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Chromosome nomenclature and notation according to the
Paris Conference (1971), Supplement (1975).The symbols
for the gene loci conform to those recommended by the

Committee on Standardized Human Gene Nomenclature, 1981,

AA Adenine/Alanosine (selection system)

bp Base pair (103 bp = 1 kb = 0.65 Mdalton);
physical map unit

cDNA Complementary deoxyribonucleic acid

Ci Curie (1 Ci = 3.7 x 1010 becquerel);

vnit of radioactivity
cM Centimorgan (= 1% recombination; on average
corresponds to ‘IO6 bp); genetic map unit.
cpm, cps Counts per minute, counts per second
(1 eps = 1 becquehel); unit of radio-

activity

cRNA Complementary ribonucleic acid

DAP 2,6-Diaminopurine (selection system)

dATP 2'-Deoxyadenosine-5'-triphosphate

dCTP 2'-Deoxycytidine-5'-triphosphate

dGTP 2'-Deoxyguanosine-5t'-triphosphate

DMSO Dimethylsulphoxide

DNA Deoxyribonucleic acid

aTTP 2'-Deoxythymidine~5'-triphosphate

EC Enzyme Comission (systematic classification

of enzymes issued by the International
Union of Biochemistry; IUB Nomenclature
Committee, 1978)

FACS Fluorescence~activated cell (or chromosome)
sorter
FAD Flavine adenine dinucleotide
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Prenatal diagnosis
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Restriction endonuclease produced by

Proteus vulgaris (restriction site:
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3'-GTCFAC-5'
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Summary

The aim of this study was twofold. Firstly, to confirm
and, if possible, to narrow the regional localization of
the human alpha-globin gene cluster on the short arm of
chromosome 16. Secondly, to test the value of an
experimental approach combining somatic cell genetics

and recombinant DNA procedures for human gene mapping.

Fourteen informative clones from somatic cell hybrids
(derived from human fibroblasts fused with mouse L A9
cells) were produced and phenotypically characterized in
terms of their human chromosome content by cytogenetic

and isozyme analysis.

The four human parental cell types used in this study
carried a balanced translocation involving chromosome 16
and chromosomes 2, 5, 9 and 17. These had been cyto-
genetically interpreted as follows: t(2:16)(2q37:16q11),
t(5:16)(5p11:16p11), £{9:16)(9q22:16q22), and t(16:17)
(16q12:17p11).

The expression of the selectable marker APRT enabled the
clones from somatic cell hybrids to be selected for and
against the long arm of HC 16 (AA selection and DAP

selection).

Combining the cytcgenetic and biochemical data on this
panel of hybrid clones made it possible to assign APRT
and DIAY to 16g12-w=g22 and PGP to 16pli-epter.

The DNAs from the hybrid clones, as well as those from

both parental origins, were screened for the presence of

13.



the human alpha-globin gene cluster. Molecular
hybridization on solid phase (Southern blotting) with a
32p_1abelled human genomic DNA probe (the recombinant

plasmid «P7(®1)) was used in the screening.

A positive association (at a level of significance of
5%) between the presence/absence of the short arm of HC
16 and the presence/absence of the human alpha-globin

gene cluster was found.

It is therefore concluded that the experimental approach
combining somatic cell hybridization and DNA
hybridization on solid phase can be successfully applied
to the intrachromosomal mapping of cloned single copy

genes,

The value of different methods such as molecular
hybridization in solution, in situ molecular
hybridization and trisomy mapping, in assigning single
copy genes to chromosome regions is discussed taking the

human alpha-globin gene cluster as the model system.

The setting up of a bank of somatic cell hybrids and the
molecular characterization and prenztal diagnosis of
haemoglobinopathies are suggested as prospects for

further worlk.

14.
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'T am neere to th'place where they should meet, 1if

Pisanio haue mapp'd it truely.?!

W. Shakespeare

'DNA, you know, is Midas' gold. Everybody who touches it

goes mad.'

M., Wilkins



1. Introduction.
1.17. Human gene mapping.
1.1.1. Historical perspective of linkage analysis in man

The attempt to understand how genetic information is
packaged and distributed throughout the genome is as
0old as Genetics itself, The following sequence of land-
mark events indicates {(recalling the cartographic
metaphor used by MCKUSICK and RUDDLE, 1977) that in the
exploration of the 'genetic planet! that is the cell
nucleus of man, the broad outlines of the 'continents'
(the chromosomes) and some of the gross details of
their topography have been known for sometime. However,
it is only since the use of somatic cell hybrids in
human linkage analysis - namely during the last ten
years - that regional cartographic details, ¢the
location of specific genes to specific chromosomes oOr

chromosome regions, have been determined.

SUTTON, 1903 -~ Establishment of a relationship between
genetic (the Mendelian factors) and cytologic entities
(the chromosomes).

CORRENS, 1905 - First report of (complete) linkage in
plants {(genus Matthiola),

MOBGAN, 1911 - Genes are linked as a result of b%éing
carried on the same chromosome and those which are close
together will be coupled {i. e., in cis~-configuration)
more frequently than those more distant from one
another.

WILSON, 1911 - First gene assignment to a specifiec human
chromosome (CB to HC X).

STURTEVANT, 1913 -~ The frequency of recombination of
phenotypic traits is an index of relative position of

the correspondent genes {(construction of gene maps in

L/



Drosophila showing that the genes are linearly arranged

along the chromosomes).

BERNSTEIN, 1931 -~ Earliest quantitative approach to
linkage analysis in man (y-statistic; recombination
fraction).,

PAINTER, 1933 - Assignment of genes to specific areas on
chromosomes (regional mapping) in salivary gland nuclei
of Drosophila.

BELL and HALDANE, 1937 - Establishment of the first X-
linked linkage group in man (CB/HEMA) by family studies.
MOER, 1951 - Establishment of the first autosomal

linkage group in man (Lu/Le blood groups) by family
studies.

NABHOLZ et al, 1969 - First human genes assigned using
somatic cell hybrids (G6PD and HPRT to HC X).

HENDERSON et al, 1972 - First human gene family assigned
using in situ molecular hybridization (rBENA genes to HC
groups D and F).

FERGUSON-SMITH et al, 1973 - First human gene assigned
by deletion mapping (ACP1 to HC 2p).

In quantitative terms, it is informative to compare the
evolution of the identification of gene loeci in man,
mainly by mendelizing phenotypes (MCKUSICK, 1983), and
the rate of chromosomal assignments (Fig 1.1). Although
the number of gene assignments increased dramatically
during the last ten years (by 200%), the fraction of the
identified loci that have been mapped increased much
more slowly (50% increase from 12% in 1973 to 18% in
1981). Incidentally, one must keep in mind that the
total number of stuctural genes in man has been
estimated to be 50,000 - 100,000 (MCKUSICK and RUDDLE,
1977).

1.1.2. Approaches to gene mapping.

In essence, the approaches to human gene mapping can be
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categorized into three main groups: (i) those studying
the offspring of sexual reproduction (e.g., family
studies, deletion mapping); (ii) those depending on
parasexual gene transfer and segregation, between donor
and recipient somatic cells (somatic cell genetics); and
(iii) those dealing with the human genome at the
molecular level {(either by in situ or in solution or on
solid phase DNA/RNA, DNA/DNA or DNA/c¢cDNA hybridization;
nucleotide sequencing of nucleic acids). Thus, the
observations involved can be directed either to the
organismal or cellular phenotypes (as expression of gene
activity) or directly to the genotype. Table 1.1
summarizes and exemplifies the use of different
approaches to human gene mapping. In a number of cases
successful mapping depends on the conjugation of
different approaches,  e.g.» the human alpha-globin gene
cluster has been mapped to HC 16 by a combination of
somatic cell hybridization and DNA/c¢DNA molecular
hybridization in solution (DEISSEROTH et al, 1977). The
contribution of the different types of approach to the
current status of the map is as follows for (confirmed,
provisional and inconsistent) autosomal assignments
(MCKUSICK, 1982):

By family studies 75 19%
By somatic cell hybridization
(including M, R, HS, REa) 233 59%
Independently by both of above
methods 25 6%
By other methods (including A,
REb, D, AAS, LD, V, Ch, OT, EM, H) 59 15%
Total 392

Genes are assigned to the HC X by studying the

20.



Table 1.1. Methods of human gene mapping.

Method (symbol) Observation Example* (HC) Ref
Study of linkage between Recombination fraction ABO/NPS 1 (1)
traits in families (F) in families
~-~ one trait being a Recombination fraction Fy/1gh {2)
chromosome heteromorphism in families
or rearrangemant (Fc)
Cosegregation of cellular Chromosomes and gene TK 1 (17) (3}
traits and chromosomes {(or products (enzymes,
their fragments) in clones antigenes, anonymous
from somatic ¢ell hybrids peptides)
(s)
Microcell-mediated gene Chromosomes and gene CcOLM (17) (4)
transfer (M) products
Chromosome-mediated gene Chromosomes and gene GALK/TK 1 (17) (5)
transfer (can be used in products
conjunction with FACS) (Q)
Cotransference (radiation Gene products Order of X-linked (6)
induced gene segregation) genes
(R}
In situ hybridization Chromosomes RNR (D and F groups) {7)
(DNA/RNA annealing) (a) IGK {2) (20)
Molecular hybridization in DNA HBA (16) (8)
solution (Cot analysis)
(HS)
Restriction endonuclease DNA (including NAG fine structure (9, 10}
techniques (RE) detection of RFLPs)
--— combined with somatic Chromosomes and DNA NAG (11) (11)
cell hybridization (REa) (including detection
’ of anonymous nucleotide

sequences)
--~ combined with FACS (REb) Chromosomes and DNA INS (11) (12)
Deletion mapping, trisomy Chromosomes and gene ACP 1 (2) (13)
mapping, gene dosage effect  products
(D)
Aminoacid sequence of Aminoacid sequences HBD/HBB (14)
proteins (AAS)
Linkage disequilibrium (LD) Polymorphic traits HBD/HBB (15)

(population dynamics of)
Induction of chromoscme Chromosomes Al2M4 (17) {16)
change by adenovirus
(activation of kinases) (V)
Chromosome change Chromosomes (in FSXq27 (17)
associated with phenotype cultured cells) and
(Ch) phenotypic traits
Centromere mapping Gene products PGM 3 (6) (18)
(ovarian teratomas) (OT)
Exclusion mapping (Lod Recombination fraction MNSs (4) (19)
score analysis) (EM)
Interspecies homology (H) Linkage groups in LDHC (12)

other species

(*) Loci symbols as recommended by the Committee on Standardized Human Gene Nomenclature, 1981,

References: (1) RENWICK and LAWLER, 1955. (2} DONAHUE et al, 1968.
RAJ et al, 1977. (5) KLOBUTCHER and RUDDLE, 1979.
1972, (B) DEISSEROTH et al, 1977.

et al, 1979. (12) LEBO et al,

et al, 1963. (16) MCDOUGALL et al, 1973.

and@ MCALPINE, 1979. (20) MAICOLM et al, 1981,

(9) FRITSCH et al, 1980.
1981, (13) FERGUSON~SMITH et al, 1973,
(17) TURNER et al, 1980,

(3) MILLER et al,
(6) GOSS and HARRIS, 1977.
(10) BOTSTEIN et al, 1980,
(14) BAGLIONI,
(18) OTT et al,

1976.

1971,

21.

(4) SUNDAR
(7} HENDERSON et al,

(11) JEFFREYS
1962,
(19) BOOTSMA



characteristic pattern of inheritance of X-linked traits
(mainly by family studies). Only a small number of genes
have been regionally localized on HC X using somatic
cell hybrids carrying part of the chromosome trans-
located to an autosome (HAMERTON et al, 1975). The
method of radiation induced gene segregation was used in
relation to HC X, to determine the relative order of a

set of X-linked genes (GOSS and HARRIS, 1977).

The different mapping techniques spread over a wide
range of resolving power (Fig 1.2). Conventional low-
resolution somatic c¢cell genetics procedures can be
expected to map genes to chromosomes, and then within
chromosomes, to a resolution of 5-«10cM (5-10 Mbp)¥. At
the other end of the scale, high-resolution recombinant
DNA procedures, together with restriction site and
nucleotide sequence analysis, can be expected to provide
mapping data from the level of the single base pair to
the 0.1 Mbp (0.1 eM). Thuss in mammalian linkage
analysis a resolution gap in the gene mapping techniques
exists over the range 0.1-5 cM. This is a significant
gaps because many functionally related clusters of genes
will fit into a space of this dimension. Gene transfer
systems provide possible approaches to intermediate
level resolution analysis. These methods depend on
fragmenting linkage groups and require a selectable
marker in the linkage group of interest. The frequency
of recovery of genes in linkage with the selectable
marker provides information on the distance and order of
genes with respect to the selectable marker., Donor

chromosome breakage by irradiation and subsequent

(#) Total 'genetice' length of human genome: 3,000 cM;
total 'physical!' length of human genome: 3,000 Mbp;

therefore, on average, 1 c¢M corresponds to 1 Mbp.

22.
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log bp

Fig 1.2. Genetic mapping resolution by different methods.
A, Gene mapping by somatic cell genetics. B, Molecular
genetic techniques. C, gene transfer methods. Ordinate =
logarythm of base pair number (from RUDDLE, 1981).



transfer to recipient cells by hybrid formation (GOSS
and HARRIS, 1977) and transfer of isolated chromosomes
(KLOBUTCHER and RUDDLE, 1979) are two gene transfer
systems suitable for intermediate level resolution
analysis. These techniques can be subjected to vigorous
evaluation only when numerous unique nucleic acid probes
have been isolated which map into appropriately short
segments of mammalian genomes amenable to analysis
(RUDDLE, 1981).

1.17.3. Prospects.

1.1.3.1. Applications of human gene mapping - the value

of mapping information.

a) Understanding of biological evolution by interspecies
comparative mapping: In Primates, there is a good
agreement between chromosome homology, as inferred from
chromosome morphology and banding, and data on
comparative gene mapping. Thié approcach has even
succeeded in the demonstration of interspecific
chromosome homologies in situations in which the
implications of chromosome morphology and banding were
not clearly evident. This was the case of HC 9 that had
no recognizable homologue in the gorilla and the
orangutan. Two gene loci (ACO1 and AK3) have been
reported which segregate with HC 9 and with its
corresponding homologue in the chimpanzee (PTR 11) as
well as an acrocentric chromosome in the gorilla (GGO
13), a chromosome that was not recognized as being
homologous to any chromosome in man or other ape species
(SEUENEZ, 1979, pp 111-127). Combining the information
on chromosome morphology and banding, syntenic groups
and protein and nucleic acid homologies, made it
possible to understand the phylogeny of Primates and to

refine the evolutionary tree exclusively based on the

24,



fossil record.

