria in heterozygotes. Lack of positive selection due to malaria
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can easily explain the disseminated geographic distribution and low gene-frequency
of these mutations.*

8-THALASSEMIA DUE TO UNKNOWN MUTATIONS

In 1984, Semenza et al. reported the presence in an Albanian of a silent carrier
B-thalassemia mutation not linked to the B-globin gene cluster.” The mutation had
been passed from a parent to two offspring, who received different B-globin gene
clusters from that parent. Transient expression studies and sequence analysis
showed no abnormality in the B-globin genes of the silent carrier parent. This
B-thalassemia allele is presumably a mutation in another gene located elsewhere in
the genome which is important in B-globin gene expression.

Over the past two years we have sequenced a large number (100) of B-globin
genes, searching for novel B-thalassemia mutations. In 9 individuals who either had
hematologic changes suggestive of B-thalassemia trait or had an affected child, we
failed to find a causative mutation. In these instances we have analyzed the
nucleotide sequence from 600 nucleotides 5’ of the cap site of the B-globin gene to
200 nts 3’ of the gene. In addition, we have sequenced the 3’ enhancer region from
700 to 1100 nts 3’ of the gene. We consider these B-thalassemia genes to be true
unknowns and believe that a small fraction of B-thalassemia genes represent
mutations at some distance from the B-globin gene. Perhaps some of these mutations
are in the “locus-activating” region 5’ to the e-globin gene. However, we have
recently sequenced a key portion of this region in a number of our patients with
unknown mutations and have not found any sequence alterations (J. Katz and H. H.
Kazazian, unpublished observations).

PRENATAL DIAGNOSIS OF B-THALASSEMIA: 1990

In 1990 our prenatal diagnosis procedure begins by verifying that both members
of the consulting couple are B-thalassemia carriers. This is done by obtaining
documentation of red cell indices and hemoglobin A, levels on both prospective
parents. In most instances, the consulting couple will not have borne an affected
child previously, so we will obtain a blood sample from each prospective parent and
learn the ethnic background of the couple. In the laboratory we then determine the
nature of their B-thalassemia mutations. Over the past year we have carried out 90
prenatal diagnoses for B-thalassemia; 37 diagnoses were in couples who had under-
gone a previous prenatal diagnosis, but of the 53 newly referred couples only 11
(20%) previously had an affected child. Thus, the vast majority of newly referred
couples have not dealt with raising a child affticted with B-thalassemia.

In North America, all prenatal diagnosis of B-thalassemia is now carried out by
direct detection of the causative mutation after polymerase chain reaction (PCR)
amplification of the g-globin gene.*** At Johns Hopkins University most diagnoses
are made using hybridization of *P end-labeled oligonucleotides to an amplified
B-globin gene region dotted on a nylon membrane. Because the B-globin sequence of
interest has been amplified more than 10°-fold, hybridization time can be limited to 1
h, and the entire procedure of DNA dotting, hybridization, washing, and film
exposure is often carried out in 2 h. When a mutation either creates or obliterates an
endonuclease site, one can digest the amplified product with that particular endonu-
clease, subject the digested product to agarose gel electrophoresis in a minigel, and
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visualize the band pattern under ultraviolet light after ethidium bromide staining of
the DNA. The presence or absence of digestion then signals the presence or absence
of the mutation under investigation. This type of procedure is useful in detection of 5
of 7 common Mediterranean alleles and the 85-globin gene but of few of the
B-thalassemia alleles of other groups. Note that neither hybridization nor radioactive
material is required in this procedure.

The common 619-bp deletion in Asian Indians is detected by amplification of a
fragment which includes the deletion region. After gel electrophoresis of the
amplified region, a 1215-bp fragment is produced when the deletion is present and a
596-bp fragment is derived from any B-globin gene lacking the deletion.

Occasionally, after screening both members of a couple for the mutations known
to occur in their ethnic group, the cause of B-thalassemia remains unknown in one
member. At that point our practice is to amplify by PCR the regions of the g-globin
gene known to contain B-thalassemia mutations and to carry out direct sequence
analysis of these regions. This procedure is nearly always successful in uncovering
any unknown mutation. We then analyse fetal DNA for the presence of this mutation
by sequencing the same region in amplified fetal DNA.** Rarely, the mutation
remains unknown after sequence analysis. We then obtain blood samples from the
parents of the individual carrying the unknown mutation and rapidly haplotype
his/her B* and B-thalassemia genes. For rapid haplotyping, we use multiplex amplifi-
cation of 5 regions in the B-globin gene cluster followed by digestion of the products
and minige} electrophoresis.’' This haplotype approach using PCR will nearly always
provide a marker for the B-thalassemia gene and a rapid diagnosis.

By use of PCR amplification followed by dot hybridization and/or restriction
endonuclease digestion of amplified product, prenatal diagnosis is nearly always
available within 3-7 days of fetal sampling. When parental blood samples are
obtained prior to fetal sampling, one can discover the parental mutations in advance
and provide fetal diagnosis within 2-3 working days. Thus, PCR techniques reduce
the time required for diagnosis, and they increase accuracy by allowing direct
mutation analysis.

Kan and colleagues have used a non-radioactive approach developed at Cetus
Corporation to carry out prenatal diagnosis for B-thalassemia in Chinese couples.’*
This approach utilizes horseradish peroxidase labeling of the 5’ end of the oligonucle-
otides used for detection of mutations. The presence of an oligonucleotide hybridiz-
ing to amplified DNA is detected by histochemical staining for the presence of the
enzyme.

A new method called reverse dot hybridization has been worked out by Saiki and
colleagues.* In this method, mutation-specific oligonucleotides are separately immo-
bilized onto a nylon membrane and a PCR product from genomic DNA of the
patient is hybridized to the filter. The primers used in the PCR amplification are
biotinylated so that hybridization of the PCR product to an oligonucleotide specific
for a mutation is detected by rapid analysis for the presence of biotin in the
oligonucleotide dots. This method should be useful for rapid detection of any known
point mutation in genomic DNA.

PROBLEMS IN GENETIC COUNSELING

Over the past year as laboratory expertise has increased, genetic counselors have
become more aware of potential risks to couples for bearing a child with one or
another of the thalassemia syndromes. Couples of Mediterranean, Asian Indian,
Chinese, Southeast Asian, Middle Eastern, and black backgrounds are often screened
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for thalassemia trait by measuring their red blood cell indices and hemoglobin A,
levels. For the vast majority of couples the test results provide clear answers; they are
cither at risk for being a- or 8-thalassemia carriers or they are not at risk.

A problem occurs when one member is clearly a carrier and the second has both a
borderline MCV and a borderline Hb A, concentration, e.g.,, MCV of 80 fl and Hb A,
of 3.3%. This couple may well be at risk for B-thalassemia, since silent carrier alleles
exist in Asian Indians and Mediterraneans. Indeed, a child with a silent carrier allele
paired with a B° allele, e.g., a frameshift mutation, can have transfusion-dependent
B-thalassemia major. In addition, mild B-thalassemia alleles can be associated with
normal red blood cell indices and mildly elevated Hb A, concentrations. Therefore,
in the situation described above we first obtain hematologic data on the parents of
the possible carrier. If one of the parents also has ““possible carrier” values, we opt to
sequence the B-globin genes of the “suspicious” member of the couple. We believe
that in such a couple a risk to the fetus of B-thalassemia exists and prenatal diagnosis
should be undertaken.

Difficulty in detecting the 1-2% of B-thalassemia carriers who have very mild
alleles poses a major problem for physicians and geneticists. Hematologic screening
tests are accurate over 95% of the time, but they may err occasionally. Luckily the
potential fallibility of screening tests is an issue only when the spouse is clearly a
carrier by these tests. The problem then exists because a child who carries a
B’-thalassemia allele and a silent carrier allele may result, and such a child may have
severe symptoms. The only present recourse for eliminating these rare inaccuracies
of genetic testing is to carry out mutation analysis on all marginal individuals whose
spouse is clearly a carrier. This type of study would eliminate all known causes of
B-thalassemia in the ethnic group of the couple and cut the risk to the couple of an
affected child to essentially zero.

EFFECTS OF SCREENING AND PRENATAL DIAGNOSIS IN
NORTH AMERICA

In North America it has been difficult to estimate the effect of B-thalassemia
screening and prenatal diagnosis. Clinics in major cities of the United States and
Canada have seen a reduction in new patient referrals of between 50 and 80%. As
genetic counseling centers in North America become more and more aware that the
distribution of B-thalassemia extends beyond Mediterranean peoples to various
Asians, Middle Easterners and blacks, more individuals in high-risk groups are
screened and our ability to prevent B-thalassemia increases. The goal for North
America should be the same successful prevention of the disease as now pertains in
Greece and Italy. In the next 10 years, new patients entering (3-thalassemia clinics in
the United States and Canada should dccrease to less than 10% of the number
referred in 1975.
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INTRODUCTION

The a-thalassemias are common genetic disorders that result from reduced
synthesis of the a-globin chains of hemoglobin (Hb) (reviewed in Ref. 1). Most
affected individuals originate from tropical and subtropical regions, where the high
frequency is thought to have resulted from a selective advantage afforded to carriers
of a-thalassemia in the presence of endemic falciparum malaria.’ The clinically
severe forms of o-thalassemia (Hb H disease and the Hb Bart’s hydrops fetalis
syndrome) are particularly common in Southeast Asia, where it has been estimated
that up to 17,000 severely affected individuals are born each year.” Analysis of the
determinants of a-thalassemia is directed towards providing a rational basis for
genetic counseling and prenatal diagnosis of these disorders. In addition, much of
the progress in our understanding of the mechanisms underlying globin gene
expression has been derived from the analysis of these naturally occurring mutations.

THE NORMAL STRUCTURE AND EXPRESSION OF THE a-GLOBIN
GENE COMPLEX

The a-globin cluster lies near the tip of chromosome 16, within band p13.3. It
includes the duplicated a genes (a2 and al), an embryonic a-like gene ({2), three
pseudogenes (¥{1, $a2, Yal), and a gene of undetermined function (61) arranged in
the order 5'-{Z p{1-Yo2-Yal-a2-al-81-3'.*® A pseudogene for the Ro family (¥p) of
small cytoplasmic RNAs has been identified downstream of the al gene,” and a
truncated, processed copy of the 61 gene family (¥62) has been found on chromo-
some 22."

A striking feature of this region is that it contains several tandemly repeated
segments of DNA (minisatellites). They were first identified as hypervariable regions
(HVRs) located at the 3 end of the complex (a-globin 3'HVR), between the {2 and
{1 genes (interzeta HVR), and within the introns (IVS-1 and IVS-2) of the {-like
genes ({ intron HVRs).>""* We have also identified other HVRs located in the 5§’
flanking region of the cluster; a particularly informative polymorphic locus lies 70 kb
upstream of the {2 gene (called the a-globin 5’"HVR)." All of these hypervariable
regions have been of great value in the genetic analysis of the a-globin cluster and of
the 16p13.3 region in general. The structural features of the a-globin cluster are
summarized in FIGURE 1.
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FIGURE 1. The structure and expression of the human a-globin gene cluster as described in
the text. (Upper line) The positions of genes (solid boxes), pseudogenes (open boxes), and
polymorphic hypervariable regions (HVR: zig-zag lines) are indicated. Note that the hypervari-
able regions in the introns of the {-like genes are not shown. (Lower line) The types of globin
chains and hemoglobins synthesized at various stages of development are shown.

Both a and { genes are expressed in the primitive erythroblasts in the yolk sac (up
to 6-7 weeks of gestation), although {-globin synthesis predominates during this
period; definitive line erythroblasts almost exclusively synthesize a-globin (from 6
weeks onwards).” The expression of the a2 gene predominates over the al gene by
approximately 3:1 throughout development.'® Using more sensitive assays, low levels
of {-globin expression can be detected throughout fetal life"™® and in up to 80% of
cord bloods.” Similarly, low levels of 8 mRNA can be detected at all stages of
development.'® None of these genes is expressed in non-erythroid tissues.

COMMON NATURALLY OCCURRING MUTATIONS THAT CAUSE
a-THALASSEMIA

a-Thalassemia most commonly results from deletions of various segments of
DNA from the a cluster. Deletions removing one of the duplicated o genes (—a) are
common throughout the “thalassemia beit.” Deletions involving both « genes (——)
are most commonly seen in Southeast Asia and the Mediterranean basin, where Hb
H disease (— —/—a) and the Hb Bart’s hydrops fetalis syndrome (— —/— —) occur. All
such previously described deletions are summarized in FIGURE 2. It should be noted
that the ~o*’ determinant has been classified into three subtypes depending on the
position of the recombination event that has given rise to the a-gene deletion (—o*’
type L, 11, and II1).*” Small elevations in the level of { mRNA and {-globin chains are
detectable in some but not all of these deletions (see Ref. 19 for further discussion).

Less commonly, a-thalassemia is the result of a single-base or an oligonucleotide
mutation affecting either the a2- (a'a) or al- (aa’) globin gene, so-called non-
deletional a-thalassemia. Mutations of the dominant o2 gene produce a more severe
phenotype than those affecting the al gene (reviewed in Ref. 1). Some cases of Hb H
disease result from the interaction of non-deletional and deletional types of
a-thalassemia (usually ——/a'a). Some homozygotes for non-deletional forms of
a-thalassemia also have Hb H disease (a’o/a"a).”"* The currently described types of
non-decletional a-thalassemia are summarized in TABLE 1.
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DELETIONS ASSOCIATED WITH o-THALASSEMIA AND
MENTAL RETARDATION

Occasionally deletions such as those summarized in FIGURE 2 may fortuitously
occur in a patient with a mental handicap. However, we have recently described eight
patients who have a-thalassemia that cannot be accounted for by the Mendelian
inheritance of such determinants.”® These patients have a mild-to-moderate mental
handicap and a variety of dysmorphic features. Initial analysis of the a-gene cluster
showed that the a-thalassemia resulted from a failure of these patients to inherit an
a-globin allele from one parent. Further analysis has shown that all of these patients
have large deletions removing the entire a-globin complex, including more than 1
megabase of DNA from the terminal band 16p13.3. In four cases the deletion results
from unbalanced chromosome translocation, and, therefore, aneuploidy of a second
chromosome is also present.” In the other four patients the mechanism responsible
for the deletion has not been established, but it is possible that they are simply
monosomic for part of the terminal band 16p13.3. At present, it is unclear whether
there is an important locus in this region that might be responsible for the associated
mental retardation. More cases of a-thalassemia due to pure monosomy for a portion
of 16p13.3 will have to be analyzed before this hypothesis can be fully tested.

It should be noted that a second group of five patients with a-thalassemia and
mental retardation has also been described.? All of these patients are profoundly
mentally retarded individuals of north European origin, with an atypical form of Hb
H disease. It is now clear that this syndrome, in which the a genes remain intact
(so-called a-thalassemia/mental retardation: non-deletion), is quite different from
the deletion form described above (see Refs. 23 and 24 for further discussion).
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FIGURE 2. Summary of the deletions that give rise to a-thalassemia. (Upper line) The a-globin
complex; genes are represented by solid boxes, pseudogenes by open boxes, and hypervariable
regions (HVR) by zig-zag lines. (Lower lines) The extent of each deletion is represented as a
solid box, and the uncertainty of the breakpoints is indicated by open boxes. These deletions and
the primary references for them are summarized in detail in Ref. 1.




ANNALS NEW YORK ACADEMY OF SCIENCES

18

‘paaye 3q

Kewt s3uag u1qo|8-p y1oq 1eys sisa33ns swoapuss stre1a sdoipAy s 1req qi ay1 sonpoid 0 SIUBUIWIDIAP BIWISSE[EY])- 0 Y11M JUEINW SIY] JO UOLDRIDIU],
'P3qUIIS3p U33q Jou 3ABY SIY) [23A1 AL1ES[D PNOM JRY) SUONORIAUI [BINLID oY) yInoyfe

‘eHUISSE[RY1-0 )1M PIIRIDOSSE 3 O) UMOUY 10U 1B *(g] [0 1€ san
‘(3u38 u1qoy3-zo 3y1 JO €10 I8 v 10 §E P 18 D) 19Y1I3 JO UOHI|D

PIS31 323 JO UOHIISUL f1im) aseYd U) 194055010 © WO SI{NSL YoIym ‘APRID) qH Yitm pue
P) YIYSIWEI} B WOIY SHNSII YI1Ym ‘Suem QH Y3Im PIRIDOSSE Sureyd » pareduoa ay ,

'SIENPIAIPUI UBIQELY IPNES Ul JU3s31d QWOSOW0IYY , 000 UE UO $auaF 2Y1|-g0 Y10q Ul PUNOj U33q SBy uonEINW SIYL,
‘T "JoY Ul PazUIEWIWNS 318 S9OUDIIJI] PUE SJIRIAP [N,

¥a3I10) ARUIULISNP JON umouyun 0
yoe|g pouwiuiIdIap ION umouyupn 0 pazueseyduUN
yoeig Sivedi] ppo ] uoxg 0—
uaiseq SIppIN dsye—e[y ;g1 10 111 uoxy 0
uelisy 1seayinog 1y <—naq 6010 111 uoxg e
UBISY ISeayInog 0ld«na7 :cTIo 11T uoxg e Anpiqeisu [BUOLIR[SURI}-ISO]
Yoeig D--DVD«-DOVDVD :[£/0£0 I uoxzg 0—
Yoelg VVO—VVLIZHI®  UOpod uoneuruua] (44
uelpug VIOLl<VVLl:ZpIo Uuopod uoneuruIs ] w
UBDIURIISNIPIN VVV<VVL:IpI0 uopod UoNeUNLId | o
ueisy i1seayinog VVI<VVL:ZpIo uopod uoljeuIwId | ™
Yoeig DVN=IVD 91 IH uoxg rad
UBSUBLINPIN ‘UBIYY YLION DDLVDI--0D+<HDLVIOVID uopod uoneniuj R
Peld  DOLODOVII<-DDLVIOIVID uopod uonenu] 0—
UBSUBLISUPSN DO LOIOVID<—DDLVIIVID uopod uoheniuj 10
UBUBLIDNPS  DOIVIDIVII—DDLVIDIVI) uopod uonenIu] o Aone[sues; YNy
UedURLINPIN ‘152 IPPIN OVVIVV<VYVVLVY feudis (v)joq o
UBSUBLIONPA - DOHVH—-DHOVOLODVD 3)1s J0UOp [-SA] o Buissazord yNy
uonnqLsi(g [esydesSoany uoneInp Jouanbag parayy 2UaD) PAPY SSe|)) wueInpy

JRIWISSE[EY ] -0 ISNE)) JBY SIUBINJ UONI[I(]-UON I TIAVL




HIGGS et al.: a-THALASSEMIAS 19

oa-THALASSEMIA ASSOCIATED WITH A LARGE (62-kb) DELETION
UPSTREAM OF THE o-GLOBIN CLUSTER

For most forms of a-thalassemia, detailed molecular analysis has readily ex-
plained the mechanism by which a-globin synthesis is reduced or abolished. How-
ever, we have previously described an English individual (RA) with o-thalassemia in
which the molecular basis could not be so readily understood.”® DNA analysis
demonstrated a large (62-kb) deletion affecting one chromosome denoted (o)™,
spanning from between the [2 and ${1 genes to a position 52 kb upstream of the {2
mRNA cap site (F1G. 3). We have now demonstrated that the (ax)™ chromosome
accounts for the a-thalassemia phenotype in this family.” Although this suggests
even more strongly that the deletion is primarily responsible for the a-thalassemia, it
is clearly impossible to rule out with absolute certainty the presence of a second
inactivating mutation on this chromosome since not all of the cis-acting sequences
required for a-globin gene expression have yet been identified.

Both a genes downstream of this deletion in the (aa)** chromosome remain
intact. However, no mutations were found within the transcription units of the al
and a2 genes from the (aa)** chromosome. Thus, the most plausible explanation is
that the deletion is primarily responsible for down-regulating the expression of the

L 1
\vi yol o2 al 61

FIGURE 3. The extent of the deletion in the (aa)™ chromosome described in the text. (Upper
line) The a-globin complex, as described in the legend to FIGURE 1. (Lower line) The extent of
the (aa)® deletion is indicated by a solid box. This deletion is described in detail in Refs. 25 and
26.

a-globin genes. This could be due to the juxtaposition close to the a-globin genes of a
negative element from beyond coordinate —52. Alternatively, the large, 62-kb
deletion could perturb the higher-order chromatin structure around the a-globin
complex in a relatively non-specific manner, although other large insertions (+ 10 kb)
and deletions (—10 kb) within the « complex appear not to alter the expression of the
« genes in a significant way (reviewed in Ref. 1).

A third possible mechanism by which the deletion in the (xa)** chromosome
could inactivate the a genes is by the remova! of a specific positive regulatory element
that is essential for their expression. It has been demonstrated that such positive
regulatory sequences exist 50-65 kb upstream of the human B-globin genes.”
Furthermore, three different deletions that each remove these sequences severely
down-regulate B-globin gene expression.”* The positive regulatory sequences in the
B-globin cluster [referred to as the B-dominant control region (B-DCR) or B-locus
activating region (B-LARY)] confer high-level and position-independent expression
on the B-like genes when constructs containing both the B-DCR and the gene(s) arc
transfected and integrated into the genome of MEL cells or transgenic mice.”" '
Recently, it has also been shown that the B-DCR can exert a similar effect on the
a-globin genes in these experimental systems.®* Therefore, the deletion in the
(oa)** chromosome suggests the possibility of similar positive regulatory sequences
upstream of the human a-globin cluster. Using constructs in which the segments of
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DNA that are deleted from the (aa)** chromosome are linked to an a-globin gene,
we have shown that positive regulatory sequences do exist within this region.* This
region imparts high-level expression to the a genes in both MEL cells and transgenic
mice.

CONCLUSIONS

A large number of naturally occurring mutants of the a-globin cluster have been
characterized, but further cases, particularly of the non-deletion types of
a-thalassemia, will have to be studied in order to provide a comprehensive survey of
such mutants. Mutants such as the (aa)** determinant continue to provide valuable
guides to regions of the a complex that are important in the control of gene
expression. We now predict that deletions of the a-globin positive regulatory region
will provide another class of determinants of a-thalassemia.
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The diagnosis of B-thalassemia has progressed from phenotype diagnosis in the
1960s and 1970s to genotype diagnosis in the 1980s. By means of hemoglobin
electrophoresis and measurement of globin chain synthesis, B-thalassemias were first
classified into heterozygous or homozygous forms of the g° or B* type.' When DNA
analysis was first introduced, restriction enzyme polymorphism was initially used for
linkage analysis of thalassemia chromosomes.” With the delineation of precise
mutations that cause thalassemia, direct detection of mutations was possible either
by restriction enzyme analysis’ or by oligonucleotide probe hybridization.* The
advent of the polymerase chain reaction (PCR),’ in which a given segment of DNA
can be amplified many millionfold in vitro, has given the detection of thalassemia
mutations a new dimension. At present, a number of alternate methods for the
clinical detection of B-thalassemia are available, as summarized in TABLE 1. Follow-
ing amplification of the B-globin gene sequences, mutations can be detected by
restriction enzyme digestion in those cases where the mutation either creates or
abolishes a restriction site® or by hybridization with allele-specific oligonucleotide
probes.” Alternatively, allele-specific oligonucleotide primers can be used to prime
differentially normal or mutant sequences.® Rapid methods are also available to
detect unknown mutations. They include denaturing gradient gel electrophoresis,’
single-strand conformation polymorphism electrophoresis,”® and chemical"' or enzy-
matic cleavage.” In this paper, we will discuss some of the methods we have used in
our laboratory to detect mutations in 8-thalassemia.

METHODS FOR KNOWN MUTATIONS
Restriction Enzyme Digestion

The prototypic example of detection by restriction enzyme digestion is the assay
for the sickle cell mutation. Here, the A—T mutation abolishes the recognition sites
of several isoschisomers that cleave at the sequence CTNAG.® Amplified DNA from
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Hughes Medical Institute.
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TABLE 1. Direct Detection of Thalassemia Mutations with PCR

Known Mutations
Restriction enzyme digestion
Allele-specific oligonucleotide probe hybridization
Allele-specific oligonucleotide primer amplification
Known and Unknown Mutations
Denaturing gradient gel electrophoresis
Single-strand conformation polymorphism electrophoresis
Chemical or enzymatic cleavage of mismatches

the normal chromosome is cleaved by this enzyme, while that from the sickle cell
mutation is not (F1G. 1). Of the over eighty point mutations that have been defined to
date in B-thalassemia, approximately one-third could be detected in this manner
because they either create a new restriction site or abolish an existing one."

Allele-specific Oligonucleotide Probe Hybridization

For hybridization with allele-specific oligonucleotide probes, the PCR-amplified
DNA is dotted and immobilized on a nylon or nitrocellulose filter and hybridized

EtBr Ag Stain

& Protein
294 -

191>
103 -

AAASSS AAASSS

FIGURE 1. Detection of the sickle cell mutation by restriction enzyme digestion of amplified
DNA. A 294-bp segment of DNA was amplified and cleaved with the enzyme OXAN-1, which
recognizes the sequence CCTNAGG. The DNA from the normal chromosome (A) was cleaved
into two segments of 191 and 103 bp, while the DNA from the sickle chromosome (S) was not.
(Left panel) Ethidium bromide stain, (right panel) silver stain. (From Chehab et al.” Reprinted
by permission from Nature. Copyright 1987 by Macmillan Magazines Ltd.)
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with a pair of oligonucleotide probes corresponding to cither the normal or the
mutant sequence.’” The probes can be labeled with *P, *S, or horseradish peroxidase
(FIG. 2). One pair of probes is used for each mutation. This method is presently most
widely employed for the detection of point mutations in B-thalassemia and other
genetic diseases.

A modification of this method utilizes the principles of reverse oligonucleotide
hybridization." Here, the oligonucleotide probes that are homologous to the normal
or to the mutant alleles are immobilized on a filter and hybridized with the amplified
test DNA, which has been lab<led with biotinylated nucleotides. The hybridization
can be detected by different colorimetric reactions on the filter, such as that of
horseradish peroxidase. The advantage of this approach is that all the mutations to
be investigated can be immobilized on one filter, and only a single hybridization with
the test DNA is necessary.

41
/42 [317
Mutant Normal Probe —— Mutant Normal

— Homozygous control

Heterozygous control
F — Father

- Mother

- Fetus

- Normal control

FIGURE 2. Dot blot hybridization of PCR-amplified DNA. (Left panel) Fetus homozygous for
a 4-bp deletion at codons 41 and 42, (right panel) fetus heterozygous for the B' nonsense
mutation. Allele-specific oligonucleotide probes for the mutant (left lanes of each panel) or
normal (right lanes) sequences were used for the hybridization, as indicated. (From Cai et al.”
Reprinted with permission from Blood.)

Allele-specific Oligonucleotide Primer Amplification

In this method, three primers are used for the PCR reaction, two bcing
complementary to the region of the mutation and identical to each other except for
the sequence corresponding to the mutation. The third primer is used to extend the
opposite strand. The primers which are completely homologous will preferentially
extend in the PCR reaction. Thus, with the normal chromosome, only the primers
corresponding to the normal sequence will extend, while with the abnormal chromo-
some, only the mutant DNA primer will extend. Two separate reactions can be used
for each test sample, one with the normal and the other with the mutant primer (FIG.
3). Alternatively, the normal and mutant products can be identified by labeling the
primers radioactively™ or with fluorescent dyes of different colors," and competitive
PCR can then be performed in a single reaction. In the latter example, normal,
heterozygous and homozygous states can be detected by observing the color of the

ch—e m e
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[;tha/ Bthal

AA
A Btha/

Genotype

<«— 242 bp
<— 104/108 bp

ReRe:

Primers <E£ <E

FIGURE 3. Detection of the normal and the mutant alleles by allele-specific oligonucleotide
primers. The mutation was a p-thalassemia due to a 4-bp (CTTT) deletion at codons 41/42. In
each reaction, either the normal (N) or the mutant (Th) primer was used with the primer of the
opposite strand. The amplified product was 108 (normal) or 104 (mutant) bp long. A 242-bp
segment of another region of the B-globin gene was co-amplified as an internal control. M,
marker; AA, normal; A ™ and B™' ™, heterozygous and homozygous, respectively, for the
4-bp deletion. The unlabeled baads are due to nonspecific priming.

PCR product (FIG. 4). A potential advantage of this method is that it is adaptable to
laser scanning and automation.

METHODS FOR KNOWN AND UNKNOWN MUTATIONS

The above three methods are used when the mutations to be detected have been
defined. However, uncharacterized mutations may occasionally be encountered.
With the following methods, one can detect known mutations and also be alerted to
the presence of new, undefined mutations.

Denaturing Gradient Gel Electrophoresis

In this method, the B-globin gene is divided into segments of about 150 to 400 bp
for amplification.' One of the PCR primers has a GC tail of approximately 40



DOZY et al.: DIRECT GENE ANALYSIS 27

nucleotides, thereby adding a GC clamp to the PCR products. The amplified DNA is
separated by electrophoresis on a denaturing gradient gel. As each DNA segment
reaches the position on the gradient at which it denatures, its migration in the gel is
retarded. Thus, each segment has its own characteristic mobility, which can be
altered by a point mutation within it. An example is shown in FIGURE 5. The three
samples are heterozygous for the three TATA box mutations (the —28 A—G, the
~29 A—G, and the —30 T—C). While a single band is seen in the normal sample,
four bands are discernible in the heterozygous samples: a homoduplex of the normal
fragment, a homoduplex of the mutant fragment, and two heteroduplexes of the
normal and abnormal fragments. The homoduplexes of the three mutant alleles
migrated differently from that of the normal, and the homoduplex of the —28
mutation differs from those of the ~29 and —30 mutations. Although the homodu-
plexes of the ~29 and —30 mutations have the same mobilities, their respective
heteroduplexes are quite different. Hence, one can define known mutations by
comparing the mobilities of the homoduplexes and heteroduplexes to those of known
standards, and one can detect new ones by observing new patterns.

Single-Strand Conformation Polymorphism Electrophoresis
In this technique, PCR-amplified DNA fragments are denatured in alkaline

solution and run on a neutral polyacrylamide gel. Point mutations affect the
conformation of the single-strand DNAs and alter their mobility.” Thus, as in

wild-type allele

G
3 b 5
w NORMAL
————-
5 G 3
Red
g HETEROZYGOUS
mutant allele Yellow
S—
WG ——
3 T 5
—— HOMOZYGOUS
5 A ¥

Green

FIGURE 4. Principle of PCR with fluorescent dye-labeled allele-specific primers. The primer
complementary to the normal allele was labeled with rhodamine (circles with vertical bars), and
the primer complementary to the mutant allele with fluorescein (circles with horizontal bars).
The PCR products of the normal alleles fluoresce red, the homozygously affected green, and
the heterozygous yellow. (From Chehab & Kan.® Reprinted with permission from the Proceed-
ings of the National Academy of Sciences of the United States of America.)
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Normal |[+/+|+ |+ | +

-30 +

FIGURE 5. Denaturing gradient gel electrophoresis. The four samples are one normal (left
lane) and three heterozygous for one of the mutations at the TATA box. The position of the
normal (N) and mutant (—28, —29, —30) homoduplexes are indicated. The heteroduplexes
migrated more slowly and differed from each other in the three mutant DNAs. (From Cai &
Kan." Reprinted with permission from the Journal of Clinical Investigation.)

denaturing gradient gel electrophoresis, mutations can also be detected by their
difference in mobilities.

Chemical and Enzymatic Cleavage

Both of these methods use a normal B-globin gene probe for hybridization to the
test DNA, and they detect mutations by chemical or enzymatic cleavage at the site of
the mismatched sequence.""? Hence, not only can new mutations be detected, but
also the site of these mutations can be located. These methods, however, are not
usually suitable for diagnostic purposes, as cleavage is not always complete and the
heterozygous and homozygous state cannot always be distinguished with certainty.
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CONCLUSION

The present strategy for diagnosis of B-thalassemia is detection of the mutations.
Although over 80 point mutations have been described world-wide to date, each
geographical location has its own characteristic distributions of mutations, which
have been carefully mapped out by many groups of investigators. It has been
estimated that in most ethnic groups, the use of the appropriate four to five different
probes could cover over 90% of the mutations in each location."” As a primary test,
restriction enzyme digestion, oligonucleotide probe hybridization, or oligonucleotide
primers could be used. They could be supplemented by denaturing gradient gel
electrophoresis or single-strand conformation polymorphism electrophoresis, by
which the rarer mutations can also be detected. The introduction of PCR allows the
application of non-radioactive methods and makes DNA diagnosis of B-thalassemia
feasible in many areas of the world. A positive impact of these methods on the
control of thalassemia is already seen in countries where B-thalassemia is an
important genetic problem.*

REFERENCES

1. WEATHERALL, D. J. & J. B. CLEGG. 1981. The Thalassemia Syndromes, 3rd ed. Blackwell
Scientific Publications. Oxford.

2. Kazazian, H. H., Jr,, J. A. PHILLIPS, II1, C. D. BOEHM, T. VICK, M. J. MAHONEY & A. K.
RITCHEY. 1980. Prenatal diagnosis of B-thalassemia by amniocentesis: Linkage analysis
of multiple polymorphic restriction endonuciease sites. Blood 56: 926-930.

3. CHANG, J.C. & Y. W. KAN. 1982. A selective new prenatal test for sickle cell anemia. N.
Engl. J. Med. 307: 30-32.

4. PIRasTU, M., Y. W. KaN, A. CA0, B. J. CONNER, R. L. TEIPLITZ & R. B. WALLACE. 1983.
Prenatal diagnosis of B-thalassemia: Direct detection of a simple nucleotide mutation
in the DNA. N. Engl. J. Med. 309: 284-287.

5. Saixi, R.K,, T. C. BuGawaN, G. T. HorN, K. B. MuLLIs & H. A. ERLICH. 1986. Analysis of
enzymatically amplified B-globin and HLD-DQ « DNA with allele specific oligonucle-
otide probes. Nature 324: 163-165.

6. CHEHAB, F. F., M. DOHERTY, S. Cal, Y. W. KaN, S. CooPer & E. M. RuBIN. 1987,
Detection of sickle cell anemia and thalassemia. Nature 329: 293-294.

7. Cal S.-P,, C. A, CHANG, J.-Z. ZHANG, R. K. Saiki, H. A. ERLICH & Y. W. Kan. 1989.
Rapid prenatal diagnosis of B-thalassemia using DNA amplification and nonradioac-
tive probes. Blood 73: 372-374.

8. CHEHAB, F.F. & Y. W. KAN. 1989. Detection of specific DNA sequences by fluorescence
amplification: A color complementation assay. Proc. Natl. Acad. Sci. USA 86: 9178-
9182.

9. SHEFFIELD, V. C,, D. R. Cox, L. S. LErRMAN & R. M. MYERs. 1989. Attachment of GC
clamp to genomic DNA fragments by the polymerase chain reaction results in improved
detection of single base changes. Proc. Natl. Acad. Sci. USA 86: 232-236.

10. OriTA, M,, Y. Suzuki, T. SEKIYA & K. HAYASHI. 1989. Rapid and generative detection of
point mutations and DNA polymorphisms using the polymerase chain reaction. Genom-
ics 5: 874-879.

11. Cotron, R. G. H,, N. R. RODRIGUES & R. D. CAMPBELL. 1988. Reactivity of cytosine and
thymine in single base-pair mismatches with hydroxylamine and osmium tetroxide and
its application to the study of mutations. Proc. Natl. Acad. Sci. USA 85: 4397-4401.

12, Myers, R. M, Z. LaRIN & T. ManiaTis. 1985. Detection of single base substitution by
ribonuclease cleavage at mismatches in RNA:DNA duplexes. Science 230: 1242-1246.

13. Kazazian, H. H,, Jr. & C. D. BoenMm. 1988. Molecular basis of prenatal diagnosis of
B-thalassemia. Blood 72: 1107-1116.

14. Saiky, R. K., P. S, WaLsH, C. H. LeEvensoN & H. A. EruLicH. 1989. Genetic analysis of




7

15.
16.

17.

18.

19.

ANNALS NEW YORK ACADEMY OF SCIENCES

amplified DNA with immobilized sequence specific oligonucleotide probes. Proc. Natl.
Acad. Sci. USA 86: 6230-6234.

Gisss, R. A., P.-N. NGUEN & C. T. Caskey. 1989. Detection of single DNA base
differences by competitive oligonucleotide priming. Nucleic Acids Res. 17: 2437-2448.

Cal, S.-P. & Y. W. KaN. 1990. Identification of the multiple B-thalassemia mutations by
denaturing gradient gel electrophoresis. J. Clin. Invest. 85: 550-553.

Kazazian, H. H,, Jr,, C. E. DOWLING, C. D. BoeuMm, T. C. WARREN, E. P. Economou, J.
KATZ & S. E. ANTONARAKIS. 1990. Gene defects in B-thalassemia and their prenatal
diagnosis. Ann. N.Y. Acad. Sci. This volume.

Cao, A, M. C. RosaTELLIL, G. B. LEONI, T. TUVERI, M. T. ScaLas, G. MonNL, G. OLLA &
R. GALANELLO. 1990. Antenatal diagnosis of B-thalassemia in Sardinia. Ann. N.Y.
Acad. Sci. This volume.

Cal, S.-P., J.-Z. Zuang, D. H. HuanG, Z.-X. WaNG & Y. W. KaN. 1988. A simple
approach to prenatal diagnosis of B-thalassemia in a geographic area where multiple
mutations occur. Blood 71: 1357-1360.




B-Thalassemia in Thailand’

PRANEE WINICHAGOON, SUTHAT FUCHAROEN,
VARAPORN THONGLAIROAM,
VEERAWAN TANAPOTIWIRUT, AND PRAWASE WASI®

Thalassemia Center

Division of Hematology

Department of Medicine

Faculty of Medicine Siriraj Hospital,
Institute of Sciences and Technology for Development, and
Department of Pediatrics
Faculty of Medicine Ramathibodi Hospital

Mahidol University
Bangkok, Thailand

INTRODUCTION

B-Thalassemia and hemoglobin (Hb) E are prevalent in Thailand. The frequen-
cies of B-thalassemia vary from 3% in central Thailand to 9% in the north. The
frequency of Hb E is 13% on the average; and its distribution is heterogeneous,
attaining 50-60% at the junction with Laos and Cambodia.'"* B’-thalassemia is much
more common than B*-thalassemia. Homozygous B’-thalassemia and double heterozy-
gosity between B’ and p*-thalassemia as a rule result in severe Cooley’s anemia
disease. While the Hb E homozygote is asymptomatic, double heterozygosity be-
tween B’-thalassemia and Hb E (B’-thalassemia/Hb E) can be a very severe disease; a
spectrum of severity with hemoglobin levels ranging from 3 to 13 g/dl has been
observed.’ B°-Thalassemia/Hb E is the most common PB-thalassemic disease in
Southeast Asia.

At present there are more than 70 different mutations resulting in B-thalassemia,
most of which are single base changes in and around the B-globin gene. It has been
found that, in general, B-thalassemia mutations are relatively population specific,
i.e., each ethnic group has its own set of common mutants. The purpose of this paper
is to review the nature of the molecular defects of B-thalassemia in Thailand and also
to compare the patterns with those in neighboring countries.

MOLECULAR DEFECTS OF B-THALASSEMIA IN THAILAND

The data for this review are derived from four studies on a total of 319
B-thalassemic genes. Background information for the four studies is presented in
TABLE 1. There can be two main biases in the subjects examined. First is the different
ethnic admixture of the people in various localities of the country. Second is the bias

9This study was supported by U.S. Public Health Research Grant HL 34408 from the
National Heart, Lung, and Blood Institute and CEC grant, Program Contract No.
TS2.0131. TH(H).
Address correspondence to Prawase Wasi, M.D., Ph.D., Professor of Medicine, Depart-
ment of Medicine, Faculty of Medicine Siriraj Hospital, Bangkok 10700, Thailand.
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TABLE 1. Background Information for Studies on -Thalassemia in Thailand

No. of Disease and
Authors Chromosomes Locality No. of Cases”
Petmitr et al.® 25 Central 8-Thal/Hb E (25)
Fucharoen et al.’ 71 Central, south, B-Thal/Hb E and homozy-
and northeast gous B-thal
Theinetal® 119 Central B-Thal/Hb E (81) and
homozygous B-thal (19)
Winichagon er al. 104 Central B-Thal/Hb E (24) and
(this report) homozygous B-thal (40)

“B-Thal, B-thalassemia. Number of cases for each disease is shown in parentheses.

occurring from different B-thalassemia diseases. Among the B-thalassemia/Hb E
patients there will be more with the molecular defects leading to B’-thalassemia,
while among B-thalassemia/B-thalassemia patients there will be increased propor-
tions of the defects leading to B *-thalassemia. This is because B*-thalassemia/Hb E is
mild and mostly not seen in the hospitals.

TABLE 2 summarizes the molecular defects of B-thalassemia found in the four
studies. Eleven mutations have been detected. Among these, four are common: a
4-bp deletion leading to frameshift at codons 41/42 (43% frequency), a nonsense
mutation at codon 17 (14%), a C—T substitution at position 654 of IVS-2 (10%), and
an A—G transition at position —28 of the ATA box (6%). A G—C mutation at
IVS-1, nucleotide (nt) 5, occurs in 5% of the patients, but this is more frequent in the
south, where spillover from Malaysia is expected.” A higher proportion of the
mutation A—G at codon 19, which leads to the production of the variant *** chain,
is also observed in the patients originating from southern Thailand. In addition, a
619-bp deletion at the 3’ end of the B-globin gene is detected in Indian immigrants
suffering from homozygous B-thalassemia. Two novel mutations are found in the

TABLE 2. B-Thalassemia Mutations in Thailand Characterized from Patients
Affected with Homozygous B-Thalassemia or B-Thalassemia/Hb E Discase

Study
Petmitr  Fucharoen Thein This
Mutation etal® etal’ etal® Report Total Frequency

B’-Thalassemia

Codons 41/42 14 31 59 32 136 42.6%

Codon 17 3 14 12 17 46 14.4%

1VS-2 nt 654 1 9 13 8 31 9.7%

Codon 35 1 1 3 1 6 1.9%

Codons 71/72 0 2 1 2 5 1.6%

619-bp deletion 0 0 0 5 5 1.6%

IVS-1nt1 0 1 2 1 4 1.3%
B*-Thalassemia

ATA nt -28 (A—G) 0 2 12 6 20 6.3%

IVS-1nt5 1 8 6 1 16 5.0%

Codon 19 0 3 2 4 9 2.8%

nt —86 (C—G) ND* 0 1 ND* 1 0.3%
Unknown 5 0 8 27 40 12.5%
No. of chromosomes 25 m 119 104 319

“ND, not determined in this study.
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Thai patients. First, a C—A ochre mutation in codon 35, leading to p’-thalassemia,’
occurs at a frequency of 2%. Second, a G—C mutation at position —-86 was found in
a homozygous B-thalassemia patient studied by Thein et al.® The molecular basis of
B-thalassemia is still unknown in 13% of the patients reported in these studies. It is
suspected that there may exist in these patients mutations which are unique and
hitherto have not been reported.

TABLE 3 and FIGURE 1 summarize the patterns of common g-thalassemia
mutations in Thailand and neighboring countries. Several patterns are observed, as
detailed in the following paragraphs.

Chinese/Thai Pattern

The Thai and the Chinese have a similar pattern of p-thalassemia mutations
(frameshift 41/42, amber 17, IVS-2 nt 654, ATA nt —28).5"* It is characterized by the
preponderance of a frameshift mutation at codons 41/42, which constitutes almost
50% of all the defects, followed in frequency by an amber mutation at codon 17, and
mutations at IVS-2 nt 654 and nt —28 of the ATA box. Frameshift 41/42 appears to
have the highest proportions in southern China and Thailand, but it is not limited to
this region. The other three mutations are confined to Chinese/Thai. The Thai have
extensive Chinese admixture; whether the “pure” Thai have a pattern of
B-thalassemia mutations different from the Chinese/Thai pattern should be investi-
gated.

Asian Indian Pattern

This pattern (IVS-1 nt 5 Indian type, 619-bp deletion, frameshift 8/9, IVS-1nt 1)
is characterized by equal proportions of IVS-1 nt 5, a 619-bp deletion and a
frameshift at codons 8/9, followed in frequency by IVS-1 nt 1. IVS-1 nt 5 in the
Indians differs in haplotype and framework from that in the Melanesians. Among
Indians, IVS-1 nt 5 is associated with + ~——— —+ and — ++—+ —+, while among
Melanesians it is with + ———~ ++.' The 619-bp deletion is characteristic of Asian
Indians, and frameshift 8/9 is not detected among other Asians.

Melanesian Pattern

This pattern (IVS-1 nt 5 Melanesian type) is characterized by the almost sole
presence of IVS-1 nt 5 associated with the + — ——— + + haplotype and framework,
or Melanesian type.' The presence in high proportion of IVS-1 nt 5 Melanesian type
among the Malaysians is compatible with the Malayo-Polynesian ethnic background
of the people. It is predicted that IVS-1 nt 5 Melanesian type is a common
B-thalassemia mutation among other Malayo-Polynesian ethnic groups, like the
Indonesians and Filipinos.

Burmese Pattern
In this pattern (IVS-1 nt 5 Indian type, IVS-1 nt 1, frameshii: 41/42), the

preponderant B-thalassemia mutations are IVS-1 nt S Indian type, IVS-1 nt 1, and
frameshift 41/42 Chinese type."* Conspicuously low proportions of an amber muta-
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tion at codon 17 and a mutation at nt —28 of the ATA box characteristic of the
Chinese/Thai pattern are also detected.

Malaysian Pattern

The Malaysian pattern (IVS-1 nt 5 Melanesian and Indian types, codon 19, and
IVS-2 nt 654)" reflects its people’s ethnic backgrounds. The Malayo-Polynesian
background is represented by IVS-1 nt S Melanesian type, the Indian by IVS-1nt 5
Indian type, and the Chinese by IVS-2 nt 654 and frameshift 41/42. A mutation at
codon 19 leading to Hb Malay is characteristic of the Malaysian pattern.

CENTRAL CHINA SOUTH CHINA
(Sichuan) (Guangxi)

Codons 41742 30%] | Codons 41/42 48% SOUTH CHINA

Codon 17 30%| | Codon 17 20% " (Guangdong)

-20 ATA 19%| | Codons 71/72 9% Codons 41/42 46%{ | HONG KONG

Vs 11-654 11%] | -28 ATA 8% IVS 1654  19%| | Codons 41/42 48%

-28 ATA 8% ~28 ATA 11%| | Ivs n-654 22%
BURMA Codon 17 10%| { Codon 17 10%
VS 1-5 20% ~28 ATA 8%
VS I-1 25% Unknown 12%
Codons 41/42 16% THALATD
Unknown 16% Codons 41/42 43%

Codon 17 14%
IVS 1-654 10%

-28 ATA 6%
Unknown 13%
INDIA & PAKISTAN
Vs I-5 23%
619 bpdel.  22% MELANESIA
Codons 8/9  20% vs 15 87%
VS I-1 1% MALAYSIA
Codons 41/42 12% WS 15 4% 9
Codon 19 15% Y Q
Codons 41/42 12% <
VS I-1 % N S-SR °°
VS 11654 7% - ﬁ’ iy

FIGURE 1. Summary of the common B-thalassemia mutations found in Thailand and neighbor-
ing countries (Refs. 6-8, 10-16, and this report).

DNA POLYMORPHISM ASSOCIATED WITH B-THALASSEMIA

Although several different 5’ haplotypes of DNA polymorphism have been
observed in the chromosomes bearing B-globin genes, only three of them, iec.,
+—-——, —+—++,and — ++—+ are common in all populations; and the — — ——+
haplotype is mainly found in Africans.” These haplotypes are non-randomly associ-
ated with B-globin gene frameworks designated as follows: framework 1, ++;
framework 2, +—; and framework 3, —+. However, the +———— haplotype
associated with framework 1 or 3 is often observed in the normal g-globin genes and
in B-thalassemia genes. It has been noticed that, in a certain population, different
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B-thalassemia mutations tend to be associated with particular haplotypes and
frameworks.

TABLE 4 shows the association of DNA haplotypes and frameworks with
B-thalassemia mutations in the Thai and other ethnics in neighboring countries. Only
common B-thalassemia mutations will be discussed in the following paragraphs.

Frameshift Mutation at Codons 41/42

A frameshift mutation at codons 41/42 is common among the Asian populations;
its focus is in southern China and Thailand. It has been found to be strongly
associated with the 5’ haplotype +———— (TABLE 4). However, occurrence of this
mutation on chromosomes with different sets of B-globin gene frameworks suggests
multiple origins for this mutant. Two frameworks, 1 and 3, are detected in the Thai
and Chinese but, as found in our present study, the Thai frameshift 41/42 is linked to
framework 3 (—+) in slightly higher proportion (19/33 alleles), while the Chinese
one is mainly linked with framework 1 (++: 29/37 alleles).'*"! The Burmese mutation
also has the framework of the Chinese type.”” The Malaysian and Indian frameshift
41/42 mutations mostly occur on framework 2 (+—): 4/5 alleles in the Malaysian
group and 9/12 alleles in the Indian. The remaining frameshift 41/42 mutations in
these groups are on the B-gene with framework 1 (++).""

Mutations in Codon 17, IVS-2 nt 654, and ATA Box nt —28

These mutations are commonly found in the Thai, Chinese, Burmese and
Malaysian groups (TABLE 3). Although more than one pattern of DNA polymor-
phism is observed, only one particular haplotype predominates in each mutation.

The amber mutation at codon 17 is linked to + ———— —+, IVS-2 nt 654 mostly to
+———— ++, and the mutation at nt —28 of the ATA box to —++—+ —+ in the
Thai and Chinese (TABLE 4).

G—C Mutation in IVS-1 nt 5

A G—C mutation in IVS-1 nt 5 has been found at a high frequency among the
Melanesian, Malaysian, Burmese, and Asian Indian groups (TABLE 3). Although
many different 5' haplotypes are detected, only two B-gene frameworks, —+ and
++, each of which is present in a particular racial group, are observed (TABLE 4).
This indicates a dual origin for the occurrence of this B-thalassemia mutant. Among
Melanesians, IVS-1 nt 5 is mostly associated with the +——-~— ++ haplotype
(Melanesian type),'® while among the Indians it is associated with + ———~ —+
(Indian type)."*" The Burmese have the IVS-1 nt 5 defect of the Indian type. The
presence of both types in the Malaysians reflects the admixture of these two racial
groups in Malaysia."

G—-T Mutation in IVS-1 nt 1
This B-thalassemia mutant is common in Burmese and Indians and is found in a

certain proportion of Malaysians (TABLE 3).""* Only one pattern of DNA polymor-
phism, —+—++ ++, has been observed in the Asian Indians (TABLE 4). This
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—+—++ ++ is also predominant in the Burmese IVS-1 nt 1 (18/24 alleles), while
two other haplotypes, ~+—++ +— and + — — —— ++, are also detected at an equal
proportion (3/24). In the Malaysian IVS-1 nt 1, only + — — — — + + has been found.

619-bp Deletion and Frameshift Mutation at Codons 8/9 in Asian Indians and
Mutation at Codon 19 in Malaysians

While the 619-bp deletion and frameshift 8/9 are characteristic of the Asian
Indians,"” the mutation at codon 19 (Hb Malay) is found only in Malaysians." The
single haplotypes, +———— —+, associated with the Indian deletion type, and
—++—+ +—, associated with Hb Malay, indicate single origins for each of these
mutations. The frameshift mutation at codons 8/9 also occurs with a single origin
(framework 1: ++), although three different 5’ haplotype have been observed
(TABLE 4).

DNA POLYMORPHISM ASSOCIATED WITH THE p* GENE

Antonarakis et al., in examination of 23 chromosomes bearing B* genes from
Cambodians, Laotians, and Thai, found that the B° gene is situated in two B-gene
frameworks, i.c., framework 3 (—+) and framework 2 (+—)."” This suggests that
there are two independent mutations for the common Southeast Asian Hb E.
Hundrieser et al. found that Hb E in Cambodia is mainly associated with framework
3, while Hb E in the Thai, in the Vietnamese and among the Kachari in Assam, a
Tibeto-Burman ethnic, is associated with framework 2.'** Furthermore, Hundrieser
et al. have found a gradient in the distribution of the two types of Hb E in Cambodia.
In eastern Cambodia, framewrok 3 Hb E is almost singly present, while in western
Cambodia bordering Thailand, framework 2 Hb E appears in a low frequency.
Yenchitsomanus et al.” in our laboratory examined 22 samples of homozygous Hb E
in Thailand. We have now examined 47 additional samples of Hb E from
B-thalassemia/Hb E patients. These two studies also reveal that Hb E in Thailand is
mainly associated with framework 2, although framework 3 Hb E is also detected in
much lower frequency (TABLE 5).

Since framework 3 Hb E is concentrated in Cambodia, it may be called Cambo-
dian Hb E. In Thailand, framework 2 Hb E is the main mutant; thus, framework 2 Hb
E may be called Thai Hb E. The common Hb E so far reported in other Southeast
Asian countries is the Thai Hb E. There is of course diffusion of Cambodian Hb E
and Thai Hb E across the boundaries of countries.

At the junction of Laos, Thailand and Cambodia, the frequencies of Hb E are as
high as 50-60%, and the area has been dubbed the “Hb E triangle.” Originally it was
thought that the Thai and the Laotians had acquired Hb E from admixture with the
Cambodians. The existence of distinct Cambodian and Thai Hb E, as revealed by
DNA polymorphism studies, indicates that this is not the case. It also suggests that
selective pressure for Hb E at the “Hb E triangle” must have operated for both types
of Hb E.

It is interesting to note that in Assam, in India, bordering Burma, Hb E has been
found in spectacularly high frequencies in at least three different ethnic groups, i.e.,
the Thai Ahom, the Khasti, and the Kachari.” Hundrieser et al. have reported that Hb
E among the Kachari, which is a Tibeto-Burman ethnic, is of the framework 2 (Thai)
type.” The types of Hb E among the other two ethnics have not been reported. It can
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be expected that Hb E in the Thai Ahom would be of the Thai type. The Khasi is
Mon-Khmer in ethnic. It would thus be extremely interesting to know whether the
Khasi has Cambodian Hb E or Thai Hb E. There are 64 Mon-Khmer dialects spoken
by people who are scattered in different countries.”* Besides the Mon and Cambo-
dians, which represent the major groups, the Mon-Khmer-speaking people include
several minorities, such as the Sagai in Malaysia, the Khamu, the Yambri, the Kha,
the So, and the Suay. In all the Mon-Khmer-speaking ethnics that have been
examined, Hb E is found in high frequencies. It has been reported that Hb E in the
So living in northeastern Thailand is associated with framework 2 (Thai Hb E).” The
Thai ethnics are scattered in eight countries in this area; the Laotians and the Thai
belong to the same ethnic. Knowledge on the distribution of Cambodian Hb E and
Thai Hb E in the Mon-Khmer ethnics and Thai ethnics will bring better understand-
ing about the origin and migration of these people as well as the chronology of the
occurrence of Hb E mutations.

SUMMARY

The nature of the genetic defects in B-thalassemia in Thailand was reviewed from
four studies involving 319 B-thalassemia genes. Eleven mutations were identified.
Among these four were common: a 4-bp deletion at codons 41/42 (43% frequency),
an amber mutation at codon 17 (14%), a C—T substitution at IVS-2 nt 654 (10%),
and a A—G substitution at ATA box nt —~28 (6%). The pattern of common
B-thalassemia genes among the Thai and the Chinese is similar.

In neighboring countries there are specific patterns of common B-thalassemia
genes. The Indian pattern consists of IVS-1 nt 5, a 619-bp deletion, frameshift 8/9,
and IVS-1 nt 1. The Melanesian pattern is characterized by the almost sole presence
of IVS-1 nt 5. The IVS-1 nt 5 mutations of Indians and Melanesians are associated
with different B gene frameworks. The Burmese pattern is a partial mixture of the
Indian and the Chinese/Thai pattern. The Malaysian pattern reflects Chinese, Indian
and Malayo-Polynesian ethnics.

DNA polymorphisms on chromosomes bearing the B® gene differ considerably
from those of the normal B and B-thalassemia genes. It has been suggested that the
B® mutation originated on the — + — + + haplotype. Two B-gene frameworks, 2 (+ —)
and 3 (—+), are linked to the B* gene. While framework 2 Hb E (the Thai Hb E)
predominates in the Thai and most ethnic groups in Southeast Asia, framework 3 Hb
E (the Cambodian Hb E) is more frequent in the Cambodians.
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INTRODUCTION

As in other Mediterranean countries, where malaria was endemic, thalassemias
are frequent in Algeria. The epidemiology of a-thalassemia is only partially known,
but studies performed in various population groups—blood donors, school children,
tribes from the south of the country—have found a gene frequency for B-thalassemia
ranging from 2.5 to 3 per 100. Given the present demography (30 x 10° inhabitants,
850,000 births per year), one should expect more than 100 new homozygous cases to
be born every year. A similar estimate, 125 cases, has been calculated on the basis of
the forms associated with hemoglobin variants.! Therapeutic possibilities are still
limited, and life expectancy therefore varies in different locations. It nevertheless
seems reasonable to assume the existence of living patients approaching one
thousand in number, even though presently identified cases reach only one-half of
this number.

Over several years we have been able to perform an extensive study, focused
mostly on patients transfused in Algiers itself, but also involving cases from other
parts of the country. This study has taken several different approaches:

1. Many patients have been carefully investigated before receiving any treat-
ment, therefore providing data concerning the natural history of the disease
and its phenotypic expression.

2. With the facility brought by the polymerase chain reaction, it was possible to
establish a good estimation of the frequency of the various mutations, both
common and rare. Novel mutations have been identified. This screening has
presently involved the study of 173 chromosomes.

3. Together with the mutations themselves, the chromosome background on
which they arose has been explored, initially with the classical haplotype data.
The regions controling the expression of the y genes have also been further
explored, as was the direct environment of the B gene itself. From these sets of
data, it is possible to propose hypotheses concerning both the phenotypic
expression and the possibility of various genetic events.

