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Genomic clones were isolated and characterized using the human monoamine oxidase A
(MAOA) cDNA to screen a phage library, constructed from a human 4X cell line (48, XXXX). The
genomic contig derived from overlapping phage clones showed that the size of the MAOA gene
is over 80 kb. Exon-containing fragments from these phage clones were subcloned and
sequenced. The data from this showed that the MAOA gene consists of 15 exons.

A YAC (yeast artificial chromosome) isolated using the MAOA cDNA was characterized.
This YAC was found to contain both the MAOA and the MAOB genes. Using PFGE (pulsed-field
gel electrophoresis) to investigate the YAC, it was found that the MAOA and the MAOB genes are
located within 50 kb and adjacent to each other. The two genes are localized in a 3'-to-3' fashion,
suggesting their expression may be regulated independently. The analysis of the homology
shown by the two genes clearly demonstrated that they were derived from duplication of a
common ancestral gene. A CpG island was discovered to be associated with the 5' end of both
genes.

A restriction map of ~2.5 Mb of genomic DNA around the MAO genes was generated by
PFGE. Long-range mapping defined the physical relationship between the marker L1.28 and the
MAO genes as L1.28_MAOA_MAOB.

A number of genetic diseases have been linked to the Xp11.3 region. Strong linkage was
known to exist between the Norrie disease locus and L1.28. Studies showed that some of the
Norrie patients have deletions encompassing the region which contains L1.28 as well as the MAO
genes. Another YAC isolated by using L1.28 as the probe was also characterized.

A phage library was constructed from the L1.28 YAC and the end clones were isolated.
Studies on some of the Norrie deletion patients showed that the proximal end clone of the YAC
was retained in one of the deletion patients. Previous studies had shown that the Norrie disease
locus was also localized proximal to the 5' end of the MAOB gene. The combined information
placed the disease locus to an interval of 240 kb within the YAC.

More phage clones were characterized in order to define further the region for the Norrie
locus which was finally localized within 160 kb. A YAC fragment of 160 kb was isolated and used to
screen two human retinal cDNA libraries. Among the cDNAs isolated, one group was found to be
deleted in some of the Norrie patients previously without any known deletion, which established
their candidacy as the transcripts of the Norrie disease locus. Further characterization of the
candidate gene showed that it is conserved across species. The expression of the gene was
detected in various tissues. The homology shared between the NDP gene and some of the
growth factor binding proteins suggests its role in neural cell proliferation and differentiation.
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CHAPTER 1: GENERAL INTRODUCTION

This thesis concerns studies on the human monoamine oxidase and Norrie gene loci.
These are closely linked on the human X chromosome and are co-deleted in some patients. Their
significance in the context of human genetic disease and of their localization on the X

chromosome make them particularly interesting targets for investigation.

The Biology of the Sex Chromosomes

The human X chromosome has been the subject of many intensive studies. It is one of
the two chromosomes, X and Y, in human and many mammals that in different combination can
determine sex and, are of pivotal importance in normal male and female development. In the
human female, the genetic constitution is two X chromosomes plus 22 pairs of autosomes, while
in the male the composition is an X and Y chromosome plus 22 pairs of autosomes. Although the
Y chromosome appears to be male determining, the X chromosome has many properties

necessary for the success of the sex determining process.

The human X chromosome is much larger (~ 150,000 kb) than the Y chromosome (~
45,000 kb) and the latter is largely composed of repetitive sequences (typically ~ 60%), which
form the characteristic heterochromatic block at the terminal part of the long arm (Lau, 1985;
Cooke et al.,, 1982). Whereas on the X chromosome it is estimated that genes number a few

thousand, very few genes have been found on the Y chromosome.