No evolutionary change has occurred in the mammalian X
chromosome in nearly 85 Myear (since the mammalian
radiation)., This 'frozen accident' also involved the
development of a means of dosage compensation in females
("lyonization'). It is now generally accepted that the
'inactive' X chromosome of the human female is not
wholly dinactivated, so0o that some loci escape
inactivation in a non-random way. It has been suggested,
as a possible cause, the fact that these loci are within
the pairing segment between Xp and Yp, hence present in
double dose in both male and female. This peculiarity of
gene expression might be a remnant of the (common)
evolutionary history of the sex chromosomes (POLANI,
1982).

b) Understanding of chromosomal organization in relation
to genetic control mechanisms and cell differentiation:
Point mutations in regulatory genes and/or changes in
gene order due to chromosomal rearrangements can account
for important organismal differences between closely
related species such as man and chimpanzee. Ontogenic
significance of gene clusters: genes that are
sequentially activated during development are linked
while genes coding for enzymes in successive steps of
metabolic pathways are not syntenic probably because
many enzymes function in more than one pathway making
coordinated function (like the 'operon! model of pro-
karyotes) undesirable (MCKUSICK, 1980).

¢) Understanding of pathogenesis of human genetic
disease; A genetic understanding of disease is gained by
knowing where the affected gene is located and its
relationship to other and adjacent genes., If a
structural gene's function, expression, or product is

dependent on additional genes, such as processing genes,

25,



developmentally regulated genes, or architectural genes,
then a mutation in any of these steps in expression
could possibly result in a2 phenotype similar to one
involving a structural gene defect. Mutations of one
gene that affect the expression of another gene identify
loci that function in the final realization of a
structural gene product. Thus, if mutant genes involved
in a2 sequence of physiological steps can be
chromosomally located, it can be investigated whether
diseases affecting the same tissue, pathway or organelle
or that result in similar pathology are the result of
mutations to genes that are closely linked, clustered on
the same chromosome, or under coordinate control (SHOWS
et al, 1982). Close linkage between immunoglcbulin genes
and the breakpoints of abnormal chromosomes associated
Wwith myeloproliferative diseases has been established
(BERNHEIM et al, 1980; LENOIR et al, 1982). In
particular, in chronic myelocytic leukaemia, a cellular
oncogene (e-abl), normally localized on HC 9, is trans-
located to the Philadelphia chromosome, the breakpoint
being indistinguishable from the loci of immunoglobulin
lambda light chain gene cluster (DE KLEIN et al, 1982).
The gene content of chromosomes may suggest mechanisms
for the onset of phenotypic changes in trisomy and
deletion syndromes. In relation to the pathogenesis of
diabetes a deleted insulin gene has been found in a case
of stucturally abnormal human insulin (KWO0OX et al,
1981).

d) Prenatal and premorbid diagnosis, and carrier
detection of Mendelian disorders not biochemically
identifiable; If loci closely linked to the disease
locus are identified, and if alleliec varjation at those
loei can be scored in amniotic cells or fluid, there is
a chance of prenatal diagnosis of the disease by the

linkage principle (EDWARDS, 1956). So far, this

26.



principle has been applied successfully in a number of
different conditions (Table 1.2). The applicability of
the linkage principle to prenatal diagnosis depends on
(i) the tightness of linkage (less than 1 ecM), (ii)
finding appropriate genotypes in the parents, and (iii)
the knowledge of linkage phase (cis- or trans-con-
figuration) of the linkage group in the parents.

The availability of many DNA restriction fragment length
polymorphisms, RFLP's, (BOTSTEIN et al, 1980 suggest the
need for linked markers about 20 c¢M apart which makes
necessary 150 markers/haploid genome; however, taking
into account that the markers will fall randomly along
the genome, LANGE and BOEHNKE, 1982 showed that a much
larger number of such loci will have to be isclated and
tested before the goal of a saturated gene map 1is
reached) will increase the efficiency of prenatal
diagnosis, provided the probability of recombination
between the restriction site and the disease locus tends
to zero. In the limit, the RFLP may fall within the
disease locus or even coincide with the mutated codon,
as it is the case of Dde I or Mst II polymorphisms in
sickle-cell anaemia (CHANG and KAN, 1982)., & genetic
distance greater than 1 ¢M is unlikely to be acceptable
for prenatal diagnosis, so that in many instances
cloning of the disease gene may be a necessary step in
the development of a prenatal diagnosis test based on
the detection of RFLP's. Alternatively, the predictive
value of the test c¢can be significantly dimproved by
mapping RFLP's to positions flanking the disease gene
hence reducing the frequency of false negative results
due to double crossing-over (10"1l for flanking markers
located 1 cM far from the disease gene) (RUDDLE, 1981).
Thus, many disorders can be detected even though the
precise gene-determined biochemical defect is not yet
identified or cannot be recognized in the c¢ellular
phenotype (MCKUSICK, 1980).

27.
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1.17.3.2. New developments in methodology (DAVIES, 1981;
RUDDLE, 1981; JUNIEN, 1982; PUCK and KAO,
1982).

a) Eliciting the expression of differentiated functions
in cultured non-differentiated cells: Interspecific
somatic cell hybrids are an useful model toc study the
regulation of the expression of genes coding for
differentiated gene products. So far, at least two types
of rodent recipient cells have been used in performing
cell fusion experiments: mouse erytholeukaemia cells
({DEISSEROTH and HENDRICK, 1978) and mouse hepatoma cells
(DARLINGTON et al, 1982). In the first of these systems,
the expression of human alpha-globin genes was assessed
by molecular hybridization assaying of RNA, for human
alpha-globin sequences, and by measuring the level of
synthesis of human alpha-globin in the hybrids.

The mouse hepatoma cell hybridization system has been
used to produce hybrids with several human cell types
(lymphocytes, fibroblasts, amniotie fluid cells and
hepatocytes). DARLINGTON et al suggest that the
frequency of hybrid clones expressing human hepatic gene
productsy and the array of proteins produced, are
influenced by the histogenic state of the human parental
cell type, A particularly interesting aspect of this
work concerns the expression of fetal genes in somatic
cell hybrids: thus, the failure to observe alpha-
fetoprotein in the hybrids which expressed human albumin
might suggest either that this fetal gene is not
syntenic to the albumin gene or that it is not

accessible to activation in somatic cell hybrids.

b) Gene transfer procedures: Microcell-mediated gene
transfer, chromosome~-mediated gene transfer, DNA-

mediated gene transfer, fusion of human haploid



spermatids with non~-human somatic cells. Systems
suitable for intermediate level resolution analysis of

the human genome (10”-108 bp)l.

¢) Fine structure mapping by DNA analysis and genetic
manipulation: Construction, selection, amplification and
purification of nucleic acid probes for use in mapping
experiments. Restriction endonuclease analysis by blot
finger printing of DNA (SOUTHERN, 1975). Nucleic acid
sequencing., Construction of ¢DNA, genomic DNA, and
chromosome-specific DNA banks and isolation of cloned

unique DNA sequences (KAO et al, 1982),.

d) Co-cperative interaction between Mendelian Genetics,
somatic cell Genetics and DNA studies: At the present
timey, family studies can be informative in mapping
traits for which no cellular pnenotype is known and in
the measurement of the genetic distance separating loci
shown to be syntenic by parasexual methods. However, the
chromosome assignment of a mutant or polymorphic trait
segregating in families can be facilitated by a linkage
association with a second gene which had been assigned
previously by somatic cell Genetics. Family studies are
likely to become more useful and easier to perform as
more and more RFLP's are localized over the chromosome
map: simplification of the analysis of family data, less
dependency on statistical methods, increased efficiency
(small bodies of family data, even single families,‘will
suffice for mapping genes associated with c¢complex

organismal traits).

e) Correlation between genetic and physical gene maps:
Progress in the identification of chromosome banding
patterns throcugh high resolution techniques (YUNIS,
1981) together with somatic cell hybridization have

resulted in the assignment of many genes to their
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bhysical locations on the chromosomes (see 1.1.2). At
the same time, family studies giving estimates of the
recombination fraction between pairs of loci and data on
the frequency distribution of male chiasmata (LAURIE et
al, 1981) have been accumulating. A number of attempts
has been made to synthesize these different types of
evidence. KEATS et al (1981) suggest a method for
obtaining a linear genetic map using both recombination
data and physical assignments of the loci, assuming that
genetic and physical distances are proportional over
small dintervals, but generally not over the whole
chomosome., Once such a 'synthetic map' is produced, the
precision of the statements defining chromosome

rearrangements will be greatly increased.
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1.1.%4. Current status of the gene map of human

chromosome 16 (Table 1.U4).

Human chromosome 16 corresponds to 3.11% of human
haploid genome length (FERGUSON-SMITH, 1974) and to
1.55% of human autosomal DNA content (MENDELSOHN, 1973).
Eight loci have been consistently assigned to it (Fig
1.3). Fourteen provisional assignments are waiting for
confirmation, One assignment is still tentative.

The gene content of HC 16 displays a great hetero-
geneity: apart from the alpha-globin gene cluster, two
transaminases (GOT2, GPT1), and two genes coding for
enzymes of purine (APRT) and pyrimidine (TK2) salvage
pathways, no other functionally related linkage group
has been detected so far, This is in accordance with the
above discussion of the biological significance of
linkage and synteny: gene clustering appears to be the
structural expression of sequencial and mutually
exclusive gene activation during ontogeny rather then
the coordinate activation of genes coding for enzymes
catalysing different steps of a metabolic pathway (see
1.1.3.1.b)).

A certain degree of homology of gene content (e.g., TK2
maps on HC 16 while TK1 maps on HC 17) and general
morphology between HC's 16 and 17 led certain authors to
suggest they had a common origin and resulted from
tetraploidization (COMINGS, 1972). HC 16 alsoc carries
two (?) of a multichromosome set of genes necessary for
expression and regulation of interferon-mediated anti-

viral state (Table 1.3).
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Table 1.4. Gene map of human

chromosome 16 (MCKUSICK, 1982).
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Marker (certainty*) Biological significance Method SOR References
APRT (C) Purine salvage pathway (2,8-dihydroxy S,D ql2—q22 (1,2,3,4)
adenine phosphodibosyl adenine urolithiasis)
transferase, EC 2.4.2.7
AVR (P) Regulation of antiviral respense s,D (5)
antiviral state regulator
BCS (L) Genetic predisposition for cancer F (6)
breast cancer susceptibility
CcTH (P) Cystheine synthesis s (7
cystathionase, EC 4.4.1.1 (cystathioninuria)
CTRB (P) Proteolysis S,REa (8)
chymetrypsinigen B, EC 3.4.21.1
D16Sl, DL6s2 {p) Unknown RE {9
anonymous DNA fragments
DIA4 (C) Electron transport s ql2-q21 (10,11}
diaphorase 4, EC 1.6.2.2
DIPI (P) Regulation of antiviral response s (27)
defective interfering particle
induction, control of
ESBL (P) Skin malignancy F (12)
epidermolysis bullosa,
Ogna type
ESBE3 {(P) Esterolysis S (13)
esterase B, EC 3,1.1.1
FSl6pl24, FSleg22 (C) Unknown Ch (14,15)
fragile sites
GCF2 (P) Regulation of growth rate S (16)
growth rate contolling factor
GOT2 (C) Aminoacid interconversion S ql2-q22 (17,18,19)
glutamate oxaloacetate trans-
aminase, mitochondrial,
EC 2.6.1.1
GPT1 (P) . Aminoacid interconversion s (20)
glutamate pyruvate transaminase,
soluble, red cell, EC 2,6.1.2
HAGH (P) Detoxyfication of methylglyoxal? g (21)
hydroxyglutathione hydrolase, Regulation of cell division?
EC 3.1.2.6 Microtubule assembly?
HBAL, HBA2, HBZl, HB22 {Q) Oxygen transport 5,REa,A,D pl2-pter (22,23,24,25)
a-globin gene cluster (o-thalassaemias, HbH related

mental retardation)
HP (C) Haemoglobin elimination F q22 (26)
c~haptoglobin
ICAT (C) Phospholipid metabolism F, LD q22 (2B)
lecithin-cholesterol acyl- (NORUM's disease: LCAT deficiency)
transferase, EC 2,3,1.43
LIPB (P) Lysosomal system s (29}
lysosomal acid lipase B,
EC 3.1.1.3
NHCP2 {(P) Regulation of gene expression? s (30)
nen~histone chromoscme protein
PGP (C) Regulation of oxygen transport? S pl2-pl3 (24,31,32,33,;
phosphoglycolate phosphatase, 34)
EC 3.1.3.18
TK2 (P) Pyrimidine salvage pathway s (35)
thymidine kinase, mitochondrial,
EC 2.7.1.21
VMD  (P) F 16p? (5 oM (36)

macular distrophy, atypical vitelliform

f£xom GPT1)
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(*) Degrees of certainty of assignment: C = Confirmed (at least two
laboratories or two families). P = Provisional (one laboratory or

family). L = in 'Limbo' (less than provisional).

References: (1) TISCHFIEID et al, 1973. (2) KAHAN et al, 1975.
(3)BARG et al, 1981. (4)RETHORE et al, 1982. (5) CHANY et al, 1975,
{6) KING et al, 1980. (7) DONALD et al, 198la. (8) SAKAGUCHI et al,
1981. (9) PEARSON et al, 198l. (10) GRZESCHIK, 1979. (11) POVEY

et al, 1980. (12) OLAISEN and GEDDE-DAHL, 1973. (13) ASTRIN et al,
1981. (14) MAGENIS and CHAMBERLIN, 1979. (15) SCMID et al ,1980.

(L6} DONALD et al, 1981b. (17) TOLLEY et al, 1980. (18) POVEY

et al, 1981. (19) JEREMIAH et al, 1982. {(20) WIJNEN and MEERE-KHAN,
1981. (21)HONEY and SHOWS, 198l. (22) DEISSEROTH et al, 1977.

(23) BARG et al, 1981. (24) KOEFFLER et al, 1981. (25) BARTON et al,
1982. (26) ROBSON et al, 1969. (27) CREAGAN et al, 1975. (28) TEISSBERG
and GJONE, 1974. (29) NGUYEN VAN CONG et al, 1980. (30) BODE et al,
1980. (31) BLANKENSTEIN-WIJNE et al, 1979. (32) DONALD et al,

1979. (33) POVEY et al, 1979. (34) SPARKES et al, 1979. (35) WILLECKE
et al, 1977. (36) FERRELL et al, 1983.