NATURAL HISTORY OF B-THALASSEMIA IN ALGERIA

About 80 patients are regularly followed at the Transfusion Center in Algiers,
but many more have been seen in recent years, due to improved communication with
affected families. Within a relatively short time, a cohort of 50 new cases of
homozygous @-thalassemic patients was seen at first presentation, before any
treatment.” From this cohort a good overview of the natural history of the disease can
be drawn up. It has also allowed us to investigate some phenotypic data concerning
hemoglobin expression.
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Clinical Presentation

Most of the cases observed were of the severe form, starting early in life. The first
clinical manifestations were observed at the age of 6 months or even before in 25
cases (50%) and between 6 months and one year in an additional 13 cases. However,
in a limited proportion of cases—?5 in our series of 50—the onset of clinical symptoms
was clearly late, between 3 and 5 years of age; and similar additional cases have
occasionally been observed. It is interesting to note that in Algeria such late cases are
mostly B’-thalassemias.

The symptoms observed are the classical ones: pallor was always seen, and
jaundice and asthenia were present in some but not all of the patients. Splenomegaly
was constant after the age of 6 months, as were progressive skeletal changes and the
characteristic facial appearance, the degree of which was roughly proportional to the
delay between the actual onset and the time of consultation.

Synthesis of Hemoglobin

Hemoglobin production has been studied at different levels. Very broadly
dispersed values were observed at first presentation, ranging from 2 to 10 g/dl. It is
notable that the higher values were observed both in older children and in babies. B*
or B’-thalassemias were distinguished either by isoelectrofocusing before any treat-
ment or by biosynthetic studies: we observed 31 cases of B* and 19 cases of
B°-thalassemia.

Special attention has been focused on the expression of fetal hemoglobin,
estimated in absolute values g/dl, and not in percentages. In our series we found
clearly different values between the two groups: 5.98 + 1.30 g/dl in B’-thalassemia
and 4.66 = 1.23 g/dl in B*-thalassemia (p < 0.001) (Fi1G. 1). Distribution of the
experimental values shows few cases with values below 4.5 g/dl in the first group (B"),
and in the second group (B*) only one case was above 7 g/dl. The difference is still
more evident when each group is subdivided between children below 12 months of
age and children above this age. In the older children, the values are dispersed in
both groups, and the mean value for each group is not very different. In contrast,
there is a major difference between the younger children of the two groups. Very low
values are observed in the infants presenting with an early onset of B*-thalassemia;
this is not the case in B’-thalassemia. It is as if in the latter case the delay for the
switch from fetal to adult hemoglobin was retarded.

It has been estimated that in the case of severe p-thalassemia a 30-fold expansion
of the erythron can account for up to 4-5 g/dl of fetal hemoglobin following the
selective survival of the F-cells.” Most of the values observed during the first year of
life in children with B*-thalassemia fall within this limit, whereas the values range
from 5 to 8 g/dl in cases of B’-thalassemia. Results are different in children seen after
one year of age. In both groups, roughly half of the patients present values below 5
g/dl, and in both groups there are children presenting with apparent overexpression
of fetal hemoglobin.

Production of fetal hemoglobin was also explored in transfused children from
results obtained immediately before the monthly transfusion. As expected, fetal
hemoglobin synthesis was most often depressed, usually below 1 g/dl. In a few cases,
however, it was regularly maintained between 2.5 and 3.5 g/dl. Individual cases where
a truly high expression of fetal hemoglobin was found were further explored, and a
comparison was made with the genotypic data. In thesec cases two restriction
fragment length polymorphism (RFLP) subhaplotypes were found predominantly;
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these will be discussed later. However, this association was not an absolute rule, and
there are exceptions.

The globin chain composition of fetal hemoglobin was also determined, and here
the results fall obviously into two groups according to the 5 subhaplotypes: the
percentage of y in the first group is between 32 and 55%, and in the second one
between 62 and 80%.

A tentative estimation of the synthesis of hemoglobin A, was also made, in
pg/cell, despite the known cellular heterogeneity. In most of the cases this synthesis
appears grossly normal between 0.5 and 1 pg/cell. We observed clearly higher values
in four cases only: in all these cases, patients were young babies with severe forms of
p*-thalassemia and low synthesis of Hb F.
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FIGURE 1. Synthesis of fetal hemoglobin (g/dt) by thalassemic patients, as observed at first
presentation. Lines 1 and 2: all the patients in the two groups, '~ and B*-thalassemics. Lines 3
and 4: patients seen before one year of age. Lines 5 and 6: patients seen after one year of age.

Results observed among siblings in ten families where more than one child
presented the homozygous form have allowed us to demonstrate that the expression
of hemoglobins F and A, is extremely similar within a family, whereas other
symptoms clearly depend upon the timing of the evolution of the disease.

GENOTYPIC STUDIES

From the beginning, this study has been intended to determine both the
thalassemic mutation and the genetic background surrounding it. Results in these
two fields were often obtained simultaneously, following the development of technol-
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ogy and the progress of knowledge in the field. We first used restriction mapping for
haplotype analysis, detection of some molecular defects, and correlation between
genotypic data and phenotypic expression. The availability of oligoprobes, and of the
polymerase chain reaction (PCR), has been a major improvement for both series of
results. For practical reasons we will present the data on the mutations and their
genetic background in two separate sections.

Spectrum of B-Thalassemic Mutations in Algeria

Mutations have been investigated in 88 patients presenting with Cooley’s anemia
or a thalassemia intermedia syndrome. In the beginning of our investigations, the
mutation was identified at the protein level in two cases, one case of hemoglobin
Lepore Boston® and one of hemoglobin Knossos.” In these two cases the other
chromosome has not been examined. Investigation of the 86 remaining cases
represents 171 chromosomes. The majority of these patients come from a wide area
in the vicinity of Algiers or from Kabylia, but minor groups were from the east of the
country or were living in France. In families where one or more siblings were
followed, only one of them was taken into account.

Results have been obtained by restriction enzyme analysis, cloning and sequenc-
ing, and more recently by PCR amplification and slot-blot identification using
allele-specific oligonucleotide (ASO) probes. The latter method was the most
efficient for a general evaluation. The results can be summarized as follows.

1. There was an exceptionally high proportion of true homozygotes: 47 of our
patients—more than half—were found to carry the same identified mutation
on both chromosomes.

2. There was no predominant mutation. Four mutations were frequent: G—A at
IVS-1 nucleotide (nt) 110;* C—T, creating a nonsense codon at codon 39;" a
frameshift due to a microdeletion of one nucleotide at codon 6;*° and G—A at
IVS-1 nt 1."° A fifth mutation was clearly less frequent: T—C at IVS-1 nt 6."
These results are summarized in TABLE 1. The four most frequent mutations
accounted for 83.8% of the cases, and by adding the fifth most frequent one,
T—C at IVS-1 nt 6, for 87.3%. These cases are readily accessible to antenatal
diagnosis at the DNA level.

3. The molecular heterogeneity of thalassemic mutations is even more evident in
the 12% of the cases not belonging to these five major categories. Many of
these chromosomes are still under investigation. Some others have been
characterized either as previously described mutations—Hb Lepore, Hb
Knossos—or as novel ones. Two of these molecular defects have been
extensively studied.

In one case, we observed in three siblings of a family a homozygous form of
B’-thalassemia due to a G-»A mutation at nt 5 within the IVS-1 donor site consensus
sequence.”? Several mutations have been described at this site, and in all cases,
including ours, the production of normal mRNA and 8-globin is much lower than it is
in cases of mutation of nt 6, confirming the importance of this G residue in mMRNA
splicing.” Nevertheless, the three children we observed presented initially and for
several years with a thalassemia intermedia syndrome, this condition tending later on
to deteriorate. In the three children a high expression of fetal hemoglobin was found,
either at first presentation (6 to 7 g/d! when they were 5-6 years old) or under the
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transfusion regimen. In our series of thalassemic patients the 5’ subhaplotype
surrounding the vy genes (———+) was always associated with this overexpression.
This overexpression could be produced by a determinant reacting to erythropoietic
stress, or it could be associated with a very long delay in the fetal-to-adult hemoglo-
bin switch.

In another adult patient presenting with thalassemia intermedia and living a
subnormal life, a mutation within the IVS-2 acceptor site consensus sequence was
found on one chromosome; the other chromosome carried a frameshift mutation and
was B’-thalassemic.” This novel mutation, which still allows the production of a
sizable amount of B chain, has permitted us to study the functional role of the
polypyrimidine tract. The presence of a mutation within this sequence mostly causes
a reduction in the quantity of mRNA produced; there are also trace amounts of
abnormally spliced RNAs (data, submitted for publication). Observation of this
patient emphasized the fact that her relatively good condition was supported by an
extremely high peripheral erythroblastosis, raising the possible role of growth factors
in the clinical presentation.

TABLE 1. B-Thalassemic Mutations in Algeria

%
Mutations® No. of Chromosomes
Frequent \
Codon 39 (nons) C—»T 45 26.0
IVS-1nt 110 G—A 43 25.4
IVS-1nt1 G—A 25 145 | 3338 873
Codon 6 (-A) G—G 31 179
IVS-1nt6 T—C 6 35 /
Others \
IVS-1nt 5 G—A 2
IVS-2 nt 843 T-G 1
Hb Lepore Boston 1 29 127
Codon 27 G-T 1
Not identified 17 9.8 J
Total 172 100

“nons, nonsense codon; nt, nucleotide; Hb, hemoglobin.

Genetic Environment of the Thalassemic Mutations

Even before identifying the thalassemic mutations, we had started to define
RFLP haplotypes using the classical seven restriction sites described by Orkin'® in
Mediterranean populations.” Initially this study was progressively extended to more
patients in parallel with family studies in order to evaluate the degree of feasibility of
antenatal diagnosis in this population.'® The results can be summarized as follows.

1. Previously described haplotypes were found in the Algerian population, but in
proportions different from the ones observed formerly. A relatively high
frequency of haplotype IX was found and, to a lesser degree, haplotype III.
Four novel haplotypes were also demonstrated.

2. In more than 70% of the cases the restriction pattern of the 3’ part of the
cluster was identical, and by extrapolation the framework was assumed to be

of type I only.
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3. In this haplotype analysis, as in the mutation identification, the proportion of
individuals carrying the same haplotype on both chromosomes was extremely
high, more than one-half. A similar feature was found in a sizable although
smaller proportion of the parents, making antenatal diagnosis by this method
unfeasible in such cases.

Study of the yB Subhaplotype

Our attention has initially been focused on the occurrence of thalassemia
intermedia. Since.no a-thalassemia was found, and patients were p’-thalassemic, the
mildness of the disease was clearly related to the overproduction of fetal hemoglobin,
between 8 and 10 g/dl in the first series. All the patients carried the same haplotype
IX on both chromosomes with a C—T mutation at position —158 5’ to the cap site of
Cy. In these cases t00, the proportion of “y chain was found to be between 70 and
80%, similar to what is seen during the fetal stage of ontogenesis. Of specia’ interest
was the fact that a similar amelioration of the clinical condition was observed in
homozygous sicklers from Senegal carrying the same haplotype but whose disease
obviously resulted from a different pathophysiological process.™'* The same observa-
tion has now been extended to a larger series and also reported by other authors.”

In thalassemic children who are compound heterozygotes for haplotype IX and
another haplotype, such a clinical amelioration is inconstant. It is nevertheless
frequently observed at first presentation: the clinical onset of the disease often seems
to be delayed to later than 3 years of age, and the decay of fetal hemoglobin synthesis
has been delayed over several years in most of the cases of our series. In the same
children, the production of %y chain is maintained to a level of over 60% of the total
synthesis of fetal hemoglobin, and the %y/*y ratio is clearly dissociated. All these
results seem to establish a strong relation between a mode of expression of fetal
hemoglobin and a defined haplotype.

This relation was assumed to be due to the 5 haplotype directly surrounding the
v genes. Therefore attention was first given to haplotype 111, which apparently shares
with haplotype IX the same battery of polymorphisms in the vy zones, including the
C—T mutation at position —158 5’ to the Sy cap site. This haplotype is a rather
common one in Algeria, but in none of the patients presenting a chromosome
carrying this haplotype, even in the homozygote condition, was an overexpression of
fetal hemoglobin observed. The existence of some other structural difference involv-
ing a potentially regulatory sequence was further supported by our simuitaneous
study of individuals of Italian origin who were homozygous for the same haplotype
III but were carriers of a determinant for hereditary persistence of fetal hemoglobin
(HPFH). A comparative study was then performed that focused on the vy gene
promoters on one hand, but also on the putative enhancer located 3’ to the vy gene.
A series of mutations within this enhancer had recently been described in association
with HPFH Seattle, and it had been suggested that they might have a role in this
phenotype.” These three mutations were demonstrated to exist both in individuals
with (Italian) and without (Algerian) HPFH, as well as in other individuals present-
ing other phenotypes. Their presence in an Algerian thalassemic patient without any
overexpression of fetal hemoglobin definitely ruled out their involvement in the high
expression of the y genes, '

Two other 5' subhaplotypes should be mentioned with respect to their relation
with this phenotype. As mentioned carlier, we have observed an overexpression of
fetal hemoglobin, at least for several years in the beginning of life, in patients
homozygous for the 5’ subhaplotype — —~ ——+. The same type of overexpression was
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observed with a thalassemic intermedia syndrome in a patient who is a compound
heterozygote carrying this subhaplotype on one chromosome. Up to now no precise
determinant has been identified, but it should be noted that this subhaplotype is the
same as the one observed in the Benin type B° chromosome.? Our results suggest
therefore that, when submitted to a strong erythropoietic stress, this subhaplotype
could be linked to determinants responsible for a true overexpression of fetal
hemoglobin.

In all the patients homozygous for haplotype II, the proportion of ®y chain
synthesis (®y/*y) was tightly clustered between 60 and 65%, but without global
overexpression of fetal hemoglobin. In similar cases it has been suggested that a 4-at
deletion 5’ to the *y gene could be responsible for decreased expression of this gene
and consequently for a relative overexpression of the %y gene. Most of our patients
were investigated for this mutation; it was found in some, but not all, of the cases
(unpublished observations).

TABLE 2. Linkage Disequilibrium between Mutations and Haplotypes in 121
Chromosomes

Mutation®
IVS-1 Codon 39 IVS-1 Codon 6 IVS-1
nt 110 (nons) nt1 (FS) nt6
Haplotype (G—A) (C-T) (G—A) (—A) (T-C) Rare

+-———— ++ () 32 12 1 1
—++=4+ ++ (1) 2 2
—+—++ +-— (1D 6
+———= +-(V) 14
—+4+—= =+ (VD) 4
—+-=++ ++ (IX) 1 2 17
————— ++ (A) 1
—++—+ +—(B) 1
————— +-(C) 2
————— -+ (D) 2 1
Total 34 35 24 19 6 3
Linkage with the

major haplotype 94.1% 62.8% 58.3% 89.5% 66.6%

“nt, nucleotide; nons, nonsense mutation; FS, frameshift.

Further Study of the 3' Subhaplotype

As with the identification of mutations, the study of haplotypes was drastically
modified by the use of PCR. The 3’ part of the haplotype is usually determined by
only two restriction enzymes, Ava H—which potentially cleaves in the B genc
IVS-2—and BamH I—which cleaves about 8-kb downstream of the Ava II site. The
majority of the chromosomes we studied were + for Ava I and BamH 1, leading us to
extrapolate from this data an intragenic structure belonging to framework I, which is
common to haplotypes I, II and IX.'"" A comparison between these results and the
mutations mentioned above (TABLE 1) shows that the linkage between mutation and
haplotype varies greatly from one mutation to another (TABLE 2). It can be seen that
the mutation at IVS-1 nt 110 is consistently associated with haplotype I with only two
exceptions, which can be explained by recombination events.” The second frequent
mutation, nonsense codon 39, is found rather frequently with other associations than
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the classical one, haplotype 11, but here too a recombination event may explain the
observed data. The same is true again for the association of haplotype IX with the
frameshift at codon 6. The mutation at IVS-1 nt 6 is infrequent, but the same type of
explanation remains valid: all of the data are consistent with the presence of a
mutation on a single framework. However, for the mutation at IVS-1 nt 1, not only is
the classically described” linkage with haplotype V not consistently seen (14/24:
hardly more than half the cases), but in three cases the haplotypes observed suggest
the presence of a different framework.

The same variable association has been described for Sardinians with a nonsense
mutation at codon 39.” When the different haplotypes observed share a similar 3’
part, the simplest explanation is a recombination event. On the other hand, when
differences in this 3’ part are observed, the question of a recurrent mutation can be
raised.

In a similar way the pluricentric origin of the §* mutation was first proposed on
the basis of its presence on chromosomes bearing various haplotypes.” It was more

b

Hf | Rsa |

Mutation n
IVS 1 nt 110 + - + + + 9
G = A
Co 39 + - + + + 16
C =T
VS 1 nt 1 + - + - - 16
G = A
VS 1 nt 6 + - _ + + 3
T = C
Co 6 (Del A) + o+ + + + 8

FIGURE 2. (Upper panel) The newly defined 3’ subhaplotype, including five restriction
polymorphisms. (Lower panel) The linkage disequilibrium most commonly observed between
the thalassemic mutations frequent in the Algerian population and the various subhaplotypes.
Hf I, Hinf 1 site; Co, codon; Del A, deletion of an A.

recently confirmed by a structural study of sequences located 5’ to the B gene itself,
which were demonstrated to be polymorphic and specific for each origin of the g°
mutation.”

We therefore decided to apply a similar approach to the study of the B-thalassemic
DNAs. Our hypothesis was that, for a more detailed investigation of the genetic
background surrounding B-thalassemic mutations, as a first step determination of
the sequence could be replaced by assay of selected restriction polymorphisms,
provided they were located on both sides of the B gene and close enough to probably
preclude a recombination event. Given the size of the fragments obtained, the
presence of these polymorphic sites might be ambiguous on genomic DNA, but easy
to assess on an amplified segment.

The newly defined haplotype involves the following restriction sites: 5’ to the g
gene, the Hinf site at —1.1 kb and the Rsa I site at position —550;” within the gene
itself, the Ava I site; 3’ to the B gene, the Hinf I site close to the poly(A) attachment
site,” and the BamH I site 8 kb downstream. This haplotype has been explored in
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TABLE 3. Atypical Cases Observed

Polymorphisms 5’ Polymorphisms 3’

Haplo- to the B Gene to the B Gene
Case type Mutations’ Hinf 1 Rsal Hinf1 BamH 1

1 N IVS-1 nt 110/IVS-1 nt 110 +/+ +/— +/+ +/+
2 I/IX Nons 39/Nons 39 +/+ -/- +/+ +/+
3 v Nons 39/IVS-1 nt 1 +/- +/— +/= +/-
4 XX IVS-1nt 1/IVS-1 nt 1 +/+ -/=- -/- +/+
5 1 IVS-1 nt 110/IVS-1nt 1 n.df n.d. +/- +/+
6 /B¢ Nons 39/IVS-1nt 1 +/+ n.d. +/+ +/=

“Nons 39, nonsense codon 39; nt, nucleotide.

*In case 2, all the sites are homozygous, including Rsa 1, consistent with the presence of the
nonsense codon 39 homozygous mutation. Haplotype IX is therefore not the usual one, but
probably a recombinant (IXin 5’,11in 3’).

‘n.d., not determined.

“B is the name arbitrarily given to the haplotype —++—+ +—.

most of the chromosomes for which the thalassemic mutation had been identified. It
gives consistent results, which are shown in FIGURE 2. It should be noted that the Rsa
I site seems to be specifically present in association with haplotype IX and the
frameshift mutation at codon 6. Since haplotypes I, II, and IX are classically
associated with framework I, the existence of a consistent difference in the 3’
subhaplotype requires a further identification of polymorphisms not detectable by
restriction enzymes.

Nevertheless, some exceptions are found to the linkage disequilibrium generally
observed (TABLE 3). They can be divided into two groups. In cases 1 to 3, a
discrepancy was found in the sites located 5’ to the B gene. The Hinf I site was
previously demonstrated to lie within a region of relative sequence randomization.*
Our results could suggest that this zone includes the Rsa I site and therefore extends
extremely close to the B gene. The other three cases (4 to 6) raise a more difficult
question. All these cases represent chromosomes which carry a mutation at IVS-1 nt
1 and in which no linkage disequilibrium is observed between the Hinf I site 3’ to the
B gene and the BamH 1 site."” Since the nature of the framework is usually
extrapolated from the presence or absence of the BamH I site, the framework was
further identified by sequencing IVS-2 in two ambiguous cases (4 and 6). In both
cases, the Hinf I site was found to be a better index of the framework than was the
BamH I site (TABLE 4).

This raises the question of the reliability of this BamH I site located 8 kb 3’ to the

TABLE 4. Atypical Cases Testing the Validity of the BamH I Site: Determination of
the Framework by Sequencing

Restriction Polymorphisms 1VS-2
Haplo- Hinf 1 Frame-
Case  types’ Mutations” Avall (3'toB) BamHI nt74  work’
4 IXAIX  IVS-Int /IVS-1nt1  +/+ -/- +/+ /T /1
6 1II/B Nons 39/1VS-1 nt 1 +/+ +/+ +/- G/G 11

“B is the name arbitrarily given to the haplotype —++—-+ +—.
*nt, nucleotide; Nons 39, nonsense codon 39.
‘Framework as determined by sequencing for nt 74 of IVS-2.
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B gene. A technical problem seems to be ruled out since in both cases the site was
present. Recombination between the B gene and this restriction site can be invoked
as an explanation, but it also has to be remembered that the BamH I site lies within
an L1 sequence. Such sequences, which resemble pseudogenes, could be the target
for genetic events such as gene conversion and may tend to homogenize more than
other sequences.” The last case (6) is also the only one in our series which raises the
issue of having the same mutations (IVS-1 nt 1) on two different frameworks (I and
II) in the same population, and therefore of a recurrent mutation or a gene
conversion.

From an anthropoiogical point of view, some data can be gencralized. Two
mutations, namely IVS-1 nt 110 and the frameshift at codon 6, present a very high
degree of linkage with all the polymorphisms, which could indicate a relatively recent
origin or introduction into the country. The nonsense codon 39, found everywhere in
the Western part of the Mediterranean, is found associated v.ith many recombina-
tion events. Interestingly, the IVS-1 nt 1 mutation is found to have the weakest
linkage to genetic background and is associated with various genetic events. During a
first investigation of the available cases, they were all found to originate either from
Kabylia or from the south of the country. This could indicate a very ancient and
possibly local origin of the IVS-1 nt 1 mutation. From this point of view it is
interesting to compare our data with the various results obtained in Mediterranean
populations® and especially in that of neighboring Tunisia.* One finds in Algeria
roughly similar quantities of chromosomes carrying the nonsense codon 39 mutation
which is common to the Latin world and the IVS-1 nt 110 G—A mutation from the
Eastern part of the Meditteranean. The frameshift mutant (—1 at codon 6) seems to
be generally distributed in North Africa, and it is amazing to observe that, outside of
Algeria, the IVS-1 nt 1 G—A mutation is frequent mainly in Portugal .

CONCLUSION

In conclusion, a systematic investigation of PB-thalassemia in Algeria has given
valuable information concerning the spectrum of the thalassemic genes in the
country and has demonstrated the existence of novel mutations. Because there was
access to patients not yet treated, this investigation gives information concerning the
expression of fetal hemoglobin. The very heterogenous distribution has also allowed
the study of the linkage between mutations and the genetic background in which they
arose.
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INTRODUCTION

B-Thalassemias characterized by a complete absence of B-globin synthesis are
called B°-thalassemias; as a group they constitute approximately one-third of all cases
of B-thalassemia.’” The most common mutation giving rise to defective translation is
a base substitution that alters a codon that specifies incorporation of an amino acid
into one which is a translation stop-codon (translation termination codon, “nonsense
codon”). As a result, ribosomes translating the mutant mRNA species encounter a
translation stop signal prematurely and dissociate from the message. These mRNAs
can encode only prematurely terminated peptide fragments that cannot function as
B-globin molecules. Therefore, no B-globin is produced from the activity of the
affected atlele.

We* and others® observed that patients with B’-thalassemia due to premature
translation termination of their g-globin mRNA exhibit reduced amounts of B-globin
mRNA in their erythroid cells, even though one might expect this mRNA to be
afflicted only with deranged function, rather than defective accumulation. Several
hypotheses have been advanced to explain this phenomenon. Central to almost all of
these proposals has been the assumption that non-translated mRNAs are unstable in
the cytoplasm, presumably because they are incapable of receiving full protection by
polyribosomes against nuclease degradation. However, we’ and others® demon-
strated that no detectable abnormalities of B-globin mRNA stability existed in the
cytoplasm of erythroid cells from these patients or in non-erythroid cells transfected
with the B’-thalassemia genes. More recently, we have also shown® that synthetic
transcripts generated in vitro by coupled transcription-translation are as stable as
normal B-globin mRNA, even when incubated with a variety of cell extracts under
conditions that cause 50-fold variations in absolute mRNA stability. Yet, the lesion
in mRNA accumulstion must arise from the process of premature translation
termination, becausc mutations introduced at a particular position of the B-globin
mRNA cause reduced accumulation only when they create translation stop-codons. "
Taken together, these observations suggest that translation termination causes
reduced mRNA accumulation by means other than cytoplasmic instability of the

4 Author to whom correspondence should be sent.
L1
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mRNA. Indeed, the weight of current evidence favors a lesion in an earlier,
intranuclear step of RNA metabolism.

During the past three years, our observations regarding B’-thalassemia have been
extended by others, who have shown that the phenomenon of reduced mRNA
accumulation due to premature translation termination appears to be a general
phenomenon.'" Indeed, Urlaub and co-workers" have observed that dihydrofolate
reductase mutants carrying translation termination codons in the last exon exhibit
normal mRNA accumulation, whereas mutations in any of the antecedent exons
result in defective accumulation. This provides indirect but persuasive evidence that

double
stranded
DNA

exon 1

intron 2 growing polypeptide chain

5' Cap

splicing

machinery ribosomes

RNA polymerase nuclear
pore

nucleus cytoplasm

FIGURE 1. Proposed model for mRNA transport out of the nucleus by a mechanism which is
coupled with the splicing and translation processes. During translation of mRNA, the ribo-
somes pull the mRNA through the nuclear pore as it emerges from the nucleus, pulling it
through the splicing mechanism at the same time.

mRNA splicing and mRNA translation might be coupled, perhaps by the mechanism
diagrammed in FIGURE 1. According to this model, mRNA precursors are spliced
upon topologically constrained structures within the nucleus; the newly processed
exons are “spooled” through the nuclear pore by a process that involves both binding
to ribosomes on the cytoplasmic face of the pore and a round of mRNA translation.

Premature translation termination would “stall” the spooling process, resulting
in arrested splicing and, possibly, degradation of the mRNA precursor within the
nucleus. Premature translation termination in the last exon would have no impact,
because the splicing reaction would presumably be complete before the cytoplasmic
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ribosome encountered the premature stop signal. As part of our effort to test this
model in the case of B-thalassemia syndromes, we have asked whether non-
translated B-globin mRNAs can associate with polyribosomes. Our results are
summarized in this report.

MATERIALS AND METHODS

For these experiments, cloned B-globin genes were introduced into pGEM
plasmid vectors as described. The pGEM vectors carry the promoter and transcrip-
tion start sites for microbial RNA polymerases, thus permitting cell-free transcrip-
tion of the inserted recombinant DNA sequence into full-length mRNA. The
transcription reactions were performed in the presence of high-specific-activity
[*PJUTP, in order to generate highly radioactive globin mRNA.’ The mRNAs were
then incubated with “CAPping” enzyme in order to add to the transcripts a 5’ CAP,
necessary for translational efficiency.’” After purification by phenol/chloroform/
isoamyl alcohol extraction and ethanol precipitation, the CAPped mRNAs were
incubated in rabbit reticulocyte cell-free translation extracts (Promega Biotec).’ At
the end of the incubation, the extracts were applied to 15-30% linear sucrose
gradients, centrifuged at 36,000 rpm for 4 h, and analyzed by elution through a
fraction collector.” Individual fractions were mixed with scintiliation fluid and
counted. The pattern of the counts obtained demonstrated the presence or absence
of ribosomes and the predominance of particular polyribosomal components. Un-
bound RNA and RNA bound to 40S subunits remained near the top of the gradient,
whereas RNA associated with 6-7 ribosomes migrated very close to the bottom.

A number of the sucrose gradient profiles were further examined for the
presence of structurally intact radioactive globin mRNA. After recovery of the RNA
from aliquots of each fraction by ethanol precipitation, this RNA was analyzed by
electrophoresis on 1.2% agarose—formaldehyde denaturing gels.” In all experiments
discussed in this report, structural integrity of the globin mRNA was confirmed by
the presence of only the full-length 650-base band characteristic of intact globin
mRNA.

Two globin mRNAs were compared in the experiments described in RESULTS:
normal B-globin mRNA, originally cloned from the reticulocyte mRNA of a patient
with hereditary spherocytosis,” and a non-translatable B’-thalassemia mRNA carry-
ing an amber translation termination codon (CAG—UAG) at position 39. The
cloning and characterization of these globin genes have previously been described.’
We have previously demonstrated that erythroid cells from the patient with the
amber mutation accumulate only 5% of the normal levels of B-globin mRNA,;
moreover, this mRNA is stable in the cytoplasm and present at very low levels within
the nucleus.™*

RESULTS

FIGURE 2 shows the plasmid vector/insert constructs that were prepared for these
studies. FIGURE 3 demonstrates that mRNA generated from these templates was
functional if the original template was derived from normal B-globin mRNA but
incapable of translation if the template was derived from p°-39 globin mRNA. These
results establish the functional integrity of the transcripts generated by in vitro
coupled transcription-translation.
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FIGURE 2. The construction of the plasmids pSPkBc and pSP6B’c. These plasmids contain
(shaded region) the full-length normal g-globin cDNA (pSPkBc) or the B°-39 globin cDNA
(pSP68°c) and an upstream SP6 promoter sequence which allows the cDNA to be transcribed in
vitro. In addition, pSPkBc contains a 20-bp 5' flanking region (striped box) and a simian virus 40
(SV40) sequence which codes for a poly(A) tail (cross-hatched box).

As shown by the theoretical diagram in FIGURE 4, one would expect normally
translated 8-globin mRNA to associate with ribosomes in the cell-free translation
extract; after a brief (20-min) period of incubation, most of the mRNA should be
carried on polyribosomes. The mRNA concentration used in each of our experi-
ments was chosen, on the basis of preliminary experiments, to be rate-limiting. In
other words, the amount of translation was directly dependent upon the amount of
mRNA added. Under these conditions, one might expect the vast majority of the
mRNA molecules to be bound to ribosomes, since other components in the transla-
tion mix are not limiting.
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The size {(number of ribosomes/mRNA molecule) of polyribosomes will depend
upon the relative rates of initiation, elongation, termination, and dissociation of the
ribosomes on the mRNA transcript. Previous work’ has established that the median
size for B-globin mRNA under optimal translation conditions is 34 ribosomes/
mRNA molecule. In contrast, mRNA blocked by a premature terminator codon
occurring at amino acid 39 should “load” only 1 or 2 ribosomes per mRNA molecule,
since the ribosomes cannot proceed further downstream than that point. The
amount of mRNA sequence to the 5’ side of the blocked termination codon is
sufficient to accommodate only 1-2 ribosomes. Therefore, as shown by the diagram
(FIG. 4), a smaller modal distribution of ribosome sizes should be encountered, with
essentially no polyribosomes accumulating to sizes larger than dimers (*‘disomes”).

As shown in FIGURE 5, the observed results were surprising in view of the
aforementioned predictions. Normally translated B-globin mRNA gave the expected
result, but B°-39 globin mRNA also bound efficiently to ribosomes, with a modal
distribution quite similar to that of the normal mRNA. Moreover, as shown in
FIGURES 6-8, inhibitors of initiation (aurintricarboxylic acid) or elongation (anisomy-
cin or amino acid starvation) of translation yielded the expected alterations in
polyribosome profiles. In other words, initiation inhibitors prevented formation of
polyribosomes larger than monosomes, whereas clongation inhibitors reduced the
average size of the polyribosomes. These results suggest that our system is sufficiently
sensitive to detect altered polyribosome profiles due to impaired mRNA translation.
Note that FIGURE 8 shows that the %39 globin mRNA responded to inhibitors in a
manner essentially identical to that of normal B-globin mRNA. This supports the

3 5
2 £ 3
2 2 2z
FIGURE 3. Translation of normal § and §°39
thalassemia globin mRNAs. To demonstrate the trans-
latability of the synthetic transcripts and the activity of
the rabbit reticulocyte lysate, translation products la- .
beled only with [*S]methionine were electrophoresed e
on a polyacrylamide gel along with a negativc control ~ ~

translation assay conducted without any mRNA.
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FIGURE 4. The predicted polyribosome profiles of normal B and B°-39 thalassemia globin
mRNAs. Shown are the schematic diagrams of polyribosomes on normal B and on B°39
thalassemia globin mRNAs and their respective polyribosome profiles. (A) During the transla-
tion of normal B-globin mRNA, association of up to 6 ribosomes per mRNA chain is expected.
(B) In contrast, a maximum of only 2 ribosomes per mRNA chain is expected during the
translation of p°-39 thalassemia globin mRNA because of the nonsense mutation at codon 39.

notion that p°-39 globin mRNA is associating with polyribosomes in a translation-
related manner, rather that by some non-specific mechanism.

DISCUSSION

Our recent studies suggest that non-translatable B-globin mRNAs can associate
with polyribosomes, even though normal translation is blocked. We do not yet have
information that provides a possible mechanism for this association with ribosomes.
However, as shown in TABLE 1, a review of the human B-globin mRNA sequence
suggests numerous potential opportunities for re-initiation at in-frame or out-of-
frame methionine codons downstream. The maximum size of the polyribosomes that
could be formed for each of those initiation sites is indicated in TABLE 1. Of
particular note is the potential to utilize the normally occurring internal methionine
as an alternate translation re-initiation site. Note that the sequence of nucleotides
surrounding this methionine forms a favorable translation-initiation consensus start-
site.

Our previous results, coupled with the results reviewed in this communication,
suggest strongly that non-translatable p-globin mRNAs can survive normally in the
cytoplasm at least in part because of the fact that they have the potential to enter into
polyribosomes, even if they cannot be normally translated. The low levels of
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accumulation of non-translated globin and non-globin mRNAs must then arise from
mechanisms other than cytoplasmic instability. Our current work, and that of several
other laboratories, now focuses on intranuclear steps of globin mRNA metabolism.
Especially exciting is the possibility that intranuclear mRNA splicing and cytoplas-
mic mRNA translation may be coupled, or at least cross-regulated, by transnuclear
membrane signaling.

SUMMARY

A common cause of B-thalassemia is defective translation of B-globin mRNA.
Base substitutions which convert codons that specify incorporation of amino acids
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FIGURE 5. Normal p and 8°-39 thalassemia globin polyribosome profiles. The peaks surmised
to be due to the 40S-mRNA complexes (arrows) have been put in alignment with each other for
comparison. The numbers by the peaks indicate the ribosome content (1, monomers; 2, dimers;
3, trimers, etc.). Samples which came from above sample 0 in the sucrose gradient are
designated by negative numbers, while those to the bottom of the gradient are designated by
positive
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FIGURE 6. Predicted profiles of functional, authentic B-globin polyribosomes with the addi-
tion of translation inhibitors or the omission of amino acids. The inhibitors are aurintricarbox-
ylic acid (ATA), which inhibits initiation, and anisomycin, which inhibits elongation. The
schematic diagrams of polyribosomes and their respective predicted polyribosome profiles are
shown.

into ones that are translation termination codons (nonsense codons) constitute as a
group very common causes of B’-thalassemia. These premature termination codon
mutations should cause defective function of B-globin mRNA, rather than inade-
quate accumulation. Yet, B-globin mRNA in these patients is normally reduced to
0-20% of normal levels. Reduced accumulation has been attributed to instability of
the mRNA; by virtue of its presumed inability to be translated on polyribosomes, the




[ LT

MAGNUS ef al.: NON-TRANSLATABLE GLOBIN mRNA 63

3000
{ 4 Normal p mRNA
l translation assay
° T L] L] L) L]
Normal § mRNA
40s 2 translation assay
2000 l 1 +
anisomycin
g
£ 1000 3
o
o ]
2
- 0 r T v T T B T v
g 40s
e Normal § mRNA
-g 3000 4 l translation assay
+
e 1 ATA
2000
1 1
1000 -
0 M T v T il T M ) v v1
40s Normal § mRNA
l translation assay
without
2000 1 1 amino acids
1000 ~
o v L] Al L] A L] hd L ¥
-3 1 5 9 13 17 21
top bottom
of gradient Samples of gradient

FIGURE 7. The effect of the addition of translation inhibitors or the omission of amino acids
on normal B-globin polyribosome profiles. Peaks surmised to be due to 40S-mRNA complexes
(arrows) have been put in alignment with each other for comparison. The numbers by the peaks
indicate the ribosome content (1, monomers; 2, dimers; 3, trimers, etc.). Samples which came
from above sample 0 in the sucrose gradient are designated by negative numbers, while those to
the bottom of the gradient are designated by positive numbers.
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FIGURE 8. The effect of the addition of transiation inhibitors or the omission of amino acids
on B39 globin polyribosome profiles. Peaks surmised to be duc to 40S-mRNA complexes
(arrows) have been put in alignment with each other for comparison. The numbers by the peaks
indicate the ribosome content (1, monomers; 2, dimers; 3, trimers, etc.). Samples which came
from above sample 0 in the sucrose gradient are designated by negative numbers, while those to
the bottom of the gradient are designated by positive numbers.
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TABLE 1. Potential Downstream Sites for Re-initiation of Translation of Human
B-Globin mRNA and Predicted Maximum Size of Polyribosomes Generated

Position Flanking Maximum No.
of AUG Site” Sequence Position of Termination of Ribosomes
Codon 55 GUUAUGG Normal (i.e., 92 codons downstream) 4

Codons 73/74 GUGAUGG 15 codons downstream
Codons 63/64 CUCAUGG 25 codons downstream
Codons 21/22 UGGAUGA 39 codons downstream
Codons 52/53 CUGAUGC 8 codons downstream
Codons 139/140 CUAAUGC 18 codons downstream

-t DD b e

-3 4

“The consensus sequence for initiation is PNNAUGG. P, adenine or guanine; N, any
nucleotide.

mRNA would exist free in the cytoplasm, where it is exposed to nuclease. We have
conducted a series of studies on the metabolism of these non-translatable RNAs. We
have found that non-translatable B-globin mRNAs are usually stable, and that
defective accumulation is due to aberrations in an early intranuclear step of
metabolism. We have now shown that these non-translatable mRNAs appear to be
capable of associating with polyribosomes despite their inability to undergo complete
rounds of translation. These findings argue strongly against hypotheses for reduced
accumulation based upon cytoplasmic instability.

10.
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B-Thalassemia Mutations in Sicily’
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The thalassemia syndromes are the most common forms of genetic disease in Sicily.'
An epidemiological survey by the Regional Health Department in 1988 showed 1042
cases of thalassemia major, 336 of thalassemia intermedia, and 194 with B-thalassemia/
sickle cell disease."” The average prevalence of B-thalassemia trait is about 6%, with
a heterogeneous distribution ranging from 10% in southeastern Sicily to 3-4% in the
north or in the west of the island. From these data we may consider a frequency of
1/270 couples at risk for B-thalassemia and, with 66,000 newborns per year, an annual
Cooley’s anemia birthrate of 45 new patients.’ The hematological and genetic
heterogeneity of B-thalassemia in Sicily has been widely described.** In fact, both
B*/B* and B/B* genotypes in Cooley’s anemia and in thalassemia intermedia have
been found. Moreover, homozygotes for 38°- or B’-thalassemia and double heterozy-
gotes, i.e., 38°/B° and 5B"B* have been described. Furthermore, studies by restric-
tion fragment length polymorphisms (RFLPs) of the B-globin gene cluster showed
seven different cleavage patterns; and many of these patients (68.3%) were genetic
compounds for different haplotypes, while only 31.7% were haplotype homozygotes.
The enormous progress in the techniques for identification of B-thalassemia
mutaticns has made it possible to characterize a lot of these mutations and to study
the types and mechanisms of the molecular defects.*”® We have applied these
procedures to the study of 300 B-thalassemia chromosomes in our region with the
aim of providing the following information: (a) characterization of B-thalassemia
genes, which is useful for first-trimester prenatal diagnosis by chorionic villi sampling
because it makes it possible to perform this procedure in the majority of couples at
risk if the number and type of these B-thalassemia molecular defects are known; (b)
identification of new B-thalassemia genes, which may be used to better understand
B-globin gene regulation and, for this reason, to increase our knowledge for gene
therapy; (c) correlation, if any, between phenotype and genotype, which may
improve our management of therapy, especially for thalassemia intermedia patients
who, in a lot of cases, show a considerable genetic heterogeneity. Additional goals of
our study were to characterize B-thalassemia genes in a single cell, i.e., an oocyte,
and in the DNA of trophaoblast cells present in the blood of the mother. In the former

“This work was supported by the Sicilian Thalassemic Association and CNR Project No.
89.00308.75.
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TABLE 1. Frequency of B-Thalassemia Mutations in 300 Sicilian Chromosomes

Mutation Frequency
B’ nonsense codon 39 40.1%
IVS-1nt 110 22.2%
IVS-1nt6 18.8%
IVS-1atl 5.5%
IVS-2 nt 745 4.0%
Frameshift at codon 6 2.2%
IVS-1nt 116 1.1%
Others 6.2%

case the procedure would make it possible to perform preimplantation B-thalassemia
prenatal diagnosis. In the latter case the technique could make it possible to avoid
the risks involved in fetal tissue sampling.

MATERIALS AND METHODS

Hematological data were obtained using standard procedures.! We studied 150
B-thalassemia patients: 86 with Cooley’s anemia and 64 with thalassemia intermedia.
Moreover, to study the feasibility of prenatal diagnosis we performed DNA analysis
in 74 couples at risk. The 300 B-thalassemia chromosomes were studied using
oligonucleotides, the polymerase chain reaction (PCR), and direct genomic sequenc-
ing. DNA was prepared as described elsewhere. Specific oligonucleotides (19-mers)
were chemically synthesized for each of the following mutations: nonsense codon 39
(C—T),1VS-1nt 110 (G - A),IVS-1nt 1 (G - A), IVS-1nt 6 (T — C), IVS-1 nt
116 (T — G), nt —87, frameshift at codon 76. PCR was performed according to Saiki
et al.? B-Thalassemia mutations IVS-2 nt 1, IVS-2 nt 745, and the frameshift at codon
6 were detected by direct restriction endonuclease analysis with Hph I, Rsa 1, and
Cvn I, 1espectively, after PCR. Direct sequencing of the amplified product was
carried out using third primers end-labeled using [y-?PJATP, sequenase, and
dideoxynucleoside triphosphates as previously described.”” The DNA of maternal
blood was extracted by standard techniques.” After 40 cycles of amplification, using

TABLE 2. Association of B-Thalassemia Mutations and Haplotypes in Sicily

Frequency
B-gene 1VS-1 B’ IVS-1  1IVS-2  1VS-1
Framework Haplotype nt110  Codon 39 nt6 nt 745 nt1 nt -87
1 I 22 15
11 1 16
IX 3 3
2 v 3 1
VI 17
vii 1 10 3

X 1
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FIGURE 1. Probable origin of different B-thalassemia mutations in Sicily.

the Taq polymerase reaction, the samples were reamplified (15-20 cycles) with fresh
reagents using nested primers."

RESULTS AND DISCUSSION

The frequency of B-thalassemia mutations is reported in TABLE 1. Our results
show that B° nonsense codon 39, IVS-1 nt 110, and I'VS-1 nt 6 account for 81% of
B-thalassemia genes. Other mutations present are TVS-1 nt 1, nt —87, frameshift at
codon 6, IVS-1 nt 116, IVS-2 nt 745, IVS-1 nt —1 (codon 30), and IVS-2 nt 1; but the
frequency of these was very low, ie., 0.1% to 5.5%. Two new gene defects, a
frameshift at codon 76 and a mutation at IVS-1 nt 130, were found. These results
mean that (a) in Sicily B° nonsense codon 39 is more frequent (40%) than are other
mutations and, considering its frequency in Sardinia (91%),” the Ferrara area
(51.4%)" and northern Italy (66%)," it is probably the most frequent mutation in

TABLE 3. Feasibility of Prenatal Diagnosis of B-Thalassemia in 74 Sicilian Couples
at Risk

Diagnosis 50% Probability Diagnosis
Possible of Diagnosis Not Possible

67(90.5%) 4(5.4%) 3 (4.0%)
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1aBLE 4. Correlation between Genotype and Phenotype in Sicilian
Thalassemia Patients

Phenotype (%)
Genotype® Cooley’s Intermedia
8°39/8°39 17 —
IVS-1nt 110 10 —
B39/IVS-1nt 110 19 3
B°39/1VS-1 nt 6 10 25
IVS-1 nt 110/IVS-1nt 6 19 22
IVS-1 nt 6/IVS-1 nt 6 — 25
1VS-1 nt 6/IVS-2 nt 745 — 6
B39, B° nonsense codon 39.

Italy; (b) there is a high frequency of the IVS-1 nt 6 mutation, quite similar to that of
IVS-1 nt 110; (c) the other mutations are rare in Sicily.

Previous studies showed a high frequency of spreading of the B® nonsense codon
39 and IVS-1 nt 6 mutations into two prevalent haplotypes (I and II), in contrast with
a low frequency of spreading of the IVS-1 nt 110 mutation (TABLE 2)."® This could be
due to the fact that the two former mutations are older than the latter. We believe
that the B’ nonsense codon 39 and probably the IVS-1 nt 6 mutation may have
originated from the Italic populations that came to Italy 3000 years ago,” as is
suggested by the high frequency of B° nonsense codon 39 in different Italian regions
and by the presence of IVS-1 nt 6 in other European countries like Portugal,” while
the IVS-1 nt 110 mutation, present prevalently in Sicily and in southern Italy (42%),'
may have come later from the Greek populations, in which it is very common,
especially in Cypriots (FiG. 1).”

The presence of three mutations at high frequency explains why 68.3% of the
patients that we tested were genetic compounds for different haplotypes. These data
make first-trimester prenatal diagnosis possible in more than 80% of Sicilian families
(TABLE 3). This value is similar to that found in Sardinia families (91%)," using two
sets of oligoprobes.

The two new gene defects mentioned above have been characterized after PCR
by direct genomic sequencing. The first was a frameshift at codon 76 found in two
chromosomes due to the loss of a C residue from codon 76 (nonsense mutation). The
second was IVS-1 nt 130, which probably causes a splicing defect.

To shew a correlation between genotype and phenotype, the patients were
subdivided according to whether they had Cooley’s disease or thalassemia interme-
dia. TABLE 4 shows that patients with B° nonsense codon 39 and IVS-1 nt 110 are

TABLE 5. Hematological Data for Various B-Thalassemia Heterozygote Mutations

Mutation® Hb (g/dl) MCYV (fl) MCH (pg) A, (%)
839 118+ 14 63535 201+ 12 52+03
IVS-1nt 1 106 + 1.2 63.8 + 4.4 204+ 14 48+03
IVS-2 nt 745 118+ 1.0 655 + 3.3 209 + 1.2 53+04
IVS-1 nt 110 119+ 14 66.6 + 2.4 21.1 = 1.0 49+ 04
IVS-1nt 6 13215 70.8 + 2.8 225+ 10 3903
nt —87 115+ 1.6 70.4 + 0.9 232+ 0.1 55+04

*B®39, B® nonsense codon 39.
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FIGURE 2. Identification of a B’ nonsense codon 39 mutation from a single oocyte. (Left panel)
Gel pattern of reamplified oocyte fragment (lame 2) and Hae IlI-digested 6X174 marker
fragments (lane 1). (Right panel) Dot blot showing hybridization of oocyte DNA with probe for
B° nonsense codon 39,

more likely to have the Cooley’s phenotype, while those with IVS-1 nt 6 usually have
thalassemia intermedia. Double heterozygotes for B° nonsense codon 39/IVS-1 nt 6
or IVS-1 nt 110/IVS-1 nt 6 can have intermedia or Cooley’s disease (TABLE 4).
Probably this overlap means that, with today’s clinical diagnostic criteria,” it is not
easy to differentiate Cooley’s disease from thalassemia intermedia. According these
data, it would be useful for thalassemia intermedia diagnosis to combine the genetic
pattern with hematological data, i.e., IVS-1 nt 6 homozygosis and hemoglobin
(Hb) > 7 g/dl. Furthermore, the correlation in B-thalassemia heterozygotes between
the hematological data and the type of pB-thalassemia mutations emphasizes the
presence in Sicily of milder B-thalassemia gene defects that may account for
thalassemia intermedia (TABLE 5).

In our work towards the other two goals of this study, we were able to identify a
B-thalassemia mutation from a single oocyte (FiG. 2); this will make it possible to
perform preimplantation prenatal diagnosis. Moreover, it was possible after reampli-

POSITIVE POSITIVE
®® (onTROL ® @ CONTROL

o - FETAL DNA ® © MATERNAL DNA

\‘B° 39 VS 1 nt 110

FIGURE 3. Fetal p° nonsense codon 39 mutation detected in peripheral maternal blood (left
panel) and IVS-1 nt 110 mutation detected in maternal DNA (right panel).
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fication to detect a B-thalassemia mutation of the fetus in peripheral maternal blood
containing trophablast cells (FIG. 3).

The data we have reported in this paper show a molecular basis for genetic

heterogeneity of B-thalassemia in Sicily and also will make it possible to perform
earlier and safer prenatal diagnosis of hemoglobinopathies.
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INTRODUCTION

The characterization of B-thalassemia defects in world populations over the past
few years has revealed the large molecular heterogeneity of this disease.’ The
development of laboratory techniques based on DNA amplification by the poly-
merase chain reaction (PCR) has provided a new tool for the rapid detection and
characterization of the mutant alleles™ and has enabled their distribution to be
studied in relevant populations or in areas where the disease is prevalent.“” We now
know that these mutations are population specific, each group carrying a limited
number of frequent defects along with other, rare B-thalassemia alleles. Prior
knowledge of the spectrum of mutations affecting a given ethnic population greatly
facilitates their detection in at-risk individuals or during pregnancy by direct DNA
analysis. One of the best techniques is based on the use of allele-specific oligonucle-
otide (ASO) hybridization to PCR-amplified B-globin DNA sequences. Using this
technique, amplified parental DNAs can be screened for the B-thalassemia alleles
that account for most of the defects within the population under study. Any
mutations undetected in this procedure can be characterized by direct sequencing of
the amplified product, a more difficult technique. ASO hybridization is useful in
regions of the world where B-thalassemia is caused by a small number of defects or in
a population which is homogeneous. In contrast, in areas whete the patients or
carriers belong to different ethnic populations, it can be demanding and costly. In the
greater Paris area, most B-thalassemia carriers requesting antenatal diagnosis are
migrants from various parts of the Mediterranean Basin (mainly North Africa, but
also Italy, Portugal, Spain, Greece, Turkey) or Southeast Asia. Another difficulty
also arises from late presentation of at-risk couples to the diagnostic center,
rendering difficult the determination of the parental B-thalassemia allele types
before fetal sampling.

To overcome these problems, we have developed a laboratory procedure allow-

“This work is funded by the Institut National de la Santé et de la Recherche Médicale
(INSERM), by the Centre National de la Recherche Scientifique (CNRS), and by a grant from
the French Ministére de la Recherche et de la Technologie.

b Address correspondence to this author.
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ing the detection of nearly any sequence change in the human B-globin gene within
one or two days. The procedure that we are now using combines specific DNA
amplification and denaturing gradient gel electrophoresis (DGGE) of the PCR
products. DGGE is an electrophoretic system that allows the separation of DNA
fragments differing by as little as a single base change, according to their melting
properties.®’ Prior amplification of the DNA fragments allows their detection on the
ethidium bromide-stained gel, obviating the need for radioactive probes. As the
globin gene is small, it is possible, using computer simulation of DNA melting, to
position appropriate couples of PCR primers that generate a few overlapping
amplified gene segments easily analyzed in a single DGGE run. In our hands, this
procedure allows efficient screening of the different mutations altering the human
B-globin gene and significantly improves antenatal diagnosis of B-thalassemia.

MATERIALS AND METHODS
Computer Simulation of DNA Melting

Meiting calculations were performed on a PC-type microcomputer using the
MELT and SQHTX programs provided by Dr. Leonard Lerman. These computer
algorithms predict the melting behavior, including the positions and melting temper-
atures (T, s) of the melting domains, of a DNA fragment on the basis of its nucleotide
sequence. This information was used to determine the denaturing gradient condi-
tions and electrophoresis time that would result in maximum gel resolution.®

Oligonucleotide Design and Synthesis

Oligonucleotides were synthetized on an Applied Biosystem 391A DNA synthe-
sizer. The position of the sequences for oligonucleotide primers that would generate
the DNA fragments best suited for DGGE was selected by their predicted melting
behavior. The same 40-bp GC-clamp, designed as previously described,'® was used
for each set of primers.

DNA Amplification

PCR was performed using a Perkin-Elmer Cetus thermal cycler as previously
described," except that each primer was used at 0.1 pM and 40 PCR cycles (1 min at
94°C, 1 min at 55°C, and 1 min at 72°C) were carried out. Because the resolution of
the assay is increased by examining heteroduplexes, the PCR cycles were followed by
a 10-min denaturation step at 94°C and a 1-h annealing step at 56°C, in order to
optimize the annealing of allelic DNA strands.

Denaturing Gradient Gel Electrophoresis

One-fifth of each sample was loaded onto a 6.5% polyacrylamide gel containing a
10-60% (fragments D and F) or 30-80% (fragments A, B, C, and E) denaturant
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linear gradient parallel to the direction of electrophoresis and run at 160 V for 5 h.
The gel apparatus and conditions for DGGE were exactly as previously described."

RESULTS

In order to optimize the detection of single base changes in the human 8-globin
gene, we analyzed the melting behavior of the gene sequences using a computer
algorithm. This allowed us to sclect positions for the oligonucleotide primers that
would generate five overlapping DNA fragments best suited for DGGE. In this
system, the DNA fragments move through a polyacrylamide gel containing a linear
gradient of increasing DNA denaturant concentration and melt in discrete segments
(melting domains), each segment melting at a distinct temperature (T,) which is
highly dependent on its nucleotide sequence. As a DNA molecule enters the
concentration of denaturant where its lowest temperature melting domain melts, it
forms a branched structure which has a lower mobility in the gel matrix. The
migration of two DNA fragments differing by single base changes will be retarded at
different positions in the gel, and consequently they will be separated at the end of
the run. However, DGGE cannot be used to detect single base changes located in a
DNA fragment that melts as a single domain. This problem is overcome by attaching
a GC-rich segment (GC-clamp) by incorporation onto the 5' ends of the amplified
DNA sequence during PCR.

FiGURE 1 shows the position of the primers and of the gene segments analyzed.
The five fragments A, B, C, D, and E are used to analyze the entire B-globin gene. A
GC-clamp is attached to fragments A, B, C, and E since they melt as a single domain.

EXON 1 EXON 2 EXON 3
VSt VS 2 vs2

5' PROMOTER REGION 3
i VS2nt16
vS2nt74
Codon 2 vS2n81 VS2n1666

\¢. B szﬁ1 C c2 0 D D2
A'AAZ' « ! F c3 EtEEz,

FRAMEWORK CODON 2 IVS2 nucieotides
16 74 81 666
1 C cC G C T
2 Cc ¢ T C T
3 T G T T [
Je T G T C [+

FIGURE 1. Schematic representation of the structure of the regions of the B-globin gene used
for polymerase chain reaction amplification and denaturing gradient gel electrophoresis. The
nucleotides that differ between frameworks 1, 2, 3, and 3a in codon 2 and in IVS-2 are indicated
at the bottom of the figure. nt, nucleotide.
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1.1 22 3.3 1.2 1.3a 23 1.3a 233 1.3

Heteroduplexes

Homoduplexes

FIGURE 2. DGGE analysis of fragment F amplified from individuals homozygous or heterozy-
gous for the different g-globin gene frameworks. The frameworks present in each sample are
indicated above each lane; 1.1, homozygote for framework 1; 1.3a, heterozygote for frameworks
1 and 3a, etc.

To obtain the highest resolution, the five fragments are each less than 700 bp in
length. Each melts in at least two domains; the final position of each in the gel will
thus depend on the nucleotide sequence of the lowest melting domain. In the
procedure we have designed, each part of the globin gene is contained at least once
in the lowest melting domain of one fragment. The neutral polymorphisms occurring
in the human B-globin gene could complicate interpretation of the data. These
sequence variations define four frameworks: 1, 2, 3, and 3a. To take the nucleotide
variations into account and to limit the number of controls during electrophoresis,
the fragments were chosen to contain three polymorphisms (codon 2, C/T; IVS-2 nt
16, C/G; and IVS-2 nt 666, T/C) which are identical between frameworks 1 and 2 (C,
C, T) on the one hand and 3 and 3a (T, G, C) on the other hand. In these conditions,
a single control DNA from an individual heterozygote for frameworks 1 (or 2)and 3
(or 3a) allows the evaluation of the melting behavior of fragments B, C and D,
whereas any normal control permits the analysis of fragments A and E. In addition,
fragment F (See FIG. 1), which contains at its 3' end three IVS-2 nucleotide
polymorphisms (at positions nt 16, C/G; nt 74, G/T; and nt 81, C/T) defining the four
frameworks, enables the determination of those carried by each individual analyzed
using the procedure (FIG. 2). Overall, the set of gene segments shown in FIGURE 1
permits a complete analysis of the various target regions of the human p-globin gene.

The resolution of the gel system is greatly increased by the heteroduplexes that
are formed during the later cycles of PCR.” Although they introduce a certain
complexity into the pattern of bands observed (see FiG. 2), it is actually advanta-
geous. These heteroduplexes melt early during DGGE because they are destabilized
by single base mismatches. Consequently, a mutant fragment will separate from the
wild type even when the homoduplex does not melt.