1.2. The object - the human globin gene family.

1.2.1. Anatomy of the human globin gene family.

1.2.1.17. The ontogeny of globin gene expression.

Adult human haemoglobin (Hb A), the major oxygen carrier
in human blood, is an iron (II) metalloprotein with a
molecular weight of 64,450, It is a tetramer in which
the four polypeptide subunits (two alpha- and two beta-
globin chains with a total of 574 aminoacid residues)
are combined with four haem molecules,

In addition to Hb A, other globin chains are
synthesized, and other haemoglobin tetramers assembled,
at different stages of normal development (Fig 1.4 and
Table 1.5). The primary difference between the gene
clusters coding for alpha- and non-alpha-globin chains
is that two f'switches! in gene expression are observed
for non-alpha-globin genes (epsilon -~—» gamma - beta)
while a single 'switch' results in activation of adult
alpha-globin production early in fetal 1ife (MANIATIS et
al, 1980). The observed sequencial gene activation
during development implies globin genes are organized in
a developmentally regulated way (see 1.2.1.2).
Regulation of globin chain synthesis seems to be
operated at three levels (WEATHERALL and CLEGG, 1981):
(i) Principal control: mRNA synthesis (transcription and
RNA processing). (ii} Minor control: chain initiation
(translation). (iii) Final overall balance: proteolysis
of the chain in excess (post-translation)., The latter is
particularly important when the synthesis of one of the
globins is reduced as in thalassaemias (TESTA et al,
1981;BALLAS and BURKA, 1982). The mechanism of
'switching' from fetal to adult haemoglobin synthesis 1is
unknown. It seems to be regulated more by gestational

age than by extrauterine environment {BUNN et al, 1977;
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Table 1.5. Globin chains and haemoglobins produced
at different stages of human development.
Stage a-like Non-a-like Haemoglobins
chain chain (subunits)
Embryo G,o E,Y Gower 1 (C-ez)
Portland{t.Y.)
G 2 (azez)
ower 2€ 5
Fetus o Y F (u2Y2)
Adult o, B,96 A, (a,B.)
a (a262)
2 2°2




NIENHUIS and STAMATOYANNOPOLOUS, 1978).
1.2.1.2. Chromosomal arrangement of human globin genes.

The globin gene family is distributed in two linkage
groups, which have been assigned to HC 16 (alpha-globin
gene cluster) and to HC 11 (non-alpha~globin gene
cluster). The current picture of these two gene clusters
is shown 4in Fig 1.5 and the sequence of the major
contributions leading to this picture is summarized in
Table 1.6. It should be emphasized at this stage that
the chromosome arrangement of the two globin gene
clusters parallels the order in which the individual
genes are expressed during ontogenesis (see 1.2.1.1).
Alpha- and non-alpha-globin genes display a marked
similarity of internal organization {(Fig 1.6). Although
the function of introns is not known, 1t has been
proposed that they play a role in evolution by joining
in different DNA sequences encoding protein structural
(and functional) domains. In fact, the distribution of
'functional' aminoacid residues (e.g.s two histidine
residues that interact with the haem, Fig 1.7) in alpha-
and beta-globin polypeptides can be correlated with the
arrangement of coding and non-coding sequences in these

genes (CRAIK et al, 1980; MANIATIS et al, 1980).

Heteroduplex analysis of the alpha 1 - alpha 2 region of
the alpha-globin gene cluster (LAUER et al, 1980)
demonstrated an extensive homology between alpha 1 and
alpha 2 regions (Fig 1.8). The observed maintenance of
homology between a pair of structurally and functionally
related genes will be discussed later in more detail
(see 1.2.2).

Related DNA sequences have been found in both globin

gene clusters (Figs 1.5 and 1.8) which seem to belong to

I4
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Table 1.6. Analysis of the organization of human
globin genes.

Fact Method Ref
Two globin genes (o,B) Family studies (1)
§/8 linkage Family studies (2,3)

(linkage disequil)
Globin analysis
(Hb Lepore)

Y/B linkage and Globin analysis (4)
GY-AY—G—B arrangement (Hb Kenya)

Two linked do-globin Family studies (5,6)
genes (al,az) DNA analysis

Asinteny of globin genes Somatic cell hybr. (7)
and chromosome assignment Molecular hybr.

(. on HC 16, non=-da-on in solution (Cot

HC 11) analysis)
Non—u-globén ene cluster DNA analysis and (8,9,
(5'—¢82—€— Y - Y~¢81— cloning 10)
~§=B=31)
o-globin gene cluster DNA analysis and (11,12)

| - — — -— — — t :

(5 §2 Cl wul az al 3" cloning
szis not globin related DNA sequencing (13)

References: (1) BRADLEY et al, 1961. (2) BOYER et al,
1963, (3) BAGLIONI, 1962. (4) HUISMAN et al, 1972.
(5)HOLLAN et al, 1972. (6) ORKIN, 1978, (7) DEISSEROTH
et al, 1976, 1977, 1978. (8) FLAVELL et al, 1978.

(9) LAWN et al, 1978. (10) FRITSCH et al, 1980.

(11) PROUDFOOT and MANIATIS, 1980, (12) LAUER et al,
1980. (13) SHEN and SMITHIES, 1982,
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Fig 1.7, The aminoacid sequence of the a=-~ and B-globin
chains of human Hb A. The Helices are given the letters
A-H and the areas between the helices labelled AB, CD,
etc, NA and HC represent the three amino and carboxyl
terminal residues, respectively. IS1 and IS2 indicate
the location of introns (adapted from WEATHERALL and
CLEGG, 1981, p 22).
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a large family of DNA sequences (about 300 bp long,
defined by Alu I restriction sites) reiterated
abproximately 500,000 times in the human genome (HOUCK
et al, 1979; JELINEK et al, 1980; SCHMID and JELINEK,
1982).

1.2.2. Evolution of the globin gene family (JEFFREYS,
1982).

In c¢cyclostomes only one globin chain has been detected.
Human globin gene family includes eleven 1loci
distributed in two linkage groups (alpha- and non-alpha-
globin gene clusters). The aim of this section is to
answer the question of how have these genes emerged
during evolution. It has been possible to construct an
evolutionary tree for the human globin gene family (Fig
1.10) and to design a scenario of the genetic events
responsible for the evolutionary process. This has been
accomplished basically by measuring the degree of homo-
logy of aminoacid and nucleotide sequences, respectively
among globins and globin genes from different species or
within species. The sequence of events could be

sunnmarized as follows:

a) Duplication of the primordial globin gene: Since the
cyclostomes only have one globin chain and the bony
fishes have both alpha and beta chains, it is assumed
that the alpha/beta duplication occurred some time
during the evolution of bony fish, approximately 500
Myear ago (DAYHOFF et al, 1972; DICKERSON and GEIS,
1980)., The alpha-beta-globin gene linkage in the amphi-
bian Xenopus suggests that alpha- and beta-globin genes
evolved by a tandem duplication of the ancestral globin
gene due to unequal crossing-over following mispairing
of repetitive sequences flanking the duplicated gene
(JEFFREYS et al, 1980).
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b) Disruption of alpha-beta~globin gene linkage: This
must have occurred during reptile evolution before the
appearance of the mammalian line (300 Myear ago) but
after the divergence of amphibians and reptiles (350
Myear ago). The unlinking of alpha- and beta-globin
genes could have occurred either by translocation
between the two genes or by a mechanism dinvolving
chromosome duplication {(tetraploidization? OHNO, 1970),
in which case each duplicate but unlinked alpha-beta-
globin gene cluster could then evolve towards =a
mammalian like alpha- or non~alpha-gene cluster by
tandem alpha- or beta-globin gene duplication plus
silencing of the linked beta- or alpha-globin genes
within each cluster (JEFFREYS et al, 1980; HGCSBACH et
al, 1983).

¢) Evolution of two different globin gene clusters in
birds and mammals: Tandem duplication, point mutation
and concerted evolution (i. e., parallel and
coincidental evolution of two genes which correct
against each other via homologous but unequal crossing-
over, SLIGHTOM et al, 1980; ZIMMER et al, 1980;
LIEBHABER et al, 1981), are the mechanisms assumed to
have brought about the evolution leading to the present
alpha- and non-alpha-globin gene clusters. Regions with
higher homology within the clusters (e. g., alpha 1-
alpha 2 and gamma G-gamma A) have undergone more recent

correcting genetic exchange.

In order to elucidate the detailed timing of the
evolution of globin genes, some scrt of time scale must
be established. The rate of nucleotide substitutions
resulting in aminoacid replacements (which appear to
accumulate linearly with divergence time as documented

by the fossil record) provide a reliable 'evolutionary
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clock' (WILSON et al, 1977; PERLER et al, 1980). To
calibrate the evolutionary clock, data included in table
1.7 have been considered. Based on this type of evidence
a calibration curve for divergence for globin coding
sequences can be drawn (Fig 1.9). This curve serves as a
molecular clock, Its slope measures the rate of fixation
of replacement substitutions in globin genes. Entering
in the curve with the values of percentage divergence
between a given pair of globin genes, an estimate of the
time since the two genes begun to diverge can be
obtained. Using this estimates EFSTRATIADIS et al (1980)
constructed an evolutionary tree for the human globin
gene family. Contributions from a number of different
sources (ZIMMER et al, 1980; CZELUSNIAK et al,1982)
resulted in the picture shown in Fig 1.10.

Branch points represent times at which gene duplication
events took place. It 1is possible that the initial
products of a given duplication were corrected against
each other for an unknown period of time: alpha 1-zlpha
2 and gamma G-gamma A gene pairs appear to be still at
this stage of concerted evolution, while delta~beta gene
pair seems to have evolved to a sequence divergence
stage (MARTIN et al, 1983),

Gene clusters are inherently unstable entities that can
expand, contract, and disperse during the course of
evolution. Of all the possible shifts in rearrangement,
natural selection will eliminate the unfavourable,
leaving neutral and advantageous to be fixed in
evolution (JEFFREYS and HARRIS, 1982). The present
arrangement of human globin genes displays some of the
remnants of such a process - the pseudogenes (DNA
sequences that have originally derived from a functional
globin gene, that are incapable of producing functional

globin protein and that are fixed in the population,
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Fig 1.9. Calibration curve for divergence for gleobin coding
sequences. The UEP (= Unit Evolutionary Period, time for
the fixation of 1% sequence divergence) is 10.3 Myear for
replacement substitutions (resulting in aminoacid change)
and 1.3 Myear for silent substitutions (not resulting in
amincacid change because either of having occurred in non-
coding seguences or of the degeneracy of the genetic code).
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LITTLE, 1982#%), Globin pseudogenes may have been

generated in a two-stage process:

a) Gene duplication followed by a period (14 Myear for

pseudo~beta 2, 15 Myear for pseudo-alpha 1, >40 Myear
for delta; in 0l1d World monkeys delta-globin gene is
already a recently silenced pseudo-delta gene, MARTIN,
1980) of concerted evolution during which exchange of
information occurs between the duplicated genes

resulting in a mutual correction of mutations.

b) Seguence divergence following the disruption of the

correcting mechanism. The time at which this occurs
depends on the relative rates of mutation and
correction, Once a gene has become incapable of
producing a functional globin chain, it will then
accunulate mutations more rapidly, since it is no longer
under the constraints of selection in favour of

functional protein sequences (LITTLE, 1982).

The feature of pseudogenes being evolutionary relies of
duplicated genes does not exclude the possibility of
expression of nonglobin proteins encoded by them.
However, so far no new protein product has been
suggested or identified for these pseudogenes
(PROUDFOOT, 1980; JEFFREYS, 1981).

Sometimes a single nucleotide substitution is
responsible for pseudogene disfunction., A 'stop!'! codon

at aminoacid 6 indicates that the human gene previously

(#) An alternative definition is given by PROUDFOOT
(1980): regions of DNA that display significant homology
(>70%) to functional globin genes but have mutations

which prevent their expression.
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known as zeta 1 is, in fact, a pseudogene pseudo~zeta 1
(PROUDFOOT et al, 1982; LITTLE, 1982). This changes the
current ideas about functionality of embryonic alpha-
like globin genes. In their review of the molecular
"genetiecs of human globins, MANIATIS et al (1980) state
that evidence suggests both zeta-globin genes are
functional. On one side, detection of zeta-globin in an
infant carrying a homozygous deletion that removes zeta
1y but spares zeta 2, indicates the latter is a
functional gene (PRESSLEY et al, 1980b). On the other
hand, the agreement between nucleotide sequence of =zeta
1 gene and the aminoacid sequence of zeta-globin,
suggests that the zeta 1 gene 1s probably also

functional.

The above description of globin gene clusters portrays a
dynamic gene family undergoing rapid evolutionary
changes. This family dincludes genes which have
specialized to function at different developmental
stages (embryoniec, fetal, and adult globin genes), genes
for-whioh no globin polypeptide has been identified and
which may therefore no longer be functional (pseudo-
genes), and genes which are presently undergoing mutual
correction and/or deletion and duplication in the human
population {(gamma G-gamma A and alpha 1-alpha 2) (LAUER
et al, 1980; SANCAR et al, 1982).
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1.3, The method -~ DNA restriction fragment analysis
combined with interspecific somatic cell

hybridization.
1+3.1. The aim and the strategy.

The aim of this study was (i) to confirm and, if
possible, to strengthen the regional localization of the
human alpha-globin gene cluster on the short arm of HC
16, and (ii) to test the value in human gene mapping of
an experimental approach combining somatic cell Genetics

and recombinant DNA procedures.
The followed strategy consisted of:

- Production of man X mouse somatic cell
hybrids, the human parental cells being
carriers of balanced translocations

involving HC 16.

- Selection and expansion of hybrid cell
populations carrying HC 164q, taking
advantage of the expression of a selectable
marker (APRT) under restrictive conditions

(AL selection}.,

- Counterselection and expansion of the
hybrid cell populations which carry an
intact HC 16 under restrictive conditions
(DAP selection) that select against the

same marker.

- Characterization of the cellular phenotype
of the scomatic cell hybrids in terms of
human chromosome content and expression of

relevant human enzymatic markers.



-~ Screening of the DPNA from the different
types of hybrid cell populations (either
carrying HC 16, or a 16 fragment, or not
carrying 16 at all) for the presence of the
human alpha-~globin gene cluster, by
molecular hybridization on =solid phase
with a human genomic DNA probe after

restriction endonuclease treatment.

- Establishing a correlation between the
presence or absence of HC 16p and the
presence or absence of alpha-globin gene

in each hybrid cell population.

Previous attempts to localize the human alpha-globin
gene cluster, using a number of different approaches,

are sumnarized in Table 1.8 and Fig 1.11.

13.2. Discussion of the strategy and of some

methodologies utilized in this study.

a) Until 1977 the method of choice in gene assignment
was the correlation of the presence or absence in a
hybrid cell population of a particular gene product with
the presence or absence of a chromosome or chromosome
fragment. This method has severe limitations because it
depends on the expression of genes and on the ability to
distinguish human and rodent gene products and
chromosomes., Thus, genes which are expressed only in
differentiated cells, as is the case of globin genes,
cannot be mapped by this method, This dificulty can be
overcome by direct detection of the genes using nucleic
acid hybridization techniques. The assignment of alpha-
and beta-globin genes by molecular hybridization in

solution of alpha- and beta-globin ¢DNA probes with
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Table 1.8. Chromosomal localization of human OG-globin gene cluster.