Selected examples of results obtained using DGGE are presented in FIGURES 3
and 4. The DGGE patterns observed from the analysis of individuals heterozygous
for different mutations or polymorphisms lying in the DNA segments A, B, C, E, and
D are shown on FIGURE 3. All of the nucleotide substitutions were distinguished
from the normal sequence by DGGE. The results presented in FIGURE 4 concern a
couple originating from Algeria who are at-risk for B-thalassemia. Each member of
the couple is homozygous for -globin gene framework 1, as shown by study of the
melting behavior of fragment F (data not shown). Analysis of fragment A revealed
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that the man is homozygous for a nucleotide substitution which changes the mobility
of this fragment. DGGE of fragment B demonstrated the presence of a stabilizing
nucleotide change in this individual, whereas the DGGE pattern of fragment C was
abnormal in the woman. In these two cases, the four-band patterns were characteris-
tic of the heterozygous state. Direct sequence analysis of the altered DNA fragments
established that the man carries a nt —190 G-to-A nucleotide polymorphism and the
frameshift 6 defect (confirmed by restriction analysis with the endonuclease Mst II),
and that the woman has the nonsense codon 39 mutation.

Co M F Co M F Co M F

L J L 1 1 1

A B C

FIGURE 4. DGGE of B-globin gene DNA fragments from a couple of -thalassemia carriers
prior to antenatal diagnosis. Fragments A, B, and C were run in a 30-80% denaturing gel (4 h,
160 V). Each member of the couple is a ivmozygote for B-globin gene framework 1. Fragment
A in the father (F) migrates more slowly than does the normal fragment A in the control (Co),
which is always seen as one band since it does not contain any nucleotide sequence polymor-
phism, in contrast to the other fragments. In the same individual, the DGGE pattern of
fragment B contains heteroduplex species. This fragment carries a mutation which causes the
domain to melt at a higher temperature, producing a mutant homoduplex band running further
into the gel than does the normal homoduplex. Fragment C of the mother (M) contains a
mutation which causes the domain to melt at lower temperature.

CONCLUSION

The diagnostic approach described in this paper presents certain advantages,
yielding answers in nearly all the cases studied and within a reasonable time. In our
hands, all the mutants analyzed displayed a characteristic shift in mobility allowing
unequivocal identification. In addition, it is immediately clear which part of the gene
contains the defect. This greatly facilitates further characterization by direct sequenc-
ing of the relevant PCR product, the PCR primers serving as sequencing primers. We
believe that the combined use of PCR, GC-clamps, and DGGE is an excellent
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alternative to the use of ASO hybridization and that it will become a major method
for characterizing the defects that produce other human monogenic disorders.
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B-Thalassemia Intermedia in Turkey
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INTRODUCTION

B-Thalassemia intermedia is not rare in Turkey."™ In recent years, studies at the
gene level have indicated that several mutations are associated with 8-thalassemia
intermedia.’ It has been observed that some mutations, such as the IVS-1 nt 6 (T—C)
mutation and mutations in the B-globin gene promoter, are mild, while for others the
association of the mutation with certain haplotypes which have the C—T mutation at
nt —158 5’ to the %y globin gene may be responsible for the mildness of the condition.
Changes in the « gene number were also found to influence the phenotypic
expression of the disease. A comparison of some hematological data among patients
with various abnormalities is presented here, together with similar results for their
heterozygous parents.

MATERIALS AND METHODS

Forty-one patients with B-thalassemia intermedia belonging to 33 families were
attending the hematology clinic at Hacettepe Children’s Hospital, Ankara, Turkey,
and, together with 45 parents, are the subjects of this study. None of the patients
required regular blood transfusions. Detailed clinical and hematological data and
results of family studies for some of these patients have been reported previously.>*
Hematological and hemoglobin composition analyses followed routine procedures.®’
Blood samples collected in EDTA were mailed to Augusta, Georgia (U.S.A.) for
further ¢* \dies. HPLC methodology was used for hemoglobin (Hb) quantitation.
DNA was isolated from peripheral white blood cells; haplotyping and identification
of the thalassemic mutation, as well as a-globin gene mapping, followed previously
published procedures.*"

RESULTS

Seventeen of the 41 patients had °-thalassemia; eight of these were homozygotes
for the frameshift mutation (—AA) at codon 8 (FSC8), and nine were homozygotes
for the G—>A mutation at IVS-2 nt 1 (TABLE 1). Three patients with a homozygosity
for ®y*y(3B)"-thal were found to have a 13-kb deletion (TABLE 2).

Ten of the 21 patients with B*-thalassemia had the IVS-1 nt 6 (T—C) homozygos-
ity (TABLE 1). Five patients were compound heterozygotes for one mild and one
severe B-thalassemia determinant (TABLE 2). In the remaining patients, Hb Knossos,
the C—T mutation at position —101, the T—A mutation at position —30, the G—A
and G—C mutations at IVS-1 nt 5, and the G—A mutation at IVS-1 nt 110 were
other B-thalassemia determinants associated with mild disease (TABLE 2). All
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FIGURE 1. Distribution and averages + SD of some hematological parameters in patients with
the frameshift at codon 8 (FSC 8: —AA), IVS-2 nt 1 (IVS-II-1: G—A), and IVS-1 nt 6 (IVS-1-6:
T—C) mutations. Asterisk (*) indicates patient with a coexistent a-thalassemia-2 trait (—o/a«).

patients with FSC8 and the one patient with the G—>A and G—>C mutations at IVS-1
nt 5 were homozygous for haplotype IV. All patients with the IVS-2 nt 1 (G—A)
mutation were homozygous for haplotype III. One patient with a homozygosity for
the G—A mutation at IVS-1 nt 110 was homozygous for haplotype IX. The C—»T
mutation at nt —158 5’ to the %y globin gene was found in all subjects with haplotypes
II1, IV, and IX. The mean values for some hematological parameters are given in
TABLE 1, and the distribution of some of these values is shown in FIGURE 1. The

TABLE 3. Hematological Data in Heterozygotes with Various Mutations

Hematological Data (average + SD)
Hb RBC MCV Hb A/ Hb
Mutation® n®  (gdb) (10"1) fl) (%) (%)
IVS-1 nt 6 (T-C) 15 122+ 14 536 +051 69.7+31 420+0.8Y 0.85+0.3*
IVS-2nt 1 (G—A) 12 11811 574 +048 67609 475095 27517
FSC8 (—AA) 11 122+14 576 +038 68.1 +38 540+ 0.75% 250+ 1.7
IVS-1nt 110(G—A) 23 120+ 08 557 £ 021 68.7 =44 4.60 =065 1.65= 11"

“nt, nucleotide; FSC8, frameshift at codon 8.

“~ ’n, number of patients.

‘By microcolumn chromatography.’

“By alkali denaturation.

‘Heterozygotes with severe §-thalassemia mutation who were diagnosed at Hacettepe
Children’s Hospital.

p < 0.05, FSC8 vs. 1VS-1 nt 6.

fp < 0.05, FSC8 ws. IVS-1 nt 110.

*p < 0.05,1VS-1 nt 6 vs. IVS-1 nt 110.

P < 0.051VS-1nt6vs. IVS-2nt ¢
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hematological data for patients with a homozygosity for some rare variants or with
compound heterozygosities are given in TABLE 2.

The hematological data for the parents with heterozygosities for one of the
above-listed mild thalassemia mutations are given in TABLES 3 and 4 and in FIGURES
2 and 3, while data for adults with a heterozygosity for a more severe B*-thalassemia
mutation (G—A at IVS-1 nt 110) are listed for comparison. The presence of an
a-globin gene triplication was found in one of the siblings with the mutation at nt
—101-nonsense codon 39 combination and in one of the *y%y(5B)"-thalassemia
heterozygotes (TABLES 2 and 4), while a-thalassemia-2 (—a/aa) was present in one
patient with a homozygosity for the IVS-1 nt 6 (T—C) mutation and in the second
adult with the *y®y(3B)"-thalassemia heterozygosity (TABLE 4 and FIGs. 1 and 2).

DISCUSSION

Three mutations, namely FSC8 (—AA), IVS-2 nt 1 (G—A) and IVS-1 nt 6
(T—C), are the most common mild B-thalassemia alleles in Turkey.” However, six
additional mild B-thalassemia mutations were found in the families we studied.'"'* It
has been suggested that patients with °- or B*-thalassemia and an associated C—T
mutation at nt —158 5’ to the ®y-globin gene have a thalassemia with milder features
due to an enhanced vy chain production in response to anemic stress."* This situation
existed in the homozygotes for FSC8 (—AA) or for the IVS-2 nt 1 (G—A) mutation,
in the one patient with a compound heterozygosity for the IVS-1 nt § G—A and
G—C mutations, and in a patient with a homozygosity for the IVS-1 nt 110 (G—A)

o Thalassemia homozygous

"5 @ Thalassemia trait
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FIGURE 2. Distribution and averages + SD of the Hb A, levels in heterozygotes (thalassemia
trait) and homozygotes for the listed p-thalassemia mutations. Asterisk (*) indicates patient
with a coexistent a-thalassemia-2 trait (—o/aa).
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FIGURE 3. Distribution and averages + SD of the Hb F levels in heterozygotes for the listed
B-thalassemia mutations.

mutation. All these patients have a high Hb F level (TABLES 1 and 2). The G—~A
mutation at IVS-1 nt 110 is one of the most common B*-thalassemia alleles in the
Mediterranean Basin that is usually associated with haplotype I and severe disease."

It has been suggested that changes in the number of a-globin genes cause an
alteration in phenotypical expression of B-thalassemia or sickle cell anemia.''*" The
Hb F level was higher in one of the two siblings with the compound heterozygosity for
the mutations at nt —101 (C—T) and codon 39 (C—T) who also had an a-globin
gene triplication (aaa/ac), but the higher level of Hb F was not associated with
milder disease (TABLE 2). A similar observation was made in one subject with a
heterozygosity for y*y(5@)*-thalassemia; this person had a triplication of the
a-globin genes (aaa/aa) and a high Hb F level of 19% (TABLE 4). However, the one
patient with a homozygosity for the T—C mutation at IVS-1 nt 6 and an
a-thalassemia-2 trait (—o/aa) had the highest Hb level, in excess of 10 g/dl (F1G. 1),
and a low Hb F level of 3.4%. A low Hb F level of 10% was also present in the parent
with a ®y*y(yB)"-thalassemia heterozygosity and an a-thalassemia-2 trait (—o«/aa)."

The Hb A, level in the patient with a homozygosity for the nt' —30 (T—A)
mutation was a high $%, suggesting that there may be an activation of the 8 gene in
cis of this mutation. It is of interest to note that the nt ~101 (C—T) mutation is a
silent one.”

Data from statistical analyses have suggested that the hematological expression
of the disease is milder in patients with the FSC8 (— AA) frameshift than in patients
with the IVS-2 nt 1 (G—A) or IVS-1 nt 6 (T—>C) mutations (p < 0.05 for the
differences in the mean values of Hb, RBC, and MCV: TABLE 1). As both the FSC8
(—AA) and the IVS-2 nt 1 (G—A) mutation have the C—T mutation at —158 5’ to
the %y gene, it is difficult to explain the statistically significant differences in some of
the hematological parameters between these two groups. This may suggest the
presence of some other factor(s) playing a role in the amelioration of the expression
of the disease in the patients with FSC8 (—AA). The Hb A, level was very low in both
groups of patients, while the Hb A, values in the FSC8 (—AA) heterozygotes were
significantly higher than those for the other groups.

A review of some of the hematological parameters in the heterozygotes for
several mild mutations and for a severe B*-thalassemia mutation (i.e., G—A at IVS-1
nt 110) shows that a prediction of the type of B-thalassemia mutation in heterozy-
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gotes is not possible by routine hematological examination (TABLE 3 and FIGS. 2 and
3).

The data presented in this study indicate that the molecular pathology and the
phenotypical expression of B-thalassemia intermedia are quite heterogeneous. The
results also emphasize that in addition to the several mild B-thalassemia mutations,
other characteristics of the chromosome with the p-thalassemia allele and the
number of a-globin genes play an important role in the pathogenesis of B-thalassemia
intermedia.

SUMMARY

DNA data have been collected for 41 patients with B-thalassemia intermedia
without transfusion dependency. They belonged to 33 families, and 45 of their
parents were included in the study. Eight patients were homozygous for the frame-
shift at codon 8 (—AA), and nine were homozygous for the IVS-2 nt 1 (G—A)
mutation; haplotypes IV and III, respectively, were associated with these mutations.
Three patients had a ®y*y(3B)°-thalassemia homozygosity, characterized by a dele-
tion of 13 kb. Of the remaining subjects, ten had a homozygosity for the IVS-1 nt 6
(T—C) mutation, and five were compound heterozygotes for one mild and one
severe thalassemia determinant. Combinations with Hb Knossos, the T—A mutation
at nt —30, the C—T mutation at nt —101, the G—=A and G—C mutations at IVS-1 nt
5, and the G—A mutation at IVS-1 nt 110 were the other thalassemia determinants
resulting in B-thalassemia intermedia in the six remaining patients. Haplotypes IV
and IX were associated with the latter three mutations. The C—T mutation at nt
—158 5’ to the %y gene was characteristic for haplotypes 11, IV, and IX.

Genotype and phenotype correlation indicated significant differences in some of
the hematological parameters among patients with the frameshift at codon 8 (—AA)
or with the IVS-2 nt 1 (G—A) mutation, with both the frameshift at codon 8 and the
T—C mutation at IVS-1 nt 6, and with both the IVS-2 nt 1 (G—A) and IVS-1 nt 6
(T—C) mutations. Statistically significant differences were found in the mean values
for hemoglobin (Hb) A, in heterozygotes with the frameshift at codon 8 (—AA) and
the IVS-1 nt 5 (G—A) mutation. Variations in the number of a-globin genes resulted
in modifications of the phenotypical expression of the B-thalassemia intermedia
determinants.
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INTRODUCTION

Heterozygous B-thalassemia is usually silent at the clinical level and manifests
itself hematologically with reduced blood cell volume {mean corpuscular volume,
MCV) and hemoglobin content per cell (mean corpuscular hemoglobin, MCH) and
increased Hb A, levels.! However, a number of B-thalassemia heterozygotes either
present clinically with thalassemia-like symptoms or show unusual hematological
characteristics and are thus referred to as “atypical heterozygotes.”

Under this broad definition of atypical heterozygotes, we include four different
categories of heterozygous B-thalassemia, namely those with (a) normal MCH and
MCV, (b) normal Hb A, levels (type 2 silent B-thalassemia), (c) normal red cell
indices and Hb A, levels (type 1 silent B-thalassemia), or (d) a thalassemia-like
phenotype (thalassemic hemoglobinopathies). Because of the above hematological
manifestations, some of these B-thalassemia carriers may be missed by B-thalassemia
carrier screening. In the last few years, we and others have characterized at the
molecular level a number of these atypical heterozygotes, thus improving our
diagnostic capabilities in carrier screening as well as in the diagnosis of thalassemia-
like clinical manifestations. In this paper we review the current state of knowledge of
the molecular pathology of these interesting groups of B-thalassemia heterozygotes.
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HETEROZYGOUS B-THALASSEMIA WITH NORMAL MCV AND MCH

B-Thalassemia heterozygotes who coinherited o-thalassemia, either in the form
of two a-globin gene deletions (—a/—a) or in the non-deletion form affecting the
major a2-globin gene, tend to have larger and better hemoglobinized red blood cells
as compared to B-thalassemia heterozygotes with a normal complement of four
a-globin structural genes. In a limited proportion of these double heterozygotes for
B- and a-thalassemia, the MCV and MCH values are normal.>® These heterozygotes
are missed in B-thalassemia carrier screening by MCV-MCH determination. The
practical implication of this finding is that for most of those carriers in populations
with a high frequency of both a- and B-thalassemia, screening for B-thalassemia
carriers should include Hb A, determination in the first set of tests.

HETEROZYGOUS B-THALASSEMIA WITH NORMAL Hb A, LEVELS

A number of families in which some of the B-thalassemia heterozygotes have
normal Hb A, levels have been described. Genetic studies have produced evidence
for the presence of segregating B- and 3-thalassemia mutations, most likely indicat-
ing that most of those carriers with normal Hb A, levels are indeed double
heterozygotes for 8- and B-thalassemia.’* Molecular analysis of the 3-globin genes in
such families has defined, so far, several mutations which most likely silence
(8°-thalassemia) or reduce (5*-thalassemia) the output of 3-globin chain from the
affected 3-globin locus.

AN 3

AATAAA

FIGURE 1. Schematic representation of the 3-globin gene. The positions of the point muta-
tions so far described are indicated: (1) —77 (C—T), (2) codon 27 (G—T), (3) codon 30
(G—C), (4) IVS-1 nt 1 (T->C), (5) codon 91 (+A), (6) 69 bp 3’ to poly(A) (G—A).

These mutations, which are represcnted schematically in FIGURE 1, include a
deletion in the ¥B-5 region and point mutations affecting the §-globin gene. The
single type of deletion 8-thalassemiu hitherto described involves a loss of 7201 bp and
has its 5 breakpoint at a site 3’ to the yB-globin region and its 3’ breakpoint in the
middle of IVS-2 of the 8-globin gene. This mutation, which was detected several
years ago in linkage with the B* IVS-1 nt 5 G—A mutation and is referred to as Corfui
dp-thalassemia,® has been observed more recently by our group in chromosomes in
which a normal B-globin gene resides.’

Point mutations in the 3-globin gene (FIG. 1) include a T—-C substitution 77bp 5’
to the cap site,’ a G—T substitution at a position corresponding to amino acid 27
(8°27),” a T—C substitution at position 1 of IVS-1 (3" IVS-1 nt 1 T—C),’ a G—C
substitution at the second position of codon 30 (the last nucleotide of exon 1), and a
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FIGURE 2. Normal Hb A, B-thalassemia. Pedigree of two families with 527 B-thalassemia
either in cis (Family A) or in trans (Family B).

frameshift (+A) in the third position of codon 91." It is interesting to note that
identical nucleotide substitutions in the corresponding positions of the f-globin
gene, producing B-thalassemia, have been detected for three of the 3-thalassemia
mutations hitherto described" (8*27, 3" IVS-1 nt 1, and G—C at codon 30). Identical
nucleotide substitutions in the B- and 8-globin genes may arise either as independent
mutations or as the result of gene conversion events. Deletion and non-deletion
d-thalassemia in trans to B-thalassemia have so far been described in several families.
However, the 5*27 mutation has been observed by us either in trans or in cis to
heterozygous B-thalassemia,'’ as depicted in FIGURE 2.

In addition to the above well-defined 8-thalassemia mutations, we have recently
observed a G—A substitution 69 bp downstream of the poly(A) addition site in the
3-globin gene from a chromosome containing the B* IVS-2 nt 745 mutation in three
generations of a family in which this mutation was consistently associated in the
heterozygous state with normal Hb A, levels.” Dot blot analysis with specific
oligonucleotide probe detected the +69 (G—A) mutation in all heterozygotes for
the B* IVS-2 nt 745 mutation of the proband family but failed to reveal this mutation
either in a group of normal individuals or in unrelated heterozygotes for the g* IVS-2
nucleotide 745 mutation of the same Sardinian descent or of different origin. The
+69 (G—A) mutation may be responsible for the low § chain output from this
determinant by affecting mRNA end formation, or it could be a silent polymorphism
not affecting the function of the 3-globin gene.

A 3-thalassemia mutation most likely exists in the chromosome containing the
Hb Knossos mutation in the Mediteranean population and may be responsible for
the normal Hb A, level in otherwise typical B-thalassemia heterozygotes.

In addition to the findings of normal Hb A, levels with double heterozygosity for
8- and B-thalassemia, borderline-to-normal Hb A, levels have also been detected in
B-thalassemia heterozygotes for a number of p-thalassemia mutations, including B*
IVS-1 nt 110 and B* IVS-1 nt 6.
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SILENT B-THALASSEMIA

Under the heading of silent B-thalassemia are included those B-thalassemia
heterozygotes who have normal MCV, MCH and Hb A, values and are thus defined
solely by an imbalance of the B/a-globin chain biosynthesis ratio (type 1 silent
B-thalassemia).' This heterozygous B-thalassemia phenotype has hitherto been
found solely in one or both parents of patients affected by those mild forms of
thalassemia which are referred to as thalassemia intermedia.

At the present time, only a single silent B-thalassemia mutation, namely a C—T
substitution at position —101 to the cap site, has been characterized at the molecular
level. This mutation was detected in several families of Turkish or Italian descent
with a proband aftected by thalassemia intermedia who was a compound heterozy-
gote for the —101 (C—T) mutation and a typical high~-Hb A, p-thalassecmia
mutation'*" (FIG. 3). The —101 promoter mutation affects the distal CACCC box,
which is one of the promoter elements of the B-globin gene. It is worthwhile to note
that this mutation reduces globin output much less than do mutations affecting the
proximal CACCC box (C—G at position —87 and C—T at position —88), indicating
that the distal CACCC box is less crucial for the function of the B-globin gene than is
the proximal one. The —101 (C—T) mutation is contained in haplotype I and is a
very common cause of thalassemia intermedia in patients of southern Italian
ancestry homozygous or heterozygous for this haplotype."

In addition to this well-defined B-thalassemia mutation, we have recently de-
tected in an individual of southern Italian origin with the silent B-thalassemia
phenotype a complex rearrangement consisting of the deletion of a nucleotide (T)
and the addition of a sequenice (ATATA) at position —530 5’ to the cap site of the
B-globin gene (FIG. 3)." A similar rearrangement, the deletion of a nucleotide (T)
and the addition of an ATA sequence (—T,+ATA), was detected several years ago in
the B-globin gene of a siler 3-thalassemia carrier of Albanian descent.” More
recently it was found by our gioup in three siblings with thalassemia intermedia.”
They inherited from their father, a classical B-thalassei-ia carrier, a normal B-globin
gene and the —530 promoter rearrangement, isolated or in combination with a triple
a-globin gene arrangement. From their mother, who had the silent B-thalassemia
carrier phenotype, they inherited the B-101 (C—T) promoter mutation. Other
studies, however, revealed the —530 promoter rearrangement (-T,+ATA) in a
large number of individuals, including normals and patients with B-thalassemia, Hb
E or Hb S, indicating, as suggested by Wong et al.,' that this rearrangement is most
likely a polymorphism not responsible for the silent form of B-thalassemia. It is worth
noting, however, that the so-called normal persons investigated for the —T,+ATA
promoter rearrangement have not been studied by globin chain syn. esis analysis,

8P1 CACCC CAT ATA CAP /
5 @ — oo o SENNNY
! t exont 7/
-530 -101
(ATAT (caceT)
-ATATA-T

FIGURE 3. The B-globin gene promoter region. The square symbols represent the CAP site and
the ATA, CAT, and CACCC boxes. At position —101 within the distal CACCC box, a C—T
substitution is indicated (silent B-thalassemia). In the distal or expanded promoter, which runs
from —100 to 600 bp 5’ to the CAP site, the circle indicates the binding site for BP1. Here two
rearrangements, + ATA—T and + ATATA-T, have been found at position ~530.
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which is the only procedure allowing us to ascertain the silent B-thalassemia carrier
state.

The conclusion that the —T,+ATA rearrangement is a common polymorphism is
contradicted by recent studies using a DNase protection assay with nuclear extracts
of K562 cells which have identified a protein designated binding protein 1 (BP1).
This protein binds to DNA regions 5’ to the cap site, one of which is located between
~550 and —527 bp and functions as a silencer in a transient expression assay.'”" BP1
binds nine times as strongly to the —T,+ATA sequence as to its normal counterpart,
suggesting that the presence of this rearrangement may result in a partial suppres-
sion of the function of the B-globin gene. This may explain the silent p-thalassemia
carricr phenotype presented by the original Albanian patient as well as by the
individuals observed by us to carry the —~T,+ATA or the similar —T,+ATATA
sequence. An increased binding of BP1 to the chromosome containing the — T,+ ATA
rearrangement has recently been observed in SS patients of Indian descent who have
a milder clinical phenotype, most likely because of a moderate reduction of the
intracellular Hb S concentration."” The —T,+ATA sequence in cis in the Indian °
chromosome may be responsible for the decreased expression of the B° gene. In
order to clarify the role of the —T,+ATA sequence in the expression of the in cis
B-globin gene, we have recently screened, for the presence of this rearrangement on
amplified DNA, nine normal individuals who had balanced globin chain synthesis
(c:non-a = 0.9-1.15) and 14 B-thalassemia carriers. In none of them did we detect
the —T,+ATA sequence, indicating that this rearrangement, at least in our popula-
tion, is not a common polymorphism.” All these considerations raise the possibility
that a reduced expression of the -globin gene may be caused by a tighter binding of
the BP1 repressor to the rearranged sequences.

Lastly, it should be noted that imbalanced a:8-globin chain synthesis in combina-
tion with normal MCV, MCH and Hb A, levels, namely, the silent B-thalassemia
carrier phenotype, is also the pattern of phenotypic expression for the triple a-globin
gene arrangement, which, by interacting with heterozygous B-thalassemia, may result
in thalassemia intermedia.”

HETEROZYGOUS B-THALASSEMIA WITH CLINICAL MANIFESTATIONS

B-Thalassemia mutations are traditionally defined as molecular defects within
the B-globin gene cluster associated with the absence of B chain production (B°) or
reduced (B*) B chain production with, however, the B-globin chain structure
unchanged. In contrast, hemoglobinopathies are defined by the presence of abnor-
mal globins with one or more structural changes, which are synthesized at a normal
rate. However, in the last few years several mutations have been observed that not
only cause alterations of the globin structure, but also decrease its synthesis.” These
are referred to as thalassemic hemoglobinopathies and are the result of a number of
different molecular mechanisms, including activation of cryptic splice sites within the
exon, loss of a normal termination codon, or instability of the globin chain. Among
the latter group are included a number of B-thalassemia mutations which produce in
the heterozygous state a thalassemia intermedia—like phenotype of varying severity.
In the large majority of these thalassemic hemoglobinopathies, the hemoglobin (Hb)
molecule is so unstable that it is missed by the method of Hb analysis commonly in
use in clinical hematology (F1G. 4). Some of them, such as Hb Indianapolis,” may be
identified by globin chain synthesis analysis using short-term incubation.

Within the highly unstable group of Hb variants, we and others have recently
defined a subgroup which is characterized by the localization of the mutation in the
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third exon of the 8-globin gene (FI1G. 4). These defects include frameshifts, missense
and nonsense mutations.”® Frameshift mutations result in elongated B-chains,
while nonsense mutations are associated with truncated globin chain molecules.
Some of these highly unstable variants are characterized by the presence of inclusion
bodies, which result from the precipitation of the extremely unstable Hb variant
together with the resulting excess of a chains (inclusion body heterozygous
B-thalassemia). These f3-thalassemia mutations show a dominant transmission pat-
tern or occur sporadically.™

Because of their severity, it is most likely that these rare unstable variants have
not come under selective pressure and hence have not reached high gene frequency
in malarious populations, in contrast to the common B-thalassemia mutations.

From the practical point of view, we may conclude that the presence of abnormal,
very unstable Hb should be suspected in any sporadic patient showing the clinical
phenotype of thalassemia intermedia and having both parents hematologically
normal or in families in which this phenotype shows a Mendelian dominantly
transmitted pattern. In this context, the best method to accomplish diagnosis is the
detection of the mutations by direct sequencing of the amplified B-globin gene.

S———8& B
CAP

FIGURE 4. Graphic representation of the B-globin gene. Positions of the mutations responsi-
ble for the production of highly unstable Hb variants are indicated: (1) codon 94 (+GT = Hb
Agnana);” (2) codon 109 (-G = Hb Manhattan); (3) codon 114 (~CT+G = Hb Geneva); (4)
codon 121 (G—T); (5) codon 126 (-T = Hb Vercelli); (6) codon 127 (Gln—Pro = Hb
Houston); (7) codons 128/129 (—4), codons 132/135 (—11), and codon 129 (+5); (8) codon 112
{Lys—Arsg = Hb Indianapolis); (9) codon 60 (Val—>Glu = Hb Cagliari).”

AATAAA

SUMMARY

This paper reviews the molecular pathology of a heterogeneous group of
B-thalassemia heterozygotes which may be referred to as atypical B-thalassemia.
This group includes four different categories aof heterozygous 8-thalassemia, which
are characterized, respectively, by (1) normal MCV and MCH; (2) normal Hb A,; (3)
normal MCV, MCH, and Hb A, and imbalanced globin chain synthesis only or, (4)
the presence of clinical manifestations. The first group is represented by a limited
proportiun of double heterozygotes for a- and B-thalassemia. The second group
includes two categories. One category is double heterozygotes for 3- and B-thalassemia
with the 8-thalassemia mutation in cis or in trans to B-thalassemia. A number of
d-thalassemia mutations which produce this phenotype by interacting with
B-thalassemia have been described. The other category within the second group is
heterozygotes for some mild B*-thalassemia mutations. Within the third group,
conclusive evidence for a mutation within the B-globin gene cluster producing the
silent B-thalassemia phenotype has been obtained solely for a C—T substitution at
—101 within the CACCC box of the B-glcbin gene. Possible candidates are the
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complex rearrangements (—T,+ATA; ~T,+ATATA) found at position —530 from
the cap site. In the group of thalassemic hemoglobinopathies, a series of mutations
mostly located in the third exon and producing elongated or truncated molecules
have been recently reported. Most of the mutations are silent at the protein level,
produce inclusion bodies in peripheral erythrocytes, and show a dominant transmis-
sion pattern or occur sporadically.
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Advances in molecular genetics have contributed greatly to the understanding of
genetic disorders and their distribution in various parts of the world. Techniques of
molecular cloning and sequencing led to the identification of numerous mutations
which impair B-globin gene function."? The development of in vitro techniques of
gene amplification based on the polymerase chain reaction (PCRY)’ greatly facilitated
identification of point mutations by allowing rapid analysis of a large number of
samples using allele-specific oligonucleotide probes. Unknown mutant alleles could
then be sequenced directly following PCR amplification.*

Over the past several years we have applied these modern techniques to the study
of B-thalassemic alleles in Israel. Being the Holy Land for three major religions and a
homeland for ancient cultures, Israel has attracted migrations of varied populations
and as such, has an ethnic diversity probably unparalleled for a country of its size.
Furthermore, the unique identities and cultural integrity of a significant portion of
the population are still preserved, even after centuries of coexistence in a small
geographic region. Consanguinity has been and still is practiced extensively in many
communities,” increasing the frequency of affected offspring with recessive genetic
disorde: .

There are several hundred patients with p-thalassemia in Israel. Affected chil-
dren continue to be born in spite of a prenatal diagnosis program initiated fifteen
years ago, based on globin chain synthesis ratios in fetal blood samples. Most of the
patients belong to distinct and well-defined ethnic groups. Carriership within the
various ethnic groups ranges from less than 1% to as high as 20%.° We subdivided
the groups with a high incidence of thalassemia according to geographic origin and
religious background, because intermarriage between the various religious groups is
rare. Accordingly, some groups with a notable incidence of B-thalassemia are Jews of

4This work was supported by Grant No. 88-00357 from the United States-Israe} Binational
Science Foundation and a Levi Eshkol Fellowship of the Ministry of Science and Development
of the State of Israel (to D. Rund).

€Address correspondence to Dr. Deborah Rund, Hematology Department, Hadassah
University Hospital Ein Kerem, Jerusalem, Israel 91120.
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Kurdish extraction (whose carrier frequency is about 20%),° Jews of Mediterrancan
origin (mainly from Turkey, Greece, and Morocco), Moslem Arabs, Christian Arabs,
Druze, and Samaritans.*” In the Arab communities, thalassemia is widespread in
regions that were infested by malaria until the beginning of this century: the coastal
region, the Jezreel Valley, the Hula Valley, and the Jordan Valley. There is also a
very high incidence in the Gaza region.?

We report here some of the initial findings that emerged from the study of
B-thalassemia in our population. We will describe the broad spectrum of clinical
presentations, the diversity of molecular lesions at the DNA level, and the findings
obtained from expression studies of a novel point mutation in the polyadenylation
signal.

METHODS

Patients

A total of 66 families was studied. The patients were referred through hematol-
ogy clinics throughout the country. Alternatively, families were referred by genetics
clinics where they had sought genetic counseling. The composition of the families
studied is as follows.

1. Jews of Kurdish extraction. Sixty two patients from 41 sibships (either Kurdish
or half Kurdish), residing in all parts of Israel, were analyzed. This represents
nearly all known patients of this ethnic group (62 of 64). Thirty-three families
have thalassemia major and eight, thalassemia intermedia. Two intermedia
patients were each found to have one parent who is a silent carrier.

2. Christian Arabs. One family residing in the lower Galilee was studied. The
members of this family have a thalassemia intermedia phenotype. The mother
is a silent carrier.

3. Moslem Arabs. Seventeen families from all parts of Israel were investigated.
All patients except for one have thalassemia major.

4. Druze. Six families (thalassemia major) from two villages in the Galilee were
analyzed.

5. Jews of other Mediterranean origin. Five families in which one or both parents
were of Moroccan or other Mediterranean origin were studied. Four have
thalassemia major and one has thalassemia intermedia.

DNA Analysis

DNA was prepared according to standard procedures as previously described.’
Haplotype analysis was performed as described by Orkin et al.," for the following
restriction enzyme sites: Hinc 11 5’ to €, Hind 111 sites in the *y and %y genes, Hinc 11
sites at the P locus, Ava II in the B IVS-2 and BamH I 3’ to the 8-globin gene. The
nomenclature used was as described by Orkin ez al.

PCR was performed using 1 pg of genomic DNA and primers spanning the
complete B-globin gene, 1832 bp, from 166 nucleotides (nt) upstream of the cap site
to 60 nt downstream from the polyadenylation site, with the following primers: 5’
primer, CCAACTCCTAAGCCAGTGCC; 3' primer, CACTGACCTCCCACAT-
TCCC.

Samples were ~nalyzed on agarose gels to verify amplification (FiG. 1) and then
screened using radiolabelled allele-specific oligonucleotide probes." Direct genomic
sequencing was performed on unknown alleles as previously described.’
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For families in which each parent was of a different ethnic background (such as
Kurdish/Moroccan), each parent’s mutations were identified.

RNA Analysis

RNA was isolated from peripheral blood normoblasts of patients as previ-
ously described."? The patients studied carried a novel point mutation
(AATAAA—AATAAG) in the polyadenylation signal. All were compound heterozy-
gotes for the polyadenylation mutation and a frameshift mutation in codon 44 which

=
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FIGURE 1. Ethidium bromide-stained agarose gel showing amplification products of a typical
PCR reaction. (Lane 1) 557-nt amplification product of the 5’ end of the B-globin gene, using
the following primers: 5' primer, CCAACTCCTAAGCCAGTGCC; 3' primer, CACCGAG-
CACTTTCTTGCCA. (Lanes 2-5) 1832-bp amplification product using primers which spanned
the entire B-globin gene. 5’ primer, same as above; 3’ primer, CACTGACCTCCCACAT-
TCCC. Markers (M) are bacteriophage X174 Hae 111 fragments (first lane) and phage A Hind
111 fragments (last lane).

has been shown to encode for an unstable RNA with a very short half-life.” Control
RNA from a non-thalassemic individual with reticulocytosis and from a patient
homozygous for the frameshift-44 mutation were analyzed in parallel.

RNase mapping was performed as previously described by Melton et al.** The
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following probes were utilized: exon 1 of the a-globin gene (Hae I1-4va 1), exon 1 of
the B-globin gene (Bal 1-Hae 1II), exons 1-2 of the B-globin gene (Bal I-BamH 1),
IVS-2 of the B-globin gene (BamH I-EcoR 1), and exon 3 of the B-globin gene (EcoR
I-Pst 1).

Northern blotting was performed using 1-pg quantities of normoblast RNA
glyoxylated and run as previously described,” except that in most cases SP6-
generated RNA probes vere utilized. Hybridization was at 55°C for RNA probes
and 42°C for the DNA probe. The final wash was performed using 0.2x SSC/0.1%
SDS at 65°C for 30 min. A DNA probe was prepared from the Dra I fragment located
3’ to the human B-globin gene just beyond the normal polyadenylation signal. The
amount of normoblast RNA used was adjusted according to the intensity of the
a-globin RNA signal on densitometry tracings, and equivalent amounts were run for
the B-globin probes.

RESULTS AND DISCUSSION
Clinical Presentation

Most of the families studied (57 out of 66) have thalassemia major. Nine have
thalassemia intermedia. In the Kurdish Jewish population, 20% (8 of 41) of the
families had an intermedia phenotype. This figure represents the true relative
incidence of the two syndromes in this ethnic group, as virtually all known patients
were studied. The small number of intermedia patients found among Arabs and
Druze in this study may not be representative of the true incidence in these
populations, since the mechanism of referral of families for study was biased toward
those more severely affected. Although several hundred B-thalassemia major pa-
tients are believed to reside in Israel (nearly a hundred in the Gaza region alone),
there are no accurate statistics on the prevalence of the disease in its milder forms.

Most of the patients with thalassemia major are transfused every three to four
weeks and thus require chelation treatment with subcutaneous desferrioxaminc.
There are occasional patients with thalassemia intermedia who are rarely transfused
but nonetheless have significant iron overload requiring chelation.

Three of the families with thalassemia intermedia (two Kurdish Jewish, one
Christian Arab) have one parent who is a silent carrier. One of these, a Kurdish
patient, was found to carry the —101 C—T mutation, previously noted to be
associated with this phenotype.' The other two are compound heterozygotes for a g°
allele (frameshift 44 or IVS-1 nt 1 G—>A) and unknown alleles which eluded
identification despite extensive sequence analyses of the B-globin gene and its
immediate flanking region. The molecular basis for these presumably mild thalassemic
alleles is at present obscure.

Mutational and Haplotype Analysis

Thalassemic chromosomes were analyzed for B-globin gene mutation and for
Mediterranean haplotype using the molecular techniques described above. Haplo-
type analysis showed that Mediterranean haplotype I is the most common chromo-
some for mutant alleles (67% of mutant alleles were on this haplotype). Haplotypes
VII, VI, IX, V and II were also represented, but at much lower frequency.

A summary of mutant alleles and their haplotypic background is presented in
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TABLE 1. A total of fifteen thalassemic alleles were found in the 66 families studied
(FIG. 2). Thirteen mutations were seen in Kurdish Jews and six among the other
groups studied (Mediterranean Jews, Arabs, Druze). There were six mutations that
to date have not been observed outside Israel.

The results of molecular analysis of B-thalassemia mutations in our country is
revealing, not only in the variety of mutant alleles but also in their relative
distribution in the various ethnic groups studied. It is noteworthy that although five
of the mutations were shared among the various ethnic groups studied, the majority
were not.

The Kurdish Jews were found to have exceptional heterogeneity of mutations,
thirteen in all, with five mutations unique to this ethnic group, an astonishingly high
incidence in such a small population, who were numbered at 23,000 in 1961.° This is
consistent with their history of centuries of ethnic and geographic isolation in
Kurdistan, a primarily Moslem region. Some of their mutations seem to have evolved
locally within Kurdistan, mainly on the common haplotypic background of Mediter-
ranean haplotype 1. Genetic admixture of Mediterranean mutations was observed as
well.

The Moslem Arabs of northern and central Israel have a smaller number of
mutations, nearly all of which are prevalent in the Mediterranean region. These
common mutations are linked to the haplotypes previously reported for them,*
underscoring the likelihood that these mutations arrived by migration. The Arabs of
these communities therefore reflect primarily the effects of genetic admixture from

TABLE 1. Analysis of the Mutations in Israeli B-Thalassemia Chromosomes

Alleles
Mutation’ n % Ethnic Group Haplotype
Frameshift 44* 24 19.5 Kurdish Jews 1
IVS-1nt 110 22 18 Kurdish Jews I
Moslem Arabs 1
— 28 A-C* 18 15 Kurdish Jews I
Nonsense 39 15 12 Kurdish Jews VIl
Mediterranean Jews |
Moslem Arabs I 11
IVS-2 nt 1 (G—A) 13 13.5 Druze |
Kurdish Jews v
Moslem Arabs n
Poly(A) nt 6 (A—>G)* 8 6.5 Kurdish Jews Vil
IVS-1 nt 1 (G—A) 5 4 Mosiem Arabs v
Christian Arabs Not done
IVS-1nt 6 3 25 Kurdish Jews VI
Moslem Arabs Vi
Poly(A) deletion* 2 1.5 Moslem Arabs Variant’
— 88 C—>A* 1 <1 Kurdish Jews IX
Frameshift 36-37* 2 1.5 Kurdish Jews 1
IVS-2 nt 745 (C—G) 1 <1 Kurdish Jews Vil
1IVS-1nt -1 (G—C) 1 <1 Kurdish Jews VIi
-101 C->T 1 <1 Kurdish Jews IX
IVS-1nt 5§ (G—C) 1 <t Kurdish Jews vl
Unknown 5 4
Total 122

“Asterisk (*) denotes mutation unique to Israefi ethnic groups.
e b —— + +4+
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FIGURE 2. Diagram of the human B-globin gene and the fifteen B-thalassemic mutations
found to date in Israel. B* mutations are indicated above the gene and B° mutations are
indicated below. Asterisks (*) indicate mutations that have not been observed outside Israel.
FS, frameshift; N, nonsense.

surrounding areas. Historically, the Islamic Empire extended from Persia (Iran) to
the Atlantic Ocean during the 7th century, affording opportunities for genetic
admixture to occur. These acquired mutations may then have been propagated
locally, presumably due to selective pressures exerted by malaria, which was preva-
lent in those parts of Israel until the 1920s.

The one Arab family who was found to have the novel polyadenylation deletion
mutation resides in Gaza. Studies on thalassemia are just beginning in that region,
the population of which may prove to be genetically different from the Arabs of
northern and central Israel.

The Druze seem to be an example of a distinct, closed ethnic group. To date, only
one mutation has been found in six families of this community.

Of interest is a comparison of haplotypic backgrounds for the various alleles in
the different ethnic groups studied. The IVS-1 nt 110 (G—A) mutation was seen on
Mediterranean haplotype 1 in all ethnic groups studied. In contrast, the nonsense
mutation at codon 39 was found on haplotypes I and II in Arabs, on haplotype I in
Mediterranean Jews, and on haplotype VII in Kurdish Jews. Haplotype VII carries a
different B-globin gene framework (a series of polymorphic base changes discovered
by sequence analysis)* than do haplotypes I and II. The B-globin gene frameworks
are believed to antecede the divergence of the races and haplotypes. Therefore, it is
likely that the codon 39 nonsense mutations in Israeli patients represent recurrent
mutational events. Similarly, IVS-2 nt 1 (G—A) is linked to haplotypes I in Druze,
HI in Arabs, and V in Kurdish Jews. Haplotype I carries a different B-globin gene
framework than do haplotypes III and V, suggesting that an independent mutational
event is responsible for the mutation in the Druze as opposed to that in Arabs and
Jews.

Expression Studies of a Novel Mutant Allele

Functional studies on mutant alleles have contributed much information on the
importance of critical nucleotide sequences to RNA processing. The finding of a
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novel mutation in the cleavage-polyadenylation signal, AATAAA—>AATAAG, has
allowed a unique opportunity to study the effects of malfunction of RNA cleavage on
gene expression.

No homozygotes for this mutation were identified. However, when this mutation
is present in compound heterozygosity with a B° mutation (such as a frameshift or
nonsense mutation), it results in §*-thalassemia.

To clarify the mechanism whereby this mutation impairs gene function, expres-
sion studies were performed on peripheral blood normoblast RNA isolated from
several patients who are compound heterozygotes for this novel mutation and for a
frameshift mutation in codon 44. Northern blotting and RNase mapping experiments
showed that some normal-size message is produced, about 15%-40% of the normal
level (data not shown), compatible with the clinical picture of a modcrate to severe
p’-thalassemia. The frameshift allele did not contribute any mature RNA, as
demonstrated by control RNA isolated from a patient homozygous for that mutation,
in agreement with previous studies on this allele.”” The polyadenylation mutant
alleles produced, in addition, several extended transcripts, approximately 1500, 1650,
2450, and 2900 nucleotides long. Only the shortest of these transcripts, which
presumably extends to the next polyadenylation signal, about 900 nucleotides
downstream of the B-globin gene, has been previously described.'” The other three
transcripts are also elongated RNA species, as revealed by hybridization to a probe
specific for the region 3' to the normal polyadenylation signal (1087-bp Dra 1
fragment), which did not hybridize to the normal message. The RNase mapping
experiments also showed that the 5’ start sites and IVS-1 and IVS-2 splicing were
normal. These transcripts are being evaluated further. We are also studying transcrip-
tion products from another novel mutant allele, a 5-bp deletion in the polyadenyla-
tion signal, found in an Arab family from Gaza. The resuits of these ongoing studies
will be reported in the future.

The Kurdish polyadenylation point mutation AATAAA—AATAAG has a signif-
icant negative impact on gene function, in that only 15%—40% of the usual level of
normal-size B-globin mRNA can be produced in the presence of this mutation. The
clinical symptoms correlate with this condition of moderate-to-severe impairment of
B-globin synthesis, in that most patients with this mutation require ongoing transfu-
sion therapy. Further work on the precise endpoints of the elongated transcripts seen
in these patients will clarify the role of accessory signals for cleavage, which have
been reported to be required for proper 3’ end processing.'™"

Application to Prenatal Diagnosis

Finally, the information derived from these studies is not only of great interest
from a scientific, genetic and evolutionary point of view, but also has been applied to
the field of prenatal diagnosis. Analysis of fetal tissue for the various point mutations
in our population using the technique of PCR has enabled the implementation of
first-trimester prenatal diagnosis. Further work should allow for a more complete
understanding of this complex disease, as well as for promoting prevention of this
serious genetic disorder.
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Fate of a-Hemoglobin Chains and
Erythrocyte Defects in 3-Thalassemia“
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The homozygous state of B-thalassemia is an inherited anemia related to decreased
or absent synthesis of the B chain of adult hemoglobin A (a,B,). Since B-thalassemia
major is a severe condition requiring regular blood transfusions, it is difficult to
obtain thalassemic red cells for study from patients with this condition. A milder
form, B-thalassemia intermedia, which usually does not necessitate transfusion, has
been used to describe the many morphological, rheological, and biochemical defects
of thalassemic red blood cells (see Refs. 1 and 2 for review). The cause of these
abnormalities is the presence of free a chains, unpaired with B chains, which are
unstable and oxidize. They bind to membranes and induce oxidation of lipids and
proteins and also lead to molecular cross-linking.>*

In the present paper, we address the question of the relationship between the
size of the soluble and insoluble « chain pools present in cells and the membrane
protein defects in thalassemic erythrocytes. For this purpose we have devised
methods to evaluate the pools of a chains and the thiol groups of various membrane
proteins.

The soluble a chain pool present in all cells, from bone marrow cells to dense
blood cells, was assessed by using a specific probe, f* hemoglobin chains labeled with
tritiated N-ethyl maleimide ([PH]NEM); the B chains combine with the soluble a
chains present in cell lysates to form *H-labeled hemoglobin and are separated and
evaluated by electrophoresis.

The insoluble a chains, which remain in red cell ghosts after cell lysis and
extensive washing of the ghosts, were evaluated by using polyacrylamide gel electro-
phoresis in the presence of urea and Triton X-100 (UT-PAGE) in order to separate
simultaneously the various globin chains, a, B, °y and *v, and the membrane proteins
as previously described.® The standard SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) method was also used.’

9This work was supported by research grants from the Institut de la Santé et de la Recherche
Médicale, the Cooley’s Anemia Foundation, and D.R.E.T.

9 Address correspondence to Dr. Yves Beuzard, INSERM U.91, Hépital Henri Mondor,
94010 Créteil, France.
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The thiol groups of the various membrane proteins were characterized by assay
with dithiobisnitrobenzoic acid (DTNB) and by the binding of ['HJNEM to the red
cell ghost prior to UT-PAGE and autoradiography.’

These methods have been used to compare in human and mouse B-thalassemias
and in human erythrocytes loaded with a-hemoglobin chains the fate of a chains and
the expression of membrane protein defects.

HUMAN BR-THALASSEMIA
Soluble oo Chain Pool

We devised an affinity method to evaluate the soluble « chain pool present in all
types of erythroid cells. The soluble a chain pool evaluated by this affinity method
was a quantitative measure of the amount of free and soluble « chains present in
intact cells in vivo at the time of sampling. The method is specific, very sensitive, and
suitable to evaluate a chains in the presence of proteins other than hemoglobin. In
addition, the sample processing is fast and performed at 0°C to prevent the loss of
soluble a chains. Short term (3 h) blood storage at 4°C or freezing in liquid nitrogen
has no effect on the soluble a chains.

TABLE 1. Fate of a-Hemoglobin Chains in Biood Cells

Human Mouse
B-Thalassemiu B-Thalassemia
Soluble a chains (% Hb) 0.26~1.3 <0.01
Precipitation t,, >12h 10 min
Proteolysis t,, 8h Not detectable
Insoluble « chains
(% membrane proteins) 181 %9 357+ 10

In normal individuals, free a chains are present in red blood cells but only in very
small amounts, 0.067% = 0.017 of the hemoglobin. In B-thalassemia trait, the a chain
pool was only slightly increased, in spite of the unequal synthesis of globin chains
(B ratio = 2).*"" This demonstrates a very efficient removal of soluble a chains in
heterozygous B-thalassemia, more by proteolysis™' than by precipitation, as indi-
cated by the absence of significant amounts of insoluble a chains associated with
membrane ghosts. However, the selective removal of abnormal cells containing
precipitated a chains could also explain the disappearance of unpaired a chains
during maturation of reticulocytes and red cell aging in heterozygous @-thalassemia.

In B-thalassemia major, traces of soluble a chains able to combine with B chains
to form Hb A have been detected.'™" The size of the pool of soluble a chains
observed in the present study (0.26~1.30%; TABLE 1) was highly variable between
patients. The amount of soluble a chains was modest with respect to the total amount
of hemoglobin and to the imbalance of globin chain synthesis because of the
instability of « chains,”™" proteolysis''**" (see TABLE 1), and the removal of
damaged cells by the reticulocndothelial system. In this regard, four splenectomized
patients with relatively severc B-thalassemia, as determined by blood hemoglobin
level, had the highest levels of soluble a chain (0.80-1.30%). In contrast, the two
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splenectomized patients with the lowest levels of soluble o chain (0.38-0.48%) had a
very mild form of B-thalassemia, suggesting that the size of the soluble a chain pool
could be related to the clinical severity of the disease in splenectomized and
untransfused patients.

In B-thalassemia intermedia, the soluble a chains are not restricted to reticulo-
cytes, as suggested by the distribution of the a chain pool, which ranged from 2.4% in
light cell fractions containing 32% reticulocytes to 0.3% in dense cells containing
virtually no reticulocytes (i.e., <0.5%).

In bone marrow cells, a very high proportion of a chains exists in the soluble form
(10% of Hb, i.e. 20% of the « chains present in Hb). This high o chain pool in the
bone marrow cells of a patient with B-thalassemia intermedia contrasted with the
small « chain content in normal bone marrow cells (which is two- to threefold that
observed in peripheral blood). The higher level of soluble a chains in normal bone
marrow cells is probably removed during erythroid maturation. The much lower
soluble a chain pool in reticulocytes (2.4%) compared to that in bone marrow cells
(10%) of the patient with B-thalassemia intermedia is related to the precipitation
and proteolysis of a chains and differential cell death during erythroblast maturation.

Insoluble Hemoglobin Chains
Previous studies’* of red cell ghosts from B-thalassemic patients revealed an
increase in their globin content. Results obtained in the present study using
UT-PAGE showed a peculiar globin chain pattern in B-thalassemia syndromes. In
heterozygous B-thalassemia, the amounts of - and a-globin chains present in ghosts
were increased in similar proportion, suggesting that insoluble hemoglobin is in-
creased and that most of the free a chains resulting from the unequal globin chain
synthesis are removed or degraded. This was not due to simple contamination with
soluble hemoglobin, because extensive washing of ghosts did not remove additional
hemoglobin. These results probably reflect an abnormal binding of hemoglobin to
membrane in heterozygous -thalassemia.”

In homozygous B-thalassemia, insoluble a-hemoglobin chains have been found to
be present in cell ghosts.>* In the present study, ultrasonification of cell ghosts and
subsequent centrifugation did not lead to separation of globin chains or hemoglobin
from membrane, suggesting that hemoglobin chains were bound to membrane and
not present as free inclusion bodies trapped in cell ghosts after hemolysis.” In
addition, we showed that non-a-globin chains (§ or B + v) were also present in
ghosts and that their amount increased with cell density from 5.5% of total
membrane proteins in light cells to 10.8% in dense cells. In contrast, the insoluble «
chains decreased from 44.2% to 24% with cell density and the a:non—a ratio of globin
present in ghosts dropped from 8 to 2.2. The increase in B and +y chains in membrane
ghosts in cells with increasing density indicates a reduced solubility of hemoglobin
tetramers, which may be related to increased oxidation in the thalassemic cells.

Membrane Proteins

In B-thalassemia intermedia changes in membrane proteins were amplified in the
lightest cells, which had a low hemoglobin content and a high amount of insoluble a
chains. Both SDS-PAGE and UT-PAGE showed a reduction of spectrin (F1G. 1) and
an increase of uncharacterized fractions. The decrease in spectrin is correlated with
the increase in insoluble a chains (FiG. 2). Band 3 was also reduced, as shown by
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SDS-PAGE, but to a lesser extent than were spectrin chains. Consequently, the ratio
spectrin:band 3 decreased slightly in B-thalassemia. A slight deficit of spectrin has
also been shown by Shinar et al.? As shown by Platt and Falcone,” decreased spectrin
also occurs in other cells containing unstable hemoglobin (Hb KéIn) and is thought
to result from increased oxidation. It is well known that oxidation of spectrin will
increase the proportion of high molecular weight complexes of spectrin®” and
impair the assembly of cytoskeleton.”” Diamide at very low concentration (3 pM)
prevents the formation of the spectrin-4.1 complex in the presence of actin. Erythro-
cytes with inclusion bodies due to unstable hemoglobins have a lower content of
spectrin and ankyrin in their membrane, an increase of the proportion of spectrin
monomers, a decreased binding of spectrin to protein 4.1 and actin, and an alteration
of ankyrin structure that decreases the binding of normal spectrin to inside-out
vesicles of cells containing Heinz bodies.”™ Shinar ef al. have recently shown® that in
B-thalassemia intermedia spectrin degradation products were not detectable in cell
ghosts by Western immunoblotting of SDS-PAGE, despite the use of a comprehen-
sive array of antiproteolytic agents. The decrease in membrane spectrin is not
specific to B-thalassemia or to anemia due to unstable hemoglobin, since it is also

30
y =229 - 0.3x
R=0.89
1 a p < 0.005

Spectrin %
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FIGURE 2. Correlation between spectrin and a-hemoglobin chains present in human erythro-
cyte ghosts from patients with p-thalassemia intermedia. The values shown are percentages of
total membrane protein as determined by densitometry following urea-Triton polyacrylamide
gel electrophoresis (UT-PAGE)" and staining with Coomassie blue.
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observed in hereditary spherocytosis,” acquired disorders™ and during blood aging in
vitro,* but not during in vivo aging of red cells, as measured after their fractionation
by centrifugation.*® The decrease in the amount of ankyrin (34%; FiG. 3) in
B-thalassemic cell ghosts was shown by UT-PAGE, which separated ankyrin from
the spectrin B chain better than did SDS-PAGE.® The loss of ankyrin is similar to
that of spectrin and should be compared to the disappearance of ankyrin from the
skeleton of cells containing unstable hemoglobins, in which the ankyrin-spectrin
association is altered, probably by oxidation.”*

Some proteins are present in increased amounts in B-thalassemic cell ghosts. As
suggested by Shinar ef al.,* the increased presence of these polypeptides could result
from attachment cf cytoplasmic proteins, including globin chains or polymers of
native or degraded hemoglobin chains,” or cross-linked membrane proteins which
give rise to higher molecular weight proteins,’ some of which are cleaved by reducing
agents. Binding of globin to the membrane skeleton has been shown during aging of
normal red cells in vivo™* and in oxidation of normal red cells in vitro.”™

100 -
FIGURE 3. Decrease of ankyrin in eryth-

rocyte ghosts. Shown is the percentage
of the normal value for the protein (H)
and free thiol groups (O) in human
B-thalassemia, mouse B-thalassemia, and
a-hemoglobin chain-loaded normal eryth-
T

Human Mouse a chain ocytes.
pth i th lia loaded erythrocytes

Topology of Sulfhydryl Groups

We confirmed that in non-transfused patients with f-thalassemia intermedia the
free thiol groups of membrane proteins are decreased by 27%.* Under the
conditions used, 80% of normal membrane thiol groups are reactive with NEM."
The decrease of thiol groups in B-thalassemic cells is not evenly distributed among
membrane proteins. It affects primarily the most reactive thiol groups of spectrin
(decreased by 32%; FIG. 1) and ankyrin (decreased by 65%; FiG. 3), in comparison to
normal cells in which ankyrin contains a high proportion of the most reactive thiol
groups in the membrane. Thio! groups exhibiting low reactivity are also decreased in
spectrin and ankyrin. Other unidentified protein fractions have modified reactivity of
their thiol groups.

MOUSE B-THALASSEMIA

In 1981, Johnson and Lewis described a B-thalassemia syndrome occurring in a
DBA/2J mouse. This syndrome resulted from the absence of the "' globin chain®
due to a 3.7-kb deletion in the p™-globin gene.” In the homozygous state this
mutation induced anemia, high reticulocytosis and inclusion bodies in erythrocytes,
conditions similar to those seen in human B-thalassemia intermedia; whereas the
heterozygous state was asymptomatic.

Normally, the 8™ gene, located at the 3’ end of the B-globin gene cluster,
provides 80% of the 8-globin chains. The ™" gene, located 3’ of the B™* gene, is
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responsible for the ™ chain, which accounts for 20% of the B-hemoglobin chains
in the normal diffuse Hbb genotype (Hbb*/Hbb").