Method Hybridization probe Localization Ref
{origin; label)

Molecular hybridization in cDNA (abnocrmal human reticulocyte 16 (1)
solution (Cot analysis) of mRNA; 32p)
DNA from man x mouse hybrids

Molecular hybridization on cDNA (32p) 16pl2~pter (2)
solid phase (Southern blotting)

of DNA from man X mouse hybrids

(human cells: t(11:16) (11g25:

:16g22) and t(3:16) (3g21:16ql2))

Molecular hybridization in situ  ¢RNA (human fetal liver DNA;
3n)

Molecular hybridization in situ c¢DNA (human adult or premature 16 (3)
infant reticulocyte rRNA;1257)

Trisomy mapping (l6pl2-pter) by l6pl2~pter (4)
assessment of red cell o/f chain
synthesis ratio

Molecular hybridization on cDNA (human adult or premature 1l6p (5)
solid phase of DNA from infant reticulocyte RNA;32P)

man x mouse hybrids (human

cells: t(11:16) (11qgl3:16pll))

Molecular hybridization in situ gRNA (human fetal liver DNA; 1l6pl2-pter (6)
H}

References: (1) DEISSEROTH et al, 1977. (2) BARG et al, 198l. (3) GERHARD et al, 198l.
(4) WAINSCOAT et al, 1981, (5) KOEFFLER et al, 1981. (6) BARTON et al, 1982.
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Fig 1.11. Intrachromosomal localization of the human
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(- ) indicates the breakpoints of the rearranged HC l6sg
used in this study. DE, LO, OA and SY identify the subjects
carrying these rearranged chromosomes. For references

see Table 1.8.



genomic DNA preparations from hybrid cell populations,
demonstrated the feasability of this new approach
(DEISSEROTH et al, 1977 and 1978). The success of this
method depends on the specificity of hybridization of
the human gene prcbe with the homologous human genomic
sequences and so, appreciable interspecific cross-
reaction with rodent DNA sequences will limit the use of
Cot analysis as a gene mapping technique. This problem
was solved by exploiting human and rodent differences in
restriction endonuclease sites within or around the gene
of interest and using a procedure of molecular
hybridization on solid phase (SOUTHERN, 1975). In this
method the presence of homologous DNA fragments of
rodent origin is not a disadvantage, since the cross-
hybridization signal can be used as an internal control
for the method (Fig 1.12).

Restriction fragment mapping makes possible the mapping
of any unique, or low copy number, nucleotide sequence
for which there is a suitable hybridization probe. Among
others, the human insulin gene (OWERBACH et al, 1980),
and the human alpha- and non-alpha-globin gene clusters
(KOEFFLER et al, 1981, and JEFFREYS et al, 1979,
respectively) have been mapped using this approach.
Another advantage of restriction fragment mapping is
that it needs a much smaller amount (10 - 100 ug) of DNA
than Cot analysis (1 - 2 mg). Regional mapping can be
accomplished by using donor cells which carry reciprocal
translocations involving a particular chromosome. In
this study, four different translocations involving HC

16 have been used.

b) In the production of interspecific somatic cell
hybrids the c¢ritical steps include the use of a
thybridogen', to aid the cell fusion, and the choice of
selective systems under whose pressure hybrid cells

(carrying or lacking a particular donor chromosome) show

58.



HUMAN-MOUSE HYBRID

¥
T

DNA HOMOGENATE CELLS FOR
‘ ‘ KARYOTYPING
CUT WITH STARCH GEL CHROMOSOME
RESTRICTION ELECTROPHORESIS CONTENT
ENOCNUCLEASE FOR ASSAY OF OF
HUMAN ENZYME HYBRID CELLS
SEPARATE MARKERS
FRAGMENTS —e -
BY AGAROSE
ELECTROPHORESIS %ﬂ

- - -
[e——
$ L

CORRELATE PRESENCE
OF ENZYME MARKER,
CHROMOSOME, AND
HYBRIDIZATION BAND
TO MAP GENE PROBE
BLOT FRAGMENTS TO SPECIFIC HUMAN
ONTO CHROMOSOME

NITROCELLULOSE-

HYBRIDIZE WITH
P~LABELLED PROBE

32

EXPOSE BLOT
TO X-RAY FILM;
DEVELOP FILM TO
VISUALIZE BANDS

Flg 1.12, Mapping of cloned genes in human X rodent
somatic cell hybrids by SOUTHERN blotting {(from SHOWS
et al, 1982),



a remarkable adaptive advantage. In this study, poly-
ethyleneglycol (PEG, a nonionic, polymeriec, surfactant
which acts on the interacting cell membranes leading to
the formation of heterokaryons) was used to increase the
frequency of cell fusion events (PONTECORVO, 1976). To
select hybrid cells carrying HC 16q, a mixture of
ouabain (to eliminate human parental cells), adenine and
alanosine (to eliminate APRT~deficient mouse parental
cells) was used. The use of ouabain takes advantage of
the differential toxicity of the drug (which inhibits
plasma-membrane mediated, ATPase—dependent.K+ intake
and Na*¥ output): human cells are sensitive to ouabain
concentrations ranging from 3x10"8 to 10”7 M while mouse
L cells show sensitivity at 10°3 M (CHEU and POWELL,
1976). To select hybrid cells carrying no HC 16 at all,
diaminopurine (DAP) was used, To understand the
mechanism of action of AA and DAP selection systems it
is necessary to keep in mind the biochemistry of purine
biosynthesis, dinterconversion, reutilization, and cata-
bolism (Fig 1.13). Mouse L AG cells are APRT-deficient
which means they cannot reuse ('salvage!) adenine from
nucleotide catabolism. For the same reason they are
resistant to adenine analogues (e.g., DAP) which inhibit
APRT. Their requirements for adenine nucleotides are
supplied by the de novo synthesis of adenine via
inosine-monophosphate. One of the enzymes involved in
this pathway (adenylosuccinate synthetase) is inhibited
by an aspartate analogue (alanosine). Now, if the growth
medium contains both adenine (which APRT-deficient cells
cannot utilize) and alanosine (which blocks the de novo
synthesis of adenine), mouse L A9 cells will not
survive, On the contrary, hybrid cells which carry the
human APRT gene (located on HC 16q) will show adaptive
advantage and therefore will preferentially survive by a
mechanism of enzyme deficiency complementation (KUSANO
et al, 1971).
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Fig 1.13. Purine biosynthesis, reutilization, interconversion,
and catabolic pathways. APRT: adenine phosphoribosyltransferase
(EC 2.4.2.7). HGPRT: hypoxanthine-guanine phosphoribosyl-
transferase (EC 2.4,2.8). A: adenine, AR: adenosine, AMP:
adenosine 5'-monophosphate, Asp: aspartate. G: guanine, GR:
guanosine, GMP: guanosine 5'-monophosphate., H: hypoxanthine,
HR: inosine, IMP: inosine 5'-monophosphate, PRPP: 5-phospho-
ribosyl-1l-pyrophosphate. sAMP: adenylosuccinic acid. X:
xanthine, XR: xanthosine, XMP: xanthosine 5'-monophosphate,
2,6-DAP: 2,6~diaminopurine. 2~FA: 2~fluoroadenine. 8-AH:
8-azahypoxanthine. 6-MP: 6-mercaptopurine. 8-AG: B-azaguanine.
6-TG: 6~thioguanine. Dotted arrows indicate feed-back
inhibition (adapted from CHU and POWELL, 1976).



If, instead of adenine and alanosine, the growth medium
contains DAP, the hybrids cells carrying HC 16q will be
in selective disadvantage. The overall process of
selection (for HC 16q) and counterselection (against HC

16q) can be summarized as follows:

Human cells
(APRT™)

Hybrid cells —w=(.,..)~—e=Hybrid cells
) !
(HC 16q™) (HC 16g7)

Mouse cells
(APRT™)

cuabain + AA No AA DAP

¢) The characterization of the cellular phenotype of the
hybrid cells relies on the cosegregation of human
chromosomes and human enzymatic markers (Table 1.9) on
basis of species-specific banding patterns and other
distinective staining features (MILLER, 1972b), and

electrophoretic behaviour respectively.

d) The detection of restriction DNA fragments depends on
their specific hybridization with a labelled DNA probe
{SOUTEERN, 1975). Increased sensitivity of hybridization
techniques can be achieved using hybridization probes
prepared from genomic recombinants that hybridize to
flanking and intervening sequences as well as to the
coding sequences (MALCOLM et al, 1981b). The recombinant
plasmid (P7(X1) used as hybridization probe in this
study carries a genomic DNA fragment including human
alpha 1-globin gene and its dintervening and surrounding

sequences to a total length of 3.8 kb, It is a subclone
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of an element of a bacteriophage lambda bank of human
fetal liver DNA (LAWN et al, 1978) screened with an
alpha-globin ¢DPNA probe (WILSON et al, 1978). The sub-
cloned plasmid was constructed by inserting a Pvull
restriction DNA fragment, containing the alpha 1-globin
gene into pBR322 as cloning vector (Fig 2.2).

As mentioned above (see 1.2.1.2), a family of related
DNA sequences of about 300 bp is scattered throughout
the human genome (500,000 times/haploid genome according
to SCHMID and JELINEK, 1982). Elements of this family
have been found interspersed within the non-alpha-globin
gene cluster (FRITSCH et al, 1980) and it has been
suggested that they are also prgsent within the 2lpha-
globin gene cluster (LAUER et al, 1980)., For this
reason, specially stringent posthybridization washing
must be used to remove nonspecific molecular hybrids,
taking advantage of the fact that this family of related
DNA sequences displays about 20% divergence from the

consensus sequence.
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1.4, Analysis of the human genome and genetic disease -

the haemoglobinopathies.

The assignment of genes to specific regions on
chromosomes, in conjunction with other levels of gene
mapping, provides an insight dinto the organization and
regulation of the expression of genetic information (see
1.1.3). In particular, a more detailed knowledge of the
structure and mode of action of the alpha-globin genes
(which have now been localized, isolated, cloned, and
partly sequenced) has as a consequence developed the
understanding, and the means of diagnosis, of inherited
disorders of haemoglobin - the haemoglobinopathies (for

classification see Table 1.10).

Thalassaemias are genetic disorders characterized by a
reduced rate of production of one or more of the globin
chains of haemoglobin (WEATHERALL and CLEGG, 1981).
Although the majority of alpha~thalassaemias appears tc
be due to gene deletion, some nondeletion types have
been reported in which no gross gene deletion c¢an be
detected. At least six deletions resulting in alpha-

thalassaemia have been described (Fig 1.14).

The severity of the disease depends on the extent of the
deletion rather than on the degree of impairment of a
single alpha-globin gene. It is remarkable that the
locations of the breakpoints of deletions naturally
associated with alpha®~thalassaemia are indistinguish~-
able from those which occur in vitro during propagation
of recombinant bacteriophages, containing alpha-globin
genes, in E, coli (LAUER et al, 1980).

The nondeletion types of alpha-thalassaemia appear to be
due to a number of different gene defects: (i) Point

mutation in the terminator codon resulting in the trans-



Table 1.10. Inherited disorders of haemoglobin (WEATHERALL
and CLEGG, 1981, p 85).

In the structure of globin chains (structural variants)
- no clinical abnormality
- haemolytic anaemia

— abnormal oxygen transport

In the rate of synthesis of globin chains (reduced rate)

- thalassaemia

In the structure and rate of synthesis of globin chains

- thalassaemia {(interaction with structural variants)

Hereditary persistence of fetal haemoglobin (HPFH)
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Fig 1.14, Deletions in the various o -thalassaemia haplotypes
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and little detectable globin chain imbalance) and o
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indicated by hatched areas. Refs: (1) ORKIN, 1978. (2) EMBURY
et al, 1979. (3) PRESSLEY et al, 1980a. (4,5) PRESSLEY et al,
1980b, (6) ORKIN and MICHELSON, 1980, From WEATHERALL and
CLEGG, 1981, p 776,



location of 3';y normally, untranslated region into an
elongated (nonfunctional) alpha-~globin chain (WEATHERALL
and CLEGG, 1975; MICHELSON and ORKIN, 1980)., (ii) Short
deletion in an intervening sequence resulting in ab-
normal RNA splicing (ORKIN et al, 1981; FELBER et al,
1982); (iii} Single nucleotide substitution in the
coding region associated with alpha/beta interaction
during haemoglobin assembly impeding alpha1-beta1
formation (GOOSSENS et al, 1982).

The diagnosis of disfunctional globin genes is
accomplished by a combined approach: (i) clinical and
haematological analysis of patients and their families,
including studies of any interaction between the genetic
determinant for thalassaemia with those for different
structural haemoglobin variants; and (ii) analysis at
the molecular level including the measurement of rates
of globin chain synthesis, the determination of the
ratio of alpha- and beta-globin mRNA in red=-cell pre=
cursors, the detection of deletions, and the quanti-

fication of globin genes.

Regarding the prenatal diagnosis of haemoglobinopathies,
three alternative routes of fetal sampling can be
considered: chorion biopsy, amniocentesis and puncture
of umbilical chord vessels. These methods may be
assessed in terms of their timing, fetal loss rate (cver
the base 1line for the gestational age of sample
collection), ability to provide information and extent

of contamination by maternal tissue:

a) Trophoblast: Chorion biopsy is performed during the

first trimester of pregnancy under endoscopy (and
optional ultrasound) guidance. It involves a fetal loss
rate estimated in 1% and it is relatively less invasive

than the other two methods, It provides enough cells to
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prepare DNA for direct analysis of globin gene structure
(WILLIAMSON et al, 1981; OLD et al, 1982).

b) Amniotic fluid cells: Amniocentesis is performed

during the second trimester of pregnancy wunder
ultrasound guidance., It involves a fetal loss rate of
less than 1%, although it is more invasive than chorion
biopsy. DNA can be extracted from fresh or cultured
amniotie fluid cells and the globin gene structure

analysed (WONG et al, 1978; CHAN and KAN, 1982).

¢) Fetal blood: Puncture of umbilical chord vessels is

performed during the second trimester of pregnancy under
fetoscopy guidance. It involves a much higher fetal loss
rate (4 - 10%), being the most invasive of the three
methods. However, it is the only one to give access to
the study of the actual expression of globin genes at
the level of RNA processing, globin synthesis and
haemoglobin assembly (ALTER, 1979).

At the moment, the extent of maternal contamination of
fetal samples is still higher in chorion biopsy than in
the other two methods. Nevertheless, the fact that
chorion biopsy can be performed safely at an early stage
of pregnancy, suggests that it may become the method of
chocice in the prenatal diagnosis of haemoglobinopathies
(GILMORE, D, unpublished review).

Prenatal diagnosis of homozygous alpha~-thalassaemia was
achieved first by direct 'titration' of the alpha-globin
genes in a DNA/c¢DNA hybridization assay of the DNA
extracted from cultured amniotic fluid fibroblasts (WONG
et al, 1978).

As it was pointed out before (see 1.1.3.1.b)), DNA RFLPs
segregating in the population can be used as linkage

markers in the indirect detection of disfunctional genes
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by the linkage method. Alternatively, suitable
restriction endonucleases can detect mutated restriction
sites within the abnormal gene itself as it is the case
of the Dde I polymorphism in sickle-cell mutation
(LITTLE, 1981; BOEHM et al, 1983).

Recently, WEATHERALL et al (1981) published their
findings of new mutations in the alpha~globin gene
cluster in three patients who coincidentally (?) suffer
from a severe form of alpha-thalassaemia (Hb H disease)
and are mentally retarded. The Authors suggest the new
mutations may be related to the developmental changes in
the patients either (i) because novel mutations
affecting the synthesis of alpha-, and probably zeta-,
chains induce intrauterine hypoxia at a very early stage
of embryonic or fetal development or (ii) because of the
effect of an abnormality of HC 16 (encompassing other
than the globin genes) on fetal maturation. The Authors
are now carrying out a survey of the mentally retarded
in order to bring to light other cases of thalassaemia,
If analysis of rate of production of a gene product,
such as alpha-globin chain, can identify subtle
chromosbmal abnormalities that are not definable by
current cytogenetic methods, the application of this
strategy could provide an useful approach to the study
of unexplained cases of mental retardation. Also, the
demonstration of the feasability of such an approach
would strengthen the conviction that analysis at the
molecular level (either of the genes or of their
detectable products) can be informative of chromosomal

rearrangements otherwise nondetectable.