In the homozygous state of mouse B-thalassemia (Hbb™*/Hbb™), the absence of
the B™ chain, due to the 8™ gene deletion, is partially corrected for by an increase
in the level of B™™"-globin chain synthesis. The B™"*:a-globin chain ratio increases
from 0.2 in the normal mouse to 0.7-0.8 in the homozygous B-thalassemic mouse.***
This relative increase in B™""-globin chain synthesis was shown to occur at the
translational level, suggesting that the B™** mRNA is preferentially translated in
comparison to the a-globin mRNA.® In addition, the B:a ratio of globin chain
synthesis in B-thalassemic mice can be normalized upon the use of 5-azacytidine,*
which increases the fetal y chain expression in human B-thalassemia.”’

To determine to what extent mouse p-thalassemia can be used as a model for the
human disease, we have investigated why a small deficiency in B-globin chain
synthesis, lower than that observed in the asymptomatic heterozygous state in
humans, is associated with a relatively severe clinical expression in the mouse. This
study showed why in spite of a smaller B-globin chain deficiency in mouse
B-thalassemia relative to human thalassemia, the disease is relatively severe and is a
good model for human B-thalassemia intermedia.

Soluble o Chain Pool

Homozygous mouse B-thalassemia and human p-thalassemia intermedia have
several differences of particular interest. The pool of soluble a chains is much smatiler
in mouse than in human B-thalassemia. While it accounted for 0.2-1.3% of hemoglo-
bin in human B-thalassemia intermedia,” a pool of soluble and free a chains is not
detectable in mouse red cells by the assay using a specific probe (PHJNEM-labeled g
chains) which, when added to red cell lysates, is able to combine with the free and
soluble a chains. Furthermore, a pool of soluble a chain in reticulocytes is barely
detectable in mouse B-thalassemia when free a chains are labeled by the incorpora-
tion of a radioactive amino acid during protein synthesis. This latter method is known
to be very sensitive. The radioactivity of the soluble a chain pool was only 25-30% of
the total amount of hemoglobin plus a chains. When the labeling data were
extrapolated to zero time, a half-life of 10 min was found. This is in contrast to
human B-thalassemic cells, in which the radioactivity present in soluble « chains,
which was more than 80% of the total protein (result not shown), exhibited a half-life
of 8 h (TABLE 1); this was even longer in the absence of proteolysis.” In the mouse,
the small pool of soluble o chains reflected, first, the small disequilibrium of globin
chain synthesis in mouse B-thalassemia due to the increased translation of the mouse
B"™ mRNA® and, second, the instability of the newly synthesized a chains, which
became associated with the membrane, explaining the high proportion of insoluble a
chains associated with membrane ghdts.

In addition, another difference between the o chains of human and mouse
B-thalassemia was proteolysis of newly synthesized a chains; this was active in
humans and absent in the mouse. The combination of these differences in the fate of
a chains explains why insoluble a-hemoglobin chains are present in mouse cells in
concentrations similar to those observed in human B-thalassemia intermedia.

Membrane Protein Defects

The electrophoretic profile of membrane proteins (FIG. 4a) is very similar in
human and mouse B-thalassemia with regards to the decrease in spectrin (—25%;
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actin FIGURE 4. UT-PAGE electrophoresis of
erythrocyte ghosts from normal mice (lanes
1) and mice heterozygous (lanes 2) or ho-
mozygous (lanes 3) for B-thalassemia. (A)
Proteins stained with Coomasie blue and
(B) following autoradiography to show the
topology of the reactive thiol groups, which
have bound ["HJNEM.
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FIG. 1) and the appearance of new protein fractions in the low molecular weight
range. Additionally, the decrease in the most reactive thiol groups (—34%), which is
a major feature in human B-thalassemia,’ is also observed in mouse B-thalassemia
and affects, as in humans, primarily ankyrin and spectrin (—49% and —35%
respectively: FIGS 1, 3 and 4b). These results are very similar to those obtained in
human B-thalassemia, with a decrease in the most reactive thiol groups of 27%,
particularly of ankyrin and spectrin (—65% and —32%).

ENTRAPMENT OF PURIFIED « CHAINS AS A MODEL OF B-THALASSEMIA

As discussed in the preceding sections, excess a chains are associated with
membrane defects in the B-thalassemic erythrocyte. However, it has not previously
been possible to examine the process of in vivo development of these membrane
defects in patients or in animal models since the defects were already completely
developed by the time the cells were available to study. To determine directly what
effects a chains have on normal membrane proteins and to follow the rate at which
these changes occur, purified a chains were entrapped within normal erythrocytes by
reversible osmotic lysis.® As has been shown previously, osmotic lysis and resealing
result in resealed erythrocytes exhibiting normal morphology, hemoglobin concentra-
tion, volume, ATP concentrations, oxidant sensitivity, and deformability while
allowing for the efficient entrapment of exogenous compounds.*’

The a-globin subunit of normal purified hemoglobin was prepared by dissocia-
tion of carboxylated Hb A in the presence of parahydroxymercuribenzoate followed
by ion exchange chromatography to isolate the purified carboxylated a chains.® The
purified a chains were then entrapped within normal erythrocytes by the osmotic
lysis and resealing method of Scott et al.** Briefly, a small volume (2-5 ml) of
washed erythrocytes (80-85% hematocrit) were mixed with purified a chains and
sealed in dialysis tubing (M, cutoff of 3500). The samples were dialyzed against 1 1 of
lysis buffer (5 mM potassium phosphate buffer, pH 7.4, and 2 mM EDTA) for 60 min
at 4°C. The tubing was then transferred to 1 | of resealing buffer (5 mM potassium
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phosphate resealing buffer, pH 7.4, 160 mM NaCl, and 5 mM glucose) and mixed for
30 min at 37°C. Following resealing, the cells were washed with saline until the
supernatant was clear.

The normal, the control-resealed, and the a chain-loaded erythrocytes were
suspended to a 5% hematocrit in NCTC 109 buffer (Sigma Chemical, St. Louis, MO,
USA) supplemented with 5 mM glucose and incubated in a shaking water bath at
37°C for up to 20 h. Aliquots were removed at the indicated times for analysis of
membrane proteins, reactive thiol groups, and cellular deformability. Alterations in
membrane proteins and reactive thiol groups (i.e., reduced thiols) were determined
as previously described,® and the relative protein and reactive thiol group concentra-
tions were determined by densitometry. The protein and reactive thiol concentra-
tions are expressed as percentages of the total membrane protein (membrane-
specific and skeletal proteins) excluding globin. The « chain concentration is
expressed as a percentage of membrane-specific protein (i.e., excluding globin).
Changes in cellular deformability were assessed using a Cell Transit Analyser (ABX,
Levallois, France),”*' which determines the transit time, in milliseconds (ms), of
2000 individual cells. In addition, the Cell Transit Analyser determines the mean cell
transit time for the population as well as the transit times for the 25th, 50th, 75th,
90th, and 95th percentiles of the cell population.

As previously demonstrated, osmotic lysis and resealing alone*** had no substan-
tial effects on erythrocyte structure and function but resulted in the efficient
entrapment of a chains. Erythrocytes resealed in the presence of 10 mg of « chains
per milliliter of packed erythrocytes had intraerythrocytic o chains concentrations of
3.8 + 0.5% of the total hemoglobin, as determined by use of [’H]NEM-labeled a
chains. Analysis of membrane proteins and reactive thiol groups immediately
following resealing demonstrated that they were unchanged in the control-resealed
and «a chain-loaded erythrocytes. (TABLE 2).

The a chain pool, while initially soluble, progressively precipitated with incuba-
tion at 37°C, and a membrane adherent fraction became apparent. The amount of
membrane-bound a chains in the a chain-loaded cells increased from less than 3%
initially to 48% of the normal membrane protein after 20 h of incubation at 37°C
(FIG. 5). Interestingly, the rate of membrane adherence closely parallels the rate at
which oxygenated a chains autoxidize to methemoglobin (F1G. 5). The membrane-
associated o chains arose entirely from the entrapped pool, since no 8 chain band
was detected by electrophoresis to indicate dissociation of normal hemoglobin. The
normal and control-resealed erythrocytes exhibited no a chain bands after 20 h of
incubation (F1G. 5).

TABLE 2. Initial Membrane Protein and Reactive Thiol Groups of Normal,
Control-Resealed, and a Chain-loaded Erythrocytes As Analyzed by UT-PAGE

Sample Spectrin Ankyrin Band 3 Actin
Protein concentration®

Normal 339+55 5820 452+ 33 38+06

Resealed 354+28 60=+22 444 + 34 38+03

a Chain 372+38 75+26 400+ 46 29+04
Reactive thiol groups’

Normal 192 + 4.2 269 + 23 252+76 16.4 + 8.7

Resealed 194 + 1.6 263 09 236+ 58 152 + 6.6

a Chain 216 £ 25 304 £25 233 x41 11.8 45

‘Values expressed as percentage of total membrane protein excluding globin; n = 3.
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Entrapment of a chains had significant effects on membrane proteins and
reactive thiol groups. The a chain—loaded erythrocytes exhibited a progressive and
severe loss of the spectrin and ankyrin protein bands, which was associated with the
membrane adhesion of the entrapped a chains. Following 20 h of incubation,
spectrin and ankyrin concentrations were decreased by 28.8% and 36.5%, respec-
tively, from their initial values (FI1GS. 1 and 3). The concentrations of other mem-
brane proteins (e.g., Band 3) were unaffected by a chain loading. No significant
alterations in membrane proteins were observed in the normal and control-resealed
erythrocytes during the course of the experiments. Preceding or concurrent with the
loss of membrane proteins, a significant decrease in protein-associated reactive thiol
groups was also observed in the a chain-loaded cells. Following 20 h of incubation,
spectrin- and ankyrin-associated reactive thiol groups in the a chain-loaded cells
were decreased by 28.0% and 44.5% of their initial values, respectively (FIGS. 1 and
3). The reactive thiol groups of the normal and control-resealed cells were un-
changed during the course of the incubation. As shown in FIGURES 1 and 3, the
observed changes in the spectrin and ankyrin protein concentrations and reactive
thiol groups are very similar to those seen in both human and mouse B-thalassemia.

Coincident with the observed membrane protein and thiol changes, the a
chain-loaded erythrocytes exhibited a significant loss of cellular deformability, a
functional abnormality which is also characteristic of B-thalassemia.”? Incubation of
the a chain-loaded erythrocytes at 37°C resulted in a progressive increase in the
mean cell transit time and in the maximum transit times required for the 25th, 50th,
75th, 90th, and 95th percentiles of cells to pass through the micropore filter (FIG. 6).
As shown, at 0 h, 90% of the a chain-loaded cells require less than 1.9 ms to pass

50 c 20 Alpha-Chaln  Autoxidation
. 315
g w{f®
a 3 S Slopg: 296 %Hr
g # 0 T r‘ : T
g 307 0 1 2 3 4 5 a~ Chain Loaded
'g Hours Slope: 2.25 %Hr
2 RZ =0.999
= 201
1]
g 10
-4
0 © 7 - =}
0 5 10 15 20

Hours

FIGURE 5. Membrane-adherent a chains increased rapidly over time in the a chain-loaded
erythrocytes (O) following incubation at 37°C. As shuwn in the insert, the rate of a chain
membrane deposition closely paralleled the rate o a chain autoxidation (W). Conversely,
normal (@) and control-resealed (O) erythrocytes exhibited no substantial membrane-
associated « chains. a Chain concentration was determined by UT-PAGE and is expressed as
the percentage of membrane-specific proteins (excluding globin). The relative protein concen-
trations were determined by densitometry and are expressed as the mean + SD at 0, 5,and 20 h
incubation (n = 3).
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FIGURE 6. Erythrocyte deformability is significantly altered as a consequence of entrapment
of a chains. Shown is the mean time (+SD), in milliseconds, required for the 25th, 50th, 75th,
90th, and 95th percentile of the cells (> 2000 cells per sample) to pass through a micropore
filter of defined characteristics. Initial samples (0 h): normal (O), control-resealed (O), and a
chain loaded (A). Final samples (20 h of incubation): normal (@), control-resealed (R), and a
chain loaded (A). The mean cell transit times of the entire sample populations at 0, 5, and 20 h
of incubation are shown in the inserr.

though the membrane pore. Conversely, at 20 h, 90% of the a chain-loaded cells can
pass through the filter in less than 4.1 ms. Normal and control-resealed erythrocytes
exhibited no substantial losses in cellular deformability following incubation for 20 h.
The loss of cellular deformability closely paralleled the changes in membrane
proteins, loss of reactive thiol groups, and the membrane adherence of a chains.

In summary, entrapment of purified a chains within normal erythrocytes resulted
in decreases in membrane proteins and reactive thiol groups in a pattern similar to
that observed in vivo in human and mouse B-thalassemia.® Furthermore, entrapment
of a chains resulted in loss of cellular deformability; such loss is a characteristic
feature of B-thalassemic erythrocytes.”? The results of this study also demonstrate
that the protein and thiol changes and the decreased celtular deformability character-
istic of B-thalassemic cells occur very rapidly in the presence of soluble a chains. This
model for the B-thalassemic erythrocyte provides a tool by which the fate of the
excess a chains (precipitation, membrane binding, and proteolysis), as well as their
pathophysiological effects (cellular oxidation and loss of cellular deformability), can
be examined. Additionally, this model may be useful in the evaluation of possible
therapeutic approaches which might be capable of preventing or minimizing the
erythrocyte abnormalities observed in B-thalassemia.

CONCLUSIONS

The a-hemoglobin chain pools and the cellular defects in human B-thalassemia
and two model systems (mouse B-thalassemia and normal erythrocytes loaded with
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a-hemoglobin chains) were examined. These studies allowed for the determination
of the fate of « chains and the membrane defects characteristic of B-thalassemia. A
direct correlation between the increase in insoluble a-hemoglobin chains and
decreases in the membrane-associated protein concentration and reactive thiol
groups of spectrin and ankyrin was observed. These changes were further associated
with a loss of cellular deformability in the a-hemoglobin chain-loaded erythrocytes.
These studies demonstrate the major roles played by proteolysis and precipitation of
a-hemoglobin chains in modulating disease expression at the erythrocyte level.

SUMMARY

The fate of a-hemoglobin chains and the cause of membrane protein defects in
thalassemic erythrocytes have been studied in: (1) human B-thalassemia syndromes,
(2) mouse B-thalassemia, and (3) normal human erythrocytes loaded with purified
a-hemoglobin chains. The similarity and differences observed in these three systems
underline the importance of insoluble a chains and the direct relationship between
the amount of these chains and the membrane protein defects. Indeed, in addition to
the a/non-a ratio of globin chain synthesis, the proteolysis and instability of « chains
are major factors in modulating the cellular defects.
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INTRODUCTION

The severe forms of the thalassemic syndrome are characterized by hemolysis, in
addition to the ineffective erythropoiesis which results from impaired globin chain
synthesis.' The major abnormalities within red blood cells (RBC) of thalassemic
patients result from the precipitation of the complementary, non-thalassemic globin
chain: « chain in B-thalassemia and @ chain in o-thalassemia.” During denaturation
and precipitation of the hemoglobin subunits, activated oxygen radicals are pro-
duced, which may enhance and further damage the different components of the
thalassemic RBC® by a mechanism similar to that suggested for other hemo-
globinopathies.* In addition, iron, which is present in excess in thalassemic RBC in
the form of ferritin and hemosiderin, might be particularly harmful as a catalyst in
the formation of the free oxygen radicals.’

Alterations in different cellular and membrane properties have been detected in
thalassemic RBC.* They consist of abnormalities in the lipid bilayer, including
alterations in phospholipid and cholesterol content, evidence for increased lipid
peroxidation, altered intracellular cation content, and abnormal distribution of sialic
acid residues.® These changes might contribute to abnormal clustering of transmem-
brane proteins and exposure of new antigens, which in turn could result in binding of
autologous antibodies.*” All of the above effects may lead to the premature destruc-
tion of thalassemic RBC and their removal from the circulation by the reticuloendo-
thelial system.*

Current studies suggest that there are distinct differences between the pathophys-
iology of a- and of B-thalassemia. They may result from the differences in the
physicochemical properties of the unpaired globin chains present in excess in each of
the clinical entities of the disease.?” Free a-globin chains are unable to form a stable
tetramer; therefore, they precipitate as inclusion bodies early in the RBC life span,
prior to release of the erythroblasts from the bone marrow.' B-Globin chains in
excess assemble into relatively stable tetramers also known as Hb H." These

b Address correspondence to Professor E. A. Rachmilewitz, Department of Hematology.
Hadassah University Hospital, P.O.B. 12000, Jerusalem 91120, Israel.
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tetramers are less stable than are the tetramers of normal hemoglobin A («,8,) and
will eventually precipitate and form inclusion bodies about halfway through the RBC
life span.” These differences in the stability of the two major globin chains within the
RBC might be responsible for the differences in morphology, mechanical properties,
and membrane protein functions depicted in a- and B-thalassemia. In this communi-
cation we shall review recent data on the different patterns of RBC pathology in the
severe form of a-thalassemia (Hb H disease) and the homozygous form of
B-thalassemia (thalassemia major and intermedia). These alterations may account
for the different clinical severity of the two major forms of the disease.

MORPHOLOGICAL CHANGES

The unique morphological appearance of thalassemic RBC in the severe forms of
the disease reflects a summation of alterations in different RBC components, which
may contribute to the premature hemolysis of these RBC. These changes are more
evident in RBC of splenectomized patients, where the numerous pathological cells
are not removed by the spleen and thus can be identified in the peripheral blood.
Under light microscopy there are no major differences in the morphology of RBC
from the two forms of thalassemia, with the appearance of microcytosis, target cells,
deformed RBC, and basophilic stippling.” However, when ultrastructural studies
were performed by electron microscopy, different patterns of inclusion body forma-
tion and precipitation were depicted in the two forms of the disease.

In homozygous B-thalassemia, studies on splenectomized patients revealed the
presence of intranuclear and intracellular inclusion bodies in erythroblasts, as well as
in mature erythrocytes." These inclusion bodies were mostly found in the central and
peripheral portions of the RBC cytoplasm; they had indistinct edges and tended to
become confluent and to fuse with each other."” No marginated forms of inclusion
bodies were found to be attached to the cell membrane, and no intimate contact
between the inclusion bodies and the membrane was detected.'*"” In addition, myelin
membrane forms and alterations in the nucleus and nuclear membranes were found,
particularly in RBC with abundant inclusion bodies (FIG. 1)."

In Hb H disease (the severe form of a-thalassemia), both the rate and locations
of inclusion body formation were different from those seen in B-thalassemia. Some of
the excess § chains rapidly precipitated to form intraerythroblastic inclusions'® that
could be detected as intracytoplasmic, but not intranuclear, inclusions, unlike those
present in B-thalassemic RBC. In addition, they were well defined and showed
clear-cut edges.'* However, most of the inclusion bodies were membrane associated,
specifically, with the inner surface of the membrane, causing its protrusions (FIG.
1)."™"® These inclusion bodies looked very similar to those formed by incubation of
normal RBC with phenylhydrazine.” It has been suggested that the mechanism for
the close association between the inclusion bodies and the membrane involves
formation of mixed disulfide bonds between residual reactive thiol groups in the
precipitated B-globin chains and thiol groups of membrane proteins,” similar to the
mechanism for Heinz body formation in unstable hemoglobinopathies.”

It should be noted that the formation of inclusion bodies within RBC of patients
with a-thalassemia depended on the severity of the genetic mutation.” In addition,
the presence of other genetic abnormalities, such as the Hb Constant Spring or Hb
Mahidol genotypes, in patients with a-thalassemia may also modify the morphologi-
cal appearance of the precipitated p chains.”*
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Protein synthesis in bone-marrow cells of patients with a- and B-thalassemia also
differed considerably. High-resolution autoradiographic studies of erythroblasts in
B-th lassemia showed that the majority of the cells containing moderate-to-large
quantities of inclusion bodies failed to mature due to marked depression of protein
synthesis.” This observation could explain in part why many of the abnormal very
young RBC were already phagocytized by bone-marrow macrophages.” Autoradio-
graphs of a-thalassemic RBC showed evidence for continued active protein synthesis
in all early and fate erythroblasts, including those with intracytoplasmic inclusion
bodies.” These findings are consistent with a study showing that new g-globin chains
were added to the existing inclusion bodies in a-thalassemic RBC, as these RBC
were aging within the circulation.” It is also in agreement with previous ferrokinetic
studies which suggested that there was much less ineffective erythropoiesis in Hb H
disease than in homozygous B-thalassemia.”

CHANGES IN MECHANICAL PROPERTIES

The ability to undergo marked deformation during passage through the microvas-
culature of the spleen is crucial to the RBC for performing their function of oxygen
delivery and determines their life span.” This property is influenced by membrane
deformability, cell surface-to-volume ratio, and cytoplasmic viscosity.” Abnormal
deformability of B-thalassemic RBC was first reported in 1979 by Tillman and
Schroter.”

A recent study aimed at evaluating the rheological properties of «- and
B-thalassemic RBC showed that cellular and membrane deformability was altered
not only by the increased globin content per se, but also by the extent and type of
chains interacting with the membrane.” As a result of globin precipitation, both a-
and B-thalassemic RBC had an increased ratio of surface area to volume, increased
membrane rigidity, and decreased ability to undergo cellular deformation. However,
in this same study, it was shown that there were differences in membrane mechanical
stability and the state of cell hydration between the two major forms of thalassemia.
While the mechanical stability of membranes from a-thalassemic RBC was only
marginally elevated, in p-thalassemic RBC it was substantially decreased. As a
result, the latter RBC fragmented twice as easily when compared to a-thalassemic or
control RBC. Cellular dehydration, reflecting deranged membrane transport func-
tion, was also found only in B-, not in a-, thalassemic RBC.

As the deformability and mechanical stability of RBC are regulated by interac-
tions of their skeletal and integral membrane proteins, some of the above-mentioned
alterations may result from the abnormal skeletal protein interactions described in
thalassemia,” which differ in the two major forms of the disease (see below).

CHANGES IN MEMBRANE STRUCTURE AND FUNCTION

The irregular morphology of thalassemic RBC, their abnormal cation and lipid
content, the altered distribution of glycoprotein and sialic acid residues,® and the
rheological alterations described above, suggest that the RBC membranes and
skeletal proteins must be severely damaged.

Electrophoretic analyses of membrane proteins of thalassemic ghosts prepared
by hypotonic lysis show essentially normal polypeptide pattern in both a- and
B-thalassemia.” There was an increase in the globin content of thalassemic RBC
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membranes, constituting up to 8-10% of the total membrane protein content, as
measured by densitometry or pyridine elution of the gels.”* In addition, an increase
of cytoplasmic proteins, such as catalase, was detected which has been described also
in other hemolytic anemias.”

No quantitative differences were observed in the main components of the
cytoskeleton such as spectrin, actin, and protein 4.1. However, when the various
functions of cytoskeletal proteins were studied in both forms of thalassemia, qualita-
tive, specific, and different abnormalities have been detected.” In a-thalassemia,
there is an altered interaction between normal spectrin and its membrane binding
sites on the thalassemic inside-out vesicles (IOVs) (FIG. 1). The IOVs were defective
and bound only half the amount of spectrin bound by control or B-thalassemic IOVs.
In order to confirm the latter observation, normal RBC membranes were incubated
with isolated a- or B-globin chains.” Only IOVs derived from membranes incubated
with B-globin chains showed a spectrin binding defect similar to that seen in genuine
a-thalassemic IOVs.”

An entirely different abnormality was detected in RBC of B-thalassemic patients.
Their protein 4.1 showed a markedly reduced ability (by about 48%) to enhance the
binding of normal spectrin to actin and a decreased ability to bind spectrin in a binary
interaction as compared to control or a-thalassemic protein 4.1 (FiG. 1).” This
abnormality might provide an explanation for the different rheological properties
described previously. Increased fragility had previously been observed in patients
with either protein 4.1 or spectrin defficiency,” as well as in patients with defects
involving spectrin self association® or with abnormalities involving the interaction of
spectrin with actin and protein 4.1.% Since no quantitative deficiencies were detected
in membrane proteins of thalassemic RBC, the increased fragility found in B-, but
not a-, thalassemic membranes may have resulted from their functionally defective
protein 4.1.

The abnormal function of B-thalassemic protein 4.1 had been demonstrated on
isolated molecules of the extracted protein.” To study the possibility that B-thalassemic
skeletal proteins were altered by the precipitated globin chains in situ, the RBC
membranes were solubilized with 1 M Tris buffer and resolved by gel chromatogra-
phy.* It appeared that a-globin monomers and aggregates (16, 32, and 64 kDa)
copurified with the cytoskeletal proteins spectrin, protein 4.1 and actin, which had
been shown to function abnormally. Similar studies have yet to be performed in
a-thalassemia.

Spectrin, the major cytoskeletal protein, showed mild structural changes in both
a- and B-thalassemic RBC. Compared to controls, there was a small increase in the
percentage of spectrin oligomers in low ionic strength extracts of thalassemic
membranes prepared at 4°C,” which could have resulted from the globin present in
excess on thalassemic membranes, since hemoglobin is believed to enhance spectrin
self-association.” In addition, a mild structural change could be seen in spectrin
extracts prepared at 37°C, where a fast mobility band (FMB) was detected, migrating
approximately in the position of spectrin monomer® in a non-denaturing gel system.
This FMB suggested that a small amount of thalassemic spectrin had incurred some
oxidative damage.* Despite these morphological changes in spectrin structure, no
alterations from normal could be found in the various functions of spectrin from
RBC of either non-Asian a- or non-Asian B-thalassemic patients.” Defective spec-
trin dimer self-association was reported, however, in Asian a- and B-thalassemic
patients.” In that study, the percent of spectrin present as dimers when extracted
from RBC membranes was elevated, and conversion of spectrin dimers to tetramers
was reduced. These alterations in the behavior of spectrin might result from
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differences not only between a- and B-thalassemia, but also between different
mutations within the globin genes, resulting in distinct clinical disease entities in
different parts of the world.

OXIDATIVE DAMAGE

Alterations in structure and function of thalassemic membrane proteins may
result not only from direct precipitation of the different globin chains, but also from
oxidative damage, to which these cells are very prone.’ In addition to the susceptibil-
ity of membrane proteins to oxidative damage, evidence for increased lipid peroxi-
dation has also been documented. Rachmilewitz ef al. had already shown by 1976
that RBC from p-thalassemic patients contained a reduced percentage of phosphati-

TABLE 1. Differences in Globin Chain Precipitation and RBC Membrane Functions
in a- and B-Thalassemia

Property a-Thalassemia (Hb H) B-Thalassemia
Deficient globin chain a chain B chain
Excess globin chain B tetramers o MONOMmers
Inclusion body formation
Rate Usually late in RBC lifetime Early in erythropoiesis
Localization Membrane associated Intracytoplasmic and

intranuclear
Mechanical properties

Rigidity Increased Increased
Fragility Normal Increased
Skeletal protein functions Defective binding of normal Defective binding of
spectrin to IOVs* protein 4.1 to spectrin
and actin
Erythroblastic protein Active Depressed
synthesis
Ineffective erythropoiesis Mild-moderate Severe
Hemolysis Mild Severe

“IOVs, inside-out vesicles.

dylethanolamine (PE), increased phosphatidylcholine (PC), a decrease in the polyun-
saturated fatty acids, and a twofold increase in malonyldialdehyde (MDA) compared
to normal RBC.*’ In a more recent study, Zipser et al.** showed that B-thalassemic
RBC were much less sensitive than controls to lipid hydrolysis with phopholipase A,.
This observation might reflect altered phospholipid organization, with more PC
present in the inner phospholipid layer—or in the outer layer, but unavailable to
phospholipase A,. Also in that study, more PE was detected in the outer layer.* In a
study by Ben-Yashar et al. the presence of fluorescent MDA adducts such as PE-PE,
phosphatidylserine-phosphatidylserine (PS-PS), and PE-PS was demonstrated when
RBC membranes from p-thalassemics were analyzed by thin layer chromatography.*
These adducts were characteristic products of MDA cross-linking between
aminophospholipids.*’ Their presence, together with the appearance of derivatives
of cholesterol oxidation in stored thalassemic RBC,*” further supported the concept
that modification of membrane lipids of thalassemic RBC might contribute to the
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pathophysiology of severe hemolysis in this disease. So far similar studies have not
been conducted in a-thalassemia; such studies will be necessary in order to establish
the role of lipid peroxidation in the latter form of the disease.

SUMMARY

The basic pathology in all forms of thalassemia results from the presence of
excess unstable globin chains within the pathological RBC, but the pattern and rate
of their precipitation is different (TABLE 1, FIG. 1). Consequently, their effects on the
RBC membrane componentis are not the same and may account for the different
rheological properties that have been found.

It is possible that the damage incurred by excess B chains in Hb H disease is
primarily due to the direct interaction of the large inclusions with some cytoskeletal
proteins such as spectrin, ankyrin, and band 3. In B-thalassemia, where excess
unstable a chains have already precipitated in young erythroblasts, the main damage
might be caused by an excess of free oxygen radicals, which affect in particular
protein 4.1.

A search for additional changes and for potential differences in the membrane
and cellular properties between the different thalassemic syndromes is warranted in
order to understand better the different clinical expression in the various types of the
disease. Moreover, when there is a better elucidation of the mechanisms by which the
RBC are destroyed, one may look for possible ways and means to prevent these
changes, with a consequent extension of the current short life span of the affected
RBC.
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INTRODUCTION

During the last forty years a variety of approaches have been used for the analysis
of globin gene switching (reviewed in Ref. 1). These include in vivo observations in
various species, pharmacologic and hormonal manipulations of fetuses, adult-to-
fetus and fetus-to-adult hemopoietic cell transplantations, production of chimeric
animals, hemopoietic progenitor cell cultures, and production of heterospecific
hybrids. Most recently, insights into the molecular control of switching have been
obtained with studies in transgenic mice. In the mouse, the embryonic genes of the B
locus, € and B, are expressed in the yolk sac stage of erythropoiesis, while the adult
genes B™™* and B™" are expressed when the definitive stage of hematopoiesis starts
in the fetal liver. Experiments with transgenic mice containing fragments of y- or
B-globin genes and their proximal flanking sequences showed that sequences impor-
tant for developmental-stage specificity of globin gene expression are located in the
immediate vicinity of the y or B genes or within the genes themselves.” Thus, the
human +y gene is expressed only in the primitive, yolk sac cells and not in the
definitive fetal liver cells.”® In contrast, the B gene is expressed in the definitive cells
of the erythroid liver, but not in the yolk sac cells.** However, in all these experiments
the level of expression was low and dependent on the site of integration into the host
genome, suggesting that critical regulatory elements were missing from the trans-
genic fragments.

Studies of the B-globin locus chromatin have revealed two types of DNase I-
hypersensitive sites. Sites of the first type are located at the globin promoters of the
expressed globin genes and thus are developmentally specific.® Sites of the second
type are located 6-22 kb upstream of the e-globin gene and are developmentally
stable.” Studies in somatic cell hybrids,’ transgenic mice,"” and cell lines" have

?These studies were supported by NIH Grants HL 20899 and DK 31232 (10 G. S.) and a
Cooley’s Anemia Foundation grant (to T. E.).

€Address correspondence to George Stamatoyannopoulos, M.D., Dr.Sci., Division of
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shown that the region containing these developmentally stable hypersensitive sites is
important for high-level position-independent B-globin expression. This region,
called the locus activation region (LAR) or dominant control region (DCR) presum-
ably activates the expression of the whole B-globin locus by organizing the locus into
an active chromatin domain. The LAR has been shown to confer high-level erythroid-
specific expression on heterologous promoters,’ as well as on lymphoid genes" or
housekeeping genes." Given this dominant nature of the LAR, appropriate develop-
mental regulation of the fetal and adult globin genes necessitates that they escape
the influence of the LAR at the developmental stage at which they are quiescent.
The goal of our studies was to explore how the globin locus is developmentally
controlled in the presence of the LAR.

RESULTS AND DISCUSSION
The LAR Alters the Developmental Regulation of Fetal Globin Genes

We used an LAR construct containing the four erythroid-specific DNase I-hyper-
sensitive sites from the 5’ region of the B-globin locus within a 2.5-kb fragment."' This
construct, termed micro-LAR (pLAR),"” was linked to a 3.3-kb “y-globin gene
containing a fragment which has been previously shown to be developmentally
controlled in transgenic mice.™ The expression of the transgene was analyzed in fetal
blood and fetal liver erythroid cells.

The blood of a day 10-11 fetus is derived exclusively from the yolk sac islands and
is composed of nucleated embryonic erythroblasts; these embryonic erythroblasts

FIGURE 1. Peripheral blood of an adult uLAR-*y transgenic animal. Cytocentrifuge smears
were labeled with anti-human y chain monoclonal antibody. Note that human y-globin is
expressed in the erythrocytes of an adult animal.

———
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FIGURE 2. Labeling of day-11 placental blood of a pLLAR-B transgenic animal with anti—
human B chain fluorescent antibodies. Note the expression of human B-globin in the embryonic
erythroblasts. Unlabeled smaller cells in this preparation represent contamination by maternal
red cells.

express human fetal globin. Starting at day 11, fetal liver—origin non-nucleated red
cells appear in the circulation, and the blood of the fetus is then composed of a
mixture of definitive, non-nucleated red cells and of primitive, nucleated red cells.
Immunofluorescent labeling of blood from a 14-day fetus showed expression of
human vy-globin in both the embryonic and the definitive erythroid cells. Human
y-globin continued to be produced in the erythrocytes of the adult mice. In these
animals, the level of y-globin mRNA was about 1/3 to 1/5 of that in the fetus, and
20-30% of the erythrocytes were labeled by the anti—y chain fluorescent antibodies
(FIG. 1). These results suggest that the LAR overrides the developmental control of
the y-globin gene so that there is inappropriate expression of this gene in the adult
cells.

The LAR Overrides the Developmental Control of B-Globin Genes

To investigate whether the LAR affects the developmental control of the human
B-globin gene, we used a construct in which the 2.5-kb wLAR cassette was linked to a
4.8-kb fragment containing the B-globin gene. Previous studies have shown that this
fragment is developmentally regulated in transgenic mice, being expressed only in
definitive and not in primitive erythroid cells.*” The pLAR-B transgenic mice
expressed human B-globin in the adult red cells. In addition, as shown in FIGURE 2,
the pLAR transgenic animals express human B-globin in the primitive, yolk sac-
origin erythroid cells, indicating that the LAR overrides the developmental control
of the B-globin gene.
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Restoration of Developmental Control in the pLAR-*yp8B Construct

The findings with the uLAR-*y and pLLAR-B constructs raise a paradox, since
both B and y genes are developmentally regulated in their normal chromosomal
context, which contains the LAR. To mimic the genomic organization of the g locus,
29 kb of contiguous B-locus sequence from *y up to and including the B-globin gene
was linked to the pLAR. Transgenic mice containing the pLAR-*yyB3B contructs
expressed y- but not B-globin genes in the embryonic red cells (FIGS. 3A and B).
Both 8 and vy genes were cxpressed in the cells of the fetal liver. There was abundant
B-globin expression and low y-globin expression in the red cells of the definitive
erythropoiesis (FIGS. 3C and D).

These results showed that correct globin gene developmental regulation is
achieved when both B and +y genes together with LAR are present in a construct.
Presumably, sequences present in the “yyp8p fragment prevent the interaction
between LAR and the B gene in the embryonic cells, and LAR and the -y gene in the
definitive cells. Alternatively, at each developmental stage, trans-acting factors may
interact with the globin genes, changing their relative ability to interact with the
LAR.” A similar competitive model has been previously proposed for explaining
hemoglobin switching in the chicken.'*"”

Induction of -y Expression in Adult Transgenic Mice

Several compounds and physiological conditions have been found to stimuiate
fetal hemoglobin production in the adult.' These compounds have been detected
with studies of patients or with experiments in primates. We tested whether the
pLAR-*y mice could be used as an animal model for studying induction of Hb F in
the adult.

Heterozygous pLAR-*y transgenic animals were used. Administration of doses
of erythropoietin known to induce Hb F in baboons" resulted in a sharp increase of
reticulocytes, F reticulocytes, and y/(y + B) mRNA and protein ratios (FIG. 4).
Induction of y-globin expression was also obtained when these animals were treated

-with 5-azacytidine, hydroxyurea, or sodium butyrate."” These results suggest that

transgenic mice provide a model system for the investigation of the induction of Hb F
in the adult.
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The developmental switch from production of y-globin to B-globin results in signifi-
cant morbidity when the B-globin genes are defective. The globin switch has
therefore been extensively studied. It appears to be set on a biologic clock and
proceeds solely on the basis of gestational age, despite the site of blood production.'
We previously found that this developmental gene switch is delayed in human fetuses
developing in the presence of maternal diabetes.> A number of metabolites present
in abnormal concentrations in these infants were therefore tested for effects on
globin expression. One metabolite, a-amino-n-butyric acid (ABA), was found to
enhance +y-globin and inhibit B-globin expression in cultured neonatal erythroid
cells.’ Further investigation showed that ABA, sodium butyrate, and similar com-
pounds can enhance y-globin expression in cultured cells of patients with B-globin
diseases and that these agents can delay and inhibit the globin switch in an in vive
fetal animal model. To explore possible mechanisms of action of these compounds.
the effects of butyric acid on histone acetylation in erythroid cells and the effects of
butyrate analogues on the y-globin promoter linked to reporter genes were exam-
ined.

MATERIALS AND METHODS
Erythroid Progenitor Cultures

Peripheral blood was collected into preservative-free heparin. The mononuclear
cells were separated on Ficoll-Hypaque, washed, and cultured in Iscove’s modified

2Supported by NIH Grants HL-37118 and HL-20985 and by grants-in-aid from the American
Heart Association, including California Affiliate, with funds contributed by the Alameda
County Chapter.

€ Address correspondence to Susan P. Perrine, M.D., Children's Hospital Oakland Research
Institute, 747 52nd Street, Oakland, California 94609.
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Dulbecco’s medium (IMDM) with methyicellulose and with 2.5 U/ml erythropoietin
(Terry Fox Laboratories, Vancouver, Canada) and 5 U/ml of granulocyte-macro-
phage colony stimulating factor (GM-CSF: Amgen, Thousand Oaks, CA), with and
without sodium butyrate or 10 other compounds consisting of slight modifications of
butyric acid, at concentrations of 0.1-0.5 mM, as previously described.* On day 12-13
of cell culture, BFU-e (burst-forming unit-erythroid) were harvested and labeled
with 25 pCi of lyophilized [’H]leucine in 250 pl of leucine-free minimum essential
medium with 15% fetal calf serum and the same concentration of analogues in which
the cells were cultured. Lysates of cultured erythroblasts were electrophoresed on
acid-Triton-urea gels, and autoradiographs were prepared and scanned on a laser
densitometer to quantitate proportions of a- and non—a-globin chains as previously
described.*

Analysis of Histone Acetylation Patterns

Histone acetylation patterns in the presence and absence of butyrate analogues
were examined, as the well-described induction cf histone hyperacetylation by
butyrate is one potential mechanism which might explain an effect on maintenance of
active chromatin structure in the region of the vy-globin genes during gestation.™”
Fetal liver and K562 cells were utilized in order to study a population of greater than
90% erythroid cells. Single-cell suspensions of 107 cells each were incubated at 37°C
in 5% CO, in Iscove’s medium with 10% fetal calf serum alone or with 20 mAf sodium
butyrate, halogenated compounds designated 901409 and 907388, L-x-amino-n-
butyric acid, or D-chloro-alanine (designated D-594). After 48 h of treatment, nuclei
and acid extracts were prepared and the samples were dialyzed into 1 M acetic acid.
Protease inhibitors and sodium butyrate were added to the preparations at all steps
after incubation. 44 g of the final extract was electrophoresed on acid-urea gels to
resolve acetylated histones as previously described."

Fetal Ovine Studies

Since the globin gene switch occurs before birth in animal models, we tested
butyrate analogues in an ovine fetal model. We chose this model because the ovine
fetus tolerates vascular catheterization for blood sampling and infusions with the
lowest experimental morbidity rate. Venous and arterial catheters were placed in
ovine fetuses by hysterotomy as previously described." Butyric acid, neutralized to
pH 7.4, and two analogues of butyric acid with minor molecular substitutions were
infused into the fetuses using a peristaltic pump suspended on the mother’s side.
Blood was sampled regularly, and assay of globin chain synthesis was performed on
[’H)leucine-labeled reticulocytes." Results were compared with globin synthesis in
ovine fetuses who were similarly operated on in utero, including some which were
infused with normal saline at the same rate.

Globin Promoter-Reporter Gene Transient and Stable Expression Assays

Chimeric genes consisting of the y- and B-globin promoter regions linked to the
reporter genes neo and human growth hormone (HGH) were tested in statle and
transient expression assays, respectively, with and without butyrate analogues.
Survival in the presence of G418 was compared in the presence and absence of
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butyrate treatment of cells. Chimeric genes consisting of the y-globin promoter
region linked to the HGH reporter gene were transfected into K562 cells by
electroporation, and transient expression of HGH was assayed at 72 h and compared
in the presence and absence of butyrate treatment of the transfected cells.”” One
construction (*v), generously provided by S. Orkin, includes a DNase-hypersensitive
site which has been shown to be critical for B-globin expression.”” " B- and y-globin
promoter-neo constructs were transfected into Rauscher murine erythroleukemia
cells, an erythropoietin-responsive cell line which produces high levels of adult
murine globin."”

RESULTS

Cells from 25 patients with sickle syndromes or B-thalassemia were cultured with
and without butyric acid compounds. In two-thirds of patient samples, butyrate
analogues increased y-globin expression by a mean of 12% above the vy-globin
production found in control cultures from the same subject. A typical densitometry
scan of an autoradiogram from BFU-¢ cultured from a patient with transfusion-
dependent homozygous B-thalassemia is shown in FIGURE 1. There was some
y-globin expression in untreated erythroid cells. In these cultured cells, as in the
patient, B-globin was not detectable. Addition of sodium butyrate increased y-globin
expression and improved the a:non—a-globin ratio by 36%, and the effect was seen on
both “y- and ®y-globin genes. Compounds which were slight modifications of butyric
acid were also effective in increasing y-globin synthesis.

In an attempt to confirm that butyric acid delays the globin gene switch, an in vivo
fetal ovine model was utilized. Infusions of sodium butyrate into catheterized ovine
fetuses delayed the y — B globin switch in three of four fetuses. This effect was most

o Control BFU-e
FIGURE 1. Densitometric scans of globin pro-
Gy A 8 p
Y duced by erythroid cultures from a patient
A /\ with homozygous B-thalassemia. Untreated

cells produce some “y- and *y-globin and no
B-globin (top panel). Addition of sodium bu-
tyrate increased expression of both y-globin
o  Butyrate-Treated BFU-e genes and improved the oz:non—a-globing ratio
by 36% (bottom panel). (From Perrine et al.*
Reprinted from Blood by permission of Grune
and Stratton, Inc.)
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FIGURE 2. B-globin synthesis in normal and compound 907388-treated fetal lambs. The rise in
B-globin synthesis in normal fetuses at the end of gestation is shown in the shaded area; §-globin
synthesis in fetuses treated with the butyrate analogue 907338 in utero is shown by the connected
lines. Adult globin expression was profoundly inhibited by infusions of this compound.

prolonged when the infusions were begun before the p-globin level was greater than
10-15% of the non—a-globin level. In one fetus, B-globin was low at the start of
treatment; at term, after three weeks of butyrate therapy, there was no adult (B)
globin detectable, and this fetus produced 100% vy-globin. When the infusions were
begun in a lamb with greater than 40% B-globin production, the globin switch was
not delayed.

In an attempt to increase efficacy by prolonging the half-life of butyrate, two
compounds with halogen-ion substitutions, each designed to decrease metabolism of
the compound as an energy source, were infused into fetal lambs. One compound
produced mild acidosis. In fetuses infused with a second analogue, designated
907388, profound inhibition and even reversal of aduit globin production was found
in all fetuses treated. These results are illustrated in FIGURE 2, which also shows the
switching process in controls.

Because butyrate has been shown to affect histone acetylation patterns in other
systems by inhibiting histone deacetylase, we examined whether such an activity
might be involved in its action on y-globin expression. We therefore compared the
activity of various modified butyrate compounds both for their activity in stimulating
y-globin expression and for any increase in histone acetylation. The degree of
acetylation induced by the compounds correlated with the degree of stimulation of
y-globin synthesis for four of five analogues tested (data not shown).

Evaluation of a possible effect of butyrate on the y-globin promoter was exam-
ined in stable and transient expression assays, using the neomycin resistance gene as
reporter in the stable expression assays and the human growth hormone gene as a
reporter in the transient expression assays. Results from the transient expression
assay are summarized in TABLE 1. The construct *y includes a DNase-hypersensitive
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site which has been shown by Tuan, Grosveld, Curtin, and co-workers'** to be a
critical region of the dominant control region for B-globin expression. Addition of
this site produced stronger promoter activity, which did not respond to butyrate. The
addition of butyrate to cells transfected with B-globin constructs had no effect on
expression in these cells, which are permissive to expression of either adult or fetal
globin. However, in both the transient and stable expression systems, addition of
butyrate to cells transfected with the +y-globin promoter-reporter constructs in-
creased the expression of the y-globin promoter—driven reporter genes by threefold.
This was similar to the increase in expression induced by replacing the normal
y-globin promoter with an HPFH (hereditary persistence of fetal hemoglobin)
promoter, as reported by Orkin and co-workers."

1ABLE 1. Effect of Butyrate on the Expression of y-Globin Promoter-Growth
Hormone Chimeric Genes Transfected into K562 Cells

Expression (ng/ml)

Chimeric Gene® Control + Butyrate
g~Pro-GH 0.5 0.3
v-Pro-GH 5.0 20.0
*y-Pro-GH 40.0 35.0

“Constructs are designed to assess expression of the human growth hormone gene as driven
by the B- or y-globin promoter. The construct *y includes DNase-hypersensitive site 11, which
produced stronger promoter activity and did not respond to butyrate.

DISCUSSION

These data demonstrate that a metabolite found in elevated concentrations in
the plasma of infants of diabetic mothers, o-amino-n-butyric acid, and similar
compounds, can increase y-globin and inhibit B-globin expression in erythroid cells
in both in vitro and in vivo experimental systems. It is therefore likely that this
metabolite causes the delayed globin gene switch in these infants, interrupting a
biologic clock. Furthermore, when added to the erythroid cells of patients with
abnormal B-globin genes, an increase in y-globin production occurs even in short-
term cultures. The amount of enhancement found, up to 40% over control levels, is a
degree that could be useful therapeutically if it were achieved in human cells in vivo.

It is interesting that the same compounds can inhibit and even reverse the
fetal-to-adult globin switch in fetal sheep, as the sheep fetal globin gene is structur-
ally somewhat different from the human fetal globin gene. However, butyrate was
shown by Ginder and colleagues® to reactivate an embryonic globin gene in adult
chickens when given with S5-azacytidine. The action of these compounds may
therefore be on several processes related to the chromatin structure required for
globin gene regulation, rather than on enhancement of the expression of a single
globin gene. Because butyrate is known to inhibit histone deacetylase and to increase
the acetylation of histones in other systems,*” we considered that this activity could
be involved in the action of butyrate on y-globin expression. We therefore compared
the effects of these compounds on histone acetylation with their effects on y-globin
expression. Finding a strong correlation between the two activities suggests that an
effect on histone acetylation may indeed contribute to maintaining y-globin expres-
sion during that part of the gestational time frame in which it is normally suppressed.
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In summary, these data indicate that the normally fixed y — B-globin gene switch
can be inhibited and even reversed by butyric acid and similar compounds. These
agents can enhance y-globin expression in cultured human erythroid cells to a degree
that could greatly ameliorate the o:non-a-globin imbalance that occurs in the
B-thalassemias. Thus, although formal toxicity testing must still be done and fre-
quent administration of these compounds would be required, this class of com-
pounds appears to provide a potential pharmacologic means of decreasing the
expression of abnormal B-globin genes and replacing their function with fetal globin
in patients afflicted with the g-thalassemias and hemoglobinopathies.

SUMMARY

The developmental switch from production of fetal (y) to adult (B) globin occurs
on a normally set biologic clock which proceeds even if expression of the adult (B)
globin genes is defective and produces little or no protein, as in the B-thalassemias.
Preventing or reversing the globin gene switch could provide a way of keeping the
abnormal globin genes “silent” and maintaining expression of the fetal globin gene.
We have identified a class of agents which, when present in elevated plasma
concentrations during gestation, inhibits the y — B-globin gene switch in developing
humans. Further investigation has shown that butyric acid and related compounds
can increase y-globin and decrease B-globin expression in cultured erythroid cells of
patients with B-thalassemia. Butyrate compounds were therefore infused in an in
vivo fetal animal model, and the globin switch was inhibited and even reversed in
some fetal lambs. Histone hyperacetylation, which maintains active chromatin
structure, and an effect on the y-globin promoter appear to be mechanisms of action
involved. These data suggest that inhibiting expression of abnormal B-globin genes
by pharmacologic means may in the future be possible for treatment of individuals
with B-globin disorders.
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INTRODUCTION

An important advance in the understanding of globin gene regulation has been
the description of distant regulatory elements flanking the B-globin gene cluster.
These elements were first noted to be associated with DNase I hypersensitivity in
isolated erythroid nuclei.'? Four major hypersensitive sites occur 18.0 kb (HS IV),
14.7 kb (HS I1I), 10.9 kb (HS 1I), and 6.1 kb (HS I) upstream of the e-globin cap site
and one site occurs 21.3 kb (HS VI) downstream of the B-globin gene. The first
evidence suggesting the importance of these regions was the description of the Dutch
vydB-thalassemia mutation, in which deletion of the upstream region caused inactiva-
tion of an intact B-globin gene.>* Experimental evidence has been obtained con-
firming the critical role of these sequences in globin gene regulation. Expression of
transfected globin genes in transgenic mice and tissue culture cells is profoundly
augmented by these sequences.”™' This region has been designated the locus-
activating region (LAR) or the dominant control region (DCR), reflecting its
influence on expression of the genes within the B-globin gene cluster.

Definition of the active elements within the LAR should provide some understand-
ing of the mechanism of transcriptional activation by this region and allow inclusion
of these elements within retroviral vectors used for gene therapy. This formidable
task involves defining the minimally active elements within the 30 kb of chromatin
encompassing the hypersensitive sites. Some progress toward this goal has already
been achieved. Fragments from this region ranging in size from 882 bp to 13 kb have
been shown to considerably increase the transcriptional activity of transfected globin
genes‘o.o-lz

We chose to study these upstream sites in a construct linked to a marked y-globin
gene in stably transfected K562 cells. Based on these experiments and work from
Tuan et al. which demonstrates a powerful enhancer within HS IL" our studies
examined HS Il in detail using a transient expression assay system. These assays
localized the HS II enhancer to a 20-bp sequence containing tandem repeats for the

9 Address correspondence to Brian Sorrentino, M.D., Clinical Hematology Branch, NHLBI,
NIH, Building 10 7C-210, 9000 Rockville Pike, Bethesda, MD 20892.
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activating protein 1 (AP-1) consensus sequence.'*" This minimal enhancer is shown
to be necessary and sufficient for the increased expression of y-globin seen with
hemin-induced erythroid maturation of K562 cells. DNasel protection and gel
mobility shift assays demonstrate formation of a multimeric protein complex on this
enhancer element that is necessary for high level activity. These results localize and
characterize an important discrete element within the B-globin LAR.

METHODS
Stable Expression Assay

K562 cells were electroporated with linearized plasmids containing LAR ele-
ments cloned upstream of a *y-globin gene marked with a 6-bp deletion in the first
exon. This gene included 410 bp of 5’ flanking sequence and 3’ flanking sequence
extending 190 bp downstream of the polyadenylation signal. A 1.1-kb neomycin
resistance transcription unit was linked downstream of the globin gene in a pUC-
based vector. Clones were selected in G418 and pooled so that for each construct 150
clones in 4-10 populations were analyzed. The polymerase chain reaction (PCR)
assay used to measure RNA ratios is described elsewhere.' Southern blot analysis
was done to compare the copy number of the transfected gene to that of the
endogenous y-globin genes. RNA and DNA ratios were quantified by scanning
autoradiograms in the linear exposure range with a laser densitometer.

Transient Expression Assay

K562 cells were electroporated with plasmids containing LAR elements cloned
upstream of a chimeric reporter gene consisting of a 260-bp y-globin promoter linked
to luciferase coding sequences. A cotransfected B19 promoter—chloramphenical
acetyltransferase (CAT) gene was used as an internal control for transfection
efficiency. Deletion mutagenesis of the 1.45-kb HS II fragment is described
elsewhere.” Primer extension analysis showed that the transcript from the trans-
fected gene was correctly initiated and that RNA levels corresponded to luciferase
activity.

Gel Mobility Shift Assays

Nuclear extracts were prepared by the method of Dignam et al." in the presence
of phenylmethylsulfonyl fluoride, aprotinin, pepstatin, and leupeptin. Probes were
prepared from oligonucleotides subcloned into a pUC vector, labeled with Klenow
fragment, and purified over 12% polyacrylamide gels. Gel shift assays were per-
formed with 20,000 cpm of probe added last to a 20-pl reaction mixture containing
varying amounts of nuclear extracts and 1 ug of poly(dI-dC). The final ionic

omposition of the reaction mixture was 20 mM HEPES, 60 mM KCl, 0.2 mM
EDTA, 6 mM MgCl,, 0.5 mM dithiothreitol, 10% glycerol, and 6% polyethelylene
glycol. Double-stranded synthetic oligonucleotides were used as cold competitors in
sume reactions and were added with the probe. Samples were incubated at 25°C for
30 min and then run on a 4% non-denaturing polyacrylamide gel.




SORPENTINO et al.: HS 11 ENHANCER 143

RESULTS

HS I Is Necessary for High-Level Expression of a Stably Transfected x-Globin Gene in
K562 Cells

Fragments encompassing each of the three upstream hypersensitive sites were
assayed alone or in combination in stably transfected K562 cell populations by
comparing expression of a marked vy-globin gene to which they were linked with that
of the endogenous y-globin genes. RNA was analyzed by PCR amplification of
c¢DNA derived from pooled clones selected in G418. This assay was shown to
correlate with standard RNase protection assays over a wide range of levels of
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FIGURE 1. The effect of LAR sequences on y-globin gene expression in uninduced stably
transfected K562 cells. Each shaded bar represents the average copy number—corrected
expression of the transfected y-globin gene relative to one endogenous y-globin gene. The LAR
fragments linked to the transfected gene are indicated on the left. For each construct, 150 clones
were analyzed in pools as described in the text. Error bars represent one standard deviation
from the mean. The average transfected gene copy number for each experiment is shown on the
right. LAR fragments assayed were as follows: HS IV, 1.4-kb BamH 1-Sph 1 fragment; HS 111,
1.9-kb Hind 111 fragment; HS I1, 1.45-kb Kpn 1-Bgl 11 fragment.

marked gene expression. The activity of LAR fragments was defined as the ratio
(calculated as a percentage of endogenous activity) of marked gene expression to
endogenous gene expression after correction for transfected gene copy number.
FIGURE 1 shows that a 1.45-kb fragment containing HS II is required for high-level
expression of the marked gene. With the addition of HS II, RNA levels from the
linked y-globin gene increased from 11% of that of a single endogenous gene to 61%.
Although HS IV and HS 111 together were relatively inactive (23%), addition of HS
H to this construct increased expression to levels approximating that of the endoge-
nous genes (84%).




144 ANNALS NEW YORK ACADEMY OF SCIENCES

HS II Contains a Powerful Enhancer That Localizes to a 20-bp Sequence Containing
Tandem AP-1 Binding Sites

Transient expression of a reporter plasmid containing the vy-globin promoter
linked to luciferase coding sequences was assayed in uninduced K562 cells. The

HS 1l

Kpnl Hindlli  Bail Xbal Bgll
—_ [ ] -
1 723_-- ~_1097 1455
- ~
- ~
- ~
.- - ~q
- -~
- ~
- - ~
881_.— "~ ~ 1940

~
46 bp fragment
1 minimal enhancer | |
7 i N\
WT — CTCAAGCACAGCAATGCTGAGNCATGATBAIPCATGCTGAGGCTTAGGGTGTGTGCCCAG

AR NNaREENINN]! 111 | |1 [NIRNEIENNINS
Mutant— CTCAAGCACAGCAATGCTGAGGGGGGATCCGGGCCCGCATGCGTCGAGGTATGTGCCCAG

HS II-E scrambled sequence

B.

FIGURE 2. (Panel A) Location and sequence of the HS II minimal enhancer. The Kpn I-Bg/ I1
fragment containing HS II is numbered 1-1455 for simplicity, but these numbers correspond to
Gene Bank coordinates 7764 and 9218, respectively. The wild-type sequence from 881 to 940 is
shown (WT) to indicate the position and sequence of the minimal enhancer. The 46-bp
fragment containing the minimal enhancer and the mutant HS II fragment containing the
disrupted enhancer (HS 1I-E) are also shown. The two shaded boxes show the tandem AP-1
consensus sequences. (Panel B) Relative transient expression of the luciferase reporter gene
linked to the indicated LAR fragments in uninduced K562 cells. The reporter gene with no
LAR was assigned a relative activity of one. Each bar represents the average of two or three
experiments.
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1.45-kb HS II fragment increased activity of the reporter gene about 10-fold over
baseline (F1G. 2B). Exonuclease III digestion provided a series of 3’ and 5’ deletion
mutants which mapped the enhancer to a 76-bp fragment. Cloned synthetic oligonu-
cleotides were used to further localize this element to a 20-bp sequence (FIG. 2A).
Inspection of this sequence revealed a tandem repeat for the AP-1 consensus
sequence. To prove that no other sequences within the 1.45-kb HS II fragment had
enhancing activity, we constructed a mutant (HS II-E) that replaced sequences
within the minimal enhancer with plasmid polylinker ablating both AP-1 sites but
leaving the total size of the fragment unchanged (F1G. 2A). This mutant was inactive,
unequivocally demonstrating that the HS Il enhancer is a discrete element (FIG. 2B).