Finally, just a few words about the prospects of gene
therapy of haemoglobinopathies (as the paradigm of well
understood single gene defects leading to disease).

Essentially, tweo different strategies can be devised for
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human gene therapy: (i) Treatment of affected tissues
from patients with a genetic disease (e.g.,» blood and
bone marrow in thalassaemic patients); this kind of
treatment would only affect the patient itself., (ii)
Insertion of a normal gene into early embryos; in this
case the patient's progeny would be altered as well. It
is possible now to isolate normal genes, to introduce
them into mammalian cells (e.g.» of rabbit or mouse) at
any stage of development, including the fertilized
embryo, and to obtain gene function in a2 random way and
at a low level (STEWART et al, 1982). However, it is not
yet possible to ensure that the newly inserted genes
function under normal control in the animal, in time,
space and level of expression. Technical difficulties
and ethical problems of gene replacement in the therapy
of human genetic disease must be balanced against
antenatal diagnosis/termination of affected pregnancies
and conventional postnatal therapies (WILLIAMSON, 1982).
So, until more is known about the potential for the
expression of transferred human genes in human cells in
an in vivo model, it is far too premature to attempt
gene replacement experiments in patients (WEATHERALL
and CLEGG, 1981).

As an alternative to 'genetic surgery', 1t seens
possible to achieve clinical management of deficient
gene expression by molecular manipulation of DNA in
vivo. This has been tryed by LEY at al (1982) using a
methylation inhibitor (5~azacytidine) to reverse
transiently haemoglobin synthesis to the fetal mode in

beta~thalassaemic patients.
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2. Materials and methods.
2.1. Production of man x mouse somatic cell hybrids.
2.1.1, Parental cells.

Somatic cell hybrids were obtained by fusion of mcouse L
A9 cells with human fibroblasts., The L A9 mouse cell
line had been established from connective tissue, It
bears a heteroploid chromosome number (mean = 70; range:
40 - 115) and resistance to 8-azaguanine (HPRT
deficiency) and to 2,6-diaminopurine {(APRT deficiency).
Human primary cell cultures originated from skin
biopsies and were obtained from individuals with both
normal and abnormal karyotypes (Fig 2.1). The chromosome
abnormalities (balanced translocations involving HC 16)
had been detected and characterized in the diagnostic
-cytogenetic laboratories: SY in the Duncan Guthrie
Institute of Medical Genetics, Glasgow, and DE, LO and
OA in the Human Genetics Laboratory, Instituto Nacional

de Saﬁde, Lisbon.

Mouse c¢ells were grown 1in Eagle's ﬁedium (Glasgow
modification; MACPHERSON and STOKER, 1961; STOKER and
MACPHERSON, 1962) supplemented with L-glutamine (2 mM)
and fetal bovine serum (10%(v/v))., The pH of the medium
was adjusted to 7 with 5%(w/v) sodium bicarbonate. Human
cells were grown in the same medium further supplemented
with non-essential aminoacids (Ala, Asn, Asp, Gly, Glu,
Pros, Ser; Gibeco, Paisley), pyruvate (1 mM) and fetal

bovine serum (20%(v/v)).

Both cell types grow in monolayer culture.



DE46,XX,t(2;16) (2937:16qll)

2

2/16 16 16/2

LO046,XX,t (9: 16) (9922:16g922)

9

Fig 2*1%

9/16 16 16/9

Rearranged human chromosomes used in this

study
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ORA46,%XX,t (5:16) (5pll:16pll)

d

5 5/16 16 16/5

SY46 ,XY, t (16 :17) (16ql2 :17p11)
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16 16/17 17 17/16

Fig 2o0lo Cont
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2.1.2. Cell fusion (modified from PONTECORVO, 1975).

Two million cells from each species were mixed together
pelleted and treated with 1 ml of 50%(w/w) PEG 6 000
(average molecular weight: 6 000 -~ 7 500) in Eagle's
medium, for 1 minute. A 40-fold dilution of PEG with
Eagle's medium followed immediately. After pelleting

(103 rpm, 5 minutes), cells were plated in 6 ecm-diameter
Petri dishes, at a density of 105 cells/dish, and fed
with Ham's F12 medium supplemented with L-glutamine (2
mM), non-essential aminoacids, pyruvate (1 mM) and fetal
bovine serum (10%(v/v)), and incubated at 37°C, in an

atmosphere containing 5%(v/v) carbon dioxide,

2.1.3. Selection of hybrid clones carrying HC 16¢q
(KUSANO et al, 1971).

24 - 48 hours after fusion, cells were fed (twice during
the first week and then weekly) with the same mediun
plus the selective agents: 50/uM adenine, SOJAM
alanosine and E.Q#M ouabain., Well defined, active
colonies were picked up using a Pasteur pipette and
transferred into cell culture bottles containing the
same medium. After the first passage, ouabain was

excluded from the selective systemn.
2.1.4. Subcloning of primary clones.
Cytogenetically heterogeneous cell populations were
subcloned by plating a diluted cell suspension
(approximately 5 cells/ 20 mm-diameter dish). Colonies
were picked up as described before.

2.1.5. Mass culture of cloned hybrid cell popuplations.

Cells from well defined, active colonies were grown in
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small plastic bottles (25 c¢cm“ growth area) until con=-

fluency. Then cells were trypsinized and tranferred to

medium sized bottles (80 cm?%).

At this stage a medium
sized bottle for cytogenetic analysis was set up. If the
hybrid cell population proved to be informative for the
purpose of this study, it was further expanded in larger
bottles (170 cm2) to the level of 107 - 108 cells. These
were used for enzyme and DNA analysis as well as for
confirmation of the human chromosome complement. Thus,
all the results shown refer to the same transfer number
of the cell cultures. At each passage, cells were frozen

in 10%(v/v) DMSO and stored in liquid nitrogen,
2.1.6. Counterselection against HC 16q.

Those hybrid clones which carried an intaect HC 16 were
grown in non-selective Eagle's medium supplemented with
L-glutamine (2mM), non-essential aminoacids, pyruvate
(1TmM) and fetal bovine serum (10%{(v/v)) for three weeks.
Then they were grown in the same medium plus the
counterselective agent (0.1 mM 2,6-diaminopurine) and
human chromosome content monitored cytogenetically until
complete segregation of HC 16 was cobserved. The counter-
selected cell population was subsequently expanded

according to the procedures described above.

2.1.7. Mycoplasma testing (CHEN, 1977).

Mycoplasma testing was performed regularly during the
production of somatiec cell hybrids and immediately

before pelleting for biochemical and DNA analyses.

The cells were grown in Petri dishes for at least four
days and tested before they were confluent. Cells were
fixed in situ with methanol/acetic aecid (3+1). The

staining soluticn consisted of 0.0S/Mg/ml bisbenzimid -~
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Hoechst 33258 in Dulbecco's phosphate buffered saline
(DULBECCO and VOGT, 1954). Fixed cells were stained for
10 minutes, washed with distilled water, mounted in
MeIlvainie's (phosphate/citrate) buffer pH = 5.5, and
observed immediately under UV light using a fluorescence

microscope.
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2.2, Cytogenetic analysis of the hybrids.
2.2.1. Chromosome preparations.

Harvest was carried out 24 hours after trypsinization of
hybrid cells. Cell cycle was arrested in metaphase with
colchicine (O.2/ﬁg/m1, 37°C, 90 minutes). Cells were
trypsinized, washed with versene buffer pH = 7.4,
treated with hypotonie salt solution (0.075 M potassium
chloride, 37°C, 15 minutes) and fixed in methanol/acetic
acid (3+1) at 4°C rfor, at least, 30 minutes. After two
more fixing cycles, fixed cells were dripped onto wet

glass slides and left to air dry (MOORHEAD et al, 1960).

2.2.2, Staining procedures.

a) Trypsin/Leishman (modified from SEABRIGHT, 1972):
Slides were soaked in 2xSSC at 60°C for two hours.
Dehydration was carried out in water/ethanol mixtures of
increasing ethanol concentration (50%(v/v), 70%, 90%,
95%, 100%; 2 -~ 3 minutes each). After drying in the air,
the dehydrated slides were treated with a trypsin
solution whose concentration, temperature and time of
action depended on the cell type. A concentration range
from 0.025% to 0.5% of Bacto-Trypsin Difeco (1:250) and a
time range from 10 s to 90 s, at room temperature, were
used in this study. Enzyme action was stopped by
extensively washing the slides with saline. The staining
solution consisted of a 1:4 dilution of Leishman's stain
(BDH, Poole) in phosphate buffer, pH = 6.8 (G T Gurr).
Slides were flooded with the staining solution for 3 - §
minutes, extensively washed with phosphate buffer, pH =

6.8, and left to air dry.

b) Quinacrine/Bisbenzimid = Hoechst 33258 (KUCHERLAPATI
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et al, 1975): When appropriate, chromosome preparations
were destained with methanol, rehydrated by reversing
the series of water/ethanol mixtures (from 100% to 50%;
2 - 3 minutes each), and soaked in McIlvainie's buffer,
pH = 7.0, The staining solution consisted of SO‘pg/ml
quinacrine hydrochloride and O.T/Lg/ml Hoechst 33258 in
MeIlvainie's buffer, pH = 7.0, Slides were stained for
20 - 30 minutes, washed extensively with the same
buffer, mounted in McIlvainie's buffer, pH = 4.5, and
analysed immediately under UV light in a fluorescence

mieroscope.
2.2.3. Microscopy and micrography.

10 to 30 mitoses of each cell line were analysed (at
least 20 mitoses 1if the cell line proved to be
informative for this study) and the best and/or critical
chromosome spreads photographed (3 to 10 photo-
graphs/cell 1line)., All the cases which ¢ould not be
conclusively characterized by G-banding were also
analysed using the differential staining procedure to
determine the parental origin of the chromosomes

{quinacrine/Hoechst 33258).
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2.3. Biochemical analysis of the hybrids.
2.3.1. Cell pelleting and storage.

Cells were pelleted when the cultures reached confluency
in large culture bottles (approx 107 cells). The medium
was removed and cells trypsinized, centrifuged (1 000 -
2 000 rpm), washed three times with Dulbecco's phosphate
buffered saline - part A, at 4°C and the final dry

pellet stored in ligquid nitrogen.
2.3.2, Cell lysis and protein estimation in the lysate.

Pelleted cells were resuspended in a lysis buffer (5 mM
tris/HCl, pH = 7.5, 1 mM NaZEDTA. 1 mM dithiothreitol)
and sonicated (4°C) until homogenization. The lysate was
then centrifuged (10 000 g, 4°C, 30 minutes) and the
clear supernatant recovered and kept in liquid nitrogen.
A protein estimation (LOWRY, 1951) was carried out on

the supernatant.

2.3.3. Electrophoretic detection of biochemical markers.
Essentially two modes of electophoresis of prcteins were
used in this study - cellulose acetate gel (Cellogel)
and starch gel electophoresis (HARRIS and HOPKINSON,

1976) .

a) Cellulose acetate gel: Gel sheets were stored in

30%(v/v) methanol in a sealed container and kept at 4°cC.
Before use, the gels were blotted in filter paper {(but
not left dry), soaked for 30 minutes in the running
buffer and blotted again. Then they were mounted in the
electophoresis tank and pre-run at 200 V for 10 minutes.
10 - 15 #1 of cell lysate were loaded on the gels and

allowed to be absorbed before running the electo-
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phoresis, After the electophoretic run the gels were
blotted, and treated with the appropriate reaction
mixture at 37°C, for the time specified in each case, in

a closed box, protected from light.

b) Starch gel: A 12%(w/v) starch gel was prepared by
suspending hydrolysed starch in the gel buffer at 100°C.
The molten gel was poured into a pérspex slab and
allowed to solidify. 10 to 15 Flnsamples were soaked on
small pieces of filter paper and inserted into slits
left open in the gel. The samples were then sealed with
molten vaseline and the electophoresis run vertically
(4°C), After the electophoretic run the gels were
allowed to cool for 30 minutes, sliced, and treated with
the appropriate reaction mixture at 37°C, for the time
specified in each case. When the detection of bio-
chemical markers involved the use of radioactively
labelled substrates, stained gels were fixed in 0.1 M
lanthanum chloride/0.1 M tris pH = 7.0 (20 hours, 4°C).
After fixation the gels were washed with running water
(3 - 4 hours), dried in a vacuum drier (4.5 hours with
heat), between filter paper and a dialysis membrane, and

exposed to ¥X-ray film for the appropriate time.
2.3.4. The markers.

a) EC 1.1.1.37. Malate dehvdrogenase 1 {(HARRIS and
HOPKINSON, 1976):

- Starch gel electophoresis (3 V/ecm, 17 hours, 4°cC).

- Bridge buffer: 0.245 M monosodium phosphate/0.15 M
citric acid, pH = 5.9.

- Gel buffer: bridge buffer diluted 1:40.

- Reaction mixture: 50 mM L-malic acid, 0.2 mg/ml NAD,
0.1 mg/ml MTT, 0.1 mg/ml PMS, 1%(w/v) agar in 50uM
Tris/HCl buffer, pH = 8., Incubation time: 30 minutes.

- Detection: colour.



b) EC 1.1.1.842, Iscocitrate dehydrogenase 1 (HARRIS and
HOPKINSON, 1976):

- Starch gel electrophoresis (3 V/cm, 17 hours, 4°C).

- Bridge buffer: 0.245 M monosodium phosphate/0.15 M

citric acid, pH =5.9.

- Gel buffer: bridge buffer diluted 1:40.

- Reaction mixture: 1.3 mM isocitric acid (trisodium
salt, dihydrate), 0.1 mg/nl Na,NADP, 0.1 mg/ml MTT, O.1
mg/ml PMS, 14(w/v) agar in 0.1 M Tris/HC1l buffer, pH =
8.0, 57 mM magnesium chloride. Incubation time: 30
minutes.

- Detection: colour.

¢) EC 1.6.2,2, Diaphorase 4 (modified from GRZESCHIK,
1980 and EDWARDS et al, 1980):
- Cellulose acetate gel electrophoresis (200 VvV, 1.5

hour, room temperature).

~ Buffer: 0.1 M tris/50 mM borate, ph = 8.6, 70 M NADH,.
- Reaction mixture: 2.7 mg/ml NADH, 0.54 mg/ml FAD, 27
#g/ml 2,6-dichlorophenolindophenol, 5u/~g/ml MTT in 1 M
Tris/HCl1 buffer, pH = 8.6, 0.004 M Na,EDTA. Incubation
time: 10 - 30 minutes.