The HS II Enhancer Is Necessary and Sufficient to Confer Inducible Expressior on a
Linked 5-Globin Gene in Stably Transfected K562 Cells

One important aspect of transcriptional regulation of globin genes is the large
increase in globin expression seen as an early erythroid cell matures and differenti-
ates. Hemin is a chemical inducer of erythroid maturation in K562 and MEL cells.
When K562 cells are cultured in hemin, they undergo a limited and reversible
differentiation program with increased synthesis of globin mRNA and other erythroid-
specific gene products.”*? We made the unexpected observation that induction of
y-globin gene transcription requires the HS II minimal enhancer. Inducibility of a
stably transfected marked gene was compared to endogenous globin gene inducibil-
ity by comparing the marked-to-endogenous y-globin RNA ratios from uninduced
versus induced pools of clones. Each pool was split, and one-half of each population
was cultured in the presence of 20 pM hemin for 3 days. FIGURE 3A shows that the
transfected marked gene without linked LAR elements was not induced with hemin,
in contrast to the large increase in expression of the endogenous globin genes. When
the marked gene was linked to the 1.45-kb HS II fragment, the transfected gene was
induced at least as well as the endogenous genes, as shown by a slight increase in the
marked-to-endogenous y-globin RNA ratios with induction (FIG. 3B). When the
mutant HS II-E was tested in combination with sites IV and III, the averaged
marked-to-endogenous y-globin RNA ratios fell with induction from 20% to 7%
(p = 0.001), showing that the HS II enhancer is required for induced expression
(F1G. 3C). Adding the 46-bp fragment containing the minimal enhancer to sites IV
and 111 reconstituted high-level inducible expression (FIG. 3D). The 46-bp fragment
alone conferred inducible expression to the marked gene, although the absolute level
of expression was lower than when sites IV and III were included in the construct
(F1G. 3E). Inducible expression was also noted in the transient assay system by an
increase in reporter gene activity 170-fold over uninduced activity without the
enhancer (see FiG. 5B, below).

Protein Complex Formation Involving Both AP-1 Sites of the HS II Enhancer Is
Necessary for Full Activity

DNase I protection studies showed a strong footprint directly over the minimal
enhancer; this was present with both erythroid and non-erythroid nuclear extracts.
DNA-protein interactions at the enhancer were further studied by gel retardation
assays using the 46-bp enhancer fragment as a probe. Nuclear extracts from
uninduced K562 cells gave several retarded bands (FiG. 4A, lane 1), whereas nuclear
extracts from induced K562 celis gave a broad, highly retarded band (lane 7).

e
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FIGURE 3. RNA analysis by PCR of uninduced and hemin-induced K562 cell pools of clones.
Each pool of clones was split, and half of the cells were stimulated with hemin for 3 days as
described in the text. (Panels A, B, C, D, and E) Each lane represents amplified cDNA from 15
to 35 pooled clones for pools containing the indicated LAR fragments linked to the marked
globin gene. U, the uninduced aliquot for each pool; I, the hemin-induced aliquot. Controls in
the right-most lanes are assays of non-transfected K562 cells (K562), Cos cells (which express no
endogenous globin) transfected with the marked vy-globin gene (CosAy*), RNA amplified
without a preceding reverse transcriptase reaction (No RT), and samples with no RNA.
Positions of endogenous and marked signals are indicated on the right.
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FIGURE 4. Gel mobility shift assays of the HS II enhancer. (Panel A) The 46-bp HS 11
enhancer utilized as probe with 4.4 pg of nuclear extract from uninduced or induced K562.
Synthetic oligonucleotides were used as unlabeled competitors in a 200-fold excess. The NF-E1
competitor consisted of the —199 to —163 region of the y-globin gene promoter that contains a
T—C substitution at position ~175. The AP-1 competitors were derived from the collagenase
gene (Col.), $V40, and metallothionein gene (MTII) enhancers. (Panel B) The HS 11 enhancer-
containing probe (HS 1I) and a single AP-1 site—containing probe (AP-1) compared in alternate
lanes. The latter was derived from region 11 of the chicken B-globin enhancer. These probes
were studied against a panel of nuclear extracts (3-5 pg per reaction). The less-retarded bands
(b) comigrate with the single AP-1 site probe, suggesting that they represent binding to a single
AP-1 site. The highly retarded band (a) represents binding to both AP-1 sites in the HS 11
enhancer.
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Authentic AP-1 binding sites specifically competed in both assays (lanes 46 and
10-12). We hypothesized that the highly retarded band seen with K562 nuclear
extracts from induced cells represented protein-complex formation involving both
AP-1 sites and that this complex formation was necessary for full enhancer activity.
Consistent with this, the highly retarded band seen with ex:iacts from induced K562
could be reproduced by increasing the concentration of extract from uninduced cells.
Also, the less retarded bands seen with erythroid and non-erythroid extracts comi-
grated with a probe containing a single AP-1 site from the chicken B-globin
enhancer” (FiG. 4B, band b).

To further test this hypothesis, we constructed a series of linker scanning mutants
disrupting either the 5’ or 3’ AP-1 site (FIG. 5A). When these mutants were tested
for enhancer activity in the transient expression assay, a marked reduction in activity
was seen when either of the two sites were ablated (FiG. 5B). The activities of
mutants 1-6 were markedly diminished in both induced and uninduced cells. Not
only were the absolute levels of reporter gene activity reduced by these mutations,
but the increase in expression seen with hemin induction was also reduced to
30-70% of that observed with the wild-type enhancer. In contrast, mutant 7, which
leaves both AP-1 sites intact, had activity comparable to the wild-type fragment. Gel
shift assays using mutant probes 1-6 showed that the highly retarded band character-
istic of extract from induced cells was greatly diminished when either AP-1 site was
ablated (F1Gs. 5C and 5D). In contrast, the mutant 7 probe, which retains both AP-1
sites, showed a gel shift pattern identical to that of the wild-type probe with either
extract from induced K562 or from HeLa cells. These data show that complex
formation and full enhancer activity requires both AP-1 sites.

DISCUSSION

We have shown that a powerful and discrete enhancer within HS I of the
B-globin LAR is required for increased y-globin transcription with induced matura-
tion of K562 cells. These data suggest a physiologic role for this enhancer in the
increased globin gene expression that is characteristic of erythroid cell maturation. It
is remarkable that this 20-bp sequence located more than 30 kb from the vy-globin
genes is an important globin regulatory element. Recent data from transgenic mouse
experiments support this conclusion by showing that this element is necessary for
high-level B-globin expression in the adult mouse erythron. When a 67-bp segment
that includes the HS II enhancer was deleted from a 732-bp HS II fragment,
substantial diminution of B-globin expression was noted.” An attractive model is that
high-level expression of any of the genes within the B-globin cluster may require
interaction of a given gene with the HS II enhancer and that competition among the
individual genes for this distant element may be important in hemoglobin switching.
The recent observation that transgenic mouse lines containing LAR constructs
exhibit a fetal-to-adult switch in expression of the human globin transgenes makes
this model testable.”*

Important transcription factors bind to both AP-1 consensus sequences within
this enhancer, and formation of this protein complex correlates with activity in
expression assays. The identity of the proteins within erythroid cells that interact
with the enhancer is still uncertain. The presence of tandem AP-1 binding sites on
the enhancer and competition of the gel shift complex with known AP-1 binding sites
suggest that members from the Jun and Fos families are able to bind the enhancer.
Jun and Fos are families of proteins that bind as heterodimers to the AP-1 consensus
sequence.”’” These proteins are expressed in many cell types and have been
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implicated in inducible gene expression in other systems."” The fact that gel shift
assays demonstrate protein complex formation on the enhancer with extracts from
all cell types tested is consistent with the involvement of an interaction of AP-1 with
this enhancer. In addition, we have shown that in vitro-synthesized c-Jun—c-Fos
heterodimer binds either AP-1 site in the enhancer and comigrates with the
single-site band seen with HeLa cell nuclear extracts. We also have preliminary data
that shows trans-activation of the enhancer-globin reporter plasmid in F9 cells with a
c-Jun expression vector. This frans-activation is increased by induction of c-Fos
expression. Despite these data, it is probable that AP-1 is not sufficient for full
activity of the enhancer in erythroid cells. The enhancer is much less active in HeLa
cells,” despite known AP-1 activity in this cell type, suggesting that this enhancer is
erythroid specific. Of interest is a recently described erythroid-specific transcription
factor designated NF-E2.**" This factor binds the AP-1 consensus sequence and is
necessary for inducible expression of the erythroid-specific gene porphobilogen
deaminase (PBGD) in MEL cells. We are currently investigating the role of NF-E2
in activating the HS II enhancer. It is likely that the composition of the protein
complex that forms on the enhancer differs between cell types and even within a
given cell at different stages of development. These changes in complex formation
may modulate transcriptional activity of the affected gene.

This is the first description of a discrete element within the B-globin LAR, but it
is certain that other critically important elements exist. Although the 46-bp fragment
alone confers inducible globin expression in our stable tramsfection assay, the
absolute level of expression is much less than when HS IV and HS III are included in
the construct or when the larger HS II fragment is assayed. These findings show that
other sequences within HS IV, I11 or I1, which are inactive without the enhancer, can
greatly augment transcriptional activity when the minimal enhancer is included in
the construct. This activity seems to reside at multiple locations within the LAR and
may coincide with redundant sequence motifs. These sequences may function in vivo
by altering chromatin structure within erythroid cells so as to render the entire
domain into an active configuration. Mapping studies may show these elements to be
more diffuse than the HS II enhancer. Further dissection of the LAR will be
essential to a more complete understanding «* this important and complex regula-
tory region.

REFERENCES

1. Tuan,D. Y. H., W. SoLoMON, Q. Li & 1. M. LONDON. 1985. Proc. Natl. Acad. Sci. USA
82: 6384-6388.

2. FORRESTER, W. C., S. TAKEGAWA, T. PAPAYANNOPOULOU, G. STAMATOYANNOPOULOS &
M. GroUDINE. 1987. Nucleic Acids Res. 15: 10159-10177.

3. Kioussts, D., E. VANIN, T. DELANGE, R. A. FLAVELL & F. G. GROSVELD. 1983, Nature
306: 662-666.

4. TaraMELLL, R, D. Kioussis, E. VANIN, K. BARTRAM, J. GROFFEN, J. HURST & F. G.
GROSVELD. 1986. Nucleic Acid Res. 14: 7017-7029.

5. GROVSVELD, F., B. G. vaN ASSENDELFT, D. R. GREAVES & G. KoLLias. 1987. Cell
51: 975-985.

6. Ryan, T. M., R. R. BEHRINGER, N. C. MARTIN, T. M. TOwNES, R. D. PALMITER & R. L.
BRINSTER. 1989. Genes & Dev. 3: 314-323.

7. Ryan, T. M., R. R. BEHRINGER, T. M. TowNES, R. D. PALMITER & R. L. BRINSTER. 1989.
Proc. Natl. Acad. Sci. USA 86: 37-41.

8. vAN ASSENDELFT, G. B., O. HanscoMBE, F. GROSVELD & D. R. Greaves. 1989. Cell
56: 969-977.




SORRENTINO et al.: HS Il ENHANCER 151
9. TaLBoOT, D., P. CoLLis, M. ANTONIOU, M. VIDAL, F. GROSVELD & D. R. GREAVES. 1989.

Nature 338: 352-355.

10. FORRESTER, W. C., U. Novak, R. GELINAS & M. GROUDINE. 1989. Proc. Natl. Acad. Sci.
USA 86: 5439-5443.

11. CurTIN,P. T,,D. Liu, W. L1u, J. C. CHANG & Y. W. KAN. 1989. Proc. Natl. Acad. Sci. USA
86: 7082--7086.

12. Couuis, P., M. ANTONIOU & F. GROSVELD. 1990. EMBO J. 9: 233-240.

13. Tuan, D. Y. H., W. SoLomoNn, I. M. Lonpon & P. L. Leg. 1989, Proc. Natl. Acad. Sci.
USA 86: 2554-2558.

14. LEE, W., A. HASLINGER, M. KARIN & R. TJ1AN. 1987. Nature 325: 368-372.

15. ANGEL, P, M. IMAGAWA, R. CHiu, B. STEIN, R. J. IMBRA, H. J. RAHMSDORF, C. JONAT, P.
HERRLICK & M. KARIN. 1987. Cell 49: 729-739.

16. SORRENTINO, B. P, P. A. NEY, D. BODINE & A. W. NIENHUIS. 1990. Nucleic Acids Res. 18:
2721-2731.

17. NEy, P. A, B. P. SORRENTINO, K. M. MCDONAGH & A. W. NIENHUIS. 1990. Genes & Dev.
4: 993-1006.

18. DiGNaMm, J. D, R. M. LeEsoviiz & R. G. ROEDER. 1983. Nucleic Acids Res. 11: 1475-1489.

19. Dean, A, T.J. LEY, R. K. HUMPHRIES, M. FORDIS & A. N. SCHECHTER. 1983. Proc. Natl.
Acad. Sci. USA 80: 5515-5519.

20. BARTHA, E., E. OLAH, J. G. SZELENYI & S. R. HoLLAN. 1987, Blood Cells 12: 647-655.

21. HorrFMaN, R., N. IBRAHIM, M. J. MURNANE, A. DIAMOND, B. G. FORGET & R. D. LEVERE.
1980. Blood 56: 567-570.

22. McGinniss, M. H. & A. DEAN. 1985. Transfusion 25: 105-109.

23. REITMAN, M. & G. FELSENFELD. 1988. Proc. Natl. Acad. Sci. USA 85: 6267-6271.

24. Lw,D.P,P. Mo, W.Liy, J. C. CHANG, Y. W. KAN & P. T. CURTIN. 1989. Blood 74(Supp!.
1): 6a.

25. BEHRINGER, R. R, T. M. RyaN, R. D. PALMITER, R. L. BRINSTER & T. M. TownESs. 1990.
Genes & Dev. 4: 380-389.

26. ENVER, T., N. RaIcH, A. J. EBENs, T. PAPAYANNOPOULOU, R. CONSTANTINI & G.
STAMATOYANNOPOULOS. 1990. Nature 344: 309-313.

27. CurRAN, T. & B. R. FRANzZA, JR. 1988. Cell 55: 395-397.

28. RAUSCHER, III, F. J., P. J. VOULALAS, R. FRANZA, JR. & T. CURRAN. 1988. Genes & Dev.
2: 1687-1699.

29. ANGEL, P., I. BAUMANN, B. STEIN, H. DEL1US, P. RAHMSDORF & P. HERRLICH. 1987. Mol.
Cell. Biol. 7: 2256-2266.

30. MIGNOTTE, V., J. F. ELEOUET, N. RAICH & P. H. ROMEO. 1989. Proc. Natl. Acad. Sci. USA
86: 6548-6552.

31. MIGNOTTE, V., L. WALL, E. DEBOER, F. GROSVELD & P. H. ROMEO. 1989. Nucleic Acids

Res. 17: 37-54.




The Dominant Control Region of the
Human p-Globin Domain

F. GROSVELD, D. GREAVES, S. PHILIPSEN, D. TALBOT,
S. PRUZINA, E. bEBOER, O. HANSCOMBE,
P. BELHUMEUR, J. HURST, P. FRASER, D. WHYATT,
M. ANTONIOU, V. MIGNOTTE, N. DILLON,
M. LINDENBAUM, AND J. STROUBOULIS

Laboratory of Gene Structure and Expression
National Institute for Medical Research
The Ridgeway, Mill Hill
London NW7 IAA
United Kingdom

INTRODUCTION

The globin genes encode the a- and B-like polypeptides which form the subunits
of the oxygen-binding protein hemoglobin. In the early stages of human develop-
ment, when the embryonic yolk sac is the hematopoietic tissue, the - and e-globin
genes are expressed; this is followed by a switch to the a- and vy-globin genes in the
fetal liver and the a- and B-globin genes in adult bone marrow (for review, see Ref.
1). The genes are expressed at exceptionally high levels and give rise to 90% of the
total soluble protein in circulating red blood cells.

The B-like globin genes are arranged in the same order as they are expressed
during development, i.e., 5’-e-%y-*y-3-B-3', over a distance of 55 kb on the short arm
of chromosome 11 (FIG. 1; for review see Ref. 1). The DNA sequence analysis has
been completed for the entire region, and a comparison with the recently completed
sequence data for the rabbit B-globin gene domain shows that the entire loci are
homologous, with the exception of repetitive sequence insertions and some duplica-
tions and deletions.” A large number of structural defects have been documented in
and around the B-globin gene (for review, see Refs. 1, 3) which are responsible for a
heterogeneous group of genetic diseases collectively known as the B-globin
thalassemias. These diseases are not only clinically important, but they also provide
natural models for the study of the regutation of globin gene transcription and the
mechanism of gene switching during development. Many of the B-thalassemias result
from point mutations affecting either the processing or the normal coding capacity of
the mRNA (for review, see Ref. 1). More interesting in terms of transcriptional
regulation are the promoter mutations and deletions. Many of the 3B-thalassemias
and most forms of hereditary persistence of fetal hemoglobin (HPFH) are character-
ized by deletions of varying size, and some of these are associated with an elevated
expression of the vy gene in adult life. Analysis of the positions of these deletions has
suggested that they give rise to effects in cis that act over considerable distances to
influence differential gene expression within the human B-globin domain. In addi-
tion, there is the non-deletion type HPFH, which has recently been shown to contain
single base-pair changes in the upstream promoter sequences of the y-globin genes.
Interestingly, the level of B-globin expression is reduced concomitantly, which
suggests that the genes are coordinately regulated by elements (and factors) in cis
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TABLE 1. Expression of DCR Microlocus Deletion Constructs in Transgenic Mice

Expression (cpm)”

Mouse
Construct’ No. Hup MB Hup/MB° Copy No. Hup/MB/Copy No.
Deletion constructs
HS:1 140 1189 1751 0.68 5 0.14
163 1471 1466 1.0 6-8 0.15
174 119 266 045 20-25 0.02
HS:2 49 1166 1688 0.69 2 0.34
77 2596 2674 0.97 3 0.32
348 1160 1252 1.32 4 0.33
354 1883 790 2.38 40-50 0.05
HS:3 91 458 1666 0.27 2 0.14
104 2542 4103 0.62 4 0.16
94 5344 7128 0.75 5 0.14
103 8204 3974 2 12-18 0.13
HS:4 208 15 410 0.04 1 0.04
198 27 833 0.033 2 0.02
333 223 466 0.48 7 0.06
335 877 576 1.5 3040 0.04
210 1222 668 1.8 >60 0.03
HS:124 188 79 99 0.26 3 0.26
330 1347 1355 0.99 5 0.25
HS:134 32 100 293 0.34 1 0.34
29 99 47 2.14 7 0.30
Controls
HS:1234 55 1377 922 1.49 3 0.49
Hu 11 MEL 271 543 0.5 1 0.50

“Hypersensitive site(s) (HS) present in each deletion construct are indicated. Hu 11, human
chromosome 11 introduced into cultured erythroid MEL cells.

*Expression of the human B-globin (Huf) transgene in the indicated construct and of the
endogenous mouse B-globin (MB) gene is shown for each transgenic mouse and for the control
MEL cells with human chromosome 11.

‘Ratio of expression of human transgene and endogenous mouse gene.

(for review, see Ref. 3). The first evidence for the existence of an important control in
the flanking region of the globin gene domain was provided by the analysis of human
vB-thalassaemias.** Patients with heterozygous Dutch yp-thalassaemia have a dele-
tion that removes 100 kb of DNA, leaving the B-globin gene and the control regions
described above intact. However, it abolishes expression of the chromosome bearing
the deletion and leaves the gene in an inactive chromatin configuration.** The
wild-type allele on the other chromosome is expressed at normal levels, indicating
that there is no shortage of factors.

RESULTS AND DISCUSSION

Candidate sequences for a dominant control region were the erythroid-specific
DNase I-hypersensitive sites that map 6-18 kb upstream from the e-globin gene™"
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(FI1G. 1). When this region is added to a human B-globin gene construct, it results in
very high levels of human B-globin gene expression in transgenic mice (TABLE 1),
which are related to the copy number and are independent of the integration site of
the transgene. When the same minilocus is transfected directly into erythroid cells
(MEL and K562), a similar effect is obtained.” The expression level per human
B-globin gene is at a similar level to that of the endogenous mouse globin genes and is
completely erythroid specific. The presence of the flanking region also results in a
dramatic stimulation of transcription from non—erythroid-specific promoters such as
that of the thymidine kinase (tk) gene. A similar stimulation of an SV40-neo gene is
seen when it is integrated into the human B-globin locus by homologous
recombination.” Recloning of the upstream hypersensitive sites on small fragments
(6-kb total size) still results in a high level of expression from both the B-globin and
tk-neo genes." The four upstream hypersensitive sites have been termed the B-globin
dominant control region (DCR). The very high transcription levels stimulated by the
DCR are independent of the orientation and relative positions of the g-globin gene
and the DCR; in this respect, the DCR shows the same properties as a classical
enhancer.” Delction of the B-globin gene leaves the tk-neo gene fully active. Deletion
mapping of the DCR using MEL cells shows that the most important sites in the
DCR are the hypersensitive sites 2 and 3 (F1G. 1).'" Each of these gives an
approximately equal contribution to B-globin transcription when they are tested in
isolation. Wher each of the sites is tested in transgenic mice (TABLE 1), site 2 is the
most effective site, giving approximately 70% of full expression. Sites 1 and 3 are very
similar and has ¢ about half the activity of site 2 in transgenic mice. Deletion of single
sites results in a DCR with less than full activity and shows that all sites may be
required for full activity.” Functional mapping of the individual sites 1, 2, and 3
shows that the main activity of each is localized in a 200-300 bp region. When the

Sac Ava
GTGT
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FIGURE 2. Schematic representation of the nuclear factor-binding regions in the minimal
DCR element sites 1, 2, and 3. u, ubiquitous factor; e and E, erythroid-specific factors; AT,
AT-rich region; GT, the GGTGG consensus.
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sites are compared to each other, a number of common features are observed (FIG.
2). Each site contains multiple binding regions for the erythroid-specific transcrip-
tion factor NF-E1."" The other striking homology is the occurrence of a GT motif,
particularly in site 2. This sequence binds a number of protein factors, including Sp1
and CAC, but i1 is at present not clear which of the factors are important for
function.” Site 1 and site 3 each have a binding site for the erythroid-specific factor
NF-E2,” and in the case of site 3 this binding site has been shown to be essential for
function. The presence of this NF-E2 site alone results in a moderate enhancement
in MEL cell expression, but it does not function in transgenic mice.**”

We have studied the effect of the complete DCR (or the phDCR") on the
expression patterns of the y- and B-globin genes. This study showed an extension of
the expression of the y-globin gene to the fetal/adult period, in contrast with the

Esesa F13asa A

af af af
| _uDCR +- ++ nd
L_u DCR -+ . 4 ++
L_mDCR e ae
| mDCR -+ -+ ++

YB  YP
_uDCR - 4+
L_uDCR .4

FIGURE 3. Schematic representation of the expression patterns of the a-, y-, and B-globin
genes when tested in different combinations with the DCR. Expression was measured in 9.5-day
yolk sac (E9.5d), 13.5-day fetal liver (F13.5d), or adulit (A) tissue. Mini-DCR (mDCR) and
nDCR indicate the full or shortened version' of the dominant control region. nd, not done.

strictly embryonic pattern of expression obtained with the y-globin gene alone (not
shown). Thus, the DCR must influence the developmental expression pattern of the
genes. More interestingly, we found that the spatial ordering of multiple genes
relative to the DCR further affects the developmental expression pattern of each of
the genes. To show this, both a combination of a- and B-genes or of y- and B-genes
was used, and the activity of each gene was determined in the yolk sac (9.5 day) or
fetal liver (13.5 day) stage of expression. The results (FiG. 3) show that the
developmental expression pattern of the genes is changed depending on their
position relative to the DCR. For example, the B-globin gene is expressed (albeit
only at 5-10% levels) at the embryonic stage when proximal to the DCR, but it is
inactive at this time when the a- or y-gene is in the proximal position. This indicates
that there is a polarity effect from the DCR that influences the developmental
expression pattern of the genes, although it is clear that the major developmental
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FIGURE 4. Hematological analysis of Hb S
transgenic mice. (A) Transgenic mice were
obtained using the construct shown. Sickle
cell tests were performed on (B) peripheral
blood of a non-transgenic mouse and (C)
peripheral blood of aaB* transgenic mouse
29. (D) Giemsa-stained blood films are shown
for blood of transgenic mouse 29,
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specificity is determined by sequences immediately surrounding the genes (not
shown).

We have also used the B-globin DCR to obtain a model for sickle cell anemia in
transgenic mice by coupling the DCR to two human « genes and a B* gene (FIG. 4A).
A number of transgenic mice were produced, one of which contained 8-10 copies of
the transgene construct.” In vitro sickle cell tests showed that the red cells of these
mice undergo extensive changes in morphology (FIG. 4B, C), and they were shown to
contain the typical p* polymers.” The presence of irreversibly sickled cells in blood
films (F1G. 4D) indicates that sickling is taking place in vivo, although it is at a lower
level than in human patients. At present we do not know whether this lower level of
sickling is due to the residual expression of mouse hemoglobin or to the different
physiology of the mouse. Experiments are in progress to develop a sickle cell disease
line for further clinical investigations.
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INTRODUCTION

The analysis of globin gene transcription in tissue culture'* and in transgenic
mice®” suggests that the expression of B- and y-globin genes results from the complex
interaction of cis-acting sequences closely linked to the structural gene with trans-
acting factors present in erythroid cells. Our research has focused on elucidating the
molecular mechanisms involved in y gene synthesis. The ability to modulate y-globin
gene expression in vivo could provide an approach to treatment for patients with
B-thalassemia and sickle cell anemia.

The experimental goal is to determine the cis-acting sequences and identify the
trans-acting factors that interact with these sequences to modulate y-globin gene
expression in fetal erythroid cells. In these studies, K562 cells, a human erythroleuke-
mia cell line, were used.” These cells express the endogenous e- and y-globin genes
and do not express the endogenous B-globin gene.™'" In addition, transfected e-globin
genes are expressed in these cells, whereas transfected B-globin genes are not.'*'""
When K562 cells are grown in hemin, an increase in e- and y-globin mRNA
accumulation, known as induction, is observed.'""* Thus, these cells represent a
suitable cell line in which to study embryonic and fetal globin gene synthesis.

We have taken several approaches to examine the cellular events involved in
y-globin gene expression in K562 cells in more detail. To position the sequences
involved in fetal giobin genc synthesis we have (1) made hybrid genes comprised of
y-globin and B-globin gene sequences, (2) introduced these genes in plasmids into
K562 cells, and (3) characterized the transcription and induction using fusion
gene-specific probes. A more precise localization of regulatory elements, to the level
of the nucleotide, has been achieved by analyzing the interaction of protein factors
from K562 cells with globin gene sequences using DNase I footprinting" and gel
mobility shift assays."
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EXPRESSION OF FUSION GLOBIN GENES IN K562 CELLS

The primary structure of all B-like globin genes is very similar, and the locations
of many restriction sites within the structural genes are shared. We used these sites
to generate fragments for our hybrid globin gene constructs. Since the y-globin gene
is expressed and the B-globin gene is not expressed in K562 cells, our hypothesis was
that y-B fusion gene constructs would discriminate between sequences that confer
transcriptional activation and sequences that either prevent expression or have no
effect on globin gene synthesis. Also, globin-neomycin resistance gene (neo®)
constructs have provided additional information on the role of the structural globin
gene in expression and induction.

The hybrid globin genes were subcloned into the plasmid pSV2NEO" and
transfected into K562 cells either by calcium phosphate precipitation'” or by
electroporation.' The neo® gene included on pSV2NEQ confers selection, in eukary-
otic cells, against the toxic effects of G418, a neomycin analogue. Cells resistant to
G418 were selected, and either individual clones or pools of clones were grown in
mass culture either in the absence or presence of 20 uM hemin. Total RNA was
extracted,” and the transcripts were analyzed by either RNase protection® or S1
nuclease protection.” Occasionally, canonical cap site initiation was established by
primer extension.”

TABLE 1. Transcription of Fusion Globin Genes in K562 Cells

Fusion 3B

Gene Promoter IVS-2 Enhancer Expressed Induced
B B B No No No
By B B No No No
By2 3] y No Yes Yes
vB2 Y B No Yes No
vB 5% Y Yes Yes Yes

The results of our analysis of transcription and induction of fusion globin genes
are summarized in TABLES 1 and 2. In this analysis the ability of a particular gene to
be expressed and/or induced was correlated with the contribution of y- or B-globin
gene sequences in the promoter and intervening sequence 2 (IVS-2) and with the
presence or absence of the B-globin 3'-enhancer element in the construct. Our initial
analysis included the five genes in TABLE 1.” The B-globin gene containing the g
promoter, the B IVS-2, and no B 3’ enhancer was neither expressed nor induced in
K562 cells. Similarly, the By gene containing only the substitution of the y 3’ region
for the B 3’ region was not expressed or induced. In contrast, By2, which contained
the 8 promoter, the v IVS-2, and no B 3’ enhancer, showed evidence of expression
and induction when transcripts were analyzed with a 3’ probe. However, these
transcripts were not appropriately initiated, as indicated by primer extension analysis
performed to characterize the 5’ end of the mRNA. yB2, containing the y promoter,
the B IVS-2 and no 3’ enhancer, was expressed but not induced. vy, containing the y
promgter, the y IVS-2 and the B 3’ enhancer was expressed and induced in K562
cells.

In order to more precisely define the relationship of the promoter, I1VS-2, and 8
3’ enhancer to globin gene expression and induction in K562 cells, the fusion genes
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TABLE 2. Transcription of Additional Fusion Globin Gene Constructs in K562 Cells

Fusion 3B

Gene Promoter IVS-2 Enhancer Expressed Induced
¥B ¥y B Yes Yes Yes
v BA3’ v B No Yes No
YBy2A3’ Y ¥ No Yes Yes
yNeo Y — No Yes No
yNeo3'B Y — Yes Yes Yes

described in TABLE 2 were analyzed.” y°B, containing the y promoter, the B IVS-2
and the B 3’ enhancer was both expressed and induced. When the B 3’ enhancer was
deleted from this construct to generate y*8A3’, this fusion gene retained its ability to
be expressed; but no increase in mRNA transcript accumulation was observed in
response to hemin induction. The substitution of the y IVS-2 for the g IVS-2 in
Y'BA3' to generate y'By2A3’ restored inducible expression to this fusion gene.
Finally, with the yNeo fusion genes the interaction of globin structural gene
sequences with 5’ promoter elements and 3’ enhancer elements was determined.
yNeo, containing the y promoter, the neo® coding sequence and no g 3’ enhancer,
was expressed but was not inducible.” When the B 3’ enhancer was linked in cis on
this construct to generate yNeo3'B, inducible expression was observed.”

Several conclusions result from the analysis of fusion globin gene expression and
induction in K562 cells. First, the y promoter is required for baseline expression in
fetal erythroid cells. No gene containing the B promoter produced correctly initiated
transcripts. In fact, only one gene containing the B promoter (Bv2) is either
expressed or induced in K562 cells, and this expression is only observed when a 3’
probe is used for the assay. When the transcripts are hybridized with a 5’ probe or are
subjected to primer extension analysis, no discrete 5° end is detected. These data
suggest that genes containing the B promoter are not correctly initiated, either
because the gene is under negative regulation in K562 cells or because these cells do
not contain trans-acting factors that are required for B-globin synthesis. In addition,
either the y IVS-2 or the B 3’ enhancer is able to confer inducible expression on
genes containing either of these elements linked in cis. The molecular mechanism
responsible for induction by these elements remains to be elucidated.

TRANS-ACTING FACTORS THAT INTERACT WITH THE y-PROMOTER

Analysis of fusion globin gene transcription indicated that the y-globin promoter
is important in fetal cell-specific gene expression. In addition, single nucleotide
changes between nucleotides —150 and —204 (relative to the cap site) have been
reported to cause the non-deletion form of hereditary persistence of fetal hemoglo-
bin (HPFH).” Using a combination of methods, including the gel mobility shift assay
and DNase I footprinting, we examined the interaction of nuclear factors with this
region. A 240-basepair (bp) probe containing sequences between —140 and —382
was used in DNase I footprinting studies. The nucleotide changes associated with
HPFH that are found on this fragment include —158, —175, —196, —198, and —202.
Although several footprints were detected, our analysis focused on the footprint
around the —170 to —194 region, a sequence that contains the —175 mutation
involved in one form of HPFH.

Nuclear extracts prepared from K562 cells were compared with those from EL-4
cells, a T lymphocyte cell line.” In the ~170 to — 195 region, a broader footprint was
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observed over the entire sequence (—170 to —195) with the K562 extract compared
to the EL-4 extract, which protected a smaller footprint (—170 to —188). An Ava
I1-Hae 111 fragment (— 161 to —204: y42) was used in gel mobility shift experiments
to characterize the number and size of the nuclear factors that interacted with this
region. With HeLa cell extract, a single band of high molecular weight was detected
(Band A). K562 cell extract generated three bands. In addition to Band A, two
additional bands of faster mobility were observed (Bands B and C). In order to
identify the proteins that were binding to the v42 fragment, competition studies were
performed. In these experiments, an excess of unlabeled competitor DNA contain-
ing either the octamer binding sequence (which binds to factor OTF-1)** or one of
the sequences found in the B 3’ enhancer™ that bind the erythroid-specific factor
(NFE-1, GF-1) was used. This analysis indicated that Band A resulted from the
interaction of OTF-1 with y42 and that both Bands B and C were generated by the
interaction of NFE-1 with the probe.

DNase I footprinting with fractionated K562 nuclear extract was used to charac-
terize the binding sites of both OTF-1 and NFE-1. Following ammonium sulfate
precipitation, the K562 nuclear extract was fractionated on heparin-Sepharose. The
column was eluted with an ammonium sulfate step gradient. By use of the gel
mobility shift assay, a sensitive indicator of nuclear proteins present in the eluate, the
elution of OTF-1 at 0.2 M ammonium sulfate and NFE-1 at 0.4 M ammonium sulfate
was observed. DNase I footprinting with the fractionated extract positioned the
OTF-1 footprint from —172 to —189; the NFE-1 footprint overlapped and was found
between —175 and —194 (FiG. 1). To evaluate whether the point mutation at —175
had altered binding for either NFE-1 or OTF-1, competition analysis with oligonucle-
otides containing either the wild-type octamer binding sequence or the same
sequence containing the —175 mutation was used in the gel mobility shift assay. This
analysis showed that the —175 mutation eliminated the ability of the oligonucleotide
to compete for OTF-1 binding, indicating that the mutant sequence was deficient in
its ability to bind this factor. These results suggest that the decreased OTF-1 binding
in the presence of the —175 mutation may permit increased NFE-1 binding, resulting
in increased -y gene transcription in HPFH.

SUMMARY

In summary, our analysis indicates that important sequences for the proper
initiation of fetal gene transcription in fetal cells are located in the vy-globin

-180 -170
| |
CTTCCCLACAC[TATCTCAATGCAAATATCITGTCTGAAACG
GAAGGGLTGTGATAGAGTTACGTTTATAGACAGACTTTGE

NFE-1 OTF -1

FIGURE 1. Nucleotide sequence of the y-globin promoter between —161 and -200 relative to
the cap siiz. The mutation at —175 associated with HPFH is indicated by an asterisk. The
overlapping footprints generated by NFE-1 and OTF-1 binding to this region are delineated by
the boxes surrounding the nucleotides involved.
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promoter. These sequences are sufficient for tissue-specific expression but not
induction in K562 cells. Sequences in the y-globin IVS-2 and the B-globin 3’
enhancer increase yB and +y-Neo transcripts when cells containing these genes
undergo erythroid maturation as measured by induction with hemin. The mechanism
by which these sequences exert their effect remains to be elucidated.
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FIGURE 2. Model of developmental regulation of globin gene synthesis by competition for the
B enhancer. In this model the B 3’ enhancer is able to influence the expression of both the y-
and B-globin genes. Factor-factor interactions would be one mechanism of stabilizing the
chromatin to facilitate these interactions. (Panel A) In adult cells, interaction between the
B-globin promoter and the B 3’ enhancer would confer synthesis of B-globin mRNA. (Panel B)
In fetal cells, the B 3’ enhancer would interact with the y-globin gene promoter, inducing the
synthesis of y-globin mRNA.

Multiple protein factors bind to both the y promoter and the B 3’ enhancer. Both
of these regions contain binding sites for the erythroid-specific factor NFE-1 and the
octamer binding factor OTF-1. In the -y upstream region, there may be a competition
between OTF-1 binding and NFE-1 binding that affects y gene regulation.

Our results indicate that the 8 3’ enhancer interacts with the y gene promoter to
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permit increased vy gene expression. We have developed a model for globin gene
switching that takes into consideration the effect of cis-acting sequences on globin
gene transcription (FiG. 2). A similar model of hemoglobin switching in chickens has
been proposed by Choi and Engel.”? In our model, competition for the p-globin 3’
enhancer is involved in stage-specific transcriptional activation of y-globin genes in
fetal cells and B-globin genes in adult cells. In adult cells the protein-protein
interactions between adult cell-specific factors interacting with the B-globin pro-
moter and erythroid-specific factors interacting with the B 3’ enhancer would
activate transcription of the $-globin gene (FIG. 2, panel A). In fetal cells (panel B)
protein-protein interactions between fetal cell-specific factors interacting with the
y-globin promoter and erythroid-specific factors interacting with the B 3’ enhancer
would activate the transcription of the y-globin genes.
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INTRODUCTION

The human B-like globin genes are located on the short arm of chromosome 11 as
a cluster of five functional genes in the order 5’-e-%y-*y-5-8-3". Each globin gene is
expressed at a sequential stage of development. The e-globin gene is expressed in
embryonic (yolk sac-derived) erythroid cells, the ®y- and *y-globin genes are
expressed in fetal erythroid cells, and the 3- and B-globin genes are expressed
primarily in adult erythroid cells.” In normal adults, the level of fetal hemoglobin is
less than 1% of the total hemoglobin.’ In a heterozygous non-deletion form of
hereditary persistence of fetal hemoglobin (HPFH) called “yB* HPFH, the level of
fetal hemoglobin ranges from 15% to 25% of the total hemoglobin and is composed
predominantly of %y chains.” A single base substitution (C — G) was identified 202
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base-pairs 5’ to the cap site (position —202) of the “y-globin gene in an affected
individual,* and the presence of this mutation was shown to be closely associated with
the “y HPFH phenotype in different individuals.’

The generation of transgenic mice has been a useful tool for the study of the
developmental regulation of human globin genes. When cloned human B-globin and
y-globin genes containing a limited amount of 5'- and 3'-flanking DNA are intro-
duced into mouse oocytes and transgenic lines are established, these individual genes
are regulated during murine development in a manner similar to that of their murine
homologs. The human B-globin gene is expressed at the fetal liver stage as well as the
adult stage of erythropoiesis in a manner analogous to that of the adult murine ™"
globin gene,”® while the y-globin gene is expressed only at the embryonic (yolk sac)
stage of erythropoiesis in a manner analogous to that of the embryonic murine
B"-globin gene.™'™"' In this paper, we describe expression studies of human globin
genes in transgenic mice which carry the 40-kilobase (kb) Kpn 1 fragment of the
human B-like globin gene cluster from an individual with the —202 “y8* HPFH
mutation. The pattern of expression of the human -, “y- and *y-globin genes
differed from that of their corresponding murine homologs. The “y-globin gene with
the —202 HPFH mutation was expressed at all developmental stages. The normal
B-globin gene was expressed in adult erythroid cells but was virtually inactive in fetal
erythroid cells, whereas the normal “y-globin gene was expressed beyond the
embryonic (yolk sac) stage into the fetal stage of development and then became
inactive in adult erythroid cells.

MATERIALS AND METHODS
Production of Transgenic Mice

The 40-kb Kpn I fragment containing the —202 y HPFH mutation was purified
from a cosmid clone* by agarose gel electrophoresis or sucrose gradicnt centrifuga-
tion, followed by centrifugation on a CsCl gradient and dialysis.'""” The DNA was
injected into the pronuclei of (C57BL/6J x SIL/J)F2 or (C57BL/6J x DBA/2])F2
fertilized eggs as described previously.'>" Transgenic mice were identified by South-
ern blot analysis of tail DNA. To generate transgenic embryos and fetuses, heterozy-
gous transgenic males were mated with normal C57BL/6] females. The day that the
mating plug was observed was designated day 0; pregnant females were sacrificed on
the indicated gestation day. Transgenic embryos in each litter were identified by
dot-blot analysis of DNA prepared from the unused carcass.

Preparation of RNA

Adult mice were made anemic by three injections (at 12-h intervals) of a solution
of 0.4% phenylhydrazine'' and sacrificed 5 days after the first injection. Blood was
collected by retro-orbital bleeding into phosphate-buffered saline containing 10
U/ml of heparin (PBS-heparin), and cells were recovered by centrifugation. Trans-
genic embryos were bled from the umbilical cord into PBS-heparin. Blood celis or
whole tissues were washed in PBS-heparin, and total RNA was isolated by homoge-
nizatisn in 4 M guanidinium isothiocyanate followed by centrifugation through
CsCl.
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RNase Protection Assay

The labeled antisense RNA probes used to measure “y and *y RNA were
synthesized from the EcoR I-Sau3A fragments of the third exon of the %y and *y
genes, where four consecutive base differences occur between the ®y and *y
sequences starting at a point three bases 3' to the termination codon.” The labeled
antisense RNA probe used to measure human B-globin mRNA was synthesized from
an EcoR I-Pst I fragment spanning the poly(A) addition site. Each probe (1 x 10°
cpm per assay) was hybridized with 10 pg of total cellular RNA at 50°C for 18 hin 30
ul of a solution containing 40 mM PIPES, pH 6.5, 0.4 M NaCl, 1 mM EDTA, and 80%
formamide. The RNA samples were digested with RNase A (40 pg/ml) and RNase
T1 (2 pg/ml) for 30 min at 37°C and then digested with proteinase K (50 ug/ml) for 15
min at 37°C. The protected fragments were analyzed by electrophoresis in a 7.5%
polyacrylamide-7 M urea gel.

Northem Blot Analysis

Northern blot analysis was performed using the following 19-mer oligonucleotide
probes specific for the RNA to be analyzed: 5'-~ACAGCAAGAAAGCGAGCTT-3’
(human B), 5'-CATCATGGGCAGTGAGCTC-3' (human °y), 5'-AGAGCAG-
GAAAGGGGGTTT-3' (mouse p™), and 5'-GTGTACTGGAATGGAGTTT-3'
(mouse B"'). These correspond to sequences that start at the second nucleotide of the
termination codon of these four globin mRNAs. The oligonucleotides were labeled
with [y-?P]JATP by polynucleotide kinase. Total RNA from mouse tissues was
fractionated by formaldehyde gel electrophoresis' and transferred to GeneScreen
Plus membranes (New England Nuclear). Filters were hybridized with the appropri-
ate oligonucleotide probe (2 x 10° cpm/ml) at 42°C in a solution containing 5x SSC,
0.5% SDS, 5 x Denhardt’s solution, 50 mM sodium phosphate, pH 7.0, and 200 pg/ml
of salmon sperm DNA. Following hybridization, the filters were washed twice for 5
min at room temperature in a solution containing 2x SSC and 0.5% SDS, followed
by a 10-min wash in the same solution at 45°C.

RESULTS
Structural Analysis of the Human B-like Globin Gene Cluster in Transgenic Mice

In order to determine the pattern of integration of the 40-kb fragment, tail-skin
DNA from individual transgenic mice was analyzed by Southern blotting. The —202
mutation of the ®y-globin gene abolishes a normal Apa I site in the 40-kb Kpn 1
fragment.’ Therefore, digestion with Apa 1 allows direct confirmation of the presence
of the mutation in the insert. As shown in FIGURE 1, fragments of 21.7 kb and 18.2 kb
were detected in Apa I digests of DNA from four transgenic mouse lines following
hybridization with a ®y cDNA probe. Fragments of the expected normal sizes were
detected in the EcoR 1 digests. These results demonstrate that all the transgenic
mice have intact 40-kb inserts that are integrated in tandem arrays. The number of
copies of the insert per cell in transgenic lines 3, 4, 6, and 10 was estimated to be
approximately 60, 20, 10 and 5, respectively.
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FIGURE 1. Structural analysis of the human B-globin gene cluster in transgenic mice. (Upper
panel) 10 ug of tail DNA was digested with Apa 1 (left) or EcoR 1 (right), electrophoresed in a
0.5% agarose gel, transferred to a nylon membrane, and hybridized to a ®y-globin cDNA probe.
The number of each transgenic line is indicated above the respective lanes. N, tail DNA from
non-transgenic control mice. 10 ng each of the microinjected Kpn I fragment (—202G+y Kpn I)
and the 40-kb Kpn 1 fragment from a Greek-type *y HPFH gene containing wild-type ®y-, 3- and
B-globin genes and the *y-globin gene with a G — A mutation at position —117 (~117Ay Kpn
1) were analyzed as positive controls. The locations of DNA molecular weight standards (Hind
111 fragments of A DNA) are shown to the left of the blot. (Lower panel) The diagram shows the
40-kb Kpn I fragment aligned in a head-to-tail tandem array and the resulting map of restriction
sites. The Apa [ site is abolished by the —202 C — G mutation, as indicated by the asterisks.
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Expression of Human Globin Genes in Adult Mice

Expression of human globin mRNA in adult tissues of two transgenic mouse lines
(lines 3 and 6) was examined by the RNase protection assay (FIG. 2). Adult mice
were made anemic by phenylhydrazine treatment. Hemin-induced K562 cells' and
cytosine arabinoside-induced KMOE cells" were used as positive controls for
v-globin mRNA and B-globin mRNA, respectively. The specificity of the Sy and *y
probes was determined by the protection patterns observed with y and *y control
RNAs, which were synthesized in vitro using T7 RNA polymerase and the EcoR
I-Sau3A fragments cloned in the plasmid vector pGEM. The *y probe was derived
from the cosmid clone containing the —202 °yg* HPFH 40-kb Kpn I fragment, which
has a deletion of 6 base-pairs 5' to the poly(A) addition signal, AATAAA, of the
“y-globin gene. Therefore, a fragment of 134 bases (instead of the expected 161
bases, as obtained with synthetic *y RNA) is protected when this *y probe is
hybridized to “y-globin mRNA from K562 cells (FiG. 2B). The expected fragment of
161 bases was protected when the “y probe was hybridized to various RNAs (FIG.
2A). The “y probe yielded a strong positive hybridization signal with blood and
spleen (but not kidney or liver) RNA from adult anemic transgenic mice, whereas no
hybridization signal was obtained from any of the mouse tissues with the *y probe.

FIGURE 3 shows the results of the RNase protection assays using the human
B-globin probe. The specific 212-bp fragment protected by the human B-globin probe
was detected in adult blood and spleen RNA but not in liver and kidney RNA from
either line 3 or line 6 transgenic mice. The protected fragment was not detected in
spleen RNA from a non-transgenic anemic mouse which was producing large
amounts of endogenous mouse B™-globin mRNA. These results show that the
human ®y- and B-globin genes are expressed specifically in erythroid tissues of
anemic adult transgenic mice. The level of human B-globin mRNA in the line 3
transgenic mice was approximately 1.0% of that of endogenous mouse ™ -globin
mRNA, and the level of ®y-globin mRNA was approximately 20% of that of human
B-globin mRNA. These levels were estimated by Northern blot analysis of the RNA
using the specific 19-mer oligonucleotide probes listed in MATERIALS AND METHODS
(data not shown).

Expression of Human Globin Genes during Mouse Development

We also analyzed the pattern of expression of the individual human globin genes
during development in the transgenic mice. RNA samples were isolated from
erythroid tissues of mouse embryos at day 11 and day 14 of gestation, and these were
analyzed for the presence of the human globin mRNAs. FIGURE 4 shows the
expression patterns of ®y- and *y-globin genes during development of line 3
transgenic mice. The ®y-globin mRNA was detected in all of the RNA samples
tested, including day 11 yolk sac and blood, day 14 liver and blood, and adult blood.
The *y-globin mRNA was detected, but at significantly lower levels, in embryonic
(day 11) and fetal (day 14) erythroid tissues. In fetal (day 14) liver RNA, the level of
Ay-globin mRNA was 20-fold lower than that of ®y-globin mRNA. In contrast to the
case of %y-globin mMRNA, *y-globin mRNA was virtually absent in aduit blood cell
RNA.

FIGURE 5A shows RNase protection assays obtained with RNA samples from
line 3 transgenic mice using the human B-globin probe. Human B-globin mRNA was
not detected in RNA from day 11 blood and yolk sac or from day 14 fetal blood.
Barely detectable levels of human B-globin mRNA were observed in RNA from day
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14 fetal liver. FIGURE 5B shows the expression patterns of endogenous adult mouse
B™*- and embryonic B"-globin mRNAs in the same RNA samples, analyzed by
Northern blot using specific 19-mer oligonucleotide probes. The mouse B™*'-globin
mRNA was present at approximately equivalent levels in RNA from fetal liver, fetal
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FIGURE 3. Analysis of the expression of the human B-globin gene in adult transgenic mice.
The same RNA samples as in FIGURE 2 were analyzed. 10 ug of total RNA was hybridized to
the B-globin antisense RNA probe ilfustrated below the autoradiograph. The protected RNAs
were analyzed by 7 M urea-7.5% polyacrylamide gel electrophoresis. The autoradiograph was

exposed for 2 days.

blood and adult blood, whereas B"-globin mRNA was detected only in RNA from
day 11 blood and yolk sac. It is noteworthy that the same fetal liver RNA sample that
contained high levels of mouse ™ mRNA yielded barely detectable levels of
human B-globin mRNA. This same RNA sample essentially lacked mouse embryonic

[




g

TR

174 ANNALS NEW YORK ACADEMY OF SCIENCES

B" mRNA yet contained significant levels of mRNA from the non-mutated *y-globin
gene.

DISCUSSION

We have analyzed the expression of human globin genes in transgenic mice
carrying the 40-kb Kpn I fragment from the human $-like globin gene locus of an
individual with °y8* HPFH. In addition to the normal §-globin human gene, the
Sy-globin gene which carries the —202 point mutation was expressed in erythroid
tissues of anemic adult transgenic mice. The expression level of the ®y-globin gene
was approximately 20% of that of the B-globin gene, which is very similar to the level
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FIGURE 4. Analysis of ®y- and *y-globin gene expression during development in transgenic
mice. Total RNA was isolated from day 11 (d11) yolk sac (y. sac) and blood, day 14 (d14) liver
and blood, and adult (ad.) blood of line 3 transgenic mice (3) or non-transgenic mice (n). RNase
protection assays were performed with the antisense ®y- or *y-globin RNA probes as described
in the legend to FIGURE 2. The autoradiograph was exposed for 7 days.

of Hb F in adutt red cells of individuals with ®yB* HPFH. These results suggest that
the —202 mutation might contribute to the unexpected expression of the “y-globin
gene in adult transgenic mice. However, it should be noted that enhancer elements in
the third exon and 3’ flanking region of the human B-globin gene'* are now located
approximately 10 kb upstream of the %y-globin gene in the head-to-tail tandem
repeat of the 40-kb insert in the transgenic mice (FIG. 6). The B-globin enhancers are
capable of activating *y- and ®y-globin promoters in fetal liver or adult erythroid
tissues of transgenic mice when located 0.2 to 2.5 kb from these promoters.”* % In
addition to the —202 mutation, the B-globin enhancers may also contribute to the
deregulated expression of the human %y-globin gene in adult erythroid cells of the
transgenic mice.

It has been previously reported that in transgenic mice, individual cloned human
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FIGURE 5. Analysis of human B-globin and endogenous mouse ™. and B"-globin gene
expression during development in transgenic mice. The same RNA samples as in FIGURE 4
were analyzed. (Panel A) RNase protection assays were performed as described in FIGURE 3
using the human B-globin antisense RNA probe. (Panel B) Total RNA (10 pg) was electro-
phoresed in formaldehyde gels, transferred to nylon membranes, and hybridized to gene-
specific 19-mer oligonucleotide probes (see MATERIALS AND METHODS). The autoradiographs
in (A) and (B) were exposed (or 3 days and 6 h, respectively. g™, ™",
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B- and y-globin genes are expressed during development in a manner similar to that
of their murine homologs, 8™ and B", respectively.*"' However, our results, using
the 40-kb Kpn I fragment from the human B-giobin gene locus, demonstrate a
pattern of expression of the normal human *y- and B-globin genes that is different
from that of their murine homologs. Although the endogenous mouse adult g™~
globin gene was fully active in both fetal liver and adult erythroid cells, the human
B-globin gene was virtually inactive in fetal liver. Furthermore, whereas endogenous
mouse embryonic B"-globin mRNA was virtually absent in fetal liver RNA, human
Ay-globin mMRNA was readily detectable in the same RNA sample. It is noteworthy
that the patterns of developmental stage—specific expression of the human - and
*y-globin genes in the 40-kb Kpn I fragment of our transgenic mice are similar to
those observed during human development. The differences in the developmental
pattern of expression between individual cloned human genes and those in the 40-kb
Kpa 1 fragment of the B-globin gene cluster suggest that the overall organization of
the globin gene cluster, including the presence of intergenic DNA, is an important
determinant for the stage-specific expression of the human g-like globin genes
during development.

10 kb
Gy Ay 5§ B Gy Ay 5 B
—— .. NN Sy - j—-’b—l’
!
E £

FIGURE 6. Diagram showing the relationship between the B-globin gene enhancer (E) and the
%y-globin gene promoter in the tandemly repeated 40-kb transgene.

SUMMARY

We have introduced into the mouse germ line the 40-kilobase (kb) Kpn 1
fragment containing the B-globin gene cluster from an individual with a non-deletion
form of hereditary persistence of fetal hemoglobin (HPFH) believed to be due to a
point mutation at position —202 of the “y-globin gene. The %y-globin gene, as well as
the B-globin gene, was expressed in adult erythroid tissues of the resulting transgenic
mice. The level of expression of the “y-globin gene was about 20% of that of the
B-globin gene. Others have previously shown that cloned individual normal human
B- and y-globin genes containing a limited amount of 5’'- and 3’-flanking DNA are
expressed in a manner similar to that of their corresponding murine homologs during
development in transgenic mice. In contrast, we have observed that the pattern of
expression of the normal (non-mutated) *y- and 8-globin genes in the 40-kb insert
was different from that of their corresponding murine homologs. The 8-globin gene
remained inactive at the fetal stage, whereas the normal “vy-globin gene was
expressed beyond the embryonic (yolk sac) stage into the fetal stage of development
and then became inactive in adult erythroid cells. The pattern of expression of the
human globin transgenes during mouse development resembles that observed during
human development. These results suggest that the gross organization of the human
B-like globin gene cluster is important for stage-specific expression of each human
globin gene during development.
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Pharmacologic Manipulation of Fetal
Hemoglobin in the Hemoglobinopathies®
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The regulation of fetal hemoglobin (Hb F) synthesis in the hemoglobinopathies
continues to be a subject of great theoretical and practical significance, particularly
because high levels of fetal hemoglobin synthesis clearly ameliorate the symptoms of
sickle cell anemia and B-thalassemia. In high concentrations, Hb F inhibits the rate
and extent of sickling in sickle cells, while in 8-thalassemia, y-chain production leads
both to accumulation of hemoglobin in the thalassemic red cell and to a decrease in
the accumulation of unmatched a chains, which cause ineffective erythropoiesis.
Though the extent of Hb F production in both sickle cell anemia and thalassemia is
highly variable, it is clearly inherited; and certain point mutations in y-globin gene
promoters as well as deletions in the y8@ complex are regularly associated with
enhanced y-globin production in $° and ™ heterozygotes, as well as in homozygotes.'
In other mutations within the promoter region—such as the —158 C—T substitution
in the ®y promoter region seen commonly in individuals from Senegal, the eastern
oases of Saudi Arabia,” and the Orissa province of India—the effects of the mutation
on circulating Hb F are less predictable. Indeed, the Hb F concentrations in
peripheral blood samples of B° heterozygotes also heterozygous for the —158 C—T
substitution in the “y gene are only slightly above normal and are variable.’ FIGURE 1
demonstrates the effects of the combination of B* and —158 C—T on the production
of Hb F in peripheral blood BFU-E-derived erythroblasts. Note that there is little or
no influence of the —158 substitution on Hb F production in the absence of a B°
substitution, whereas in B*B°® (AS) heterozygotes, there is a linear increase in Hb F
production with increasing dose of the —158 C—T substitution. This effect is
markedly enhanced by homozygosity for B° (SS). Thus, the B substitution and the
—158 C-T substitution exert a cooperative effect on “y chain accumulation in
BFU-E—derived erythroid cells. The nature of that cooperative effect is not known.

That the Hb F program expressed in BFU-E—derived cells strongly influences the
circulating Hb F concentration in Saudi Arabian sickle cell anemia patients with
variable doses of the —158 C—T substitution in the “y promoter is demonstrated in
FIGURE 2, which shows that 65% of the variance of peripheral blood Hb F
concentration can be explained by the variance of the Hb F program in BFU-E-
derived cells. The remainder of the variance of peripheral blood Hb F concentration
is likely to be ascribed to the variance in selective survival of Hb F-rich cells.

A recent experiment performed by Dr. Antonio Cao and his associates has shown
how dramatically the intrinsic Hb F program in patients with thalassemia influences
Hb F production. Sardinian patients with Cooley’s anemia are almost always
homozygous for one mutation.’ Heterozygotes for that mutation have variable
percentages of Hb F in their peripheral blood, which range generally from approxi-
mately 0.5 to 5%, and the value is independent of age or sex. Recently, Dr. Cao has

2Supported by grants from the National Institutes of Health and the Dyson Foundation.
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FIGURE 1. The percent of Hb F in peripheral blood BFU-E-derived erythroid cells in Saudi
Arabian patients with normal adult Hb (AA), sickle cell trait (AS), or sickle cell anemia (SS)
with C (—) or T (+) at —158 in the %y promoter region. Values shown are means * SE. (From
Miller et al.* Reprinted with permission.)

had an opportunity to study the Hb F concentration in the peripheral blood of sibling
donors of marrow to patients undergoing bone marrow transplantation for homozy-
gous Cooley’s anemia and the Hb F concentration in the blood of the sibling
recipients two months after transplant. Normal donors have a low percentage of
Hb F in their blood, and there is only a small increase in peripheral Hb F in the blood
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FIGURE 2. The relationship of the percent of Hb F in peripheral blood (P.B.) BFU-E-derived
erythroid cells to the percent of Hb F in peripheral blood in Saudi Arabians from the Eastern
oases. (From Miller ef al.” Reprinted with permission from Blood.)
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of recipients of their marrow two months after bone marrow transplantation. On the
other hand, donors who are heterozygous for the Sardinian type of B-thalassemia
have the expected low, albeit broad, range of Hb F production in their blood prior to
transplantation. Two months after transplantation of their marrow to their homozy-
gous siblings, a sharp rise in the Hb F concentration in the blood of the recipients is
observed, a rise that correlates extremely well with the original Hb F content in the
donor. These findings demonstrate that the Hb F program in the recipient is
recapitulated but uniformly stimulated by the stress erythropoiesis associated with
marrow transplantation. This result shows that in individuals with thalassemia, the
Hb F program is plastic, lending encouragement to the idea that exogenous factors
may be found that will stimulate production in homozygotes without transplantation.

d 15 d. 36 d. 82 d 216

% F % F
retics cells
A 70 52
B 67 52

FIGURE 3. Acid elution test of Hb F content in the peripheral blood red cells of cynomolgus
monkeys treated for up to 216 days with pulse doses of hydroxyurea. The percent of F
reticulocytes and the percent of F cells at the end of treatment were kindly measured by Dr.
George Dover. Data derived from the studies of Letvin et al.”

One of the first exogenous substances that has been found to stimulate Hb F
production is the family of S-phase-specific agents, such as hydroxyurea.® Stimulated
by the findings of DeSimone and co-workers,” Ley and co-workers,” and Charache
and co-workers® with respect to 5-azacytidine and its influence on y-globin produc-
tion, Letvin and co-workers examined hydroxyurea and its influence on y-globin
production in simians.’ Their results were striking. Cynomolgus monkeys were bled
to simulate hemolytic anemia and then treated with puisc doses of hydroxyurea.
There was a progressive rise in Hb F until F cells and T reticulocytes achieved very
high levels (FiG. 3). Later, Stamatoyannopoulos and co-workers, who combined
pulses of cell cycle-specific drugs with pulses of crythropoietin, also achieved high
levels of Hb F production in simians.” Fivc years ago, Platt and co-workers
demonstrated a prompt rise in Hb F production in two patients with sickle cell
anemia,' and a larger series of patients has recently been presented by the groups at
Johns Hopkins University and at the National Heart, Lung and Blood Institute
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(NHLBI).*" It is now very clear that—for reasons still poorly understood—in
patients with accelerated erythropoiesis interruption of the S phase of erythropoiesis
by drugs such as hydroxyurea stimulates y-chain accumulation in erythroid cells. It is
doubtful that hydroxyurea-induced -y chain production will influence the transfusion
requirement of patients with severe B-thalassemia, but that remains to be secn.

It remains possible, however, that certain relatively non-toxic cytokines may be
found that will influence y-chain production in some patients. That cytokines may
influence gene expression is well established. An excellent example has been
developed by Ezekowitz and co-workers, who have shown that a pulse dose of
y-interferon administered in vivo can lead to a rapid rise in superoxide production by
the defective granulocytes in chronic granulomatous disease." The increase contin-
ues for 10 or 15 days after the administration of y-interferon and may persist for
another 20 days before a decline. Even in severe cases, a rise in granulocyte
superoxide production may be seen for up to 20 days. This long time-course strongly
suggests that the y-interferon alters the program of the oxidase gene in these
defective cells at the progenitor level. Indeed, Ezekowitz and Sieff and co-workers
have demonstrated that that is exactly the case.” Progenitor-derived colonies of
granulocytes and macrophages cultured from the blood of patients with chronic
granulomatous disease demonstrate increased nitroblue tetrazolium (NBT) reduc-
tion for weeks after y-interferon administration. This is an extraordinary example of
successful manipulation of gene expression at the progenitor level, and it provides
hope that similar manipulation of globin gene expression might one day be possible.

In conclusion, there is reason to be optimistic about pharmacologic manipulation
of y-globin gene expression. Far more is known about such opportunities than could
have been hoped for at the Fifth Cooley’s Anemia Symposium held five years ago.
The next five years should be challenging indeed.
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INTRODUCTION

It has long been appreciated that increases in fetal hemoglobin (Hb F) levels in
patients with hemoglobinopathies such as sickle cell disease and B-thalassemia major
may lead to amelioration of these diseases. In sickle cell disease, increases in Hb F
decrease the concentration of hemoglobin S within the red cell, thereby decreasing
the tendency for hemoglobin S to polymerize. In B-thalassemia, increases in Hb F
production offset the imbalance between a and B chains. With the observation of
DeSimone, Heller, and co-workers that anemic animals could increase their Hb F
levels after administration of 5-azacytidine,' it became clear that the potential for
elevating Hb F levels with chemotherapeutic agents was at hand.

Since 1982, a variety of agents have been shown to increase Hb F in animals, in
humans, or in erythroid culture. These agents can be divided into two broad
categories. First, there are cytotoxic agents, including 5-azacytidine,'” hydroxyurea,””
cytosine arabinoside,*'® methotrexate," and myleran.”? Although the mechanisms by
which cytotoxic agents increase Hb F remain unclear, two hypotheses predominate.
The first suggests that these agents are toxic, if not lethal, to the more mature
erythroid precursors. This toxicity leads to recruitment of earlier progenitors with
greater potential for making Hb F."* The second hypothesis suggests that interrup-
tion of the cell cycle might have direct effects on differential gene expression, thereby
leading to increased Hb F production.'"™ The second group of agents which
increases Hb F is the humoral growth factors."* These factors have clearly been
shown by Stamatoyannopoulos and colleagues to increase recruitment of carlier
erythroid precursors, thereby leading to increased Hb F production. Sodium bu-
tyrate and its analogues also increase Hb F production.”* These compounds do not
fail into either of the previous categories but may have direct action on chromatin
leading to altered gene expression.

CLINICAL TRIALS
5-Azacytidine

Following initial observations that Hb F levels could be raised with S-azacytidine,
our laboratory along with collaborators at several institutions treated 17 patients who
had sickle cell discase with this drug.”* The National Institutes of Health (NIH)
group under the direction of Arthur Nienhuis trcated four paticnts who had
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thalassemia with 5-azacytidine and observed in two of the four patients an increase in
Hb F levels.*” Because of the concern about the potential carcinogenicity of
5-azacytidine and because of the advent of potentially safer agents which increase
Hb F (hydroxyurea, cytosine arabinoside), clinical protocols utilizing 5-azacytidine
were discontinued. Prior to discontinuation of these trials, it was clear that most if
not all patients with sickle cell disease responded with increased Hb F production on
5-azacytidine therapy. However, the response of thalassemia major patients to
5-azacytidine was variable, and no patient’s response was sufficient to decrease the
transfusion requirements.”

1984 1985 1986 1987 1988 1989 1990
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FIGURE 1. Summary of hydroxyurea clinical protocols for sickle cell (SS) patients followed at
Johns Hopkins University Medical School (JHU) and collaborating institutions. (Protocol A)*"
G. Dover and S. Charache, JHU; O. Platt, Harvard Medical School; R. Nagel, Albert Einstein
College of Medicine; S. Ballas, Thomas Jefferson University School of Medicine; P. Milner,
Medical College of Georgia. (Protocol B)” G. Dover, JHU; G. Rodgers, C. Noguchi, A. Schechter
and A. Nienhuis, NIH. (Protocol C)” G. Dover and S. Charache, JHU; O. Platt, Harvard
Medical School; M. Koshi, University of Iilinois School of Medicine; E. Orringer, University of
North Carolina School of Medicine; W. Rosse, Duke University School of Medicine; P. Milner.
Medical College of Georgia. (Protocel D) G. Dover and S. Charache, JHU; M. Goldberg and
F. Bunn, Harvard Medical School. (Pretocol E)* G. Dover, JHU; A. Nienhuis, T. Ley and
K. McDonagh, NIH. THAL, thalassemia; EPO, erythropoietin; HU, hydroxyurea.

Hydroxyurea

Letvin and colleagues® first observed that hydroxyurea increased Hb F produc-
tion in animals, and Platt’ and colleagues demonstrated that hydroxyurea could
increase Hb F in sickle cell patients. To date, over seventy patients with sickle cell
disease have been treated on various protocols with hydroxyurea at Johns Hopkins
University School of Medicine and collaborating institutions (sece FIG. 1). Initial
cxpericnce with hydroxyurea suggested that sickle cell patients had a variable
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TABLE 1. Summary of Hb F Parameters in Two Sickle Cell Patients Treated with
Hydroxyurea

Dose® Days % HbF % F Reticulocytes % F Cells Hb F/FCell MCH (Pg)’

Patient A
Pre — 2 4 10 5 34
Pulse 1254 12+3 23+ 8 50 = 11 10 41
Daily 980 215 33+9 76 £ 9 13 46
Patient C
Pre — 3 14 17 6 34
Pulse 1276 18+ 2 30x8 677 12 43
Daily 916 21 x5 27+8 77 =15 12 43

“Pre, prior to treatment; Pulse, weekly pulse therapy; Daily, daily treatment.
*MCH, mean corpuscular hemoglobin.

26

response to hydroxyurea in regards to their elevation of Hb F. Alter and Gilbert
observed in hydroxyurea-treated chronic myelogenous leukemia (CML) patients
that Hb F levels were higher in paticnts treated with daily therapy compared to those
for patients receiving weekly pulse therapy. In 1987, all sickle cell disease patients at
Johns Hopkins were transferred to daily treatment regimens.

Two patients have been treated continuously with hydroxyurea at Johns Hopkins
for over 2,000 days. A summary of Hb F parameters monitored in those patients is
given in TABLE 1. In Patient A, Hb F dramatically increased on pulse doses of
hydroxyurea. However, the Hb F levels nearly doubled when the patient was placed
on daily therapy as compared to pulse therapy. Patient C had a dramatic response to
pulse therapy with hydroxyurea which did not increase significantly when this patient
was placed on daily therapy. Over a four year period of time, 5 out of 23 patients
treated with pulse therapy on hydroxyurca have increased their Hb F levels to
greater than 20%. In comparison, 5 out of 8 sickle cell patients have increased their
Hb F levels to >20% when treated with low-dose daily therapy. By 1988 it had
become clear that hydroxyurea in low-dose daily regimens could significantly in-
crease Hb F levels in most patients with sickle cell disease. At that time, a Phase I-11
prospective clinical trial was initiated to determine the dose-versus-Hb F response
for a larger number of patients on daily therapy. The clinical trial was begun in
October 1988 and will be completed in June 1990 (see Protocol C, FiG. 1).
Preliminary data from this clinical trial have been presented,” and it is clear that
hydroxyurea will increase Hb F levels significantly in patients treated for more than
one year. A second group of patients have been treated in collaboration with Drs.
Rodgers, Noguchi, Schechter, and Nienhuis at the NIH (Protocol B, F1G. 1). In 10
patients, 7 significantly increased their Hb F levels on pulse therapy. These were
treated for 90 days as inpatients, and Hb F levels in responders increased by greater
than fourfold over a 90-day period.”

On the basis of these trials, it has become clear that hydroxyurea will raise Hb F
levels in some patients with sickle cell disease to a level which should ameliorate the
severity of their discase. However, until a control blinded clinical trial is performed,
it will be unclear whether this drug will be therapeutic for a majority of patients with
sickle cell disease. In all studies, maximal Hb F levels have been attained with
minimal, rapidly reversible myelotoxicity and no increase in infections.
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Hydroxyurea Therapy with Thalassemia

The early trials with hydroxyurea in patients with thalassemia have been disap-
pointing. As reported by Nienhuis and colleagues at the previous Cooley’s Anemia
Symposium,” the first two patients treated with pulse therapy with hydroxyurea
showed very little response in increasing their Hb F levels and no decrease in their
transfusion requirements. Because of the observation in sickle cell patients that daily
hydroxyurea therapy increases Hb F levels to a greater extent and with less toxicity
than does pulse therapy, several thalassemia patients are presently under therapy at
the NIH with daily hydroxyurea treatment. One patient followed at the University of
North Carolina by Dr. Orringer in a protocol developed at the NIH by Nienhuis has
shown increases in the % F cells, % F reticulocytes, and % Hb F (see FIG. 2). Two
features distinguish this patient’s response from that of earlier patients tried on
hydroxyurea. First, the thalassemia patient is being treated with low-dose daily
therapy rather than with pulse therapy. Second, this is a patient with thalassemia
intermedia who has baselinc hemoglobin values between 4 and 6 g/dl. This may
suggest that daily therapy with low-dose hydroxyurea in patients with some $-globin
production might lead to increases in vy gene expression sufficient to offset the «:8
globin chain imbalance. Further studies using daily therapy in patients with severe
transfusion-dependent B-thalassemia and in patients with thalassemia intermedia
are under way.

Erythropoietin and Hydroxyurea

Al-Khatti and colleagues pointed out that high-dose erythropoietin treatment
stimulated Hb F production in animals and in patients with sickle cell disease.”™
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FIGURE 2. Comparison of hydroxyurea-induced changes in mean corpuscular hemoglobin of
F cells, in % F cells, and in % Hb F in a sickle cell (§S) and a thalassemia intermedia (THAL)
patient. Bar graphs, mean picograms of hemoglobin in F cells. Cross-hatched areas, picograms of
Hb F per F cell. Numbers to the right of each bar graph refer to picograms of Hb F. Hb S (S8
patient), or Hb A (THAL patient) in the F cells. PRE, prior to treatment; PULSE RX, weekly
pulse therapy; DAILY RX, daily treatment.
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On the basis of these observations, Drs. Bunn and Goldberg have collaborated with
Dr. Sam Charache and myself in treating sickle cell patients with erythropoietin
alone, followed by hydroxyurea alone, and then followed by a combination of
erythropoietin and hydroxyurea. Seven patients have entered the protocol; only
three have so far completed it (Protocol D, FIG. 1). These patients show significant
increases in Hb F production in response to hydroxyurea with little or no response to
erythropoietin. Combinations of hydroxyurea and erytbropoietin did not appear to
increase Hb F levels substantially over those obtained with hydroxyurea alon.. It
remains to be seen whether erythropoietin alone or in combination with other agents
such as hydroxyurea might increase Hb F production in patients with thalassemia.

CONCLUSION

A wide variety of pharmacologic agents have been shown to increase Hb F levels
either in animals, in humans, or in erythroid cultures. These agents offer some hope
that a combination of agents or a new single agent might someday be found that will
substantially increase Hb F both in patients with sickle cell disease and in those with
thalassemia. That hope seems closer to a reality in patients with sickle cell disease.
Indeed, clinical trials have progressed far enough to consider doing definitive control
clinical trials of hydroxyurea in patients with sickle cell disease. The progress has not
been as great for patients with thalassemia. Differences in response probably relate
to the pathophysiology of these two disorders. Hb F levels probably need to be
increased to between 15% and 25% of total non—a-globin to have a significant
clinical effect in patients with sickle cell disease. However, a comparable increase of
Hb F in patients with thalassemia and no B-globin production is unlikely to be
sufficient to offset the deficiency in B chains or to result in more effective erythropoie-
sis. However, hydroxyurea may prove to be effective in patients with thalassemia
intermedia who have a significant, albeit decreased, level of B-globin synthesis.
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INTRODUCTION

In humans, fetal (-y) globin chains are almost completely replaced by adult (g and
) globin chains at birth; the molecular mechanisms underlying the switch to adult
globin synthesis are unknown. Understanding these mechanisms might be of consid-
erable practical value, as it could lead to the development of methods for maintain-
ing elevated levels of functional fetal hemoglobin (Hb F, «,y,) in patients suffering
from inherited hemoglobinopathics, like B-thalassemia and sickle cell disease. A
natural model for the study of mechanisms causing high Hb F production after birth
is represented by a clinically mild and genetically heterogenous condition known as
hereditary persistence of fetal hemoglobin (HPFH). A subclass of this condition is
characterized by persistent overexpression of only one of the two non-allelic y-globin
genes (“y and *y) and by point mutations in the promoter of the overexpressed
gene'?; strong genetic evidence indicates that at least some of the identified muta-
tions must be responsible for the HPFH phenotype.'* Mechanisms underlying the
overexpression of some of the mutated HPFH promoters have recently been
suggested; a T—C mutation at position —175 of the y-globin gene results in better in
vitro binding to the mutated DNA region™ by an erythroid-specific factor® (known as
NFE-1° or GF-1') and in slightly increased (4-5-fold) activity of the mutated
promoter in transfection experiments.*’ Similarly, the —198 T—C HPFH mutation
results in increased binding of the ubiquitous factor Spl (and of an additional
unidentified nuclear protein) to the mutated region and in increased activity
(4-5-fold) of the promoter in transfection experiments. However, better binding of
nuclear factors to mutated promoters may not always be the mechanism underlying
HPFH; at least two HPFH mutations (—117 G—A and a deletion of 13 nucleotides,
—117 to —105) result in a complex pattern of changes in in vitro binding of nuclear
proteins characterized by increased binding of certain factors as well as decreased
binding of other factors,***'"" suggesting that loss of negative effects may be important
in causing HPFH. One critical issue in the various models proposed is the functional
role of the binding of the erythroid factor NFE-1 to its binding site, adjacent to
certain of the HPFH mutations (the —117 and the 13-nucleotide deletion). In this
work, we have destroyed the NFE-1 binding site in this region, and we show that this
mutation results in a substantial decrease of the activity of the y-globin promoter.
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The implications of this observation for the molecular basis of HPFH and the
possible role of an additional factor, NFE-3," are discussed.

METHODS

Plasmids for chloramphenicol acetyltransferase (CAT) assays contain a fragment
of the human vy-globin promoter (from —299 to +35) joined by linkers to the Hind 111
site of the plasmid pSVo-CAT"; y-globin promoter mutants have been described
previously. The new mutants (—104 G—A) were obtained by using (in conjunction
with a downstream oligonucleotide) an oligonucleotide carrying this mutation to
prime the in vitro amplification (by polymerase chain reaction, PCR) of the y-globin
promoter fragment located between position —146 and the Hind Il linker joined the
3’ end of the promoter to the pSVo plasmid. Following enzyme digestion, a Nco
1-Hind 111 fragment of the amplifiecd DNA was used to replace the corresponding
sequence in the previously constructed mutants. Transfection of K562 cells by
electroporation and CAT assays were carried out as previously described,” using the
["“C]chloramphenicol butyrylation test."

RESULTS

At least four different nuclear proteins (NFE-1, NFE-3, CP-1, CDP) are known
to be able to bind in vitro to sequences (from —122 to ~98) adjacent to the —117 and
13-nucleotide-deletion HPFH mutations™**" (FiG. 1). NFE-1, the best-character-
ized erythroid-specific factor, binds to a “core” GACAAGG motif (—104 to —98)
and also contacts the upstream guanine at position —117; the substitution for this
guanine of adenine in the —117 HPFH promoter results in significantly decreased
NFE-1 binding.® The importance of this effect for the function of the vy-globin
promoter cannot by easily assessed, as the —117 HPFH mutation also affects the
binding of the other three proteins.*” We therefore mutated the “core” NFE-1
recognition motif, changing the guanine at position —104 to an adenine; this
mutation destroyes the NFE-1 binding site, but has little or no effect on CDP and
CP-1 binding.® The —104 G—A mutation was introduced into the normal y-globin
promoter and into previously constructed promoters containing upstream mutations.’
The doubly mutant promoters (FiG. 2) are denoted dNFE1—/pNFE1~, OTF1-/
pNFEl1—, —175 HPFH/pNFE1~, and the triply mutant, dNFE1—, HPFH/
pNFE1-. In the dNFE1—/pNFE1— promoter, the distal (—192 to —168) and the
proximal (—104 to —98) NFE-1 binding sites are inactivated, while in the OTF1-/
pNFE1- promoter, the binding site for the ubiquitous octamer-binding factor

GCCTTG

GAT/cAG cacee GAT/cAG globin
o5 comr 1 coanr Y o
B8 g - — +—

"%-".2‘»'7‘ !“ l -‘A !"5 »l'“ !”l 6!

FIGURE 1. Schematic representation of nuclear protein binding sites in the human y-globin
promoter. GAT/.AG, NFE-1 binding site; octa, octamer (OTF-1 binding site); CACCC,
CACCC-box protein and Spl binding site; GCCTTG (open boxes overlapping with CCAAT),
NFE-3 binding site; CCAAT, CP-1 binding site. The CDP binding site extends over the whole
duplicated CCAAT-box region.®
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FIGURE 2. Nucleotide sequences of the distal and proximal NFE-1 binding site regions of the
promoter, and of HPFH and in vifro constructed mutations. NFE1 — and pNFE1~ , mutations
in the distal and proximal NFE-1 sites, respectively.

(from —182 to —175) and the proximal NFE-1 site ar: destroyed.” The —175
HPFH/pNFE1~- doubly mutant promoter is characterized by a better distal NFE-1
binding site™ and a very weak® OTF-1 binding site (both effects directly resulting
from the ~175 T—C HPFH mutation) in conjunction with the inactivated proximal
NFE-1 binding site. Finally, the triple mutant dNFE1-- ,HPFH/pNFE1 - carries the
distal mutation inactivating the NFE-1 site of the —175 HPFH, together with the
proximal mutation; it is known that the introduction of the distal NFE1 — mutation
into the —175 HPFH promoter decreases its functional activity to a level similar to
that of a normal y-globin promoter.’

The mutant promoters described above, placed upstream to a CAT reporter gene
in the plasmid pSVo," were transfected into human erythroleukemic cells K562. The
disruption of the proximal (—104 to —98) NFE-1 binding site abolishes the increased
activity of the —175 HPFH plasmid and greatly decreases the expression of the
normal and OTF1~ promoters (TABLE 1 and data not shown); the activity of the
dNFE1- HPFH (TABLE 1) and dNFE1— promoters (not shown) is decreased
almost to background levels by the further introduction of a mutation in the proximal
NFE1 site.

DISCUSSION

NFE-1/GF-1 is an erythroid-specific factor capable of binding in vitro not only to
the y-globin promoter’*® but also to the B-globin promoter and enhancer'*'* and to
some non-globin, but erythroid-specific, promoters.”"” A NFE-1 binding site in the
erythoid-specific promoter of the porphobilinogen deaminase gene is essential for its
activity," and deletion of a DNA fragment of the B-globin promoter including an
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NFE-1 binding site also results in substantial loss of activity."” The role of the two
NFE-1 binding sites in the y-globin promoter is not well defined. Inactivation®’ or
deletion” of the distal NFE-1 binding site causes little, if any, decrease of the activity
of the promoter; this result suggests that, at least in the erythroleukemic cells used in
transfection experiments, the distal NFE-1 site does not significantly contribute to
the overall activity of the promoter. On the other hand, the —175 HPFH mutation,
generating a better NFE-1 site, increases the erythroid-specific activity of the
y-globin promoter. In this case, the distal NFE-1 binding site is clearly essential, as
the introduction of a mutation inactivating it in the —175 HPFH promoter abolishes
its increased activity.*’

Our observation (TABLE 1) that disruption of the proximal NFE-1 binding site
abolishes the increased activity of the ~175 HPFH mutant and decreases almost to
background level the activity of the normal and OTF1- (and, in particular, the distal
NFE1-) promoters shows that the proximal NFE-1 site is the major determinant of

TaBLE 1. Effect of Mutant Promoters on CAT Reporter Gene Activity in
Transfected K562 Cells

CAT Activity” Ratios of
Promoter (conversion x 1077) Activity”
Normal 79
9> ] s6 1
-175 HPFH 414
L 36
HPFH/pNFE1~ ]421.7 ] 84 :
dNFE1- HPFH/pNFE1- :11§ ] 31 0.4
OTFI-/pNFE1- 5.8
el IE% 0.5

“Chloramphenicol butyrylation by extracts from transfected cells. Values are given as
proportion of ["“Clbutyryl-chloramphenicol out of total chioramphenicol (0.5 nCi) after
subtracting the corresponding values obtained with pSVo. Results of a typical experiment are
given; values to right are averages. In this experiment, the pSVo conversion value was 3.4.

*Ratios of activity are calculated relative to the normal y-globin plasmid.

the erythroid-specific expression of the y-globin gene. This conclusion has important
implications for our understanding of HPFH; the —117 HPFH mutation decreases
NFE-1 binding,’ and it was suggested that NFE-1 might behave as a negatively acting
factor when bound to this site. Our results do not support this interpretation, and
rather suggest that altered binding of other factors may be relevant to the HPFH
phenotype. Indeed, the —117 HPFH mutation causes increased irn vitro binding of
CDP and CP-1 and decreased binding of NFE-1 and NFE-3. On the other hand,
HPFH due to the deletion of nucleotides —117 to —105 results in essentially normal
binding of NFE-1 and decreased or abolished binding of CDP, CP-1 and NFE-3."
These results suggest that decreased binding of NFE-3 (the only common effect of
the two HPFH mutations) may be important for the HPFH phenotype. Using NFE-3
partially purified by affinity chromatography, we recently observed by dimethyl
sulfate (DMS) interference experiments that the guanine at position —117 is
important for NFE-3 (data not shown) as well as for NFE-1 binding,” and preliminary




OTTOLENGHI et al.: y-GLOBIN EXPRESSION IN HPFH 195

evidence suggests that the two factors may not bind simultaneously to the same DNA
fragment. Whether NFE-3 can functionally antagonize the erythroid-specific activity
of NFE-1 at the proximal site is not known and is presently being investigated.
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INTRODUCTION: IN VIVO AND IN VITRO REACTIVATION OF
HEMOGLOBIN F SYNTHESIS

In the perinatal period, fetal hemoglobin (Hb F, a,y,) is subtotally replaced by
Hb A (a,8,) and some Hb A, («,3,). Thereafter, Hb F ( < 1% of total Hb) is restricted
to F cells, which represent < 6% of red blood cells (RBC).?

In a variety of postnatal conditions (particularly in marrow regeneration and
stress erythropoiesis), Hb F synthesis may be reactivated to a level of up to 10-20%
relative to y-globin content.’* A similar reactivation has been observed in vitro: in
fetal calf serum-supplemented (FCS*) semisolid cultures treated with erythropoi-
etin, the erythroid burst-forming units (BFU-E) from normal adults generate
erythroblast colonies (“bursts”) with a marked enhancement of relative y-chain
synthesis (i.e., to 10-20%),’ as compared to corresponding in vivo levels ( <2-3%).
Evaluation of globin production in single BFU-E-derived clones showed that all
normal adult bursts synthesize a significant amount of y chains.*” These results,
coupled with a similar analysis of single bursts from yolk sac,’ embryonic or fetal
liver,*” and cord blood'*" indicate that post-embryonic BFU-E are always bipotent
for Hb F and Hb A synthesis. The Hb F potential obviously prevails in fetal life, but it
is gradually and almost totally replaced by the program for Hb A (and some Hb A,)
production in the perinatal period.'"™"' However, the potential for significant Hb F
synthesis is maintained in all postnatal BFU-E.*’

It is also noteworthy that in the erythroblast differentiation pathway the synthesis
of y chains peaks earlier than does the production of B-globin in fetal,’ perinatal, and
adult" life.

The mechanism(s) underlying reactivation of vy-globin synthesis in normal adult
bursts grown in FCS* cultures have not yet been identified. Three major limitations
have hampered an in-depth analysis of this phenomenon:

1. It requires large amounts of pure hcmopoietic growth factors, i.e., a variety of
colony-stimulating factors (CSF) and interleukins (IL). Thesc have recently
been made available by recombinant DNA techniques."

9This work was supported by “Progetto Italia-USA Terapia dei Tumori,” Istituto Superiore
di Sanita, Rome, Italy.
Address correspondence to this author.
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2. The use for hemopoietic culture of FCS, which contains unknown hemopoie-
tic growth factors and enhances proliferation of accessory cells releasing
endogeneous hemopoietins, complicates both the methodology and the inter-
pretation of results. For this reason, intensive efforts have been devoted in our
laboratory to optimizing a FCS™ culture system for cloning of human hemopoi-
etic progenitors. The current system allows adequate BFU-E proliferation
and differentiation, at least up to the level observed in FCS* clonogenic
culture, but ailows little proliferation of accessory cells interspersed among
colonies.'*"*

3. There coexists in the plated cell population a miniscule pool of progenitors
and a large number of accessory cells releasing unknown quantities of only
partially identified endogenous growth factors,'* which mask the effect of
exogenous growth factors and hinder both reproducibility and analysis of data.
Therefore, intensive efforts have been devoted to the purification of hemopoi-
etic progenitors. Recently, we have developed a method to purify to homoge-
neity early hemopoietic progenitors (BFU-E, CFU-GM, CFU-GEMM)‘ from
normal human adult peripheral blood mononuclear cells (PBMC; results not
presented here). This method is based on three negative and one positive
selection step: (1) isolation of PBMC on a Ficoll gradient, followed by
stringent removal of monocytes; (2) isolation of light-density cells on a Percoll
density gradient; (3) immune absorption to magnetic beads coated with a
panel of monoclonal antibodies (mAb) against B, T and NK lymphocytes,
monocytes, and granulocytes; and (4) positive selection by immunoadsorption
with two monoclonal antibodies (mAb) to CD34 antigen.

We report here a series of studies on Hb F reactivation in normal adult erythroid
bursts, as evaluated by addition of recombinant growth factors in FCS™ culture of
either PBMC or purified peripheral blood BFU-E.

REACTIVATION OF Hb F SYNTHESIS IS SUPPRESSED IN FCS™ CULTURE
OF NORMAL ADULT BFU-E

A large series of experiments has been focused on the comparative analysis of Hb
F synthesis in normal adult bursts from PBMC grown in FCS* versus FCS~
conditions (TABLE 1). In the presence of saturating amounts of erythropoietin, both
systems allow optimal proliferation and differentiation of BFU-E. However, the
relative y-chain synthesis in mature erythroblasts is much lower in FCS™ conditions
(2-4%) than in FCS* cultures (18-20%). A similar difference is observed for Hb F
content" and percentage of F cells (FiG. 1).

In FCS™ culture, the number of GM colonies is markedly lower than in control
FCS* dishes: we suggest that this decrease is due to the reduced level of endogenous
hemopoietic growth factors (e.g., GM-CSF and/or IL-3) released by accessory cells in
the FCS~ system as compared to the larger amount released in FCS* cultures. In this
regard, GM-CSF and/or IL-3 is produced by a variety of accessory cells, i.e., T
lymphocytes,” large granular lymphocytes (LGL),” and monocytes-macrophages. '
FCS"* cultures seeded with a high density of PBMC (3 x 10° cells/ml) contain a large
number of accessory cells interspersed among colonies, i.e., T cells and LGL (> 10°
lymphocytes/dish), as well as monocytes-macrophages (> 500 celis/dish). In these

€CFU: colony-forming units; GM: granulocytic, monocytic; GEMM: granulocytic, erythroid,
megakaryocytic, monocytic.
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TABLE 1. Comparison of Pooled Normal Adult Blood Bursts Grown in Either
Standard FCS* or Optimized FCS™ Culture

Mean Value + SEM (n = 15)

Property” FCS* FCS-
BFU-E colonies/plate 893+ 8.6 101.3+ 7.3
Cells burst (x10™") 120 £ 2.7 12525
Late erythroblasts (%) 863 £ 39 84.1 = 4.1
Hb/cell (pg) 273+ 14 277+ 1.1
v/(y + B) synthesis (%) 206 x22 2603
CFU-GM colonies/plate 230x22 8.1=x16

“Colony scoring and analysis was at day 14 and day 16 for FCS* and FCS™ cultures,
respectively. Relative y-globin synthesis was determined by isoelectric focusing analysis.

cultures, therefore, addition of erythropoietin alone allows efficient burst formation
and erythroblast maturation, due to release of endogenous GM-CSF and/or IL-3 by
accessory cells (indeed, the absolute GM-CSF and IL-3 requirement of adult BFU-E
can be demonstrated only in unicellular FCS- culture.”). In the FCS™ clonogenic
system the growth of accessory cells is drastically reduced': this reduction presum-
ably causes a reduced production of endogenous GM-CSF and/or IL-3. Under these
conditions and in the presence of erythropoietin, burst formation is still allowed, but
the growth of GM colonies is curtailed.

Following this line of reasoning, the hypothesis was considered that in FCS~
culture the reduced production of endogenous hemopoietic growth factors may be
responsible for the marked decrease of the relative level of y-chain synthesis, as
compared to the level in FCS” culture.

GM-CSF AND IL-3 REACTIVATE Hb F SYNTHESIS
IN NORMAL ADULT BURSTS

In order to test this hypothesis, we added GM-CSF, IL-3, or other recombinant
hemopoietic growth factors combined with saturating levels of erythropoictin to
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normal adult blood BFU-E grown in FCS™ culture."" Addition of GM-CSF (FiG. 2)
or IL-3 (FiG. 3) induced a dose-dependent rise of Hb F synthesis in the erythroid
bursts, whereas other growth factors (IL-1e or IL-1B, IL-2, G-CSF) had no effect.
Increasing amounts of erythropoietin (=10 IU/ml) did not cause a risc of y-chain
synthesis. We cannot exclude, however, that “pharmacological” doses (i.c., >10
IU/ml) may have some effect, in view of studies indicating that erythropoietin
reactivates Hb F synthesis in the baboon.”™'

We also investigated the mechanism(s) underlying the reactivation of Hb F
synthesis induced by GM-CSF and IL-3. Theoretically, at least four alternative or
complementary mechanisms may be envisioned: (1) a defective maturation of
erythroblasts in GM-CSF-and/or IL-3-treated dishes, (2) recruitment by these
growth factors of a cohort of BFU-E with a higher potential for Hb F synthesis, (3) an
indirect effect of GM-CSF and/or IL-3 on erythroid precursors via hemopoietin(s)
released by background accessory cells and/or GM colonies, (4) a direct effect of
these growth factors on erythroid cells.

The first two mechanisms can seemingly be excluded. In fact, the maturation-
block hypothesis is incompatible with control data on the Hb content/cell and
percentage of mature erythroblasts (see legends to FIGs. 2 and 3): these indicate an
equivalent maturation of erythroblasts in the analyzed FCS™ cultures at all GM-CSF
or IL-3 dosages, as well as in control FCS* dishes.

The recruitment hypothesis cannot be invoked to explain the results in the
experiments with GM-CSF, since the number of bursts/dish was not modified by this
growth factor. Furthermore, experiments with IL-3 show that the rise of Hb F
synthesis does not significantly correlate with the increase in the number of BFU-E
colonies. By process of elimination, then, we suggest that the rise of y-chain synthesis
is mediated by the action of GM-CSF and IL-3 on erythroid precursors, directly
and/or indirectly.

The action of GM-CSF or IL-3 on Hb F reactivation was also observed in cultures
of partially purified progenitors (> 20% cloning efficiency, 200 cells/plate), in spite of
the absence of background accessory cells and the very low number of GM colonies."*"”
These preliminary results suggested that the action of GM-CSF and IL-3 is, at least
in part, direct. Further experiments have been carried out in clonogenic cultures of
purified (>90%) BFU-E from normal adult PBMC (FiG. 4): the percentage of F
cells in single bursts was low after treatment with erythropoietin alone, but it was
markedly more elevated upon combined addition of erythropoietin with GM-CSF
and IL-3. These experiments conclusively demonstrate that GM-CSF and IL-3
reactivate Hb F synthesis in adult bursts. We cannot, however, exclude the possibility
that other cytokines (e.g., IL-6) may potentiate their action on Hb F.

GM-CSF and IL-3 exert their stimulatory action on erythropoiesis at the BFU-E
level.”# An effect on later progenitors (CFU-E) or morphologically recognizable
precursors has not yet been documented. Thus, we suggest that these growth factors
induce in vitro the reactivation of Hb F through an action at the level of BFU-E, i.e.,
via modulation of their Hb F synthesis program.

CYCLING ACTIVITY OF PURIFIED ADULT BFU-E AND REACTIVATION
OF Hb F SYNTHESIS

Partially purified BFU-E were cultured for 24 or 48 h in liquid phase supple-
mented with a large dosage of IL-3 (100 U/ml): this caused a gradual rise in their
cycling activity (% ['H]thymidine killing index: 0 h, 13%; 24 h, 23%; 48 h, 29%; 72 h,
42%). Thereafter, the progenitors were seeded at low numbers (500 cells/dish) in
FCS* culture, supplemented with a saturating level of erythropoietin and graded
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FIGURE 2. Effect of hemopoietic growth factors on FCS™ cultures. (Left panels) Control FCS*
culture treated only with saturating concentration of recombinant human erythropoietin (thEp:
1.5 1U/dish). (Center panels) FCS™ culture supplemented with either graded doses of rhEp
alone or a saturating level of rhEp combined with graded amounts of recombinant human (rh)
cytokines: IL-1a, IL-1B, or G-CSF. (Right panels) FCS" culture supplemented with saturating
level of rhEp combircd with graded doses of recombinant human GM-CSF. Parameters
measured under the indicated conditions are (from top to bottom): vy/(y + B) synthesis (%
values, by IEF analysis) in pooled erythroid bursts from normal adult PBMC, Hb content/cell,
% late erythroblasts, number of erythroid bursts (BFU-E)/dish, number of cells/burst, and
number of CFU-GM colonies/dish. Control and GM-CSF data (left and right panels) are mean
+ SEM values from five separate experiments in five different donors. Representative. single
experiments are shown for the other growth factors (center panel). In FCS* cultures,
“background” cells were comprised of 10°~10° lymphocytes and 0.5-2 x 10° macrophages/dish
(see text). In FCS™ cultures, treated or not treated with GM-CSF, “background” cells were
comprised of < 10? macrophages/dish and virtually no lymphocytes. (From Gabbianelli er al."
Reprinted with permission from Blood.)
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FIGURE 3. Effect of IL-3 on FCS cultures. (Left panels) Positive (FCS*) and negative (FCS™)
control cultures (3 x 10° PBMC/plate) treated only with a saturating concentration of erythro-
poietin (3 TU/ml). (Right panels) FCS™ culture of partially purified BFU-E treated with
erythropoietin alone or combined with recombinant human I1L-3 (rhIL-3; 0.1-100 U/ml). (Top
panels) IEF analysis of y/(y + B) synthesis (% values) in pooled erythroid bursts from partially
purified normal adult blood BFU-E (5 x 10° cells/dish) grown in FCS~ culture. (Middle and
bottom panels) Number of erythroid bursts (BFU-E) and CFU-GM colonies/dish, respectively.
Data represent mean + SEM values from three separate experiments from three different
donors. Late erythroblasts in pooled bursts were always >70%. At the end of the culture
period, background accessory cells were markedly reduced in all FCS™ cultures (i.e., there were
virtually no lymphocytes and < 10° monocytes-macrophages/dish) as compared to FCS* control
dishes (10°-10° lymphocytes and 0.5-2 x 10° monocytes-macrophages/dish). (From Gabbianelli
et al." Reprinted with permission from the British Joural of Haematology.)
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amounts of GM-CSF. It is apparent that the actively cycling BFU-E primed with IL-3
for 24 or 48 h give rise to erythroid bursts with higher y-chain synthesis than do the
largely quiescent progenitors unprimed with IL-3: the difference is particularly
apparent in dishes treated with erythropoietin and not with GM-CSF (FIG. 5).

In further liquid-phase culture experiments, partially purified adult BFU-E
treated with elevated amounts of GM-CSF (1-10 ng/ml) similarly showed a gradual
although less marked rise of cycling activity and Hb F synthesis potential (data not
shown). On the other hand, partially purified BFU-E grown in liquid culture
supplemented with low dosages of IL-3 (0.1 U/ml) showed only a borderline rise of
the cycling activity and Hb F synthesis potential (data not shown).

In conclusion, these experiments suggest that modulation of adult BFU-E cycling
by IL-3 and GM-CSF is directly linked to the Hb F synthesis potential of the
progenitors.

Ep+
Ep IL-3 + GM-CSF
804
o 70- FIGURE 4. Reactivation of Hb F synthesis by
] IL-3 and GM-CSF treatment. The percentage
& 601 ¢ of Hb F* cells, as evaluated by standard immu-
o nofluorescence analysis, in single erythroid
2 50+ . bursts generated by 94.5% pure BFU-E, sepa-
2 w0 ] < rated from normal aduit PBMC and then
- - grown in FCS* clonogenic conditions (100
§ 30 T cells/dish) in the presence of a saturating level
« : of erythropoietin (Ep; 3.0 IU/ml) alone or
L 207 combined with optimal concentrations of GM-
:e: 10- afe CSF and IL-3 (10 ug and 100 U/ml, respec-
1 tively).
94.5% Purified Progenitors
(100 celis/dish)

A MODEL FOR REACTIVATION OF Hb F SYNTHESIS IN ADULT
ERYTHROPOIESIS

We propose a unitary hypothesis which is compatible with the above in vitro
results and may be extended to in vivo adult erythropoiesis in both normal and
marrow regeneration conditions: this model is based on the concept that the cycling
activity of adult BFU-E, modulated by the level of IL-3, GM-CSF and possibly other
growth factors, is linked to the potential of the progenitors for Hb F synthesis (FiG.
6).

In Vitro Studies

In clonogenic cultures of PBMC, accessory cells are scarce in FCS™ conditions but
abundant in FCS’ medium. Indirect evidence (i.¢., the number of GM colonies upon
the addition of erythropoietin alone to FCS* or FCS~ cuitures) suggests that the
activity of endogenous GM-CSF, 1L-3, and perhaps other growth factors is lower in
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FIGURE 5. Reactivation of Hb F synthesis in actively cycling BFU-E. (Left panels) PBMC
were grown in FCS* (positive control) or FCS*Mo~ culture (negative control™} in the presence
of a saturating erythropoietin level. (Right panels) BFU-E partially purified from PBMC were
first incubated without IL-3 (O), or with IL-3 (100 U/ml) for 24 h (@) or 48 h ([1), in liquid
phase culture and then cloned in FCS* conditions in the presence of a saturating level of
erythropoietin and graded amounts of GM-CSF. (Upper panels) Analysis of y/(y + B) synthe-
sis (% values) in pooled erythroid bursts. (Middle and bottom panels) The number of BFU-E
and GM colonies, respectively. Mo, monocyte.
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FCS~ culture than in FCS* dishes. The lower level of relative y-chain synthesis in
FCS versus FCS* culture may be mediated by the corresponding difference in the
activity of endogenous hemopoietic growth factors. This postulate has been verified
by experiments involving the addition of anti-GM-CSF and/or anti-11.-3 mAb to
FCS* cultures of PBMC, which show a dose-dependent decline of the percentage of
F cells (results not shown here).

This postulate has been further verified by experiments in FCS™ culture involving
treatment of PBMC with exogenous GM-CSF or IL-3: both growth factors cause a
dose-related rise of relative y-chain synthesis up to the level observed in FCS” dishes.
Elevated dosages of these two cytokines also gradually induce a marked rise of the
cycling activity of normally resting BFU-E. It may be suggested, therefore, that large
amounts of these cytokines induce an increase of the cycling activity of the progeni-
tors, thus involving a new gene program that leads to an increase in the potential for
Hb F synthesis, as expressed in the erythroblastic progeny.

Steady-state conditions Marrow Regeneration
Low GM-CSF and IL-3 activity High GM-CSF and/or IL-3 Activity
Largely quiescent BFU-E Enhanced cycling of BFU-E

< 1% HbF Reactivation of HbF synthesis

FIGURE 6. A unitary model for reactivation of Hb F synthesis in normal adult erythropoiesis.
For further details see text.

A Unitary Model for In Vivo and In Vitro Conditions

Adult erythropoiesis is associated with the reactivation of Hb F synthesis under
conditions of marrow regeneration.** These conditions are characterized by en-
hanced cycling of early progenitors, possibly due to increased release of IL-3,
GM-CSF, and perhaps other growth factors (e.g., IL-6). Hypothetically, the en-
hanced activity of these hemopoietic cytokines induces an elevated cycling of
BFU-E, which in turn entails a reactivation of the Hb F synthesis program.

The reactivation of Hb F synthesis in marrow regeneration is apparently mim-
icked by two in vitro models: (1) clonogenic culture of unpurified normal adult
BFU-E (i.e., PBMC) in FCS* media, which is conceivably associated with a high level
of endogenous GM-CSF, IL-3 and/or other hemopoietic growth factors; (2) clono-
genic culture of unpurified or purified BFU-E in FCS™ media supplemented with
large amounts of exogenous GM-CSF and/or IL-3. Indeed, the level of relative Hb F
synthesis observed in marrow regeneration (10-20%) is similar to that observed in
these in vitro models.

Suppression of Hb F synthesis in normal adult erythropoiesis is associated with a
quiescent BFU-E population and, presumably, a low level of GM-CSF, IL-3, and
other hemopoietic growth factors (e.g., IL-6). Thus, we suggest that the physiological
level of stimulation by these cytokines is low and Icads to a largely resting BFU-E
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population, which is endowed with a subtotally suppressed Hb F synthesis program.
An in vitro counterpart of the normal in vivo steady-state condition is apparently
represented by FCS™ clonogenic culture of unpurified, normal adult BFU-E. This in
vitro model is characterized by (1) rare growth of accessory cells, (2) an apparently
low production of endogenous GM-CSF, IL-3 and/or possibly other hemopoietic
growth factors, and (3) physiological suppression of Hb F synthesis.
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INTRODUCTION

The %y and *y-globin gene promoters are active in fetal erythroblasts and in K562
cells, but their activities decline in adult red blood cells unless a genetic alteration
causes one or both of these promoters to be persistently active (hereditary persis-
tence of fetal hemoglobin, or HPFH).' The cis-acting DNA elements that mediate
the transcriptional switch have not yet been defined, since there are no erythroid cell
lines that undergo hemoglobin switching in vitro and since erythroleukemia cells are
difficult to transfect. We undertook these studies to design a highly efficient transient
transfection system that would allow us to analyze the function of cis-acting elements
within the B-like globin gene cluster in an environment where the embryonic and
fetal globin genes are constitutively expressed.

We designed a highly efficient transfection system and used vectors that allowed
us to map correctly initiated y- or B-globin mRNA fusion transcripts, with internal
controls for transfection efficiency and for quality and content of mRNA. Efficient
transfection permitted us to map correctly initiated transcripts from a *y-globin
promoter fragment fused with the neomycin phosphotransferase gene in a plasmid-
based vector (y-neo) and allowed us to determine that this promoter is enhancer-
responsive in K562 cells.” The B-globin promoter was inactive in K562 cells, and its
function could not be activated by addition of the micro-locus activating region
(rLAR) enhancer.’ These data suggest that this promoter may be repressed in the
K562 cellular environment, since the endogenous gene is also inactive. Deletion
analysis permuied us to identify two regions in the y-globin promoter that behave as
positive regulatory elements; analysis of HPFH-associated y-globin promoter muta-
tions revealed no overexpression of these promoters in K562 cells. This system
should be useful for further analysis of the cis-acting regulatory sequences that
contribute to high-level y-globin gene expression in fetal erythroid cells.

9Supported by grants from the NIH (DK 38682) and the March of Dimes Basil O’Connor/
Colonel Sanders Memorial Fund.

bAddress correspondence to Timothy J. Ley, M.D., Division of Hematology/Oncology,
Jewish Hospital at Washington University Medical Center, 216 South Kingshighway Boulevard,
St. Louis, MO 63110.

“The locus activating region (LAR) is also known as the dominant control region (DCR).
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MATERIALS AND METHODS

The expression vectors used in these studies are shown in FIGURE 1.7 Basically,
they consist of either the vy-globin promoter (extending from —299 to +36 with
respect to the transcription initiation site) fused to the neomycin phosphotransferase
gene in a pUCY-based vector (y-neo), or the B-globin promoter extending from —375
to +46 fused to the same gene in the same vector (B-neo). The pLAR constructions

.2%P? \,\\‘\6“‘ 60‘1
J\q/mww\f———wo Ay-Neo probe
378 Ay-Neo mRNA
25 RSV Neo mRNA

FIGURE 1. Diagrams of the expression vectors used in this study. (Left upper panel) Structure
of “y-neo. pUCY sequences are indicated by a wavy line, the y-globin promoter (y pro) by a thin
line, and the neomycin resistance gene (Neo®) by a hatched box. The transcription initiation site
of the y-globin promoter is indicated with an arrow. The locations of the EcoR I, Hind 11, and
Bgl 11 sites of the plasmid are shown. (Right upper panel) The organization of the RSV-neo
plasmid is identical to that described for *y-neo. Symbols used are as described for *y-neo,
except that thin line indicates position of the RSV long terminal repeat (RSV-LTR). (Lower
panel) The structure of the probe used for S1 nuclease protection assays is shown. The *y-neo
plasmid was cleaved with Bgl 11, dephosphorylated, and end-labeled as indicated. When this
probe is hybridized with correctly initiated *y-neo mRNA, a probe fragment of 375 nucieotides
(nt) is protected from S1 digestion. In contrast, a probe fragment of 325 nt is protected by
RSV-neo mRNA, since the RSV-neo promoter diverges from the *y promoter at the conserved
Hind 111 site. (From Ulrich & Ley.” Reprinted with permission from Blood.)

were made by releasing a 2.7-kb BamH I fragment containing cither the y-neo or
B-neo transcription unit from the parent plasmid and subcloning this fragment into a
unique BamH I site located at the 5’ end of the pLAR sequence in a pSP-65-based
vector.” The - or B-neo transcription units were cloned in both orientations within
this vector for analysis in these studies. Plasmid DNA used for transfection was
banded once in a cesium chloride gradient and then purified using standard
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techniques. The quality and concentration of each plasmid was confirmed by agarose
gel electrophoresis. Our electroporation protocol was recently described in detail.”

RESULTS
Experimental Rationale

As shown in FIGURE 1, in the vector system used for these experiments a
wild-type *y-globin promoter extending from —299 to +36 was fused to the neomy-
cin phosphotransferase (neo) reporter gene. A second plasmid, in which the RSV
long terminal repeat was inserted to drive transcription from neo, was used as the
transfection control (RSV-neo). To detect “y-neo and RSV-neo mRNA molecules,
we used the probe shown at the bottom of FIGURE 1. A Bgl II site is present in both
plasmids 325 bp downstream from the Hind III site at the 5’ end of neo®. The y-neo
or B-neo plasmids were labeled at this site, total cellular RNA harvested from each
transfection point was hybridized with an excess of this probe, and samples were
subsequently treated with S1 nuclease. Correctly initiated y-neo mRNA molecules
protect a probe fragment of 375 nucleotides (nt) from S1 degradation, and correctly
initiated B-neo mRNA protects a B-neo probe fragment of 385 nt. However, since
the y or B promoters and RSV promoter diverge at the Hind III site, RSV-neo
transcripts protect a probe fragment of only 325 nt from S1 digestion. Therefore,
transcripts from both cotransfected plasmids can be simultaneously measured. We
also added a second probe in the hybridization mixture that detected endogenous
y-globin mRNA. This probe was derived from the normal +y-globin gene and
end-labeled at a BamH 1 site in exon 2. Correctly spliced “y- or #y-globin mRNA
protects a probe fragment of 209 nt from S1 digestion. The presence of this band
serves as a control for the quality and content of input RNA. Preliminary experi-
ments were performed using these vectors to optimize for transfection efficiency. We
determined that maximal y-neo and RSV-neo signals were obtained using 80-160
png/ml (final concentration) salmon sperm carrier DNA in a transfection buffer
consisting of serum-free RPMI-1640 medium. Optimal transfection efficiency was
obtained with pulses of 250-350 volts at 600800 pF. In general, most experiments
were performed with 250-300 volts at 800 uF of capacitance. Cells were generally
harvested 18-24 h after transfection. In separate experiments, we determined that all
assays were performed in the linear range of plasmid input.’

Deletional Analysis of the y-Globin Promoter Reveals at Least Two Positive Cis-Acting
Regulatory Elements

Deletions of the *y promoter were created at positions —299, —247, —199, —160,
—130, and —61 with respect to the transcription initiation site, and the 5' endpoints
of all the deletions were sequenced. 10 ug of each plasmid was cotransfected with 2.5
pg of the RSV-neo control plasmid using optimal conditions. RNA was harvested,
and S1 protection assays were performed. A representative experiment is shown in
FIGURE 2. Deletion to position —160 minimally reduced y-promoter function in this
assay. However, deletion to position —130 decreases the promoter activity to about
20% of that of controls. Further deletion to position —61 essentially abolished
y-promoter activity. These experiments were performed at least five times with
essentially identical results; they clearly demonstrate that at least onc positive
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S' ¥ DELETIONS

———————

FIGURE 2. Deletion analysis of the *y-globin
-Ay-NEO  promoter. 10 ug of the *y plasmids (truncated
at the indicated positions in the promoter)
and 2.5 pg of RSV-neo were cotransfected
— o o o~ ~- -RGV-NEQ into K562 cells using optimal conditions, and
total cellular RNA was harvested for analysis
24 h after transfection. The sizes of correctly
initiated *y-neo, RSV-neo, and y-exon 2 probe
fragments are indicated. Note that the “y-neo
signal changes little with deletion to -160;
but it does decline with deletion to —130 and
declines even further with deletion to —61.
(From Ulrich & Ley.” Reprinted with permis-
sion from Blood.)

I 2 3 4 56

regulatory element in the y-globin promoter lies between — 160 and —130 and that at
least one more hes between —130 and —61.

Mutations Associated with HPFH Are Not Overexpressed in K562 Cells

A variety of single base changes near the 5’ ends of the “y- and *y-globin genes
have been described in patients with HPFH.** We wished to determine whether
these mutated promoters would be up-regulatea in the embryonic-fetal erythroid
environment of K562 cells. Mutations at positions —202 (C—G),* —196 (C—T).**
and —117 (G—A)™ are all tightly linked with the HPFH phenotype. Another
mutation at —199 (T—A) has not been described in patients with HPFH. 20 pg of
the mutant *y-nro vectors were cotransfected with 2.5 pg of RSV-neo plasmid and
harvested for analysis at 24 h (see F1G. 3). Since y promoter activity can be
significantly enhanced with the pLAR or SV40 enhancers,” mutations that activate
the y-globin promoter should be capable of being detected by this assay system.
However, none of the mutant y-globin promoters was overexpressed in K562 cells.
These results were ropeated at least five times with different preparations of mutant
*y-neo vectors, using DNA inputs of 5-20 ug, with identical results.

Wild-Type y-neo or —202 C—G vy-neo Is Enhanced by the plLAR But B-neo Is Not

To test the effect of the wlLAR on y-neo expression in K562 eells, we inserted the
y-neo transcription unit into a pnLAR plasmid described by Forrester et al.’ The
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pLAR was either placed upstream of y-neo in the opposed orientation (y-neo pLB)
or downstream of y-neo in the same orientation (y-neo pLC) (see FiG. 4). Addition
of the pLAR to the y-neo transcription unit dramatically increases the number of
correctly initiated y-neo mRNA molecules; the effect is orientation- and position-
independent (F1G. 4, lanes 2-4). As previously shown, the B-neo plasmid is essen-
tially inactive in K562 cells,**"* as demonstrated in FIGURE 4, lane 5. Addition of the
rLAR to the B-neo plasmid does not increase transcription of B-neo. In contrast, the
v-neo LLAR and B-neo pLAR plasmids are both active in stably transformed MEL
celis; the B-neo promoter is therefore intact and capable of being expressed (data not
shown). The *y promoter containing the —~202 C—G substitution is also expressed in
transiently transfected K562 cells (FIG. 4, lane 8). When the pLAR is added to the
mutant plasmid (lanes 9 and 10), an increased number of correctly initiated y-neo
transcripts is present; the increase is essentially equivalent to that seen with wild-type
y-neo.

DISCUSSION

We have designed a transient transfection system for analysis of cis-acting DNA
regulatory elements in K562 cells. The deletion analysis of the y-globin promoter
revealed at least two positive regulatory elements. Deletion to position —199
removes a region (—216 to —208) that contains an S1 nuclease-hypersensitive site in
supercoiled plasmids, a structure that is altered by HPFH-associated mutations at
—202 and —196 (M. J. Ulrich and T. J. Ley, unpublished observations). Deletion to
— 160, which reduced promoter activity by about 30%, removed a binding site for the
consensus octamer sequence and another binding site for the erythroid DNA binding
protein GF-1 (also known as eryf-1 or NFE-1).""” Nucleotides from position — 160 to

HPFH MUTATIONS

©
b4 ,v A <
TS !
& P FL
D VIR FIGURE 3. Analysis of HPFH promoters. 20
( ( ( ( ( ng samples of *y-neo plasmids (all with 5’
ends at —299) containing no mutations (wild-
-— e - oo - A)" NEO type), or with the substitutions shown, were

cotransfected with 2.5 ug of RSV-neo. The

- _ positions of correctly initiated *y-neo, RSV-
RSV-NEO neo, and y-exon 2 probe fragments are indi-

cated. Note that the *y-neo signals are essen-

tially identical for all of the mutations tested.

The —199 substitution has not been identified

in any patient with HPFH. (From Ulrich &

Ley.” Reprinted with permission from Blood.)
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—130 contain a consensus for the CACCC motif, first identified as a positive element
in the —100 region of the rabbit, murine, and human B-globin genes.' This region is
located within the DNase I-hypersensitive site just 5’ to the -y genes, so this motif
appears to be accessible for the binding of trans-regulatory factors." Indeed, Gumu-
chio, Collins, and colleagues® and Catala, Grosveld and colleagues® have both
detected non-erythroid and erythroid proteins that bind to the CACCC region. All of
these studies suggest, but do not yet prove, a specific role for this CACCC box in
y-globin promoter function. Finally, deletion to —61 removes the duplicated CCATT
boxes of the y-globin promoter, again shown to be an important cis-acting regulatory
element in previous studies of globin promoters.