- Detection: colour,

d) EC 2.4.2.7. Adenine phosphoribosyltransferase
(modified from HARRIS and EQPKINSON, 1976):

- Starch gel electophoresis (5 V/em, 17 hours, 4°C).

- Bridge buffer: 27 mM citric acid/167 mM dipotassium
6.8.

- Gel buffer: 1,21 mM citric acid/ 6.07 mM dipotassium

phosphate, pH

"

phosphate, pH = 6.8,

- Reaction mixture: 8.9 MM 14C-8—adenine (specific
activity: 40 - 50 mCi/mmole), 0.25 mM PRPP in 0,1 M
Tris/HC1 buffer, pH = 7.4, 10 mM magnesium chloride.

Incubation time: 1.5 hour.
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- Detection: autoradiography.

e) EC 2.7.1.6, Galactokinase (HARRIS and HOPKINSON,
1976):
- Starch gel electophoresis (5 V/em, 17 hours, 4°C).

- Bridge buffer: 27 mM citric acid/167 mM dipotassium
phosphate, pH = 6.8.

- Gel buffer: 1.21 mM citric acid/6.07 mM dipotassium
phosphate/0.5mM DL-dithiothreitol, pH = 6.8.

- Reaction mixture: 13 #M 1“C—D-galactose {specific
activity: 45 - 50 mCi/mmole}, 3.61 mM Na,ATP in 0.2 M
Tris/HCl buffer, pH=7.2 7.4 mM magnesium chloride.
Incubation time: 1 - 2 hours.

- Detection: autoradiography.

f) EC 2,7.4.3. Adenylate kinase 1 (modified from HARRIS
and HOPKINSON, 1976):

- Starch gel electrophoresis (10 V/em, 4.5 hours, roon

temperature).

-~ Bridge buffer: 0.1 M Tris/0.025 M citric acid, pH=8.0.
- Gel buffer: bridge buffer diluted 1:5.

- Reaction mixture ('forward positive! staining): 1 mM
ADP (disodium salt), 10 mM magnesium chloride, 2 mg/ml
glucose, 0.25 mg/ml Na,NADP, 125 mU/ml hexokinase,
0.125 mg/ml MTT, 0.125 mg/ml PMS, 1%(w/v) agar in 0.1 M
Tris/HCl buffer, pH = 8.0. Incubation time: 30 minutes.

- Detection: colour.

g) EC 3.1.,3.18, Phosphoglycollate phosphatase (modified

from HARRIS and HOPKINSON, 1976):

- Starch gel electrophoresis (3 V/em, 17 hours, 4°C).

-~ Bridge buffer: 0.1 M tris/0.1 M maleate/0.01 M
NazEDTA/0.0T M megnesium chloride, pH = 7.2,

- Gel buffer: bridge buffer diluted 1:10, 0.1%(v/v) 2=
mercaptoethanol.

-~ Reaction mixture:

83.



Stage I: 25 mM 2-~phosphoglycollic acid, 0.8 mM magnesium
sulphate, 1%(w/v) agar in 0.05 M tris/HC1l buffer, pH =
7.5. Incubation time: 2 hours,

Stage II (after removal of the previous agar overlay):
1.25%9{w/v) ammonium molybdate in 2N sulphurie acid, 25
mg/ml ascorbic acid, 1%(w/v) agar. Incubation time: 10 -
30 minutes.

- Detection: colour.

h) EC 3.2,1.30. Hexosaminidase B (VAN SOMEREN and VAN
HENEGOUWEN, 1973):
- Cellulose acetate gel electrophoresis (20 - 25 mA, U4

hours, room temperature).

- Buffer: 0.025 M citrate/citric acid, pH = 5.6.

- Reaction mixture: 0.5 mg/ml 4-methylumbelliferyl 2-
acetamido—z-deoxy-(B—D-glucopyr'anoside in 0.1 M
citrate/citric acid buffer, pH = 4.5, Incubation time:
20 minutes, 35°C,.

- Detection: fluorescence under long-wavelength (360 nm)
UV light, after treatment of the gel with 1M

carbonate/bicarbonate buffer, pH = 10.
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2.4. DNA analysis of the hybrids.

2.4.,1., Preparation and characterization of high
molecular weight genomic DNA (modified from
GROSS~-BELLARD et al, 1973).

Two different procedures were used in this study: (i)
cell pelleting prior to lysis (as in 2,3.1) and (ii)
cell lysis in situ. Both procedures aim to dissociate
DNA from chromosome and membrane proteins and to inhibit
nuclease activity. This was achieved using a lysis
buffer consisting of 10 M tris/HC1l, pH=8, 10 mM
Na,EDTA, 10 mM sodium chloride, 0.5%(w/v) sodium
dodecylsulfate and 100 - 200 fg/ml proteinase K (fungal,
20 mAnson units/mg, BRL). Cells were incubated with
lysis buffer overnight at 37°C with gentle shaking.
Remaining protein was precipitated by adding one volume
of freshly distilled phenol saturated with 10 mM
Tris/HCl, pH = 8 10 mM Na,EDTA, 10 mM sodium chloride.
Phenol extraction (10 minutes of gentle mixing at room
temperature) was repeated until interphase was clear.
One tenth volume of 3 M sodium acetate, pH = 7.5, and
two volumes of ice-cold absolute ethanol were added to
the aqueous phase and DNA immediately spooled out with a
closed Pasteur pipette. DNA was dissolved in 10 mM
Tris/1 mM NaZEDTA, buffer, pH = 8,0, and dialysed
against water, for, at least, 24 hours, at 4°c,
Alternatively, the aqueous phase resulting from phenol
extraction was further extracted with one volume of
chloroform/octan-2-01 (24+41), DNA precipitated twice
with salt and ethanol and finally dissolved in buffer,
at 4°C. Whenever necessary DNA preparations were freeze-
dryed and stored at -20°C. DNA solutions of suitable

concentration were stored at =-20°C.
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2.4, DNA analysis of the hybrids.

2.4.1., Preparation and characterization of high
molecular weight genomic DNA (modified from
GROSS-BELLARD et al, 1973).

Two different procedures were used in this study: (i)
cell pelleting prior to lysis (as in 2.3.1) and (ii)
cell lysis in situ. Both procedures aim to dissociate
DNA from chromosome and membrane proteins and to inhibit
nuclease activity. This was achieved using a lysis
buffer consisting of 10 mM tris/HCl, pH=8, 10 mM
Na,EDTA, 10 mM sodium chloride, 0.5%(w/v) sodium
dodecylsulfate and 100 - ZOOlﬁg/ml proteinase K (fungal,
20 mAnson units/mg, BRL). Cells were incubated with
lysis buffer overnight at 37°C with gentle shaking.
Remaining protein was precipitated by adding one volume
cf freshly distilled phenol saturated with 10 mM
Tris/HCl, pH = 8§ 10 mM NaaEDTA. 10 mM sodium chloride.
Phenol extraction (10 minutes of gentle mixing at room
temperature) was repeated until interphase was clear.
One tenth volume of 3 M sodium acetate, pH = 7.5, and
two volumes of ice-cold absolute ethanol were added to
the agueous phase and DNA immediately spooled out with a
closed Pasteur pipette. DNA was dissolved in 10 mM
Tris/1 mM Na,EDTA, buffer, pH = 8.0, and dialysed
against water, for, at least, 24 hours, at 4°9cC.
Alternatively, the aqueous phase resulting from phenol
extraction was further extracted with one volume of
chlioroform/octan-2-0l (24+1), DNA precipitated twice
with salt and ethanol and finally dissolved in buffer,
at 4°C. Whenever necessary DNA preparations were freeze-
dryed and stored at -20°C. DNA solutions of suitable

concentration were stored at -20°C.



The DNA preparations were characterized in terms of
p260, 2260,,280  yy scan (320 - 230 nm) and electro-

phoretic behaviour on an agarose gel.

2.4,2., Preparation and characterization of plasmid DNA
to be used as hybridization probe (modified from
BIRNBOIM and DOLY, 1979).

The hybridization probe was a 3.8 kb PvuIl fragment,
isolated from the clone AH<XG2 of a bacteriophage
lambda bank of human fetal DNA (LAWN et al, 1978),
inecluding alpha 1-globin gene and its flanking
sequences, This fragment was subecloned into
pBR322/E.co0li HB101 (SPANDIDOS, D and LANYON, G, un-
published results).

Bacteria, carrying the recombinant plasmid «&P7(o¢1)
(Fig 2.2), were grown in L-Broth (1%{w/v) tryptone,
0.5%4(w/v) yeast extract, 1%{w/v) sodium c¢hloride, 100
hg/ml L-ampicillin, pH 7.2 - 7.4) at 37°C, with vigorous
shaking, until A%30 fell within the range 0.7 - 1.0. The
amplification of the plasmid copy number/cell was
carried out by the addition to the exponentially
growing culture of 170/ug/ml L-chloramphenicol and
incubation overnight at 37°C with shaking. Bacteria were
then killed with 0.2%(v/v) chloroform (10 minutes, 37°C,
shaking). Cells were pelleted (7 000 g, 4°%c, 21
minutes), resuspended in 0.05 M tris/HCl, ph = 8.0, and
repelleted under the same conditions. The pellet was
resuspended in lysis solution (50 mM glucose, 25 mM
Tris/HCl, pH = 8.0, 10 mM Na,EDTA, 5 mg/ml lysozyme) ang
incubated at 4°C for 30 minutes. 1%(w/v) sodium dodecyl-
sulphatey, 0.2 M sodium hydroxide solution was then mixed
with the lysate (5 minutes, 4°C), Bacterial chromosome
DNA was then precipitated by the addition of 3M
potassium acetate, pH = 4.8 (15 minutes followed by
centrifugation: 7 000 g, 6.5 minutes, 10 - 20°C). The
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Fig 2.2. Map (in kb) of recombinant plasmid aP7(al) used

as hybridization probe in this study. The vegtor is pBR322,
OR = origin and direction of replication. Ap = ampicillin

resistance, re’ = tetracyclin resistance. The localization

of the 3.8 kb Pvu II insert is shown in the map of a-globin
gene cluster,



clear supernatant was recovered and added to 0.6 volumes
of cold isopropanol, mixed and centrifuged immediately
(8 000 g, 5 minutes, 10 - 20°C). The resulting pellet
was recovefed in 10 mM Tris/10 nM NaEEDTA buffer, pH =
8.0, and, once dissolved, run in a caesium chloride
gradient containing 1 mg/ml ethidium bromide (60 000 g,
18 hours, 20°C). The band corresponding to a higher
density was detected with short-wavelength UV light,
harvested through the tube wall, extracted with one
volume of disopropanol {(until aqueous phase was colour-
less) and dialysed against 10 mM tris/1 mM NazEDTA
buffer, pH = 8.0 (4°C, overnight). The final DNA
solution was stored at -20°C.

The plasmid DNA preparation was characterized in terms
of A260, electrophoretic behaviour on an agarose gel,
and restriction pattern after treatment with PvuIl and
HindIII.

2.4.3. Molecular hybridization on solid phase (modified
from SOUTHERN, 1975).

a) DNA restriction: 10 = BO‘pg of genomic DNA of both
parental and hybrid origin were restricted in the
presence of the appropriate restriction endonuclease. A
5 to 10-fold excess of enzyme was used,. The enzyme was
allowed to act for 4 - 5 hours at 37°C, The buffers were
those recommended by the manufacturer (Bethesda Research
Laboratories, Cambridge). The enzymatic reaction was
stopped by cooling the reaction mixture to 4°C. Phage
lambda DNA, restricted with HindIII, was used as

fragment size marker.

b) Separation of DNA restriction fragments according to

size: Restricted DNA samples were loaded on a 0.8%(w/v)

agarose gel., The electrophoresis buffer was 40 mM

Tris/acetate, pH = 7.5, 20 mM sodium acetate, 1 mM
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NazEDTA, and 1/Mg/m1 ethidium bromide. The electro-

phoreses ran overnight under an electric field of 1 V/cm.

¢) Transfer and immobilisation of the separated DNA

restriction fragments onto nitrocellulose filters (WAEL

et al, 1979): After electrophoresis the DNA fragments
were partly depurinated in situ (0.25 M hydrochloriec
acid, 30 minutes), denatured and hydrolysed at the
apurinic sites (0.5 M sodium hydroxide/1.5 M sodium
chloride, 30 minutes) and, finally, the gel was
neutralized (0.,5M Tris/HC1l pH = 7.4, 1.5 M sodium
chloride, 90 minutes). This treatment allowed the
efficiency of transfer of the DNA fragments to be
independent of their size. The transfer was carried out
by allowing a steady flow of 20xSSC to pass through the
gel and a nitrocellulose filter (Schleicher and Schull,
Dassel, BAS8S, D.MS/Am pore size) on whiech the DNA
fragments eluted from the gel became entrapped. The
immobilisation of the DNA fragments was completed by
baking the filter at 80°C for U4 hours.

d) Labelling of the hybridization probe by nick=-
translation (RIGBY et al, 1977): Approximately O.S/Mg of
plasmid DNA was labelled to a specific activity of 1 =

2x108
nick-tranlation buffer (50 mM Tris/HCl pH = 7.5, 5 nmM

cpm/ ﬂg DNA., The reaction mixture consisted of the
magnesium chloride, 0.4 ﬂg/ml 2-mercaptoethanol, 50

ﬂg/ml bovine serum albumin), a pool of 'cold! nucleotides
(dTTP, dGTP, dATP if the 'hot' nucleotide was 32P-dCTP)
at a concentration of 10 mM, 0.2/ug/ml pancreatic DNase
I (3 136 units/mg; Miles Laboratories, Goodwood), 225
U/ml E.coli DNA polymerase I (RICHARDSON et al, 1964;
BRL, Cambridge), and the relevant 32p_.1abelled
nucleotide (usually SOIpCi). The nick-translation
reaction was allowed to proceed for 2 - 3 hours at 15°C
and then stopped with 0.1 M Na2EDTA. '



The labelled DNA was separated from the unincorporated
labelled nucleotides by column chromatography (Sephadex
G50 equilibrated with 3xSSC which was also the elution
buffer) using 0.2 mg/ml E.coli DNA as a carrier in the
separation, The fractions of eluate were monitored with
a Geiger counter for radioactivity: the leading peak of
radioactivity consists of labelled nucleotides
incorporated into DNA, while the trailing peak consists
of unincorporated nucleotides (see Fig 3.4). The
'hottest! fractions were pooled and the actual radio-
activity measured by liquid scintillation counting

(using 40%(v/v) Lumax in xylene as the scintillator).

e) Molecular hybridization on solid phase (WAHL et al,

1979): Nitrocellulose filters with immobilised DNA
fragments were treated with a prehybridization mixture
(42°C, for at least 4 hours with shaking) prior to the
actual hybridization (42°C, overnight with shaking).
Prehybridization and hybridization were performed inside
heat-sealed polythene bags in the presence of 5 - 10 ml
of the relevant solution. 10 - 30x106 cpm (approx 105

2 filter) were used for each filter. The

cpm/cm
composition of the prehybridization and hybridization
mixtures 1is described in Table 2.1. The final
concentration of the probe was 20 ng/ml. The post-
hybridization prccedure consisted of a series of washes
of increasing stringency (Table 2.2). After having been
washed, the nitrocellulose filters were left to air dry
enclosed in polythene bags and exposed on both sides to
X-ray film, between intensifying screens, at -70°C. One
of the films was procesed after overnight exposure and
the other cone after a period of time considered to be

long enough to produce a good signal/noise ratio,

90.