Analysis of HPFH-associated y-globin promoter mutations revealed that these
promoters are not up-regulated in a fetal erythroid environment. There is no

FIGURE 4. Analysis of the effect of the hLAR

o o
on y-neo, B-neo, or y-neo with the =202 C-»G o (3 3 ‘3 3 23
HPFH substitution (m y-neo). 10ugof y-neo, W _ > = S g 9988
B-neo, or m y-neo plasmid were cotransfected § CQBuuuwzzz
with 2.5 pg of RSV-neo, or 15 pgof y-or (o 2 £ 2 F £ Z X X &
B-neo with the pLAR (uL) were transfected & = X X @@ @ E E E

with 2.5 pg of RSV-neo (increased amounts of

the pLAR-containing plasmids were required - - Y/B-NEO
to maintain molar equivalence of y-neo). Plas- ” = A

mids designated uLB indicate that the \LAR  gjjoim 5 @RIINO® @ = @ s —RSV-NEQ
sequences are upstream of -y-neo or B-neo and A

opposed in orientation; pLC indicates that the
pLAR is downstream and tandem with y-neo
or B-neo. 11562 cells were optimally electropo-
rated with these plasmids, and RNA obtained
from these cells 24 h later was hybridized with
either the y-neo or the B-neo probe. The
position of correctly initiated y- or 8-neo, the
position of RSV-neo, and the position of cor- i s
rectly spliced y-globin exon 2 are indicated. i1 2345678910
Lane 1 contains RNA from a transfection with

10 pg of RSV-neo alone. The pLAR significantly increases the abundance of correctly initiated
y-neo or mutant y-neo mRNA (lanes 2-4 and 8-10) but does not activate the B-neo
transcription unit (lanes 5-7). Separate experiments demonstrated that y-neo and B-neo
functioned essentially equivalently in stably transfected mouse erythroleukemia cells (data not
shown).

evidence that individuals with these mutations overexpress their fetal globin genes in
fetal erythroid cells or in other tissues. In fact, most studies of transfected vy-globin
promoters bearing HPFH mutations have not detected marked overexpression of
these promoters in either non-erythroid or erythroid cells.?~* One exception is the
—175 T—C mutation associated with HPFH, which appears to increase y-globin
promoter activity several fold in chloramphenicol acetyltransferase reporter gene
(CAT) assays of transiently transfected K562 cells.'"*** However, these results
collectively suggest that most HPFH promoter mutations do not “activate” the
y-globin promoters per se, nor do they activate cryptic enhancers. Alternatively,
some of these mutations may act to prevent normal repression of the y-globin genes
in adult erythroid cells.
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Several groups, including those of Tuan and colleagues,” Forrester, Groudine
and colleagues,’ and Talbot, Greaves, Grosveld and colicagues,” have shown that the
globin locus activating region behaves as an inducible enhancer when transfected
either transiently or stably into erythroid cell lines. Qur data clearly demonstrate that
the abundance of correctly initiated y-neo mRNA increases with the addition of the
rLAR to the y-neo plasmid. The wild-type y-neo plasmid and a plasmid bearing the
—202 C—G substitution associated with HPFH behaved in an identical fashion in
the K562 cell environment. However, B-neo, which is not expressed in K562 cells, is
not activated by the nLAR enhancer, suggesting that the B-globin promoter ele-
ments are dominant to the nLAR. Since the LLLAR can activate non-erythroid genes
like cathepsin G in K562 cells (A. M. Moon and T. J. Ley, unpublished observations),
the lack of expression of B-neo suggests that this promoter is actively repressed.
Deletion analysis of the B-globin promoter will be required to determine whether a
specific repressor element is involved.

Our studies have allowed us to detect positive regulatory elements in the y-globin
gene promoter; and we have determined that HPFH-associated mutations are not
overexpressed in the K562 cell environment, regardless of whether the alleles are
enhanced with the globin locus activating region. Lack of activation of B-neo by the
RLAR suggests that the y- and B-globin genes are regulated in fundamentally
different ways in K562 erythroleukemia cells and underscores the complex interac-
tions between enhancers and promoters that determine the ultimate level of expres-
sion of specific globin genes in developing erythroid cells.

SUMMARY

We have examined the importance of cis-acting regulatory elements within the
human vy-globin gene promoter and the globin locus activating region in K562 cells.
“y-globin or B-globin promoter fragments were fused with the neomycin phos-
photransferase gene in a plasmid-based vector (y-neo or B-neo) and transiently
transfected by electroporation into K562 cells. Correctly initiated y-neo or p-neo
transcripts were detected with an S1 nuclease protection assay that was internally
controlled for transfection efficiency and RNA content. We first optimized the
conditions for electroporation and then determined that a y-globin promoter frag-
ment extending from —299 and +36 was active in the assay but that a B-globin
promoter extending from —375 to +46 was inactive. Deletion of the y-globin
promoter to —199 did not affect promoter function, but deletion to —160 reduced
promoter strength to 70% of that of control. Additional deletion to position —130
reduced promoter strength to 19% of the control value, and to position —61, 8.7% of
the control value. Three y-globin promoters containing mutations associated with
hereditary persistence of fetal hemoglobin (HPFH), —202 C—G, —196 C—T and
—117 G—A, were not overexpressed in K562 cells, consistent with the hypothesis
that these promoters are not overexpressed in fetal erythroblasts, only in adult red
cells. When the B-globin locus activating region (LAR) was added to a wild-type or
an HPFH y-neo plasmid, the abundance of correctly initiated y-neo transcripts
increased dramatically. However, B-neo expression could not be activated by the
LAR in K562 cells. These studies should allow us to further dissect the interactive
roles of globin promoters and enhancers in K562 cells.
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INTRODUCTION

B-Thalassemias are a group of genetic disorders occurring with a high frequency
in the Sardinian population. The incidence of the homozygous state is 1:250 live
births, the carrier rate is 1:8; 1 couple out of 60 is composed of two §3-thalassemia
carriers and thus is at risk of producing a child with the homozygous state referred to
as thalassemia major.! Thalassemia major is a severe anemia, which, without
treatment, leads to death within the first decade. Modern treatment with continuous
transfusions and iron chelation by daily subcutaneous infusion with desferrioxamine
may permit a long survival. Desferrioxamine treatment, however, is troublesome and
associated with low compliance. Bone marrow transplantation from HLA-identical
donors may represent an alternative™ but is still associated with a high rate of
mortality and/or morbidity.

The high frequency of thalassemia major in the Sardinian population and its
severity, combined with the availability of procedures for carrier screening and
prenatal diagnosis, led us in 1975 to set up a preventive program based on voluntary
carrier screening and prenatal diagnosis*® designed to reduce the incidence of
thalassemia major. This paper reviews the characteristics and the results of this
ongoing program.

MOLECULAR BASES OF p-THALASSEMIAS IN THE
SARDINIAN POPULATION

The first B-globin gene from a Sardinian patient affected by thalassemia major
was characterized several years ago by sequence analysis, which revealed the

9This work was sponsored by WHO and was supported in part by grants from Assessorato
Igiene e Sanita, Progetto finalizzato Malattie Genetiche di Notevole Rilevanza in Sardegna and
Legge Regionale No. 11 30 April 1990, CNR coatratto n. 89.00307.75 (MP1 40 and 60 percent,
1989), and CNR Istituto di Ricerca sulle Talassemie e Anemie Mediterranee, Cagliari.

€ Address correspondence to Professor Antonio Cao, Istituto di Clinica ¢ Biologia dell’Eta
Evolutiva, Universita Degli Studi Cagliari, Via Jenner s/n—09100 Cagliari, Italy.
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presence of a nonsense mutation (CAG—TAG) at the codon corresponding to
amino acid 39 (codon 39 nonsense mutation).® Later on, studies carried out by
oligonucleotide analysis either on non-amplified or amplified DNA led to the
definition of the P-thalassemia mutation in 2884 chromosomes from subjects of
Sardinian descent (TABLE 1). The most frequent mutation, accounting for 95.7% of
the B-thalassemia chromosomes, turned out to be the codon 39 nonsense mutation,
followed by the frameshift at codon 6 (codon 6 —1 bp), which accounted for 2.1% of
the B-thalassemia defects.” Both mutations produce the phenotype of 8’-thalassemia.

Homozygous PB°-thalassemia most commonly produces the phenotype of
thalassemia major. In our population, however, in approximately 8%-10% of the
cases,” homozygous B’-thalassemia results in a disease of moderate severity referred
to as thalassemia intermedia.’ Studies carried out in the last few years have shown
that the homozygous state for the frameshift at codon 6 or the compound heterozy-
gous state for this mutation and the codon 39 nonsense mutation results frequently in
a mild phenotype. This may be related to the fact that the frameshift at codon 6 is
always contained in haplotype IX. In this haplotype there is a substitution at position
—158 5’ to the %y-globin gene that, in conditions of erythropoietic stress, seems to be

TABLE 1. B-Thalassemia Mutations in Sardinians

Type of Mutation® n %
Codon 39 (C—T) 2761 95.7
Frameshift 6 (—1 bp) 60 2.1
IVS-1 nt 110 (G->A) 13 0.5
IVS-2 nt 745 (C—G) 12 04
—87(C—-G) 7 0.2
1VS-1 nt 6 (T—C) 3 0.1
1VS-1 nt 1 (G—A) 1 0.03
1VS-2nt 1 (G—A) 1 0.03
Unknown 26 0.9

“A total of 2884 chromosomes were characterized.

associated with high expression of the y-globin gene.'*"" The high level of production
of the y-globin chain, by compensating for the absence of B chain production, may
explain the mild phenotype. In a limited proportion of the homozygotes for the
codon 39 nonsense mutation, the mild phenotype may be explained by the co-
inheritance of the deletion of two a-globin structural genes or by point mutations in
the o2 globin gene. However, in the remaining cases, which represent the large
majority, the molecular basis for the mild phenotype has not yet been elucidated.’
Therefore, the ability to predict the clinical phenotype of the thalassemia on the
basis of the molecular diagnosis is in our population severely limited.

ATYPICAL B-THALASSEMIA HETEROZYGOTES

Heterozygous B-thalassemia commonly results in a hematological phenotype
characterized by microcytosis, reduced hemoglobin (Hb) content per cell, high Hb
A,, and unbalanced globin chain synthesis. Two types of heterozygous B-thalassemia
that do not fit this definition (atypical B-thalassemia) occur with a relatively high
frequency in the Sardiman population. The first, characterized by normal MCV and
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TABLE 2. Analysis of Two Methods for Hb A, Assay
Hb A, (%, mean * SD)

DE-S52
Subjects n HPLC-Diamat Microchromatography
Normals* 452 2.36 + 0.45 2.34 + 0.51
B-Thalassemia carriers 369 495 + 0.56 5.02 + 046

“Normal subjects include children <6 months old and patients with various hemoglobinopa-
thies (Hb H disease, structural variants).

MCH and by balanced a:8-globin chain synthesis, and defined solely by high Hb A,,
is the result of the co-inheritance of a-thalassemia (—a/—a,B™*B*).”? Because this
type of heterozygous B-thalassemia is easily overlooked in carrier screening by
MCH/MCV determination, we carry out Hb A, quantitation in each subject. Quanti-
tation of Hb A, is obtained automatically by HPLC (TABLE 2), which gives highly
reliable results.” The second type of atypical heterozygous B-thalassemia is charac-
terized by low MCV/MCH, unbalanced globin chain synthesis, and borderline-to-
normal Hb A,; thus it may be confused with a-thalassemia. This phenotype is the
result of the double heterozygous state for 8- and p-thalassemia."" In the last few
years, we have defined the 3-thalassemia mutations in a number of these heterozy-
gotes. The most common mutation turned out to be the G—T substitution at codon
27 (8*7-thalassemia).” In a few cases we detected a deletion of 7201 bp in the
Wp-d-globin gene region (8°-thalassemia).”” The definition of these double 8- and
B-thalassemia heterozygotes is, at the present time, accomplished by dot-blot analy-
sis of amplified DNA with oligonucleotide probes specific for §'”- and deletion
3’-thalassemia (FIG. 1).

FIGURE 1. Dot-blot analysis of amplified
DNA to detect the 3*?-thalassemia (codon 27
C—T) mutation. (1) Negative control, (2)
positive control, (3,4) subjects with the §°*
mutation.




218 ANNALS NEW YORK ACADEMY OF SCIENCES

CARRIER SCREENING

Carrier screening is carried out voluntarily on couples at child-bearing age with
or without ongoing pregnancy. The education of this population at risk is done via
mass media (TV and newspapers) and meetings at high schools, industries, and large
shops. Special educational meetings are periodically organized to train in this field
general practitioners, obstetricians, paramedical professionals, and midwives. By the
examination of 167,000 people, we have so far detected 30,500 B-thalassemia carriers
(18.3% of those tested) and 1544 couples at risk (TABLE 3). By adding to this figure
the number (812) of known couples with children affected by thalassemia major, the
total number of couples at risk detected rises to 2356, which represents 87% of the
total predicted on the basis of the carrier rate. The high efficicncy of our program
depends on the wide use of inductive screening, namely extended [amily examina-
tion in all cases in which a person with heterozygous or homozygous B-thalassemia is
detected.

In light of the results discussed in the previous section on atypical heterozygotes,
for all individuals presenting at our genetic clinic, we carry out a red cell indices
analysis with an automatic cell counter (Coulter Counter Model S Plus), automatic
Hb A, determination by HPLC, and Hb electrophoresis on cellulose acetate. Once

TABLE 3. Overall Results of B-Thalassemia Carrier Screening in Sardinia

Feature Result
Subjects tested (n) 167,000
% of target population tested 24
Carriers detected (n) 30,500
At-risk couples detected (n)

Prospective 1,544
Retrospective 812

the couple at risk is identified, we define the mutation in both parents by dot-blot
analysis of their amplified leukocyte DNA with *’P- or horseradish peroxidase—
labeled oligonucleotide probes complementary either to the codon 39 nonsense
mutation or to the frameshift at codon 6. Those cases not defined by this approach
are tested with oligonucleotides complementary to rarer mutations.

Counseling is carried out in a non-directive way. In the counseling sessions the
natural history of thalassemia major is described. The treatment presently available
is presented, and the various options to prevent this disease are discussed. Details on
the sampling procedure and its associated risk of fetal loss and on the reliability of
the molecular diagnosis are given.

After the introduction of first trimester diagnosis, the large majority of the
couples counseled (99%) accepted prenatal diagnosis as a method to monitor for the
presence of an affected fetus. In those cases in which a fetus affected by homozygous
B-thalassemia was detected, 5 out of 715 (0.7%) women decided to continue the
pregnancy because, for ethical reasons, these couples were against the interruption
of the pregnancy.
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TABLE 4. Prenatal Diagnosis of B-Thalassemia by Fetal Blood Analysis or by DNA
Analysis of Non-amplified DNA

DNA Analysis®
Feature Chorionic Villi Amniocytes Fetal Blood®
Pregnancies monitored 953 203 1,130
Homozygous fetuses 261 56 282
Failures 1 6 (3%) 10 (0.9%)
Misdiagnoses 0 0 2(0.2%)
Fetal losses 26 (2.7%) 4(2%) 68 (6%)

“Diagnosis by hybridization of electrophoretically separated DNA fragments with oligonucle-
otide probes.
*Diagnosis by globin chain synthesis analysis of fetal blood.

PRENATAL DIAGNOSIS

From 1977 to 1983, prenatal diagnosis was carried out by globin chain synthesis
analysis of fetal blood, and from 1983 to 1988, by oligonucleotide hybridization on
electrophoretically separated DNA fragments (TABLE 4)." From 1989, we have been
using dot-blot analysis on amplified DNA with oligonucleotide probes complemen-
tary either to the codon 39 nonsense mutation or the frameshift at codon 6. Fetal
DNA is obtained from ecither amniocytes or chorionic villi. Chorionic villi are
sampled either transvaginally or transabdominally; in our hands, the latter method
has proved to be a very safe procedure, with a fetal loss of 2%.

FIGURE 2 illustrates the use of dot-blot analysis to detect the compound heterozy-
gous state for these mutations, and TABLE 5 summarizes the overall results. Chori-
onic villi DNA analysis with either amplified or non-amplified DNA has proved to be
a very reliable procedure. No misdiagnosis has, in fact, so far occurred. Because of

OLIGOMER
p39
- ® 0 o

N Fa. Mo. Fe. ﬁ” PG-lbp)

P6(-l bp)
® ® ®

FIGURE 2. Dot-blot analysis of amplified DNA using allele-specific oligonucleotide (ASO)
probes complementary to the B39 and "6 (—1 bp) mutations. (N), normal DNA; (B**) DNA
from a homozygote for the codon 39 nonsense mutation; [*(—1 bp)] DNA from a homozygote
for the frameshift at codon 6 (—1 bp); (Fa., Mo.) father and mother heterozygous for 6 and
B39 mutation, respectively; (Fe) fetus, double heterozygote for these mutations.
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the high efficiency of the polymerase chain reaction used to amplify the DNA,
concerns have been raised about the possibility of co-amplification of maternal
sequences in such a way as to cause misdiagnosis. The most worrisome occurrence, of
course, is co-amplification of a maternal sequence in the case of a homozygous fetus,
which may thus mistakenly be categorized as a heterozygote. We have carefully
analyzed this possibility by carrying out prenatal diagnosis in duplicate on either
non-amplified or amplified DNA and by splitting the chorionic villi to be amplified
into two samples, which are amplified and analyzed separately.

In the analysis of 425 cases, we have so far detected 4 in which one amplified
sample gave a diagnosis of heterozygous B-thalassemia while the other one gave a
diagnosis of normal (2 cases) or affected (2 cases). The fetuses were indeed found to
be normal or affected, respectively, on the basis of the analysis of non-amplified
DNA. These findings clearly indicate that the co-amplification of maternal se-
quences from maternal leukocytes or decidua may result in misdiagnosis. To avoid
this pitfall, it could be useful to amplify simultaneously a highly polymorphic VNTR
(variable number of tandem repeats) segment,"” which may show the contribution of
two maternal chromosomes and in this way indicate the presence of maternal
contamination.

TABLE 5. Prenatal Diagnosis of B-Thalassemia by Analysis of Amplified DNA

Feature n
Pregnancies monitored 425
Homozygous fetuses 116 (27.3%)
Failures 0
Misdiagnoses® 0
Fetal losses 4 (0.9%)

“In four cases duplicate amplified samples gave discordant results. Diagnosis was obtained by
the analysis of non-amplified DNA.

CONTROL OF B-THALASSEMIA

Carrier screening and prenatal diagnosis have resulted in a rapid decline of the
incidence of thalassemia major in the Sardinian population. At the present time,
thalassemia major has an incidence of 1:1000 live births, with an effective prevention
of 90% of the cases predicted on the basis of the carrier rate (FIG. 3).

The reasons for the residual cases of homozygous B-thalassemia in the Sardinian
population are reported in FIGURE 4, which shows that the parents’ ignorance about
thalassemia accounted for the large majority of the cases (67%), followed by false
paternity (13%), and the decision not to interrupt the pregnancy following identifica-
tion of an affected fetus by prenatal testing (20%).

DISCUSSION

From our experience with the Sardinian population, herein reported, we may
draw several conclusions. First of all, carrier screening, counseling, and prenatal
diagnosis appear to be effective means of controlling an inherited recessive disorder
such as B-thalassemia at the population level. This experience may be taken as a
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FIGURE 3. Fall in the birth rate of babies with homozygous B-thalassemia in Sardinia.

Expected values are calculated on the basis of the carrier rate and the number of live births per
year.

model for future genetic preventive programs for other recessive inherited disorders,
such as, for instance, cystic fibrosis. Further improvement may be obtained by
educating the population and especially by introducing the topic of thalassemia into
the middle- and high-school curriculum. In fact, for the large majority of couples who
were ignorant about thalassemia in our population, both parents were of very young
age and finished attending school very early. Dot-blot analysis of amplified DNA
with allele-specific probes is a very simple procedure for prenatal diagnosis. This
procedure requires a very small amount of DNA—of the order of 5 ng—gives the
results within 24 h from chorionic villi sampling, and can be done without the use of
radioactive probes. However, even with careful dissection of chorionic villi from
maternal decidua, we have shown that, especially with very small samples, in a
limited number of cases co-amplification of maternal sequences can occur in such a

6/7%

N\JE
| 20%

B NO INFORMATION [JREFUSAL ABORTION
BAMISPATERNITY

FIGURE 4. Residual births of babies with thalassemia major in Sardinia.




222 ANNALS NEW YORK ACADEMY OF SCIENCES

way as to cause misdiagnosis. To avoid this error, it seems necessary to monitor for
the presence of co-amplified maternal sequences by the simultaneous amplification
of a polymorphic DNA sequence.

Prenatal diagnosis is nowadays carried out in practically all cases by chorionic villi
analysis because after genetic counseling, couples choose this procedure instead of
amniocentesis.” The main reason for this decision is the earlier stage of gestation in
which chorionic villi analysis may be carried out. For chorionic villi sampling, we use
the transabdominal approach, which, in our experience, is associated with less risk of
fetal loss as compared to the vaginal route. However, for a final conclusion on this
point the results of a randomized study, now in progress, should be awaited.

One of the principles of genetic counseling is the accurate description of the
natural history of the disease. Because the clinical phenotype of homozygous
B-thalassemia may be heterogeneous, and a number of cases, referred to as
thalassemia intermedia, may have a mild course not requiring transfusions, it will be
useful, in order to improve the counseling, to be able to predict the clinical
phenotype. However, in our population, prediction of the clinical phenotype on the
basis of DNA analysis of prospective parents cannot be carried out, because the
molecular bases of the mild forms of B-thalassemia in this population are for the vast
majority of the cases not yet defined.’” In other populations, however, finding very
mild B-thalassemia mutations such as the ="' (C—-T), B (C~G), or the B* IVS-1,
nt 6 in both or even in one parent may allow the prediction of a mild phenotype in the
offspring.”* It is well known that co-inheritance of a-thalassemia with homozygous
B-thalassemia may result in a mild clinical phenotype.”* However, this effect of
a-thalassemia is not consistent, and, thus, the investigation of the presence of
a-thalassemia in the prospective parents does not seem to be useful for improving
the genetic counseling.’

Future development in this field will involve either the sampling procedure or the
method of analysis. The possibility of defining the mutation by the analysis of a
limited number of cells or even a single cell may pave the way to earlier diagnosis in
the pregnancy or to preimplantation diagnosis. It is reasonable to assume, in fact,
that the minimal amount of cells taken either by amniocentesis or chorionic villi
sampling at 6-7 weeks gestation may be sufficient to yield enough DNA as a template
for DNA amplification.” Preimplantation diagnosis may also be carried out by biopsy
at the morula stage following in vitro fertilization® or by biopsy of the blastula washed
out from the uterine cavity following in vivo fertilization.” From the technical point
of view, further improvement, especially in terms of rapidity and simplicity, may be
achieved by the use of reverse oligonucleotide hybridization, denaturing gradient gel
electrophoresis,””' or heteroduplex chemical mismatched cleavage analysis.”* Pre-
natal diagnosis of B-thalassemia has greatly benefited the Sardinian population, both
at the level of the individual, by avoiding the tragedy of a child affected by
thalassemia major, and at the level of society, by avoiding the enormous financial
burden created by such a disease. We do hope that in the near future in Sardinia, by
further education of the population, thalassemia major may solely exist as an
historical textbook description.

SUMMARY

This paper reviews the characteristics and the results of 15 years of experience
with a preventive program, based on carrier screening and prenatal diagnosis,
designed to control thalassemia major in the Sardinian population. The education of
the population about thalassemia and the modalities for its prevention was accom-
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plished via the mass media. Carrier screening was carried out voluntarily on couples
of child-bearing age. Prenatal diagnosis was initially carried out by fetal blood
analysis; since 1983, it has been done by DNA analysis on non-amplified or amplified
DNA. Different chorionic villous sampling procedures have been used. Nowadays,
we have adopted the transabdominal approach because, in our experience, it seems
to be associated with a low risk (2%) of fetal mortality. At the present time, the
B-thalassemia mutations are detected directly by dot-blot analysis of amplified DNA
with ¥P- or horseradish peroxidase—labeled allele-specific oligonucleotide probes.
Two oligonucleotide probes, one complementary to the codon-39 nonsense muta-
tion, which accounts for 95.7% of the g-thalassemia chromosomes in the Sardinian
population, and the other complementary to the frameshift at codon 6, which is the
second most common mutation in our population (2.1%), allow us to make prenatal
diagnosis in the large majority of cases. Notwithstanding a careful dissection of
maternal decidua from chorionic villi, co-amplification of maternal sequence was
detected in 4 out of 425 cases tested by this procedure. In order to avoid this pitfail,
the simultaneous amplification of highly polymorphic VNTR (variable number of
tandem repeats) segments could be used. On the whole we have so far carried out
2711 prenatal tests: 1130 by fetal blood analysis, 1156 by oligonucleotide hybridiza-
tion on electrophoretically separated DNA fragments, and 425 by dot-blot analysis
on amplified DNA with allele-specific oligonucleotide probes. Two errors occurred
by fetal blood analysis and none by DNA analysis. The incidence of thalassemia
major declined from 1:250 live births in the absence of prevention to 1:1000 after the
establishment of this program, indicating that carrier screening and prenatal diagno-
sis are effective means for preventing thalassemia major at the population level.
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Prenatal diagnosis is the ultimate step in the process of prevention of inherited
disease. Its availability encourages individuals at potential risk to report for screen-
ing and helps couples who are found to be at risk to make families with healthy
children. This statement is now fully confirmed in Greece where prenatal diagnosis
of thalassemia and sickle cell syndromes has been provided since 1977 to an
ever-increasing number of couples at risk.

The present paper aims to review the evolution of this process over the years, to
report the results of the Greek program, and to bring up questions which appear
important for future planning both from the medical and from the administrative
point of view. The paper will avoid reporting in detail data which have already been
presented'? or are of local interest only. In brief, Greece is a country with high
endemicity of thalassemia (carrier frequency 7.5%) and several foci of sickle cell
syndromes (mean frequency of hemoglobin S carriers of the order of 1%). The
distribution of both genes is quite heterogeneous (FiG. 1). The number of affected
babies expected to be born annually is estimated at roughly 150; this number is lower
than those from earlier calculations because of the significant decrease of birthrate
which occurred in Greece over the last decade. The number of patients actually

“This study was sponsored by the Ministry of Health and by Research Contract 87 ED 163
from the Ministry of Energy, Industry and Technology (to D. L.).
P. K. was supported through a scholarship from the “A. Onassis” Foundation.
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surviving is of the order of 4,000. The impact of the latter on the socioeconomic
system of the country is extremely severe, considering that all medical services,
including one and one-half tons of desferrioxamine yearly, are provided to the
patients virtually free of charge from the health authorities.

To prevent an accumulation of new cases, the Greek universities and, later on,
the health authorities, the army medical services and other-organizations have

Q

FIGURE 1. Map of Greece depicting the distribuﬁon of B-thalassemia carriers (hatched areas:
percentages indicated on the map), the foci with a high frequency of Hb S (circles), and the
“Units of Prevention” for carrier identification (black dots) in the main towns of the country.

provided the possibility of carrier identification to virtually all young people who
request this examination. The national prevention program now provides this service
through a number of “Units of Prevention” attached to hospitals of Athens and
other towns of Greece, mainly in areas with high frequencies of the abnormal genes
(FiG. 1). After carrier identification, couples in which both parents are heterozygotes
are referred for counseling and prenatal diagnosis to our unit.
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FIGURE 2. Mode of presentation to the prenatal diagnosis unit of couples at risk. Retrospec-
tive prenatal diagnosis (Pn Dx) has helped several couples with one or more affected children to
obtain healthy siblings but is gradually diminishing. On the other hand, prospective diagnosis is
increasing at a fast rate, both for the first attempt and for subsequent repeats. Also increasing
fast is the number of women who seek prenatal diagnosis in the first trimester of pregnancy.

The mode of presentation of the couples who requested prenatal diagnosis over
the last thirteen years is analyzed in FIGURE 2. Each yearly column indicates the
number of first retrospective diagnoses, for couples who reported for prenatal
diagnosis after the birth of a child with thalassemia major; the number of repeat
retrospective diagnoses, for the same women who sought prenatal diagnosis twice or
more; the number of first prospective diagnoses, for couples who came to us prior to
having children; and the number of repeat prospective diagnoses, for the same
women who had a repeat prenatal diagnosis, irrespective of the result of the first
prospective diagnosis. In these cases, the test was carried out by fetal blood sampling.
The rectangles above the columns represent cases of prenatal diagnosis with
trophoblast studies, which gradually substituted for the original procedure. The total
number of pregnancies examined so far is 4217. It is evident that, over the years,
retrospective diagnoses have gradually diminished, while the prospective ones now
constitute more than 9% of the total.

We consider that this observation reflects the level of sensitization of people, the
ever-increasing collaboration of obstetricians, and the efficacy of the carrier identifi-
cation system. Another point shown in FIGURE 2 is that the number of women who
request a second or repeat prenatal test is also increasing. This finding indicates that
the obstetrical procedure and dangers have been accepted by the women at risk and
that they insist on having a well child, irrespective of the outcome of the preceding
prenatal test. In fact, analysis of the data on women who requested prenatal
diagnosis for a second or more times shows that 28% of these women had been given
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a bad result and proceeded to selective abortion, 18% had aborted as an obstetrical
complication, and 54% requested a repeat test after having had a good result with
the first.

An analysis of the prenatal diagnoses carried in Greece over the last 13 years is
presented in TABLES 1-4. Most couples at risk (TABLE 1) were typical high hemoglo-
bin (Hb) A, carriers. Next in frequency come the pregnancies at risk for Hb
S/B-thalassemia, then homozygous Hb S disease, and other indications present in a
small minority of cases.

The obstetrical techniques initially applied were blind placental blood sampling
and blood sampling from the placental vessels through a fetoscope. Over the last
couple of years, the approach which is used almost exclusively is that of direct
puncture of the umbilical veins with a long 21-gauge needle under ultrasound
guidance. This technique provides 100% fetal red cell samples in almost all cases and
has virtually eliminated the need for the painstaking and risky Orskov procedure.

Obstetrical complications leading to fetal loss are summarized in TABLE 2, which
shows clearly that the overall risk of fetal loss following red blood sampling is high,
with a mean percentage varying around 2.5%. However, it should be remembered
that this toll reflects also the time required for the training of at least ten new
obstetricians and for the development of the obstetrical techniques over the years.

In the laboratory, HPLC is gradually substituting for the conventional carboxy-
methyl cellulose (CMC) chromatography method.** Over the last two years, more
than 50% of our pure fetal cell samples were examined by this procedure. The
advantages of chain separation by HPLC are, in summary, that (1) the procedure is
carried out on hemolysates and obviates the painstaking and messy preparation of
globin; (2) it can be completed in only a couple of hours, in contrast to the 16-h globin
chain separations on CMC; (3) it requires simpler and safer reagents, thus avoiding
the disastrous effects of the ever-present urea in the CMC method; (4) it yields more
accurate chain separations; and (5) it is significantly cheaper to run. Moreover, the
fact that in most instances HPLC separations are carried out on pure fetal hemoly-
sates allows direct confirmation of the presence of the expected amount of $* chains
by monitoring the optical density of the eluate at 215 nm. Disadvantages of HPLC
include the considerably high initial investment to set up the system and the required
maintenance and repair, which are often not available in developing countries.

Over the years, we have often considered the various modifications of the original

TABLE 1. Summary of Results of Prenatal Diagnosis of Thalassemia and the
Hemoglobinopathies in Greece by Fetal Blood Studies, May 1977 through
December 1989

Diagnoses
Risk Combinations” n %
/g™ 3378 80.01
B"r/5p™" 130 3.09
sp™/ep™ 11 0.26
B"/BS 494 11.73
B%/p* 83 1.97
3p™/gs 7 0.17
Severe a-thalassemia 16 0.38
Other 98 233
Total 4217 100.00

“f"™, B-thalassemia; B°, sickle cell anemia.
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technique, aiming to make it even faster or applicable to samples containing only a
few fetal cells. However, the continuous pressure of routine work in our laboratory
has never allowed us time to experiment with them. To increase the safety of our
results, we routinely avoid conveying them to the interested couples before con-
firming the presence of Hb A by isoclectric focusing of all pure fetal cell samples.>
Our cut off level of B-chain synthesis by one normal gene at the 20th week of
pregnancy is 3% of the total y-chain synthesis.

FIGURE 3 confirms that the annual percentage of positive diagnoses did not
deviate considerably from the anticipated 25%. However, false negative errors were
not avoided. Although most of them are due to an over-optimistic interpretation of
the B to vy ratios, four may have resulted from switching of samples during the

500 - OmmD Expected
Diagnosed

400 T

300 -

200 1

100 -

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

FIGURE 3. Comparison of the number of cases diagnosed as affected, using either fetal blood
sampling or trophoblast DNA analysis, with the expected level of 25%.

multiple steps of the procedure and regrettably imply the existence of an equal
number of false positive cases (TABLE 2).

Prenatal diagnosis by chorionic villi DNA analysis started in 1983. At the
beginning it was restricted to pregnancies at risk for one or two B® genes, because, for
a long while, Hpa I was the only restriction enzyme we were able to obtain in Greece.
The situation has changed since 1986, when, after long and tiring procedures, we
managed to solve the logistic problems associated 'vith this approach. The develop-
ment of first trimester prenatal diagnosis over the last seven years is shown in FIGURE
1; its detailed analysis appears in TABLE 3.

The distribution of the normal and thalassemic B gene cluster haplotypes in
Greece is given in TABLE 4. Micromapping did not disclose any foci of interest.
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TABLE 3. Prenatal Diagnosis of Thalassemia and Hb S Syndromes by Chorionic Villi
DNA Studies in Greece, 1983-1989

Results 1989 Total
Cases (n)
Total 139 321
Accepted with 100% fea-
sibility 128 250
Accepted with 50% feasi-
bility 11 7
The risk (n)
HbS/Hb S 3 36
Hb S/B-thalassemia 30 92
B-thalassemia/B-
thalassemia 106 188
Severe a-thalassemia 0 3
Other 0 2
Failures to give results (n) 5 64
Successes (%) 97 80
Results of tests
Normal or carrier (n) 101 195
Affected (n) 26 54
Affected (%) 25.7 27.2

Complications (n)
Result followed by fetal

loss 2 1t
No result followed by

fetal blood studies 4 49
No result followed by

fetal loss 0 4
Lost to follow up 0 6

“Data for 1989 are given separately, since they are more representative of the present
situation.

Moreover, there is no indication of linkage disequilibria, apart from those of the Ava
II polymorphic site within the YB gene, which is usually absent when in association
with haplotype I B-thalassemia. Most informative are the polymorphic Hind III sites
within the %y and *y genes, as well as the Hinc [T site 5’ to the e gene, especially when
used in combination with the Ava I1/ site. Using this information, the feasibility of
100% prenatal diagnosis is no less than 80% for the families reporting for the test.

Availability of prenatal diagnosis through restriction fragment length polymor-
phism (RFLP) studies resulted in a rapidly increasing demand. However, given the
prospective character of most requests, this created a serious problem for a while,
since most couples did not have an affected child, necessitating extensive and costly
family studies in order to reveal the most informative RFLPs, as well as a minimum
time margin to complete the analysis. To confront the problem of the ever-increasing
demand and to avoid the undesirable stress on the staff to provide answers to the
couple in a very short time, our policy is to accept couples for prenatal diagnosis by
DNA studies only when they are willing to wait to start the pregnancy until after
completion of their B gene RFLP analysis.

According to a recent publication, these problems may be decreased by selective
amplification of sequences flanking each polymorphic site and cleavage of the
polymerase chain reaction (PCR) product with the appropriate enzymes, the end




LOUKOPOULOS ef al.: PRENATAL DIAGNOSIS IN GREECE 233

result being one or two ethidium bromide—positive bands on a gel only a few hours
after the DNA extraction and without the use of radioisotopes.” However, even this
method is time consuming and risky, given the large number and extreme heteroge-
neity of the samples which have to be processed daily under pressure.

Of course, when using RFLPs, the danger of a false interpretation due to meiotic
crossing-over is always present. However, luckily enough, this complication has not
as yet occurred.

As presented in previous papers in this volume, it has become clear that the
method of choice for the future is the direct identification of the thalassemic genes by
the corresponding oligonucleotides. This technique has already been applied rou-
tinely in Sardinia for many years, but it could not be reproduced consistently in
several other laboratories, most probably because oligonucleotides recognizing
mutations other than the B* —39 C—T nonsense mutation do not work as well. The
problem was solved with the introduction of gene amplification technology by PCR.*
This procedure, now standardized and used in several laboratories all over the world,

TABLE 4. Frequency of the B Gene Cluster Haplotypes and of the B-Thalassemic
Mutations in Greece

Chromosomes of Patients
Thalassemia Thalassemia
Normal Chromosomes Major Intermedia
(%) (%) (%)
Haplotypes®
I 38.3 479 36.8
I 15.8 17.5 5.2
111 28 2.8 7.0
v 19 0.9 —
\" 123 12.0 5.2
VI 22 7.4 333
vit 44 46 70
VIII — — —
IX 19.3 4.1 5.5
Other 30 2.8 —
Thalassemic mutations”

IVS-int1 16.1 4.7
IVS-2nt1 23 35
FS codon 5 go —_ 1.2
FS codon 6 23 1.2
FS codon 8 04 —
g -39 194 5.8
IVS-1nt$§ — —
IVS-1nt 110} B* 420 30.2
1VS-2 nt 745 14 4.7
—87 2.3 58
IVS-1nt6 [ 11.5 33.7
-101 ] — 1.2
Unknown 23 8.1

‘n = 316 for normal chromosomes, 217 for chromosomes of patients with thalassemia major,
and 57 for those with thalassemia intermedia.

*n = 217 for chromosomes of patients with thalassemia major, and 86 for those with thal-
assemia intermedia. FS, frameshift.
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can also be reliably applied to DNA extracted from amniotic cells, which can be
obtained at any stage of pregnancy; hence, it eliminates the risks of fetal blood
sampling, even when the women requests the test past the tenth week of pregnancy.

The distribution of the thalassemic genes over the Greek population is summa-
rized in TABLE 4. Most frequent are the mutations IVS-1 nt 110 G—A, resulting in a
8*-thalassemia, and the mutation ° —39 C—T, causing complete inhibition of g
chain synthesis. Unidentified mutations are rare but they do occur. Micromapping of
the defects failed to disclose any specific clusters. Given these frequencies, the
feasibility of prenatal diagnosis of thalassemia in Greece by testing with oligomers
recognizing the four commonest mutations is estimated at 65.5%, while expansion of
this set to eight mutations increases this probability to 82.5%.

Expected (carrier
frequency 7.5%)

Diagnosed by Pn Dx

200- OmmmO  Pr d for transfusion

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

FIGURE 4. Efficacy of the program for the prevention of thalassemia in Greece over the last 12
years. The number of expected cases is based on a carrier frequency of 7.5%, evenly distributed
over the country. Pn Dx, prenatal diagnosis.

Over the last year our laboratory has applied experimentally a set of non-
radioactive oligomers kindly provided by the Cetus Corporation. The dot-blot
patterns obtained were prominent and the background was completely clear. Whether
these reagents will be widely available in the future we do not know. We must stress,
however, that assays using non-radioactive oligomers represent an important advan-
tage for laboratories such as ours or others further east because (1) they are faster,
since the results can be available in no more than one day after the chorionic villi
sampling; (2) they are safer compared to the use of radioactivity, a factor of great
concern for the staff; (3) they are simpler, since the reactions can be developed in
simple tanks at room temperature; and (4) they are significantly cheaper, if one takes
into account not only the cost of the probes but also the important financial
investment associated with the use of radioactive materials."
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More recent techniques, such as those involving denaturing gels," and fluorescent™

or allele-specific probes, are always of interest to us and have been evaluated on
various occasions. However, for the time being, our main goal is to replace fetal
blood sampling with molecular techniques as quickly as possible, a step which is not
as simple as it appears, given the considerable work-load which has to be carried out
daily with no intervals of time free for setting up new procedures.

FIGURE 4 is a graphic evaluation of the comprehensive program for the preven-
tion of thalassemia in Greece over the years 1977-1989. Although, because of
administrative inadequacies, the official registry of new cases did not work as
expected, the information collected through personal contacts from all the major
Units transfusing patients with thalassemia all over Greece shows that the annual
number of new cases of thalassemia and compound Hb S syndromes has been varying
around a value of ten over the last two or three years. In addition, analysis of the
latter cases shows that only a couple of them were prenatal diagnostic errors, while
several others came from parents who had “silent” or almost silent genes and had
escaped carrier identification. In fact, retrospective blood tests revealed that in some
instances the diagnosis was given on the basis of Hb A, determinations only (while
the RBC indices had been ignored), while in others, the parents harbored the mild
IVS-1 nt 6 T=C, the supermild —101 C—T, or other unidentified mutations.

The availability of prenatal diagnosis has been a key step in obtaining this
satisfactory result. We acknowledge with thanks all the scientists who have contrib-
uted directly or indirectly in implementing this process and who are not cited here by
name.
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Summary of Results®
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Departments of Medicine and Pediatrics
Mount Sinai School of Medicine
New York, New York 10029

INTRODUCTION

Prenatal diagnosis of hematologic diseases began in 1974. A registry of cases
tested worldwide has been maintained and published intermittently, encompassing
June 1974-December 1978, January 1979-March 1980, April 1980-March 1981,
April-December 1981, January-December 1982, January-December 1983, January
1984-December 1985, and the current Registry, January 1986-December 1989."
The data to be summarized here review the entire 15 years of these endeavors and
represent a summary of the information provided by more than three dozen centers
worldwide, involving more than a dozen countries (see TABLE 1 and ACKNOWLEDG-
MENTS). Twenty-three laboratories analyze fetal blood, 29 analyze DNA, and 3
obtain DNA samples from large numbers of cases but send them elsewhere for
analysis. Sixteen centers deal with both blood and DNA specimens. This report will
present the results of four categories of tests: fetal blood analyses for hemoglobino-
pathies, fetal DNA analyses for hemoglobinopathies, fetal blood analyses for other
hematologic disorders, and fetal DNA analyses for other conditions, primarily
hemophilias.

METHODS

Those centers of which the author was aware were sent a questionnaire to be
filled in with their data. In some cases the centers provided data in their own format.
Data were then collated using the LOTUS program. Data in the current registry,
1986-1989, are minimal estimates, since some centers may not have reported
recently, some reports are incomplete, and some follow-up information, particularly
regarding fetal losses and errors, was not always available. The data are reported
according to the registry interval; data in the most recent registry, 1986-1989, are
compared either with the data in each previous registry or with the cumulative data
from 1974 through 1985.

“This work was supported in part by National Institutes of Health Grant HL26132.
b Address correspondence to Blanche P. Alter, M.D., Polly Annenberg Levee Hematology
Center, Mount Sinai School of Medicine, One Gustave L. Levy Place, New York, NY 10029.
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RESULTS AND DISCUSSION

The cumulative numbers of fetuses that have been studied for hemoglobinopa-
thies or other diseases by blood or DNA sampling are shown in FIGURE 1. Of the
close to 20,000 fetuses at risk for hemoglobinopathies, more than 13,000 had fetal

TABLE 1. Centers for Prenatal Diagnosis of Hemoglobinopathies Reporting for
January 1986-December 1989

Samples®
Country City Biood DNA

Australia Melbourne ++ ++
Sydney + +
Canada Calgary +
Hamilton +
Toronto +)
China Beijing +
Guangzhou
Nanning +
Shanghai
Cyprus Lefkosa +
Nicosia +
England London ++
Oxford
France Paris ++
Greece Athens +
Hong Kong Hong Kong
Israel Jerusalem
Italy Cagliari
Ferrara
Milan
Palermo
Rome
Tuarin
Taiwan Taipei
Thailand Bangkok
Turkey Ankara
United States Augusta
Baltimore
Cincinnati
Framingham
Honolulu
New Haven +
New York +
Rochester (+)
San Francisco +

—_—
+ 4+ +

+H+ 4+ 44+

+ 4+ +
X

R s

+ 4+ 4+

+

“Centers reported data through 1989. +, center analyzes indicated type of sample; (+),
center collects indicated type of sample for analysis elsewhere; + +, 2 centers in the same city.

blood testing in the second trimester, and more than 6000 were tested using DNA,
which was usually obtained in the first trimester. In addition, close to 5000 fetal blood
samples were obtained for indications other than hemoglobinopathies, and more
than 500 DNA samples also were obtained for other indications.
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FIGURE 1. Cumulative number of cases examined prenatally for hematologic disease. Samples
analyzed were (B) blood for the diagnosis of hemoglobinopathies, () DNA for hemoglobino-
pathies, (OJ) blood for other diseases, (O) DNA for other diseases.

FIGURE 2 shows the average number of cases studied per month for each registry
interval. Fetal blood sampling for hemoglobinopathies has plateaued at more than
110 cases per month in each interval since 1981. DNA analyses for hemoglobinopa-
thies are increasing and are now averaging 100 per month, close to the number of
blood studies. Fetal blood testing for other diseases is at approximately 60 per
month, while DNA testing for hemophilia is also on the rise.

Hemoglobinopathies were initially the only reason for fetal blood sampling, but
they now comprise 65% of the blood samples (other risks will be discussed betow).
Similarly, hemoglobinopathies were at first the only hematologic indication for DNA
sampling, and they still comprise more than 90% of the DNA specimens obtained for
hematologic diagnosis.
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FIGURE 2. Average number of cases examined by prenatal diagnosis, per month for each
registry interval: 6/74-12/78, 1/79-3/80, 4/80-3/81, 4/81-12/81, 1/82-12/82, 1/83-12/83, 1/84-12/
85, and 1/86—12/89. Symbols as in FIGURE 1.
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Over the period of time that blood sampling has been used for fetuses at risk for
hemoglobinopathies, the proportion at risk for thalassemia increased from 90% in
the early registries to more than 95% in the most recent one (TABLE 2). The rest
were at risk for sickle cell disorders. Initially, thalassemia was the risk for only
30-40% of the hemoglobinopathy cases for which DNA sampling was performed; but
DNA sampling for thalassemia now comprises more than 70% of the DNA testing
for hemoglobinopathies, reflecting the ever-increasing ease with which thalassemia
can be diagnosed using the tools of molecular biology (TABLE 3). From 1974 to 1981,
DNA sampling was done for 40% of those at risk for sickle cell disorders but for only
3% of those at risk for thalassemia, and for less than 10% of the total group at risk for
hemoglobinopathies (FIG. 3). The proportions tested by DNA sampling increased
for each of the groups in each subsequent registry interval. In the most recent
interval, 1986-1989, close to 50% of all cases were studied by DNA sampling,

7ABLE 2. Fetal Blood Testing for Hemoglobinopathies: Fetuses at Risk,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89 6/74-12/89
Disorder n %"’ n %" n %°
Total cases 7955 5336 13291
Thalassemia
Total 7382 92.8 5159 96.7 12541 94.4
B 7303 98.9 5080 98.5 12383 98.7
o 8 0.1 14 03 22 0.2
1] 10 0.1 14 0.3 24 0.2
af 10 0.1 4 0.1 14 0.1
E/B-thal 12 0.2 34 0.7 46 04
Lepore/B-thal 39 0.5 13 03 52 04
Sickle cell
Total 573 72 177 33 750 5.6
SS 367 64.0 141 79.7 508 67.7
S/B-thal 198 34.6 29 16.4 227 30.3
SC 7 1.2 2 1.1 9 1.2
S/0-Arab 1 0.2 5 2.8 6 0.8

“Thalassemia and sickle cell disorders are calculated as % of total cases. Subgroups are
calculated as % of total cases in their respective group.

including approximately 90% of those at risk for sickle cell disorders and 40% of the
much larger number at risk for thalassemia.

The subgroups of risk categories for those studied by fetal blood sampling are
shown in TABLE 2. In the entire 15-year interval, 94% of the fetuses were tested
because they were at risk for thalassemia. More than 98% of the thalassemia cases
were at risk for p-thalassemia, and less than 0.5% each were at risk for a-, 5p-,
combined a- and B-, Hb E/B-, or Lepore/p-thalassemia. Amongst the 6% tested by
blood sampling for risks of sickle cell disorders, overall close to 70% were for
homozygous sickle cell anemia (SS), 30% for S/B-thalassemia, and a small percent-
age for SC, S/O-Arab, or other mixtures. These proportions were essentially similar
at all intervals analyzed.

TABLE 3 shows the subgroups of the risk categories for those studied by DNA
sampling. Approximately 70% were at risk for thalassemia, and 30% for sickle cell
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TABLE 3. Fetal DNA Testing for Hemoglobinopathies: Fetuses at Risk,

June 1974-December 1989
Total
6/74-12/85 1/86-12/89 6/74-12/89
Disorder n %° n %° n %°
Total cases 1511 4813 6324
Thalassemia
Total 823 54.5 3477 72.2 4300 68.0
B 719 874 2806 80.7 3525 82.0
a 93 113 527 15.2 620 14.4
5B 2 0.2 0 0.0 2 0.0
Other 9 1.1 144 4.1 153 3.6
Sickle cell
Total 688 455 1336 27.8 2024 320
SS 631 91.7 1178 88.2 1809 89.4
S/B-thal 16 23 106 79 122 6.0
SC 38 55 42 31 80 4.0
S/other 3 04 10 0.7 13 0.6

“Thalassemia and sickle cell disorders are calculated as % of total cases. Subgroups are
calculated as % of total cases in their respective group.

disorders. In the entire time period, those at risk for B-thalassemia comprised more
than 80% of the group at risk for thalassemia, a-thalassemia 15%, and other risks
less than 5%. Amongst the group at risk for sickle cell disorders, 90% were for SS,
6% for S/B-thalassemia, and less than 5% for SC and other combinations. Testing for
a-thalassemia was usually done by DNA sampling rather than by fetal blood
sampling because of the ease of detection of this disease by the DNA method, due to
the gene deletion.

The trends in methods for sampling fetal blood are examined in TABLE 4.
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FIGURE 3. Proportion of fetuses at risk for the indicated hemoglobinopathy studied by
prenatal DNA sampling in each registry interval. (Open bars) thalassemia, (cross-hatched bars)
sickle cell disorders, (solid bars) total hemoglobinopathies.
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TABLE 4. Fetal Blood Testing for Hemoglobinopathies: Methods and Resuits,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89° 6/74-12/89°
Parameter n %° n %" n %*
Total cases at risk 7955 5336 13291
Thalassemia 7382 92.8 5159 96.7 12541 94.4
Sickle cell 573 7.2 117 33 750 56
Affected cases 2036 25.6 1273 239 3309 249
‘Thalassemia 1864 25.3 1245 24.1 3109 24.8
Sickle cell 172 30.0 28 15.8 200 26.7
Pregnancies continued 21 1.0 3 0.2 24 0.7
Thalassemia 14 0.8 2 0.2 16 0.5
Sickle cel 7 4.1 1 36 8 4.0
Fetal losses 303 38 105 2.0 408 3.1
Diagnostic errors 46 0.6 17 0.3 63 0.5
Sampling methods
Total 7631 5336 12967
Fetoscopy 5445 71.4 1236 23.2 6681 51.5
Aspiration 2175 28.5 69 1.3 2244 17.3
Cordocentesis 1 0.1 4031 75.5 4042 31.2
Analysis methods®
Total 7955 5336 13291
CMC 7455 93.7 2805 52.6 10260 77.2
HPLC 500 6.3 2210 414 2710 204
1IEF 321 6.0 321 24

“Numbers in 1986-1989 may be low due to incomplete reporting/follow-up.

*Affected are calculated as % of total cases. Subgroups are calculated as % of total cases in
their respective group. Pregnancies continued are calculated as % of affected cases. Losses and
errors are calculated as % of total cases.

‘Methods for sampling or analysis not always provided. CMC, carboxymethyl cellulose
chromatography; HPLC, high pressure liquid chromatography; IEF, isoelectric focusing.

Initially, placental aspiration and fetoscopy were used, but almost all centers have
now switched to cordocentesis (also known as percutaneous umbilical blood sam-
pling, or PUBS), which is ultrasound-directed umbilical cord puncture without need
for the direct visualization required for fetoscopy.® Another advantage of cord blood
sampling is that the specimens are always pure fetal blood, and the problem of
contamination with maternal blood, which plagued many in the early days, is now
passé. .

There have also been changes in the methods for analyses of fetal blood (TABLE
4). Until recently, globin chain synthesis was examined by labeling reticulocytes with
radioactive amino acids, followed by separation of the globin proteins using carboxy-
methyl cellulose chromatography (CMC).’ In the past 5 years, high pressure liquid
chromatography (HPLC) has been used to separate small amounts of radioactive or
non-radioactive proteins. HPLC provides an answer within a few hours, rather than
the 2 day minimum needed for CMC columns. HPLC also separates & much more
easily than do CMC columns.”” Most recently, since cordocentesis samples now
provide pure fetal blood, simple electrophoresis or isoelectric focusing (IEF) of
hemoglobin tetramers has been used, without the need for radioactivity and
biosynthesis."

The trends in methods for obtaining DNA samples are outlined in TABLE 5.
Amniocentesis at 16 weeks gestation prevailed until 5 years ago, when sampling of
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chorionic villi (CVS) at 9-12 weeks became the method of choice.”? CVS is done
earlier in pregnancy than amniocentesis and thus provides obvious advantages to
both patient and physician. Although the risk of fetal loss from CVS done for all
genetic reasons is still approximately 4%, it is apparently less in the restricted context
of the hemoglobinopathy patients (see below).

The types of DNA analyses are also shown in TABLE 5. The first method involved
restriction fragment length polymorphisms (RFLP), but the use of this has declined
with time.” In the most recent period reported, RFLP comprised less than 20% of
the analyses. Other assays include the use of enzymes specific for the mutation of
interest, such as Mst II for the B° mutation of the sickle gene." Some diagnoses are
made based on gene deletion, such as those for a- or 3B-thalassemia.”* Many samples
are now amplified by the polymerase chain reaction (PCR)" and then examined
using specific enzymes or using olignucleotides specific for the normal and mutant
genes of interest.”” This is the method of choice when the ethnic background of the
parents indicates that a small group of mutations is possible. In a few recent cases,
the group at Johns Hopkins School of Medicine (Baltimore) has used PCR to amplify
relevant regions, followed by microsequencing. The combination of PCR and specific

TABLE 5. Fetal DNA Testing for Hemoglobinopathies: Methods and Results,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89" 6/74-12/89°
Parameter n % n %* n %*
Total cases at risk 1511 4813 6324
Thalassemia 823 54.5 3477 722 4300 68.0
Sickle cell 688 455 1336 27.8 2024 320
Affected cases kypi 24.6 1197 249 1569 248
Thalassemia 195 23.7 879 25.3 1074 25.0
Sickle cell m 25.7 318 23.8 495 24.5
Pregnancies continued 66 17.7 64 5.3 130 &5
Thalassemia 3 1.5 26 3.0 29 2.7
Sickle cell 63 35.6 38 11.9 101 20.4
Fetal losses 30 2.0 47 1.0 77 1.2
Diagnostic errors 5 0.3 24 Q0.5 29 0.5
Sampling methods
Total 990 4813 5803
Amniocentesis 440 4.4 782 16.2 1222 21.1
CvVs 550 55.6 4031 83.8 4581 78.9
Analysis methods*
Total 1251 1956 3207
RFLP 354 28.3 335 171 689 21.5
Deletion 102 82 273 14.0 375 11.7
Enzyme 403 322 451 23.1 854 26.6
Oligo 392 31.3 223 114 615 19.2
PCR 669 34.2 669 209
Sequence 5 0.3 5 0.2

‘Numbers in 1986-1989 may be low due to incomplete reporting/follow-up.

*Affected are calculated as % of total cases. Subgroups are calculated as % of total cases in
their respective group. Pregnancies continued are calculated as % of affected cases. Losses and
errors are calculated as % of total cases.

‘Methods for sampling or analysis not always provided. CVS, chorionic villus sampling;
RFLP, restriction fragment length polymorphism; Oligo, oligonucleotide; PCR, polymerase
chain reaction.
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FIGURE 4. Fetal loss rate as percentage of cases examined for hemoglobinopathies. (Upper
panel) calculated for each registry interval, (lower panel) cumulative data. (W) Blood, (O)
DNA.

enzymes or oligonucleotides is probably the method most frequently used at this
time, however.

The fetal loss rates from blood and DNA sampling are shown in FIGURE 4. The
top panel shows the loss rates calculated for each registry interval, and the bottom
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panel the cumulative rates. Basically, these results reflect a “learning curve.” The
loss rate from fetal blood sampling is now essentially 2%, and from DNA sampling,
which is predominantly by CVS, close to 1%. These figures may be underestimates,
due to incomplete follow-up.
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FIGURE 5. Diagnostic error rate as a percentage of cases examined for hemoglobinopathies.
(Upper panel) calculated for each registry interval, (lower panel ) cumulative data. (8) Blood,
(O) DNA.
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The diagnostic error rates are shown in FIGURE 5, with rates calculated for each
registry interval on top, and cumulative data on the bottom. Errors in analyses of
both blood and DNA are now reported to be approximately 0.5 percent. Although
these data may also suffer from incomplete follow-up, we tend to think that centers
will be notified when they have made a misdiagnosis.