Table 2.1. Composition of the prehybridization and hybridization

mixtures.

&

Componentﬁf Concentration
Prehybridization Hybridization

Formamide (freshly deionised) 504 (v/v) 50%(v/v)

Denhardtt's solution # 5x 1x

SSC 5x 5x

Phosphate buffer, pH = 6.7 50 mM 20 mM

Salmon sperm DNA (sonicated 380/Mg/ml 100Iﬂg/ml

and heat denatured)

Poly(A) 10 ﬂg/ml 20 ﬁg/ml

SDS 0.2%(w/v) -

Dextran sulphate (sodium salt) = 108(w/v)

Labelled probe (heat denatured) - 1-2x107cpm

91.

(*) Denhardt's solution: 0.2 mg/ml ficoll, 0.2 mg/ml bovine serum

albumin, 0.2 mg/ml polyvinylpyrrolidone.



Table

2.2. Standard posthybridization procedure.

92.

Wash Composition Time Temperature
I 3xSSC 2-4 changes room temp
0.1%(w/v) SDS for 5 minutes
50nmM phosph buff pH=6.7
1xDenhardt's soln
II 3xSSC 1 change 65°cC
0.1% SDS for 30 minutes
III 1xSSC 1 change 65°cC
0.1% SDS for 30 minutes
IV 0.1xSSC 1 or 2 changes 65 - 70°C
0.1% SDS for 30 minutes

or longer
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3. Results.

3.1. Cytogenetic and biochemical characterization of man

X mouse somatic cell hybrids.

Sixty four different clones from somatic cell hybrids
{derived from four distinet human parental cell lines)
were analysed for their human chromosome content.
Fourteen of these appeared to be informative for the
purpose of this study. This was confirmed by electro-
phoretic detection of enzymatic markers. The results
obtained in both cytogenetic and biochemical analysis
are summarized in Tables 3.1 to 3.4, They contain
information relevant to the intrachromosomal mapping of
the human alpha-globin gene cluster as well as the APRT,
DIAY and PGP genes.

As a measure of the heterogeneity, in terms of their
human chromosome content, of the hybrid cell
populations, the following parameters have been
considered: (i) range of human chromosome number/cell
counted, and (ii) its mean and standard deviation., The
heterogeneity of two clones is graphically compared
(MILLER, 1972a) in Fig 3.1. The instability of one
particular clone (OAA9 5RII) is depicted in Fig 3.2.

Two clones of the OAA9 family proved to carry no
cytogenetically detectable human genetic
material., However, the fact that they had survived in
the AA selective system indicated that some APRT
activity might be expressed in these clones. It was,
eventually, detected in both 0OAA9 24 (human form) and
OAA9 4C (mouse form) clones. These findings may be
interpreted, in the first case, as the result of a minor
human-mouse chromosome rearrangement involving the human

APRT gene and, in the second case, as a reversion of the
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Fig 3.1. Comparison of the heterogeneity of two hybrid cell populations,
at similar stages of growth, following a modification of the method
proposed by MILLER (1973). DEAS 3t5 (4) appears to be more heterogeneous
than SYA9 8t4 (m )} and these findings are in agreement with other
measures of heterogeneity (see Tables 3.1 and 3.4). The heterogeneity
curves were drawn considering the cells in 20 (DEA9 3t5) and 21

(SYA9 8t4) different orders. HC (%) = (mean cumulative number of
different human chromosomes / total number of different human
chromosomes) x 100. The horizontal lifle at HC = 100% represents complete
homogeneity.



Frequency
A
.5
.3
.1
1
7-8 ]

No of HCs/cell

Fig 3.2. Instability of OAAY9 5RII hybrid cell population. The
range narrows from O - 9 in t7(3) to O - 6 in t7(7). The meantsp
also varies: 3.1-3.9 in t7(3) as opposed to 2.1-1.6, respectively.
Cells were grown in the presence of Q,1 mM DAP.

98.
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mutated mouse APRT™- gene (TISCHFIELD et al, 1973;
TISCHFIELD and RUDDLE, 1974; CHU and POWELL, 1976},

free when tested by the method of CHEN (1977).
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3.2. Detection of human alpha-globin gene cluster in DNA

from somatic cell hybrids.

Total genomic DNAs from five human fibroblast lines
(four parental lines and one normal control) , one mouse
fibroblast line (parental) and fifteen hybrid cell lines

were extracted and characterized (Table 3.5).

Plasmid DNA to be used as an hybridization probe was
cut with two restriction endonucleases (Pvu II and Hind
III) to identify the human DNA fragment within
recombinant plasmid &P7(x1). The result, shown in Fig
3.3 (lanes 3 and 5), demonstrates the presence of the
alpha 1-globin region, and its flanking regions, in the
vector pBR322. The electrophoretic behaviour of the non-
digested plasmid (lane 2) shows that the preparation
consists largely of the supercoiled form (apparent size:
4 kb approx) in the presence of trace amounts of the
open c¢circular and linear forms. The radioisotope
labelling of this plasmid DNA by nick-translation led to
hybridization probes with a specific activity ranging
from 5x10' to 2.5x108 opm//ug DNA, with 2 reaction yield
of 30 - 50%. A typical elution profile of the nick-
tranlation reaction mixture on a column of Sephadex G50

(3xSSC as the eluent) is shown in fig 3.4.

The molecular hybridization on solid phase (Southern
blot) presented several problems resulting from (i)
genomic DNA degradation and (ii) non-specific
hybridization due to the presence in the probe of one
Alu sequence., The first of these problems was solved by
extracting DNA under milder conditions and by using a
restriction endonuclease (PvulI) which gives rise to
smaller fragments (than, say, Eco RI) in the human
alpha-globin gene region: 3.8 kb, 2.1 kb and 2.3 kb
corresponding to alpha 1, alpha 2 and pseudo~alpha 1 /



101.

Table 3.5. Genomic DNA preparations.

vell dine iglig Di%ggion p260 4260 ,,280 §?°E§X
(x1077) (x107ug)

DE (b) 3 1:100 077 1.8 7.6
OA (D) 1:100 .132 1.9 13
SY (b) 1:100 .103 1.6 10
SY (e) 1:1 .840 1.7 2.5
821589 (b,d) 6 1:100 .066 2.0 6.6
A9 (Db) 1:100 .238 1.7 20
DEA9 3 (b) 5 1:100 .316 1.8 32
DEA9 3RIX (b) 7 1:100 .257 1.8 26
DEA9 5 (b) 5 1:100 .138 1.8 14
LOAY9 8I (e) 1 1:10 2404 1.5 15
OAA9 3V (b) 5 1:100 .231 1.8 23
OAA9 5 (D) 5 1:100 .110 1.6 11
OAA9 SRII (ec) 6 1:200 .124 1.6 25
OAA9 5RIX (b) 10 1:100 .315 1.8 32
OAA9 SBRIX (c) 6 1:200 .096 1.7 18
SYA9 1IV (b) 5 1:100 .089 2.0 8.8
SYA9 1IVR (b) 6 1:100 573 1.8 58
SYA9 1X (b) 7 1:100 .230 1.9 24
SYA9 1XR (b) 10 1:100 .338 1.8 3y
SYA9 24 (b) 5 1:100 .201 2.0 20
SYA9 8 (b) 5 1:100 .205 T.7 20

were determined.
lysed in situ.

(b) Cells pelleted prior to lysis.
(d) Normal human control,

{c) Cells
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12 345

24

9-5
6.7

43

2 25
196

Fig 3.3. Characterization of recombinant plasmid aP7 (al) on a 0.8% (w/v)
agarose gel. Lanes 1 and 4 contain the products of digestion of 1.5 yg
of phage X DNA with Pvu II and Hind III, respectively. Lane 2 contains
0.5 yg of non-digested recombinant plasmid DNA. Lanes 3 and 5 contain
the products of digestion of 0.5 yg of recombinant plasmid DNA with

Pvu II cird Hind III, respectively. The samples were incubated at 37 °C
for 2.5 hours and ran on a horizontal gel, overnight, under an

electric field of 1 V/cm. For interpretation see Fig 1.8.
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Fig 3.4. Typical elution profile of Sephadex-G50 column chromatography
of nick-tranlation reaction mixture. 0.5 pg of recombinant plasmid
uP?(ulg DNA was labelled in the presence of (32p) acTp (50 uCi for 2.5 h,
at 15 "C).
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alpha 2 intergenic regions, respectively (see Fig 1.8).
The second problem was partially overcome when the post-
hybridization washing of the nitrocellulose filter was
performed with 0.1xSSC, at 70 °C, for 2 hours. However,
most of the blots still present a fairly intense back-
ground (Fig 3.5.A and B). The human alpha-globin gene
cluster was detected in all tested DNAs (DE, O0A, SY,
821589).Mouse alpha~globin gene could not be detected
with this human genomic probe even at low stringency
conditions. The correlation between human chromosome
content and human alpha-globin gene in a panel of

somatic cell hybrids is summarized in Table 3,6.

The presence of the human alpha~globin gene cluster in
the DNA from the hybrid clones carrying an intact HC 16
(DEA9 3, OAA9 5, SYAQ9 1IV and SYA9 1X) and its absence
in the revertant clones which lost HC 16 (DEA9 3RIX,
OAA9 5RII and SYA9 1IVR) confirm the assignment of this
gene cluster to HC 16. The positive result in LOA9 8I
(carrying t(16:9)) narrows the assignment to 16gq22-m
pter. The negative result in DEA9 5 (carrying t(2:16))
excludes the loci from 16qll—=qgter. Similarly, the
negative results observed in OAA9 3V (carrying t(16:5)),
and SYA9 2A and SYA9 & (both carrying t(17:16)) exclude
the loci from 16pli-sgter and 16g2t-=qter, respectively.
In conclusion, the data suggest that the human alpha-

globin gene cluster maps to HC 16p.

In section 3.4, the statistical analysis of the data
will be reported and the discordant results observed in
two 'revertant' clones (OAA9 SRIX and SYA9 1XR)

discussed.



105

-38

NN
W

Fig 3.5.A. Pvu II digestion patterns of genomic DNA from human
fibroblasts (DE, lane 1; OA, lane 5; 821589, 1lane 10), mouse
L A9 cells (lane 9), hybrid clones with HC 16p (DEA9 3, lane 2;
OAA9 5, lane 7) and hybrid clones without HC 16p (DEA9 3RIX,
lane 3; DEA9 5, lane 4; 0OAA9 3V, lane 6; OAA9 5RIX, lane 8).
Size scale is shown in kilobase pair. Exposure time: 5 days.
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Fig 3.5.B. Pvu II digestion patterns of genomic DNA
fibroblasts (SY, lane 1; OA, 1lane 6), hybrid clones
(SYA9 IIV, 1lane 2; SYA9 IX, lane 4; OAA9 5, lane 7)
clones without HC 16p (SYA9 IIVR, lane 3; SYA9 IXR,
OAA9 5RIX, lane 8). Size scale is shown in kilobase

Exposure time:

7 days.

NN
- W

from human
with HC 16p
and hybrid
lane 5;
pair.

106



Table 3.6,

Screening of DNA from somatic cell hybrids
for human alpha-globin gene cluster.#%

107,

Hybrid ref

Hum Chrom g-globin Comments
16qg 16p gene cluster

DEA9 3 + + +

DEAY9 3RIX - - -

DEA9 5 + - - 16g11 == gter

LOA9 B8I + + + 16gcen —= q22

0AA9 3V + - - 16p11 -~ qter

OAA9 5 + + +

0OAA9 BﬁII - - -

OAAS 5RIX - - + cells pelleted
prior to lysis

OAAS 5RIX - - + cells lysed in
situ

SYA9 1IV + + +

SYAS 1IVR - - -

SYA9 1X + + N

SYA9 1XR - - N

SYA9 24 -+ - - 16g21 —= gter

SYA9 8 + - - 16q21 —=qter

{(#) DNAs from all hybrid clones were restricted with

Pvull.

In addition DNAs from OQ0AA9 5RIX and SYAQ9 1XR

were restricted with Hind III as well,
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3.3. Comments on the methods,

3.3.1. Production of man x mouse somatic cell hybrids.

Seven cell fusion experiments were performed yielding
thirty one primary hybrid clones: 4.4 clones/fusion
(range: 1 -~ 10). The colonies were picked up, on
averages 5.4 weeks after the fusion (range: 2.8 - 9.7).
Thus, the AA selection appears to be significantly less
efficient than HAT in selecting hybrid clones (higher
cell toxicity? lower rate of reversion?). An yield of
21 clones/fusion and a mean selection time of 4.3 weeks

are typical figures for a HAT selection experiment.

After the production of the hybrid cell populations used
in this study was completed, KLEBE and MANCUSO (1982)
reported that many compounds (e.g.» acetamide, potassium
bromide, urea, glycerol, «es) which induce
erythroleukaemia cell differentiation also promote PEG-
mediated cell membrane fusion. It was therefore not
possible to incorporate this refinement of the method in
the cell fusion protocol.

Counterselection of hybrid c¢ell populations, combining
DAP selection and subecloning, resulted in the cyto-
genetic and biochemical loss of HC16 (see Tables 3.1 to

3.4) in five hybrid clones.

3.3.2. Characterization of the cellular phenotype of the

somatic cell hybrids.

Trypsin/Leishman staining of chromosome preparations
provided good evidence, in the overwhelming majority of
the cases, of the human chromosome content of the hybrid
cell populations, since the size, shape and. banding

pattern of both human and mouse chromosomes are
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distinetly specifiec. Nevertheless, the fluorescent
differential staining method made possible ¢the
unequivocal identification of the parental origin of the
chromosomes whenever the former method had been
inconclusive. In a small number of cases, the
differential staining pointed out the presence of

previously non-detected human chromosomes.

Due to the heterogeneity of the cell populations used in
this study (see 3.1), there is a finite probability of
missing any human chromosomes, present in a fraction of
the whole population, in the cytogenetiec analysis. If
the frequency of a given chromosome in the population is
qs the probability P of missing it after having analysed
n cells is P = (1 - q)®. This is the probability of
false negatives for this particular chromosome.
On the other hand, a negative result in the biochemical
analysis of the hybrids does not necessarily mean that
the gene which codes for the tested enzyme is absent., A
false negative enzymatic result can occur when there is
(i) a low level of gene expression; (ii) a null allele;
(iii) a high turnover in vivo; and/or (iv) a high
degradation rate in vitro. These are putative causes for
the disagreement between cytocgenetic and biochemical
results which can be observed in some hybrid clones,
e.8.r ORAQ 3V and SYA9 2A (see Tables 3.1 to 3.4), False
positive results can be explained mainly in terms of
lack of specificity of the test. Hence the importance of

employing well established, standardized methods.

3.3.3. Detection of human alpha-globin gene cluster in

the DNA from somatic c¢ell hybrids.

The yield of genomic DNA extraction proved to be
extremely variable, ranging from 11 to 150 /@/106 cells,
The two methods used in this study (cells pelleted and
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frozen before lysis; cells lysed in situ) gave markedly
different yields: on average, 37.7/Mg/106 cells and 76.2
/.s,g/106 cells, respectively. The gquality of the
preparations also displayed noticeable differences. When
the cells were pelleted and frozen before lysis, the
protein contamination was lower (on average, A26O/A280
1.83) than in the case of lysing the cells in situ (on

2260,4280 _ 4 65y, On the contrary, the latter

average,
method produced less RNA-contaminated and higher

molecular weight preparations.

Interspecific DNA cross-hybridization could not be
detected in any blotting experiment. Mouse restricted
DNA did not hybridize stably with the human DNA probe at
the level of stringency used in the posthybridization
washing. This may be due to the fact that the
intervening and flanking sequences of alpha 1-globin
gene, present in the human genomic probe, accunulate
mutations at a higher rate than the coding sequences
(JEFFREYS, 1982). Therefore the man/mouse sequence
divergence, in the region of the alpha-globin gene
cluster, may account for the lack of interspecific
cross-hybridization. However, when a c¢cDNA probe is used,
the mouse alpha-globin gene cluster can be detected in
Southern blots (KOEFFLER et al, 1981).
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3.4, Results versus aims., Coneclusions.

Data shown in table 3.6 can be summarized in a 2 x 2
contingency table (Table 3.7.A). As some of the numbers
in this table are very small (< 5), the chi-square test
cannot be used, even after introducing Yates'correction
(BAILEY, 1959, p 61). In such a situation an exact test
of significance must be employed. The rationale is te
take the Xull Hypothesis (no association whatever
between HC16p and human alpha-globin gene cluster) and
then consider the experimental results that might be
observed., The actual result is judged significant if it
belongs to a sufficiently extreme (in probability terms)

class of events.

The whole series of possible results, for marginal
totals the same as observed, are represented in
Table 3.7.B and the probability of each possible result
is indicated below each contingency table. & decision as
tc significance rests on comparing the probability of
occurrence of the observed table with the chosen level
of significance (5% in this case). Thus, the actually
ocbserved result, whose probability of occurrence is
1.04%, is significant at the 5% level. This means that
the Null Hypothesis is to be rejected and that the level
of confidence in a positive association between HC16p

and human alpha-globin gene cluster is 95%.

The deviant results (negative for the short arm of
chromosome 16 but positive for the alpha-globin gene
cluster) occurred in the analysis of 'revertant' hybrid
clones: OAA9 5RIX and SYA9 1XR. A possible explanation
for these findings is that both cytogenetic and bio-
chemical characterization of these clones failed do
detect the presence of HC16p (possibly present in a
small fraction of the hybrid cell population) while the
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Table 3.7. Data on the screening of DNA from somatic
cell hybrids for the human alpha-globin gene
cluster.

A,
Human alpha-globin gene cluster Total
+ -
+ 5 0 5
HC16p
- 2 7 9
Total 7 7 14
B.
5 | 0 y ]9 3] 2 2 | 3 1 | 4 0| 5
2 |7 316 s 5 [ & 6] 3 7| 2
1.04%% 12.2% 36.7% 36.7% 12.2% 1.04%

(#) The probability of oecurrence of a contingency table

a b dis given by
¢] d
(a+b)!(c+d)t(a+c)(b+d)!
P =
nlalbletd!
where n = a+b+c+d.

Or, using logarithms,
log P = log(a+b)l+log(c+d)!+logl{a+c)l+log(b+d)!-

-(log n!+log al+log bl!+log cl+log d!)
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DNA test succeeded to detect human alpha-~globin gene
cluster, Thirty and twenty cells from these clones were
counted, respectively. The corresponding probability of
missing a chromosome, present in 5% of the cells, is
21% and 36% respectively which is in sharp contrast with
4,2% and 12% if the chromosome is present in, say, 10%
of the cells (see 3.3.2), If this interpretation is
correct, one may suggest that the elimination of HC16p,
by means of DAP selection and 'subcloning, was not
complete and that, under these conditions, a residual
fraction of the cell population retained HC16p. Provided
the counterselective conditions are kept for longer and
a larger number of cells (approx 60) is counted, it
seems possible to achieve and monitor complete
segregation of HC16p. It should be pointed out that the
sensitivity of the different methods involved in the
characterization of the hybrid populations must be

carefully assessed and balanced.

In conclusion, it may be said (i) that, at a level of
significance of 5%, the human alpha-globin gene cluster
maps on the short arm of human chromosome 16 and (ii)
the experimental approach combining somatic cell
hybridization and DNA hybridization on solid phase to a
genomic probe is feasible and useful for the mapping of

single copy genes.
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4, Discussion.
4,1. The methods put into perspective.

The evidence reported in this thesis (see section 3)
demonstrates that the experimental approach combining
somatic cell hybridization and DNA hybridization on
solid phase, with a human genomic DNA probe, can be
successfully applied to the intrachromosomal mapping of

human genes.

The human alpha-«globin gene cluster was chosen as the
model system to assess the feasability and the
usefulness of the above experimental approach in the
localization of unigue gene sequences. The choice of the
modef was made on several grounds: (i) The alpha-globin
gene cluster had been consistently mapped to the short
arm of HC 16 (Table 1.8). (ii} A series of human cell
lines, carrying different balanced translocations
involving HC 16 were available (iii) The availability of
selective systems which select either for (AA selection)
or against (DAP selection) HC 16q. (iv) A recombinant
plasmid had been clconed which contains a human genomic
DNA insert, including the alpha 1=-globin gene and its
intervening and flanking sequences (SPANDIDOS, D and
LANYON, G, unpublished results).

A number of different experimental approaches have been
employed in previous attempts to map the human alpha-
globin gene cluster (Table 1.8). Historically, the first
method to be used successfully, involved a DNA/cDNA
annealing assay (Cot analysis) performed on total
genomic DNA extracted from a panel of clones from
somatic cell hybrids (DEISSEROTH et al, 1977). The
Authors were able, using this method, to assign the

human alpha-globin structural gene to HC 16, This was
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an important advance, since it made possible the mapping
of genes coding for specialized gene products, therefore
only expressed in differentiated cells. As, at that
time, molecular hybridization in situ had not yet been
shown to map single copy genes, this species-specific
molecular hybridization assay also represented a marked
.increase in specificity and sensitivity in the detection
of unique DNA sequences, It success depends on a number
of conditions not always easily met: It uses a
relatively large amount of DNA (1 ~ 2 mg/assay). The
purity of the ¢DNA probe (prepared by reverse
transcription of alpha-globin-enriched mRNA) is very
important to avoid cross-hybridization with beta-globin
sequences. The molecular hybridization must be performed
at a temperature high enough to prevent the formation of
man/mouse interspecific¢c molecular hybrids. The
sensitivity of the DNA/cDNA assay must be similar to the
sensitivity of the methods used for characterization cf

the human chromosomes in the hybrid clones.

Four years later, a new generation of methods have been
applied to confirm and refine the previous localization
of fthe buman alpha-globin gene cluster: molecular
hybridization in situ (BARG et al, 1981; GERHARD et al,
1981), trisomy mapping (WAINSCOAT et al, 1981) and
molecular hybridization on solid phase (BARG et al,
1981; KOEFFLER et al, 1981)., All these new contributions
not only unanimously confirmed the assignment of human
alpha-globin gene to HC 16, they also led to the
definition of a shortest region of overlap covering the

region within 16p12 and 16pter.

The success of molecular hybridization in situ in the
detection of single copy genes has been the result of
improving the sensitivity of the method. This was

accomplished either by using recombinant c¢cDNA probes
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that form networks at the site of hybridization in the
presence of dextran sulphate (GERHARD et al, 1981) or by
using hybridization probes made from genomic
recombinants that hybridize to adjacent and intervening
sequences as well as to the structural gene (MALCOLM et
al, 1981b).

WAINSCOAT et al (1981) reported the detection of
imbalance of globin chain synthesis (alpha/non-alpha
=1.6} in the red cells of an infant with partial trisony
of HC 16p (p12-w-pter). These workers interpreted their
findings as a gene dosage effect. In fact, trisomy for
the chromosome segment containing the alpha-globin genes
would, assuming full gene expression, lead to an excess
of alpha- to non-alpha-globin chain production in the
ratio of 3:2, close to the observed ratio of 1.6. The
possibility of this observation being related to
developmental abnormalities (gene regulatory rather then
gene dosage effect) could only be ruled out by direct
'titration' of the alpha-globin genes using a molecular

hybridization assay.

Finally, the third new experimental apprcach combines
the production of somatic eell hybrids with molecular
techniques: restriction endonuclease digestion, DKA/c¢DNA
hybridization on solid phase and cloning of recombinant
DNA containing specific human gene sequences (KOEFFLER
et al, 1981). This method closely parallels the type of
approach used in this study. The main difference is that
KOEFFLER et al have used as hybridization probe a c¢cDNA
sequence obtained by reverse transcription of a fraction
of human reticulocyte RNA, while the probe used in this
study is a subeclone of a human genomic DNA bank, The
different nature of the probes may account for the
absence of man/nouse interspecific cross-hybridization

found in this study, in contrast with the clear, yet
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somewhat weaker, mouse band reported by KOEFFLER et al.
The alpha-globin gene coding sequences of man and mouse
share approximately 90% homology which is more than
enough to produce interspecific stable c¢cross-
hybridization if a ¢DNA probe is used. 0On the other
hand, the mam/mouse sequence divergence in the
intervening and flanking regions of the alpha-~globin
gene cluster may be sufficiently large to prevent

significant cross-hybridization to a genomic DNA probe.

The agreement of the results obtained using these four
different experimental approaches suggests that, in
spite of their peculiar advantages and/or limitations,
they all can give a valuable contribution to the
construction of the human gene map. It is, therefore,
difficult to conclude in terms of what is the best way
of assigning cloned genes to chromosome regions.
Considerations of cost, time consumption, ease 1in
performance, resolving power, applicabilty, ete, would
clearly lead to zmbivalent answers. As SHOWS et al
(1982) point out 'the enormous complexity of the human
genome will be tamed and unraveled by a combination of

sSeveral experimental approaches!'.
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4,2, A side line - intrachromosomal localization of
APRT, DIAY and PGP.

This study provides further evidence for the regional
mapping of APRT, DIA4 and PGP - three biochemical
markers on chromoscme 16 (Tables 3.1 to 3.4). Combining
the results from cytogenetic and 1isozyme analysis
performed on a panel of fourteen informative clones from
somatic cell hybrids, it was possible to assign both
APRT and DIAY to region 16g12-+q22 and PGP to 16p. These
assignments confirm previously reported results (BARG et

al, 1981 on APRT and DIA4Y; KOEFFLER et al, 1981 on PGP).

However, agreement is still to be found concerning the
regional localization of APRT (16g22.2-=gter according
to RETHORE et al, 1982, based on the detection of a gene
dosage effect in one case or partial trisomy of HC 16q)
and the relative position of both APRT and DIAY loci
(DIAY @istal to APRT according to POVEY et al, 1980;
DIAY proximal to APRT according to POVEY et al, 1981 and
JEREMIAH et al, 1982). The data presented here provides
further evidence for the first of these open questions.
Nevertheless, a definite assignment depends on a better
definition of the breakpoint at band 16q22., As DIA4 and
APRT cosegregated in all tested clones, nothing can be

said regarding the order of the two loci on HC16q.
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4.3, Prospects for further work.

4,3.1. Setting up a bank of somatic cell hybrids
(SHOWS et al, 1982).

Somatie cell hybrids have proved to be, during the last
fifteen years or so, the most powerful tool to assign
genes to chromosomes and/or to chrcmosome regions (see
1.1.2). It is now becoming obvious that the applications
of somatic cell hybridization are extending to a wide
range of new fields, namely in the screening of
chromosome-specific DNA banks (originated from sorted
chromosomes), in the intrachromosomal mapping qf cloned
anonymous DNA sequences (potentially useful to probe
RFLPs linked to t'disease! loci), 1in the genetiec
dissection of disease, in the elucidation of the
regulation of gene expression, in the production of
monoclonal antibodies ete. It is therefore outstandingly
important to set up a bank of clones from somatic cell
hybrids well characterized in terms of their human

chromosome content.

Such a bank should include chromosome assignment as well
as regional assignment panels of somatic cell hybrids.
The chromosome assigment panels consist of a number of
hybrid clones, each of which has a unigue human
chromosome content, in order to zllow unambiguous
correlation between a single chromosome and the marker
being mapped. Hegional assignment panels are constructed
from human cells carrying chromosome rearrangements
(translocations or deletions detected and characterized
in the diagnostic cytogenetic practice). The ultimate
goal is to set up a series of twenty four panels, each
of which consists of a series of hybrid clones carrying
different regions of a particular human chromosome. Such

panels would contribute to the linear ordering of genes
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on chromosomes, as was the case in this study.

Ultimately, it would be extremely useful to generate a
panel of single chromosome hybrids. This can be achieved
in a number of different ways: (i) subeloning cell
hybrids containing few human chromosomes; (ii) sub-
cloning and counterselecting hybrids with selectable
markers; and (iii) producing microcells with few human
chromosomes (EGE and RINGERTZ, 1974) for fusion with
rodent cells., Single chromosome hybrids represent a much
easier way of achieving fractionation of the human
genome than, for instance, fluorescence-activated
chromosome sorting (CARRANO et al, 1979).

4,3.2. Molecular characterization and prenatal diagnosis

of haemoglobinopathies.

As it has been suggested in the Introduction (see 1.1.3
and 1.4), the natural development of the work reported
here would be the application of Molecular Genetics
information to clinical practice. In fact, some of the
methodologies utilized in this study (DNA extraction,
use of restriction endonucleases, Southern blotting) as
well as a specific strategy for direct gene analysis
(RFLP mapping) can be transferred to the diagnostic

laborateory concerned with genetic disease.

In close connection with the subject of this study, and
particularly badly characterized in my country
{Portugal), the haemoglobinopathies (largely beta-
thalassaemia) appear as the obvious group of diseases to
start with. Research on this field should develop along

two different, yet complementary, lines:

(i) Characterization, at the molecular level, in the

population, of the portuguese forms of thalassaemia and
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establishment of a correlation between globin gene RFLP
haplotypes and thalassaemia syndromes (ORKIN et al,
1982).

{ii) Implementation of the prenatal diagnosis of beta~
thalassaemia in fetuses at risk of being homozygous for
the gene mutation. In some forms of beta~thalassaemia
the mutated codon coincides with a restriction site.
This unusual fact makes the diagnosis in utero
completely reliable. For the vast majority of beta-
thalasszemias, however, prenatal diagnosis depends on
the demonstration of linkages between the thalassaemia
genes and particular RFLPs within families (WEATHERALL,
1982, p 82). The safety and acceptability of the
prenatal diagnosis will be greatly improved when
earlier, less invasive, techniques of fetal sampling
(e.g.sy chorion biopsy during the first trimester of

pregnancy) become genherally available,
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