FIGURE 6 depicts the outcome of pregnancies diagnosed as affected. Blood
samples are shown in the top panel, and DNA samples in the bottom panel.
Generally, pregnancies in which the fetus was diagnosed as having a sickle cell

TABLE 6. Fetal Blood Testing for Other Diseases: Results,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89 6/74-12/89
Parameter n %* n %" n %"
Total cases at risk 1894 2869 4763
Coagulation disorders®
Total 564 29.8 278 9.7 842 17.7
VIII 473 83.9 145 522 618 73.4
IX 46 8.2 19 6.8 65 7.7
VWF 8 1.4 7 25 15 1.8
Other 37 6.6 107 38.5 144 171
Infection (total) 763 403 1278 44.7 2041 429
WBC disorders’
Total 367 19.4 954 333 1321 27.7
CGD 7 1.9 4 0.4 11 0.8
Immunodeficiency 25 6.8 7 0.7 32 24
Neutropenia 2 0.5 0 0.0 2 0.2
Chromosomes 333 90.7 943 98.8 1276 96.6
RBC disorders’
Total 157 83 266 9.3 423 8.9
Rh 146 93.0 249 93.6 395 934
Other 11 7.0 17 6.4 28 6.6
Miscellaneous 43 23 93 32 136 2.9
Fetal losses 60 32 4 0.1 64 1.3
Diagnostic errors 10 0.5 0 0.0 10 0.2

“Totals for each group are calculated as % of total cases. Subgroups are calculated as % of
total cases in their respective group. Losses and errors are calculated as % of total cases.

*VIII, IX, and VWF: factor VIII, factor IX, and von Willebrand factor deficiency,
respectively. Other: mostly platelet disorders.

‘WBC: white blood cells. CGD: Chronic granulomatous disease. Chromosomes: cytogenetic
studies for karyotypic abnormalities.

“RBC: red blood cells. Rh: hemolytic anemia due to Rh incompatibility. Other: enzyme
deficiencies, membrane defects, anemias.

disorder were more liely than those with thalassemia to be continued. This occurred
in up to 10% of those diagnosed by blood sampling and in approximately 40% of
those diagnosed by DNA sample. Again, the values for the most recent interval
undoubtedly suffer from a lack of follow-up data. In general, we all know that
counseling for thalassemia major is more clearcut than it is for sickie cell anemia,
since the latter condition has a much broader clinical variation than does Cooley’s
anemia. This is reflected in the consistently higher rates for continuation of the
pregnancy in the sickle disorder groups.
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TABLE 7. Fetal DNA Testing for Other Diseases: Results,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89 6/74-12/89
Parameter n %" n %* n %"

Coagulation”

Total 96 348 444

VI 91 94.8 329 94.5 420 94.6

X 5 5.2 19 5.5 24 5.4
Affected 17 17.7 94 270 1 25.0
Pregnancies continued 1 59 6 6.4 7 6.3
Fetal losses 1 1.0 0 0.0 1 0.2
Diagnostic errors 1 1.0 3 0.9 4 0.9

“Pregnancies continued are calculated as % of affected cases. Losses and errors are
calculated as % of total.
V111, IX: factor VII, factor IX deficiency, respectively.

The results of all of the fetal blood analyses reported for hemoglobinopathies are
outlined in TABLE 4. Overall, approximately 25% of the more than 13,000 fetuses
were diagnosed as affected, with an overall reported fetal loss rate of 3%, and a
diagnostic error rate of 0.5%. Samplings are now done by cordocentesis, and analyses
are shifting over to HPLC or IEF. Comparison of the current registry with the
previous data shows that rates of fetal loss and diagnostic error improved with
increasing numbers of cases.

TABLE 5 summarizes the results of all the fetal DNA testing. Again, close to the
expected value of 25% of more than 6000 cases were diagnosed as affected, with a
cumulative reported fetal loss rate of approximately 1% and a diagnostic error rate
of 0.5%. Sampling is now primarily by CVS, unless the pregnancy is too advanced.
Analyses use PCR and specific enzymes, oligonucleotides, or deletions.

TABLE 8. Fetal Monitoring for Hematologic Diseases: Summary,
June 1974-December 1989

Total
6/74-12/85 1/86-12/89 6/74-12/89
Parameter n %° n %° n %*

Time interval (yr) 11.5 4 155
Sample and diagnostic purpose

Blood, hemoglobinopathy 7955 694 5336 397 13291 533

DNA, hemoglobinopathy 1511 132 4813 358 6324 25.4

Blood, other diseases 1894  16.5 2869 213 4763 19.1

DNA, other diseases 96 1.9 440 33 536 22
Diagnostic purpose

Hemoglobinopathy 9466 826 10149 754 19615 78.7

Other diseases 1990 174 3309 246 5299 21.3
Sample type

Biood 9849  86.0 8205 61.0 18054 725

DNA 1607 140 5253  39.0 6860 215
Total fetuses 11456 13458 24914

“Values are calculated as % of total cases in that group.

i B
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TABLE 6 summarizes the use of fetal blood sampling for diagnoses other than
hemoglobinopathies, which includes almost 5000 cases. Diagnosis of coagulation
disorders such as hemophilias used to require fetal blood sampling but is now done
using DNA samples. Diagnosis of platelet abnormalities still requires blood analyses.
In Europe more than in America, blood sampling is needed to assess intrauterine
infections such as toxoplasmosis, cytomegalovirus, or rubella. White blood cell
analyses are done for a variety of reasons, including diagnosis of chronic granuloma-
tous disease, immunodeficiencies and neutropenias, and particularly, for cytogenetic
studies in fetuses at risk for karyotypic abnormalities. Red blood cell disorders
diagnosed from fetal blood samples include Rh and other hemolytic anemias,
non-anemic hydrops fetalis, and enzyme deficiencies. The fetal loss and diagnostic
error rates for these cases resemble those for hemoglobinopathy blood cases.

The results of more than 400 DNA studies of fetuses at risk for hemophilias are
summarized in TABLE 7. The proportion of affected cases is 25%, below the 50%
expected for X-linked conditions. This is due to the inclusion in the testing of fetuses
in which the sex was unknown until the DNA sampling was performed. It also
includes cases in which the hemophilia was apparently a new mutation in the
propositus. Six percent of the affected males were carried to term. The fetal loss and
diagnostic error rates were both below 1%.

TABLE 8 summarizes the trend in prenatal diagnosis of hematologic diseases,
which has been performed in close to 25,000 fetuses worldwide over a 15-year period.
It must be repeated that current data do suffer from under-reporting and incomplete
follow-up, probably indicating more strongly than anything else that these techniques
are now functioning as diagnostic service procedures rather than as experimental
research tests. There is a definite shift toward DNA analyses for all conditions and a
trend toward examination of fetal blood for blood-borne diseases that are not
hemoglobinopathies and may not even be hematologic (such as intrauterine infec-
tions and abnormal karyotypes). I think those who have been doing these analyses
over the years should feel justifiably pleased that they have seen the immediate
application of basic laboratory research to clinical needs and to public health issues
worldwide.
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FIGURE 1, which summarizes the aims of genetic screening and prenatal diagnosis,
shows that the main objective is informed choice for couples at risk. To allow choice,
one must offer screening and genetic counseling. Prenatal diagnosis is the approach
chosen by most informed couples at risk of a severe genetic disorder. Divorce is not a
common solution, and artificial insemination by donor is not popular.

In the United Kingdom, in principle, screening for hemoglobinopathy carriers,
counseling, and prenatal diagnosis (by fetal blood sampling or chorionic villus
sampling [CVS] and DNA analysis) is available to the whole population within the
National Health Service. Our objective is to ensure that all couples at risk for having
children with a hemoglobin disorder have the opportunity of informed choice. It is
becoming increasingly clear that an outreach approach, including quality control, is
needed to ensure that the service is delivered equitably to everyone who needs it.

Service monitoring in the Mediterranean region has shown for thalassemia that a
comprehensive “control” program’ can lead to near-eradication of the disease'”
(FI1G. 2). For sickle cell disease we would expert a smaller reduction in the birth rate,
since only 50% of counseled couples request prenatal diagnosis.™*

In the United Kingdom, 6.5% of the population and about 10% of the births are
in ethnic minority groups at risk for hemoglobinopathies. Thalassemias are carried
by 3-17% of people of Mediterranean or Asian origin, and a sickle trait is carried by

b Address correspondence to Dr. Mary Petrou, University College and Middlesex School of
Medicine, Dept. of Obstetrics and Gynaecology, Perinatal Center, 88-96 Chenies Mews,
London WC1 6HX, UK.

4The World Health Organization (WHO) defines a control program for an inherited disease
as “a comprehensive strategy combining the best possible patient care with prevention based on
community information, carrier screening and counselling, and the availability of prenatal
diagnosis.”
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FIGURE 2. Change in birth rate of thalassemic children in four countries with the introduction
of programs of education, screening, and prenatal diagnosis.

8%-25% of people of African or Afro-Caribbean origin. It is estimated that
potentially about 150 infants with sickle cell disease and 60 infants with thalassemia
major could be born annually in the United Kingdom. In fact, the number of
thalassemia major births is much less than this; but in the absence of a national
monitoring program, we do not know exactly how much less.

In this paper we have selected two points for discussion: (1) the question of how
to deliver the screening, counseling, and prenatal diagnostic service to a Muslim
ethnic minority and (2) the issue of misdiagnosis as a service becomes more widely
disseminated.

FIGURE 3 (ethnic minority births as % of all births) shows that the populations at
risk are concentrated in certain areas: e.g., 80% of British Cypriots live in London,
and about 60% of British Pakistanis live in the north. In 1984, a survey of thalassemia
major births showed that at that time the main impact of prenatal diagnosis was on
Cypriots settled in London (80% reduction). The impact on Indians (30% reduction)
was much smaller, and there had been very little impact indeed amongst Pakistanis

FIGURE 1. Flow chart summarizing some of the real costs and benefits of screening for
prenatal diagnosis. Benefits are in boxes. It should be noted that birth of an accepted affected
child (homozygote) to informed parents is counted as a benefit. The main cost, terminatioa of
pregnancy, is in a dashed box. For the sake of clarity, some costs, such as the consequences of
false positive and false negative results in screening tests, have been omitted. The average
financial cost/person for each step is indicated at the right. —ve, negative; +ve, positive; AID,
artificial insemination by donor. (Reprinted from Ref. 12 with permission from the Royal
College of Physicians.)
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FIGURE 3. Births of ethnic minorities as % of all births in the United Kingdom, indicated for
National Health Service regions.

(0% reduction).® Clearly, either prenatal diagnosis was not acceptable to most
British Pakistanis or screening and genetic counseling was not being delivered
appropriately to them. We had at that time already set up a study of the effect of

thalassemia on the families in a city in the north of England with a sizeable British
Pakistani community.
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BRITISH PAKISTANIS AND PRENATAL DIAGNOSIS

In the city studied there are 18 families of Pakistani origin with thalassemic
children. The researcher (A.D.) of this study, a woman of the same cultural, religious
and linguistic background as these families, studied them in depth. British Pakistanis
are Muslims, mostly first-generation migrants from a single rural area of Pakistan.
Prior to this study, assumptions about their low utilization of prenatal diagnosis were
based on social prejudice and influenced by language difficuities. Typical comments
from health workers were “Muslim families have a fatalistic attitude and do not take
any initiatives”; “they are not interested in prenatal diagnosis, as it is against their
religion—there is no point in discussing it”’; “they marry their cousins—If they didn’t
they wouldn't have genetic problems.” The study was intended to answer three
questions:

1. Had the parents been informed?
2. Had they understood?
3. What was their attitude to prenatal diagnosis?

Briefly, the answers were

1. They had been told about inheritance and prenatal diagnosis, but not in a way
they could understand.

2. Only 1 of the 18 couples had really understood the inheritance of the disease
and the availability of prenatal diagnosis.

3. They were not enthusiastic about mid-trimester prenatal diagnosis. However,
they did not want to have thalassemic children and asked for earlier diagnosis.
Some of the first couples to have a first-trimester prenatal diagnosis for
thalassemia were from this group of families.®

FIGURE 4 summarizes the reproductive behavior of the families studied and their
utilization of prenatal diagnosis, both before the study started and subsequently. The
children in each family were divided into three groups, according to whether the
pregnancy was before prenatal diagnosis was available; after prenatal diagnosis in
the second trimester had become available, but before our study had started; or after
the study was started and when first trimester prenatal diagnosis became available.
The following paragraphs are summaries of each family’s history.

Family 1. This family had two affected boys. The mother had a second-trimester
prenatal diagnosis; the fetus was misdiagnosed as having thalassemia major, but the
pregnancy was continued. This mother had not really wished to have prenatal
diagnosis, but she underwent it to please her medical advisers. She is now in favor of
prenatal diagnosis should her children need it.

Family 2. After having one thalassemic child, the mother referred herself for two
mid-trimester prenatal diagnoses. The first abortion was by the outdated method of
hysterotomy. The second abortion lasted two days because of uterine scarring. As a
consequence of negative experiences, she rejected prenatal diagnosis and fortunately
has had three healthy children.

Family 3. This family had not understood about the inheritance of the disease or
prenatal diagnosis. When they did they had two prenatal diagnoses, despite the fact
that the first one ended in the spontaneous abortion of an unaffected fetus.
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FIGURE 4. Summary of the reproductive behavior of 11 British Pakistani families in relation to
information and the availability of prenatal diagnosis in the first/second trimester. The children
in each family are divided into three groups: before prenatal diagnosis (PND) was available;
after prenatal diagnosis in the second trimester had become available, but before our study had
started; after the study was started and when first-trimester prenatal diagnosis became
available. (OJ) Male, (O) female, (B, @) heterozygotes, (l, @) homozygotes: thalassemia
major. CF, cystic fibrosis. Small dot, prenatal diagnosis performed.
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Family 4. This was an educated family in which the father is an Imam of a minority
Muslim sect. All three pregnancies following the birth of the affected son were
undertaken only on condition that prenatal diagnosis was available.

Family 5. The couple had difficulty in accepting that their child had thalassemia
major, since she had a milder disease than most of the other children with this
disease. They did not request prenatal diagnosis partly for this reason. The affected
child is now well, following a bone marrow transplant. The couple would request
prenatal diagnosis in any subsequent pregnancies.

Family 6. The couple were transmitting both cystic fibrosis and thalassemia. When
the study started the mother was completely against prenatal diagnosis, on religious
grounds. However, the thalassemic child died following bone marrow transplanta-
tion. Prenatal diagnosis was requested in a subsequent pregnancy, in which the fetus
proved to carry both thalassemia and cystic fibrosis.

Family 7. The parents are a very religious couple. They could not accept second-
trimester prenatal diagnosis, but after the death of their thalassemic daughter, they
requested prenatal diagnosis in two subsequent pregnancies. One was terminated.
The second was also diagnosed as thalassemia major but was continued, and it was
followed by a successful bone marrow transplant.

Family 8. This couple requested mid-trimester prenatal diagnosis. The fetus was
unaffected.

Family 9. The parents were referred for prenatal diagnosis in the mid-trimester in
their first pregnancy. They had not understood that the risk applied to all pregnan-
cies. They would have wished to have prenatal diagnosis in the third pregnancy,
which led to the birth of a thalassemic child who later died following a bone marrow
transplantation. Prenatal diagnosis was requested in the first trimester in the fourth

pregnancy.

Family 10. This couple were found to be at risk in their first pregnancy too late for
prenatal diagnosis. They were informed of the possibility of first-trimester prenatal
diagnosis and were interested. However, in their second pregnancy the general
practitioner in charge of their case was not aware of the possibility of first-trimester
diagnosis and did not refer them to the antenatal clinic until the 16th week.
Mid-trimester prenatal diagnosis showed an affected fetus, but the couple felt that it
was too late to terminate the pregnancy. They would have done so in the first
trimester.

Family 11. The parents were aware of the inheritance of the disease and the
availability of mid-trimester prenatal diagnosis. In their fourth pregnancy they asked
for prenatal diagnosis to be arranged, but due to a misunderstanding they did not
have it. The social worker telephoned a London hospital providing prenatal diagno-
sis to make arrangements. Because the hospital believed that the couple were
resident in Pakistan, they informed her that prenatal diagnosis would cost the couple
£600.00. They could not afford this and continued with the pregnancy unaware that a
misunderstanding had occurred.

Thus, this study shows that many British Pakistani families have accepted
prenatat diagnosis and that first-trimester prenatal diagnosis is more acceptable than

caan e .
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second-trimester prenatal diagnosis. The study clearly negates the notion that
Muslims have no interest in prenatal diagnosis, and it underlines the importance of
offering the service in a way that is appropriate to the community concerned.

CONSANGUINITY AMONGST BRITISH PAKISTANIS

Most of the couples studied were first cousins. The frequency of cousin marriage
is falling among some populations, e.g., in Japan it has decreased from 13% in urban
and 21% in rural areas to 2.9% in urban and 4.3% in rural areas since 1947.” By
contrast, among British Pakistanis the frequency of close consanguineous marriage
has increased, probably as a result of relative isolation. An inquiry among a 100
randomly selected British Pakistani mothers in the postnatal wards showed that 55%
of young couples were first cousins, but only 33% of their mothers were married to
first cousins.® This is consistent with a study in Lahore, Pakistan, in 1982, which
showed 36% first-cousin marriages.’

This high frequency of consanguinity has led to some inappropriate reactions.
For example, all 18 couples in our study had been told at least once by a health
worker that their child’s illness was due to their consanguinity. But the convention of
consanguineous marriage is very widespread, in.olving over 17% of the world’s
population.' It was customary in biblical times, and it is considered to have important
social functions especially protective to women." The appropriate response is not to
try to decrease the frequency of consanguineous marriage: there are no good genetic
grounds for such a policy." Rather, in such populations each index patient with a
recessive-inherited disorder marks a family cluster at high risk. In principle it should
be possible to deliver targeted genetic counseling very effectively in such populations
by following up the extended family. This will need the help of trained community
genetic counselors; though this idea is accepted*? the service has yet to be developed.

MISDIAGNOSES

Unless awareness in the health service at large is improved, as services spread
more widely there is an increasing risk of fetal misdiagnosis due to errors such as
carrier misdiagnosis, misinterpretation of traits such as Hb Lepore, Hb D Punjab,
etc. Prenatal diagnosis for the hemoglobinopathies has now been established for
sixteen years in the United Kingdom, and considerable experience has accumulated
both with mid-trimester prenatal diagnosis by fetal blood sampling and with first
trimester prenatal diagnosis by CVS and DNA analysis.*"’ Over the past five years
our service at the University College Hospital has switched from largely mid-
trimester to first-trimester prenatal diagnosis by CVS and DNA analysis (TABLE 1).
Because of the complex population we serve, most DNA-based prenatal diagnoses
are done by analysis of restriction fragment length polymorphisms (RFLPs). How-
ever, most couples coming for prenatal diagnosis do not have an affected child. In
order to offer them CVS and DNA analysis, it is usually necessary to do extensive
family studies; and even then DNA-based diagnosis is not possible in some cases.

One way of resolving this problem for couples who have an affected pregnancy
terminated in the mid-trimester after fetal blood sampling is to use material from the
placenta of that presumably homozygous fetus as the key to informative family
studies. This usually allows prenatal diagnosis in the first trimester for such couples
in the future: but the approach implies complete confidence in the diagnosis of the
mid-trimester fetus.
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TABLE 1. Number of Prenatal Diagnoses Done at University College Hospital

Fetal Blood Sampling cvs®
Year n Technique n
1974-1981 137 Placentacentesis
329 Fetoscopy

1982 81 Fetoscopy 5
1983 94 Fetoscopy 13
1984 48 Fetoscopy 37
1985 33 Fetoscopy 46
1986 42 Fetoscopy 69
1987 17 Fetoscopy (5); cordocentesis (12) 73
1988 22 Cordocentesis 75
1989 22 Cordocentesis 76
199¢° 2 Cordocentesis 7
Total 827 401

“CVS, chorionic villus sampling.
*Values shown include data only through the end of January 1990.

At University College Hospital we have used this approach very cautiously, since
globin biosynthesis using fetal blood is performed in the routine clinical diagnostic
laboratory. This is not an ideal arrangement for a genetic service. When, in our
opinion, an element of doubt existed in a diagnosis that led to termination of a

TABLE 2. Misdiagnoses in Globin Chain Biosynthesis Test

Case’ At Risk Diagnosis Actual Result Cause of Misdiagnosis
1974
1. Thalmajor Unaffected Thal major Increase of B/y ratio by v
mutant
2. Thalmajor Unaffected Thal major Range-finding
3. Thalmajor Thal major Thal trait Patient refused repeat test;
range finding’
4. Thalmajor Unaffected Thal intermedia IVS-1 nt 6/IVS-] at 6
5. Thalmajor Unaffected Thal intermedia IVS-1 nt 6/IVS-1 nt 11¢¢
1982
6. Thalmajor Unaffected Thal major Bad elution pattern
7. Thalmajor Thal major Probably unaffected Samples switched
8. Thalmajor Unaffected Thal major Samples switched
9. Thalmajor Thalmajor  Thal trait’ Lab refused to repeat test’
10. Thalmajor Thalmajor  Thal trait’ Lab refused to repeat test’

“Service was run in a research laboratory in 1974 and in a routine clinical diagnostic
laboratory from 1982.

*Thal, thalassemia.

‘Range finding: laboratory was still in the process of establishing the p/y range for a diagnosis
of B*-thalassemia major.

“The B/vy ratios obtained for cases 4 and 5 were well within the range for thalassemia trait,
although the pregnancies resulted in children with thalassemia intermedia. The presence of the
mild IVS-1 nucleotide (nt) 6 mutation, determined by genetic studies, explains this discrepancy.

‘Pregnancies in cases 9 and 10 were terminated after diagnosis of thalassemia major in ae
fetuses by globin chain biosynthesis. Because of doubt about these results, our laboratory
performed linkage studies in the extended family for each case and showed, by RFLP analysis,
that the fetuses had thalassemia trait.
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FIGURE 5. Linkage studies in a family where a misdiagnosis occurred. The haplotypes
represent the B-globin gene polymorphic sites: 5' Hinc 1l/e, Hind 111/°y, Ava T1/{8, Hinc IIB,
Ava 11/B, and Hinf 1/B 3'. The most informative polymorphic site is Hinf I/B (enclosed). (+)
polymorphic site present, (—) absent; (N) normal, (T) thalassemic haplotype. Pregnancy of
fetus 3.1 was terminated after fetal blood sampling (FBS) and diagnosis of thalassemia major;
linkage studies show that this fetus was a heterozygote. Pregnancies for fetuses 3.2 and 3.3 were

terminated after CVS and DNA diagnosis. ((J) Male, (O) female, (0, @) heterozygotes, (N, @)
homozygotes: thalassemia major. Triangles, sex not determined.

pregnancy, we have felt it necessary to carry out extensive family studies in order to
confirm the homozygote diagnosis in the fetus that was aborted. In two cases (TABLE
2) DNA studies showed that the original diagnoses were mistaken, and, fortunately,
further misdiagnoses were avoided in these cases. Had the inaccurate fetal diagnosis

TABLE 3. Misdiagnoses in the DNA Diagnostic Service

Actual
Case At Risk’ Diagnosis Result Cause of Misdiagnosis
1. a-Thal a-Thaltrait  Hydrops fetalis  Plasmid contamination
2. B-Thal major  B-Thal trait  B-Thal major Partial digestion
3 HbSS HbAS HbAA Maternal contamination
4. HbSS HbAS HbS/B-thal Misdiagnosis in parent
5. HbSS HbAS HbSC Misdiagnosis in parent
6. B-Thal major  B-Thaltrait  B-Thal major Maternal contamination
7. B-Thal major  Normal B-Thal trait Wrong assignment of linkage®

8° B-Thal major  B-Thaltrait  B-Thal major Wrong assignment of linkage®

“Thal, thalassemia.

*Cases 7 and 8 were in the same family. A prior pregnancy was aborted after the fetus, at risk
for p-thalassemia major, was diagnosed to have B-thalassemia major by the globin chain
biosynthesis test. This fetus was later found to be unaffected. The fetal material was used for
linkage studies. However, the DNA gene mapping studies resulted in an incorrect assignment
of linkage, leading to the birth of an affected child in case 8.
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TABLE 4. Maternal Contamination in CVS Samples

Contaminated with

Center Total Studied” Maternal Tissue ()
UCH (London) 91 1
King’s College 17 0
Other UK. 25 0
Overseas 28 10
Total 161 11

“UCH, University College Hospital.
*Studies done with 3’ «HVR and pAg3.

been used as the basis for further DNA diagnosis, the couples would each have been
involved in a series of errors. FIGURE S shows the linkage studies for one of these
families.

Most CVS samples for DNA studies are sent to the national laboratory in Oxford
for a diagnosis. In a total of 759 cases, there have been 8 misdiagnoses (TABLE 3).
Two of these were due to misdiagnosis in a parent and two to maternal contamina-
tion. In one family there have been three misdiagnoses: the first by globin chain
biosynthesis and two later ones by DNA gene mapping studies, leading to the birth of
an affected child.

In a separate study, 161 DNA samples from chorionic villus tissue were studied
with the 3" aHVR and pAg3 probes'*” to determine the presence of any maternal
tissue contamination (TABLE 4). Eleven out of 161 samples had some degree of
maternal contamination (TABLE 5). This was not enough to cause misdiagnosis with
the method used (Southern blotting) but could possibly cause problems with
diagnosis based on gene amplification using the polymerase chain reaction and
RFLPs or based on the amplification refractory mutation system (ARMS)."*" The
study showed that more experienced centers have less likelihood of producing
contaminated samples.

HOW TO OFFER SCREENING AND COUNSELING?

In the United Kingdom, at-risk couples are still most often identified in the
antenatal clinic, but there are many disadvantages in waiting so late to start the
process of testing and counseling. The option of whether to undertake a pregnancy at
all is no longer open; at-risk couples are usually identified too late for first-trimester
prenatal diagnosis; emotional involvement makes choice unnecessarily difficult and
painful; some women present too late in pregnancy for prenatal diagnosis to be

TABLE 5. Results of 11 Samples Contaminated with Maternal Tissue

Resulit

Normal

Heterozygote

Fetal loss

Uninformative by linkage
studies but 100% maternal

A E I
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possible; there is no time to correct clinical or laboratory errors; the short deadline
often results in a hurried decision; the level of awareness of the obstetrician is not
always what it might be; and rapid turnover of antenatal staff makes it difficult to
sustain a consistent policy. Clearly, screening and counseling for the hemoglobinopa-
thies should be offered at the preconception stage, i.c., these services should be part
of family planning and integrated into primary health care.” This is starting to
happen, but a great deal of effort will have to be devoted to increasing public
awareness and to professional education about genetic risks in general before
screening and counseling become routine in primary care.
In conclusion:

1. A widely disseminated service can lead to an increased misdiagnosis rate: but
misdiagnosis can be avoided if all at risk couples are referred to specialist
counseling and prenatal diagnosis centers.

2. The service objective of providing an informed choice for every couple at risk
for a hemoglobinopathy can only be achieved by developing appropriate
screening and counseling strategies for each ethnic minority group.

3. It seems that the appropriate place to initiate the genetic screening services is
in primary health care. Appropriate genetic educational training programs for
primary care workers must be developed.
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INTRODUCTION

Both a- and B-thalassemias are common genetic disorders in South China. The
gene frequency of each of these disorders is estimated to be 3-5% in the province of
Guangdong, which has a total population of over 50 million. The gene frequencies in
other provinces in South China are similar or even higher.

It is now possible to obtain cells of fetal origin either by amniocentesis or by
chorionic villus biopsy. In addition, recent advances in molecular biology have
simplified considerably the DNA diagnostic techniques for the thalassemias.! A
prenatal diagnosis laboratory for thalassemias was established in the Nan Fang
Hospital of the First Military Medical University in Guangzhou, the capital of
Guangdong Province, in South China. This laboratory serves Guangdong, Guangxi,
Fujian, and Hainan provinces. This paper reports the results of the diagnostic work
carried out in this laboratory during 1989.

DIAGNOSIS OF o-THALASSEMIA

The a-thalassemia of clinical significance in South China is usually due to the
deletion of the Southeast Asian type, involving all yx- and a-globin genes on the
short arm of chromosome 16. This deletion is commonly referred to as ——°%4/ and
can be clearly demonstrated by Southern blot analysis.” In 1987, Chehab and
colleagues® devised a polymerase chain reaction- (PCR) based method for the
diagnosis of homozygous a-thalassemia, utilizing primers which would amplify 136
bp of DNA normally present between the al- and a2-globin genes. This DNA

9This work was supported in part by the Guandong Provincial Scientific Committee and NIH
Grant DK 16666.
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¢ Address correspondence to Dr. Y. W. Kan, Howard Hughes Medical Institute, U-426,
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segment is deleted in a-thalassemia of the ——%/ type. Concomitantly, a 110-bp
DNA fragment of the B-globin gene is also amplified, which serves as the control for
the PCR. In homozygous a-thalassemia, otherwise known as hemoglobin (Hb) Bart’s
hydrops fetalis syndrome, the 110-bp 8-globin gene fragment is present after PCR,
whereas the 136-bp a-globin gene fragment is absent’ This method, which is
relatively simple and rapid, has been adopted by our laboratory as the diagnostic test.
We have performed 38 prenatal diagnoses on pregnancies at risk for homozygous
a-thalassemia, and 5 fetuses with homozygous a-thalassemia were identified.

DIAGNOSIS OF g-THALASSEMIA

There are now 15 known B-thalassemia point mutations in the Chinese
population.* In order to identify the more commonly encountered mutations in
South China, we have studied 236 chromosomes with B-thalassemia by the technique
of allele-specific oligonucleotide hybridization to amplified fragments of the B-globin
gene. The data indicate that four mutations, a 4-bp deletion in codon 4142
(—CTTT), a C—T mutation in IVS-2 at position 654, an A—T nonsense mutation in
codon 17 and an A—G mautation at TATA box position —28, account for over 90% of
all the mutant alleles studied (TABLE 1).

For prenatal diagnosis of pregnancies at risk for homozygous or compound

TABLE 1. B-Thalassemia Mutations and Their Frequencies in South China

Mutation® Frequency (%)
Codon 41-42 (- CTTT) 49.6
IVS-2 nt 654 (C—T) 18.8
Codon 17 (A—T) 15.8
TATA box nt —28 (A—G) 9.0
TATA box nt -30 (T—>C) 1.5
Codon 71-72 (+A) 0.8

“Number of chromosomes = 236. nt, nucleotide.

heterozygous B-thalassemias, DNA was extracted from the peripheral blood cells of
the couples under investigation. DNA was also extracted from chorionic villi
obtained at 7-11 weeks of gestation or from amniotic fluid cells obtained at 16-20
weeks of gestation. In vitro amplification of DNA was performed as described using
two sets of primers to amplify the B-globin gene regions.” Amplified DNA was dotted
onto nylon filters, which were then hybridized with horseradish peroxidase- (HRP)
labeled allele-specific oligonucleotide probes. Six pairs of probes were used, four
corresponding to the four common B-thalassemia mutations found in the Chinese, as
mentioned above, as well as pairs of probes for the frameshift mutation in codon
71-72 (+A) and the G—C mutation in IVS-1 at position 5. The presence of an
oligonucleotide hybridized to amplified DNA is detected by histochemical staining
for presence of the enzyme.*

Thirty-four cases of prenatal diagnoses of B-thalassemia were performed. The
results are shown in TABLE 2. Nine fetuses inherited B-thalassemia alleles from both
of their parents.
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DIAGNOSIS OF g-THALASSEMIA BY DNA SEQUENCING

When the B-thalassemia mutation is not detected with oligonucleotide probes
specific for the six common mutations, the entire p-globin gene can be amplified and
sequenced directly to identify the mutation. During the course of prenatal diagnosis
for B-thalassemia in a Fujian couple in 1988, we encountered a mutation that was not
detectable by oligonucleotides for the Chinese mutations then known. Amplification
of the B-globin gene and direct DNA sequencing revealed a previously undescribed
T—C TATA box mutation, which was carried by the father but was not inherited by
the fetus. F;vcn in this complicated case, prenatal diagnosis was accomplished within
two weeks.

DISCUSSION

Carrier detection, genetic counseling, and prenatal diagnosis are indispensable
components in the prevention of thalassemia major among populations in which the
gene frequency for thalassemia is high, as it is in South China. The introduction of
the PCR technique offers several advantages over previous prenatal diagnostic

TABLE 2. Prenatal Diagnosis in 34 Fetuses at Risk of B-Thalassemia

Diagnosis Mutations n
Normal — 5
Heterozygote (total) 20
Codon 41-42 11
IVS-2 nt 654 3
Codon 17 4
TATA box nt —28 2

Homozygote or Compound Heterozygote
(total)
Codon 41-42/1VS-2 nt 654
Codon 41-42/codon 17
Codon 41-42/codon 41-42
Codon 41-42/TATA box nt ~28

N W WO

methods.*"* In vitro DNA amplification can be performed rapidly. The increased
number of target sequences following amplification permits the use of less sensitive
probes, i.e., *S-labeled oligonucleotides or non-radioactive probes such as the
horseradish peroxidase—labeled oligonucleotides used in the present study. P-
labeled oligonucleotides, despite their short half-life, can also be used for up to two
to three months. Thus, the PCR technique has significantly simplified the DNA
diagnostic procedure. More recently, we have shown that denaturing gradient gel
electrophoresis also offers another non-radioactive means of detecting multiple
mutations for B-thalassemias and other genetic disorders."

The success of implementing carrier detection and prenatal diagnosis in decreas-
ing significantly the number of live births affected with thalassemia major has been
amply demonstrated in a number of Mediterranean regions.” The present report
clearly demonstrates that prenatal diagnosis for both a- and B-thalassemias can be
successfully carried out in South China. With the appropriate funding and resources,
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a more comprehensive program on screening, genetic counseling, and prenatal
diagnosis can be established in South China. With these genetic services in place, it is
anticipated that much progress can be made in the prevention of thalassemia major
in South China.
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PART IV. THERAPY OF THALASSEMIA

Current Therapy for Thalassemia in Italy

V. GABUTTI

Department of Pediatrics
University of Turin
Turin, Italy

The length and quality of life of thalassemic patients have been greatly improved in
Italy during last few years. A high standard of treatment has been made equally
available to all patients living in different regions of the country.

Many factors have played an important role in determining this improvement.
The importance of the problem, in terms of high patient numbers (more than 5000),
gave rise to social and scientific interest on the part of some organizations. They
started promoting awareness at many levels in cooperation with the World Health
Organization (WHO) Working Group on Hereditary Anemias and the National
Association for Pediatric Oncology and Hematology (AIEOP).

Since adequate treatment of thalassemia depends not only on a high level of
technology but also on the regular application of a therapeutic scheme and on the
meticulous analysis and monitoring of clinical data, two instruments have been
crucial in improving treatment quality: the national protocol and the standardized
clinical record.

The management guide for transfusion-dependent patients has been worked on
since 1980.' Distributed by the AIEOP and the parents’ and patients’ associations, it
is widely accepted and regularly updated for new results and problems arising. It has
been sponsored by WHO.*

A standardized format for recording clinical data was proposed in 1982.> During
the last few years a computerized clinical record (Computhal) was drawn up in
Italian and English and distributed to many clinical centers.* Computhal is organized
on three levels: the first for regular patient follow-up, the second for the study of
specific clinical problems, and the third for statistical analysis. The calculation of
transfusional indices® and the identification of some other key indicators of the
patient’s clinical status, such as ferritin levels, compliance and growth in height,
made it possible to pool and compare results in different centers and paved the way
for the organization of cooperative trials.

Two other ventures were started to ensure prevention and quality control of
treatment.

A national registry for transfusion-dependent patients was set up and coordi-
nated by the AIEOP. The registry, updated every three years, allowed the evaluation
of the number of patients and their age distribution, the identification of higher
prevalence areas, and the calculation of birth and death rates, both at regional and
national levels.®

Cooley Care is a cooperative quality assurance program proposed in 1984, which
initially aimed at verifying the transfusional indices and the quality of care both
nationally and internationally.’” A central computerized data base was created, and in
1988 the program was extended to evaluating specific problems such as iron
chelation, immunization, human immunodeficiency virus (HIV) infection, and the
genetic aspects of thalassemia.

One of the most interesting and useful results of these cooperations was the
spontaneous aggregation of many groups into trials and research projects on basic
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and clinical problems. Multicenter clinical trials provided information on many
pathological and therapeutic aspects of the disease. The prevalence and the variation
and severity of different complications, such as liver involvement,® growth retarda-
tion and failure of puberty,’ and diabetes,”® as well as the causes of death," were
studied in a large patient population.

Furthermore, pilot studies were carried out in some centers on the molecular
defects'”" and on problems arising, such as therapy for some endocrine disorders,'*"”
desferrioxamine pharmacokinetics and toxicity,'** and intensive chelation.

Great attention was paid to psychological and social aspects.”? An international
program aimed at studying psychological problems and trying out methods for the
best psychological support was promoted.

In this paper attention will be focused only on some results obtained from the
cooperative studies or by single groups determining modifications of the treatment
protocol. These results apply to transfusion schemes, to chelation therapy, and to
desferrioxamine toxicity.

For transfusion-dependent patients, a high transfusion scheme, in which the
mean hemoglobin level is held around normal levels, is recommended. It has been
demonstrated that, by shifting from a very low to a high transfusion protocol, a
reduction of bone marrow expansion and of blood volume is obtained, owing to a
decrease of the quantity of blood necessary for maintaining a given hemoglobin
level® From these results the treatment guide recommended a pre-transfusion
hemoglobin level of 10.5-11 g/dl. On the other hand, patients regularly transfused
with a protocol adequate for inhibiting bone marrow activity maintain a constant
blood volume. In this situation a correlation has been demonstrated between the
mean hemoglobin level maintained and the blood transfusion requirement in 174
splenectomized patients followed in the centers at Torino, Milano, and Ferrara (FIG.
1). These data fit in with that of Modell and Berdoukas® and with the Cooley Care
Program results.” It has also been said that the blood requirement varies with the
transfusion interval. _

Recently in our center we have designed a randomized trial in order to measure
the effect of allowing a reduction in the mean hemoglobin level (from 13 to 12 g/dl) in
splenectomized and unsplenectomized patients, and of lengthening or shortening
the transfusion interval (16 days versus 34 days).? The results are illustrated in
TABLE 1.

The blood requirement fell in all patients with a lower mean hemoglobin level,
and no difference in blood consumption was found between the two groups with
different transfusion intervals. Therefore, the most important parameter influencing
blood requirements in regularly transfused patients is the level at which mean
hemoglobin is maintained. We have not seen a clinically demonstrable blood
expansion in patients subsequent to the reduction of the mean hemoglobin level
from 13 to 12 g/dl or in patients kept at a lower pre-transfusion hemoglobin (9.5 g/dl).
On the basis of these results, a pre-transfusion hemoglobin of 9.5-10 g/dl and a mean
hemoglobin level of 12 g/dl are recommended in the updated guide for management.

Intensive chelating therapy by continuous subcutaneous infusion of desferrioxa-
mine (DFO) has been used systematically in Italy since 1978. Its effectiveness as a
means of preventing or reducing the iron overload and of prolonging patient survival
has been widely demonstrated. It is, however, impossible to constantly maintain
negative iron balance in all patients, due to the difficulties of achieving high
compliance and due to the appearance of toxic effects of DFO which necessitate a
reduction in the chelation intensity.

It is necessary to deal with the compliance problem by keeping in mind that not
only does chelation present some practical difficulties but, above all, many psycholog-

wm e




S

270 ANNALS NEW YORK ACADEMY OF SCIENCES

BLOOD REQUIREMENT (ml/kg/yr)

MEAN Hb LEVEL

FIGURE 1. Correlation between mean hemoglobin (Hb) level maintained and blood require-
ment in 174 splenectomized patients.

ical problems. Numerous efforts have been made in the past to give psychological
support to patients and their families,**

FIGURE 2 illustrates the mean ferritin levels observed during 1989 in 384 patients
of different ages treated in the Torino and Ferrara centers. The data were obtained
through the Computhal program. Most of the patients, irrespective of age, have
ferritin levels maintained between 1000 and 2500 mg/dl. These results indicate that
iron overload can be kept within a probably safe range in young patients and can be
drastically reduced in old, heavily overloaded subjects. It is also possible to deduce
that compliance can be improved at every age.

The trend of the mean ferritin level in our patients, calculated every year from
1979 to date, is illustrated in FIGURE 3. The ferritin levels of the whole population
fell slowly, and after 1985 we observed a slight increase. This increase was the
consequence of reducing the intensity of chelation, a change we had decided to adopt

TAaBLE 1. Effect of Different Transfusion Protocols and Hemoglobin Levels on the
Blood Requirement in 50 Splenectomized Patients

Hb (g/dl) Blood Requirement  Transfusion Interval
Protocol Pre Post Mean (mi PRC/kg/yr)® (days)
1986 110+ 03 149+04 130203 163.7 + 37 252 %20
1987 10903 14705 128+03 163.0 + 27 266+25
1988A 9.7+05 142+06 11902 1478 + 24 160 + 1.3
1988B 110+03 134+04 122=x0.1 1497 + 18 313x34

“Pre, pre-transfusion; Post, post-transfusion.
*PRC, packed red cells.
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patients. The defect was more frequent in subjects with low ferritin levels treated
with high DFO dosages. Growth velocity resumed after reduction of the DFO
administration schedule.” Since 1986, using a DFO dosage below 50 mg/kg, we have
not observed impairment of growth in height in new cases.

Hearing loss, characterized by a high-frequency sensorineural defect, was ob-
served in 38% of subjects. It appears te be correlated with DFO dosages and is more
frequent in subjects with low ferritinl  s.

The presence of auditory damage has been confirmed in an extensive cooperative
study on 335 cases from seven different Italian centers.” A significant sensorineural
hearing loss at over 50 dB was observed in 6% of the cases and a mild defect
(threshold between 30 and 50 dB) in 21%. A control was carried out by re-examining
all the 335 patients one year after the DFO dosage was reduced. Hearing function
significantly improved among patients with a mild defect, while it only slightly
ameliorated among those more severely affected.

It must be stressed that, in spite of these toxic effects, which can be largely
prevented or reversed, chelation therapy has greatly improved survival by reducing
the number of complications due to iron damage. In a recent study we observed that
about 60% of well-chelated patients were free of serious complications at 20 years of
age. On the contrary, less than 20% of poorly compliant patients of that age were
living without complications.™

These data have been confirmed in a cooperative study on 1087 patients observed
in seven Italian teaching hospitals." Survival significantly improved in patients born
after 1970 and treated with regular transfusion and subcutaneous chelation. This
improvement was mainly due to a decrease in mortality from cardiac disease, and it
has been demonstrated that cardiac disease can be prevented by intensive chelation.™

The possibility of improving the prognosis in thalassemia by updated manage-
ment requires a high level of responsibility in all persons involved in providing health
services, and close cooperation at basic and clinical research levels is essential.

SUMMARY

Care and life quality of thalassemic patients in Italy have greatly improved over
the last years thanks to cooperation between many clinical centers. The achievement
of the following points played an important role:

1. A national treatment protocol was adopted in 1980; it has been widely
accepted and regularly updated.

2. A standardized format for recording clinical data and a computerized clinical
record (Computhal) were adopted.

3. A national registry was set up in order to evaluate the patient age distribution
and birth and death rates both at the regional and national level.

4. A quality assurance program (Cooley Care) was devised after key indicators
for evaluating treatment were identified and a central data base was set up.

5. Cooperative clinical trials provided information on many pathological and
therapeutical aspects of the disease (incidence of complications, causes of
death).

6. Pilot studies were carried out on emerging problems (intensive chelation,
desferrioxamine (DFO) pharmacokinetics and toxicity).

7. Attention was paid to psychological and social problems.
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INTRODUCTION

Many advances in the management of thalassemia major (Cooley’s anemia) have
developed over the past several decades. Their impact has been realized with the
efficacious use of transfusions and splenectomy and the development of the subcuta-
neous use of desferrioxamine (s.c. DFO).

Current management programs prevent excessive iron accumulation and pro-
mote enhanced iron excretion. The goal of management is to achieve optimal iron
balance. Excessive iron accumulation is thwarted by the timely use of blood transfu-
sions and the careful monitoring of annual transfusion requirements to identify early
hypersplenism in order to perform a splenectomy at the appropriate time. Iron
excretion is enhanced with the use of prolonged infusions of the iron chelator
desferrioxamine.

Iron balance should be individualized to meet the specific needs of the patient.
To achieve optimal iron balance, one must consider the lifetime transfusional iron
burden as well as the current transfusional iron load, the age, the degree of
hypersplenism, various serum iron parameters, and evidence of parenchymal iron
damage. The optimal balance for an individual may be 100% balance, i.c., the
current excretion of iron equal to the current transfusional iron load, or negative iron
balance, i.e., the current excretion of iron exceeding the current transfusional iron
load.
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Our understanding of the use of subcutaneous (s.c.) and intravenous (i.v.) DFO
and its efficacy and toxicity have been expanded over the past decade. Dose-response
curves have been defined, and we are aware that both urinary and fecal iron
excretion should be considered in order to achieve optimal iron balance and avoid
toxicity. DFO efficacy can be increased with splenectomy as well as with dose
escalation. High-dose i.v. DFO can rapidly remove large amounts of iron and lower
serum ferritin levels. However, it is still unclear when is the ideal time to initiate s.c.
DFO in the newly diagnosed, minimially iron-loaded patient and what are the full
benefits of high-dose i.v. DFO for the symptomatic patient with severe hemochroma-
tosis.

This discussion will address our current recommendations regarding transfusion
therapy, the indication for splenectomy, and the s.c. DFO dose regimens required to
promote enhanced iron excretion and achieve optimal iron balance as, well as our
clinical experience with these approaches over the past decade.

TRANSFUSION PROGRAM

Our current transfusion program has benefited from the historical contributions
of many investigators. Originally, red blood cell transfusions were administered to
sustain life and relieve anemic symptoms. However, adherence to the 1964 recommen-
dation of Wolman to maintain a higher baseline hemoglobin level afforded an
improved state of health.! Since the 1960s, “hypertransfusion™ regimens, wherein
hemoglobin (Hb) levels are maintained above 10 g/dl with a mean of 12 g/dl from
infancy have prevented bony malformations and cardiomegaly and have allowed for
improved growth and development in the first decade.’® The expanded blood volume
associated with a profound anemia is reduced with hypertransfusion; however, in
1980, Propper et al. advocated the use of a “supertransfusion” regimen designed to
maintain a mean Hb of 14 to 15 g/dl, thereby further suppressing endogenous
erythropoiesis, reducing bone marrow mass and blood volume, while simultaneously
reducing plasma iron clearance and tissue iron deposition.* Whether it is clinically of
greater benefit in the long term to maintain supertransfusion therapy in contrast to a
hypertransfusion program has yet to be determined. However, maintaining a higher
Hb level of about 10 g/dl tends to reduce the hyperabsorption of dietary iron.* In
1980, Piomelli reported that once the baseline Hb is raised above 10 g/dl, transfusion
requirements increase by as much as 20% for maintenance of a single gram
increment in the Hb level.® In addition, the narrowing of the interval to three weeks
or less between transfusions would afford a 20% or more reduction in yearly iron
load.’

Historically, we have maintained a transfusion interval of two weeks in order to
avoid raising the post-transfusion Hb level above normal and to maintain a more
normal physiologic Hb range pre- and post-transfusion.

We transfuse 6-8 ml of packed red blood cells (pRBC) per kilogram of body
weight per visit. We maintain a pretransfusion Hb level of 11.0 = 0.5 g/dl. However,
we do not split a donor unit; and, on the basis of body weight, we will alternate the
number of units of blood required per visit and/or have additional weekly visits to
meet the yearly requirement of approximately less than 200 ml/kg per year. We never
exceed the transfusion of 2 units of pRBC in one outpatient clinic visit. We transfuse
each pRBC unit over 1.5-2 h, unless the individual has cardiovascular compromise,
in which case we will diurese and transfuse a unit of pRBC over 3 h.

Various transfusion programs select the type of blood product transfused on the
basis of availability, cost, and patient sensitization. Urticarial and febrile transfusion
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reactions commonly occur and can be reduced or avoided with the use of leukocyte-
poor and washed pRBC. Currently, leukocyte-poor and washed red cells can be
prepared with several techniques. Red blood cells which are frozen with glycerol,
thawed, and subsequently washed with saline (FTpRBC) were previously the only
leukocyte-poor preparation available. Recently, it has become possible to reduce
leukocyte numbers with the use of cotton wool filters and/or Pall filters; however,
washing of these cells with saline is still required to efficaciously remove excess
plasma proteins.*’

Since the early 1970s, we have administered frozen-thawed and washed pRBCs
to prevent the unpleasant febrile and urticarial transfusion reactions and to avoid the
leukocyte sensitization which may otherwise occur.

SPLENECTOMY PROGRAM

Hypersplenism, which results in the excessive splenic destruction of red blood
cells, is an inevitable consequence of chronic transfusion therapy. It usually develops
by 6 to 8 years of age, as a progressive increase in yearly transfusion requirements.
We recommend splenectomy when the yearly transfusion requirement exceeds 250
ml/kg per year.”” In addition, regardless of the age at splenectomy or the interval
since splenectomy, a pre-transfusion Hb greater than 10.5 g/dl with a yearly transfu-
sion requirement of less than 200 ml/kg per year can be maintained. Since the ability
to achieve iron balance on DFO is a function of transfusion requirement as well as
dose, reducing the transfusion requirement by splenectomy affords better iron
balance and can minimize the dose of DFO required to achieve balance."

Overwhelming sepsis with pneumococcus and other enteropathogens may occur
in the splenectomized thalassemic.' In addition, altered immunity, as reflected in
altered lymphocyte subset populations and decreased cytotoxicity, occurs as the
number of pRBC units transfused increases."

We recommend, prior to splenectomy, vaccination against pneumococcus and
hemophilus influenza. Postsplenectomy, antimicrobial prophylaxis is instituted, usu-
ally penicillin at 250 mg twice daily, or another agent if there is allergy to penicillin.

We maintain an aggressive approach to infection control after splenectomy. In
addition to antimicrobial prophylaxis, the febrile patient with fever greater than
38.5°C presenting with no focal signs of infection is presumed septic and placed on
broad-spectrum intravenous antibiotics until blood, urine and throat cultures demon-
strate no microbial growth after 72 h of incubation, at which time appropriate
therapy is then selected.

CHELATION PROGRAM

Despite management programs to reduce transfusional iron loading, a cumula-
tive iron burden is an inevitable function of the number of lifetime transfusions and,
hence, age. Since the body has no physiologic mechanism to excrete excess iron, an
iron chelator must be used. Desferrioxamine (Desferal) is currently the only FDA-
approved chelator available for clinical use. It is produced from Streptomyces philosis
and has high affinity for iron (binding constant equal to 10™). It is readily excreted in
urine and stool; but, unfortunately, it has a short half-life of 76 min and must be
administered parenterally.”

In the mid 1970s, we and others demonstrated that the effectiveness of DFO
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could be greatly enhanced by continuous administration and that subcutancous
infusions are 80% as effective as an equivalent intravenous dose over a 24-h period."
The advent of the small, portable, battery-operated syringe pump allowed prolonged
infusions of s.c. DFO administered over 8-12 h a day to become standard therapy.'

The effectiveness of desferrioxamine depends upon the lifetime iron burden, the
available iron pool, the rate at which the pool is repleted, and the dose. Previously,
we reported that the i.v. DFO dose required for a particular urinary iron excretion
response is a function of age, or the transfusional lifetime iron burden. We demon-
strated that increasing the dose of i.v. DFO in increments from 20 to 40, 60, and 80
mg/kg gave little increase in urinary iron excretion in younger patients (between 5
and 10 years of age). In contrast, it induced a linear increase in older patients
(greater than 16 years); however, in those 10 to 15 years of age excretion rose to a
plateau at 40 to 60 mg/kg."

In 1982, Pippard et al. measured both urinary and stool iron excretion and
similarly showed that, as the iv. dose of DFO increases, urinary iron excretion
reaches a plateau but stool iron excretion continues to rise and may account for up to
70% of excretion with DFO doses up to 150 mg/kg per day." Therefore, stool iron
excretion plays a considerable role in excretion at escalated DFO doses.

Since DFO induces iron excretion in both urine and stool, and the goal of
chelation therapy is to achieve iron balance or even net negative iron balance, the
contribution of stool as well as urinary iron balance should be considered when
calculating iron balance.

We have measured “total” iron balance, i.e., balance from both urinary and stool
iron excretion, in a group of heavily iron-loaded thalassemic patients aged 10 to 28
years. Metabolic iron balance studies were performed for each patient in our clinical
research unit. Over a 7-day period, each patient received a daily dose of s.c. DFO,
either 20, 40 or 60 mg/kg over an 8-h infusion, while on a standardized low-iron diet.
Daily 24-h collections of urine, stool, and uneaten food were measured for iron
content by atomic absorption spectroscopy (AAS). Total balance was determined for
each patient by averaging the amount of daily urine and stool iron excretion and
multiplying by 365 days, assuming daily compliance with yearly use of DFO. Yearly
transfusional iron load was calculated from the number of pRBC units transfused
per year, multiplied by 167 mg (the amount of elemental iron in one unit FTpRBC as
measured by AAS).

Urinary iron balance, representing the contribution of urinary iron excretion,
increases with each escalation of the DFO dosage but reaches a plateau at 40 to 60
mg/kg. However, stool iron balance, representing stool iron excretion, increases in a
more linear fashion. Stool iron balance approximates 60% of the total iron balance
(133%/228%) at 60 mg/kg, 50% (97%/200%) at 40 mg/kg, and 30% (54%/153%) at
20 mg/kg of daily s.c. DFO. Although net negative iron balance (53% * 21%) is
achieved in these heavily iron-loaded patients at 20 mg/kg, a greater net negative
balance of over 100% is achieved at 40 mgkg (100% =+ 13) and at 60 mg/kg
(128% =+ 24) of s.c. DFO. (FIG. 1).

Total iron balance studies in response to varying doses of s.c. DFO were
evaluated in terms of patients’ ages, for five groups of patients: those at <5 years of
age, at >5 to 10 years, at > 10 to 15 years, at > 15 to 20 years, and at > 20 years. We
observed that at 20 mg/kg of s.c. DFO, only the older patients, those at or greater
than 15 years of age, could achieve a net negative balance greater than 50%.
Increasing the dose to 40 mg/kg allowed patients at or over the age of 10 years to
achieve a net negative balance greater than 50% and those less than 10 years to
achieve a balance. Escalating the dose to 60 mg/kg enabled all patients, even the
youngest, less than S years of age, to achieve 50% net negative balance (FIG. 2).
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FIGURE 1. Iron balance attained in response to varying dosages of s.c. DFO demonstrates that
urinary iron balance increases but reaches a plateau with escalated dosage, whereas stool iron
balance increases in a more linear fashion. Stool iron balance approximates 60% of total iron
balance at 60 mg/kg of daily s.c. DFO/kg of body weight, 50% at 40 mg/kg, and 30% at 20 mg/kg.

The optimal time to initiate chelation therapy in the very young and newly
diagnosed child is still under investigation. It is apparent that age, iron load, and the
dose-response pattern must be carefully considered. In 1988, De Virgiliis et al.
reported that initiating chelation concomitantly with transfusion therapy in infancy,
with serum ferritin levels less than 1000 ng/m! and with a mean DFO dose of 70
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FIGURE 2. The total iron balance dose-response pattern at 20, 40, and 60 mg/kg of s.c. DFO
over a daily 8-h infusion varies with the patient’s age and/or iron burden.
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mg/kg per day, may contribute to growth retardation and radiographic epiphyseal
plate disturbances which are seen less frequently in patients begun on similar doses
at 3 years of age."

In a group of our complaint patients begun on DFO therapy at 5 to 10 years of
age and maintained on escalating doses of s.c. DFO (20, 40, and 60 mg/kg per day) to
achieve total iron balance until approximately 10 years of age and net negative
balance thereafter, we observed more normal height-growth attainment.' However,
two of five patients treated with DFO at 40 and 60 mg/kg per day at less than 3 to 4
years of age, with serum ferritin levels greater than 1000 ng/ml, developed growth
disturbances and radiographic bone dysplasia."

Desferrioxamine toxicity has been variably reported in several centers. Local
irritation at the site of s.c. infusion associated with erythema and pruritis is
commonly reported as a side effect. Neurotoxicity, including vision and hearing
impairment, appears to occur more often in well-chelated younger patients or those
receiving extremely high doses. Reduced visual-evoked potentials, cataracts, im-
paired color vision, and poor dark adaptation have been described, as well as a high
frequency sensorineural hearing loss.” Fortunately, clinical improvement of visual
and auditory side effects have been reported to be associated with dose reduction or
temporary cessation of chelation therapy. The mechanism underlying the toxicity
remains obscure. Disproportionately high DFO doses in relation to available body
iron may result in high levels of unchelated drug. It is postulated that the unchelated
drug may be directly neurotoxic or may deplete or chelate other trace elements when
iron is not readily available.

High doses of ascorbic acid (vitamin C at 500-1000 mg/day) have also been
reported to precipitate cardiac deterioration in heavily iron-loaded patients, possibly
related to the mobilization of iron from nontoxic stores or the enhanced lipid
peroxidation by iron in myocardial cells.” Since ascorbate deficiency associated with
low leukocyte and serum levels occurs in thalassemia, we recommend the daily use of
low-dose vitamin C, adequate to replete normal ascorbate levels, but not to exceed 2
mg/kg per day.

Currently, we recommend that s.c. DFO be administered over an 8-h infusion
period, a minimum of 5 days per week. It should be initiated at least by 4 to 5 years of
age in regularly transfused patients with serum ferritin levels greater than 1000
ng/ml. The appropriate s.c. dose, 20, 40 or 60 mg/kg, should ideally be selected on the
basis of total iron balance based on both urinary and stool iron excretion. The young
patient, between 5 and 10 years of age, should receive a dose (20 to 40 mg/kg per day)
to achieve total iron balance and not to exceed 50% net negative total iron balance.
The older unchelated or previously noncompliant patient who has a large iron
burden should achieve net negative iron balance greater than 50% and as much as
100-200%, which can be achieved at s.c. DFO doses of 40-60 mg/kg per day.
Optimally, dose regimens should be based on the individual dose-response pattern
and iron load. These regimens should be monitored periodically, yearly if possible,
and modified accordingly.

Clinical investigations are currently ongoing to evaluate the efficacy of high-dose
i.v. DFO chelation to retrieve seriously compromised individuals, as well as those
poorly compliant with the s.c. route of administration.” Further studies are also
required to determine the optimal age and iron load 