Evolution and homology of the sex chromosomes

The X and Y chromosomes are commonly believed to have evolved from a pair of
homologous, isomorphic chromosomes which have undergone a series of rearrangements. In the
eutherian mammals however, cytologically, there is a lack of intermediate states between the two
extreme chromosomes. Nevertheless some believe that intermediate stages can be observed in
the sex chromosomes of marsupial and monotreme mammals (Graves, 1987). Cytological and

molecular studies of the human X and Y chromosomes have also provided some evidence to



support their presumed evolutionary relationship. It has been observed that during male meiosis
the Y short arm pairs with the distal region of the X short arm (Moses et al., 1975; Solari, 1980).
This pairing process may spread to the whole of the Y short arm and a third of the X (Chandley et
al., 1984). This pairing is due to the existence of homologous sequences shared between the X
and Y, suggesting a common ancestral origin of the sequences on the short arms of the sex-
chromosomes. These sequences show partial sex linkage and behave in a "pseudoautosomal”
fashion (Burgoyne, 1982). More recent studies have revealed the existence of a second
pseudoautosomal region (Freije and Schlessinger, 1992) between Xg and Yq. Pairing has been
observed in this region during male meiosis (Chandley et al., 1984; Batanian and Hulten, 1987);
in addition restriction mapping of the region shows extensive homology over 500kb
(W.R.A.Brown, personal communication), and preliminary evidence has been presented for
meiotic exchange although the frequency is unknown. This to some extent parallels the behaviour

observed between the X and Y in the short arm pseudoautosomal region.

As well as the pseudoautosomal sequences other classes of X and Y homology exist,
these provide further evidence for the common origin of the sex chromosomes. Part of Xp shows
homology to Yqg. The steroid suifatase (STS) and Kallmann gene (KAL-X), located just outside the
pseudoautosomal region at the Xp22.3, have pseudogenes in Yq11.1(Yen et al., 1987; Ballabio et
al., 1992; Foote et al.; 1992). These observations support the hypothesis that a pericentric
inversion brought ancestrally pseudoautosomal sequences to their present positions on the Y

long arm. (Fraser et al., 1987; Yen et al., 1987)

DXYS1, and several other X/Y homologous sequences have been reported to lie outside
the pseudoautosomal region. DXYS1, which is typical of a large class of X and Y homologous
sequences has been localized to Yp and Xq13.2-q21.2 (Page et al., 1982). For DXYS1, the
divergence between the X and Y sequences is less than that between the X copies in human and
chimpanzee genomes. The hypothesis that the existence of DXYS1 on both the X and Y must
have arisen more recently than the divergence of man and chimp has been confirmed by primate
studies (Page et al., 1984). The primate homologues were found to be only X-linked, suggesting

in the human lineage a recent transposition of material from the X to the Y less than five million



years ago (Page, 1984).

As one of the consequences of heteromorphism of the mammalian sex chromosomes,
dosage compensation brought about by X inactivation has become a necessity. Ohno
hypothesized that the mammalian X chromosome would be highly conserved as a linkage group
because of X inactivation (Ohno, 1967). Conservation of X-linked loci has been found to cross a
wide range of species with some exceptions among marsupials and monotremes (Graves, 1987;

for review see Grant and Chapman, 1988).

Sex determination

Elucidation of the mechanism of sex determination has presented a major challenge for
developmental biologists and it has remained a topic of considerable interest in much wider
circles. Studies on abnormal sex chromosomal constitutions led to the realization of the crucial
role of the Y chromosome in sex determination (Jacobs and Strong, 1959; Welshons and Russell,
1959). Maleness is only a consequence when there is a Y chromosome present, regardless of the

number of X chromosomes.

There are three major lines of work that have led to our current knowledge on the
organization of the Y chromosome and its role in sex determination: a meiotic map of the
pseudoautosomal region which is shared between X and Y chromosomes, deletion analysis of
sex-reversed XX males and XY females, and a long-range map linking the first two maps. To map
genetically most genes on the Y chromosome has been impossible because of the lack of
recombination between the Y and any other chromosomes. However, the existence of the
pseudoautosomal region between X and Y chromosomes enables Y chromosomes to undergo
obligatory homologous recombination which has helped in the construction of a meiotic map in
this region of the Y chromosome (Rouyer et al., 1986; Weissenbach et al., 1987). Clearly the
testis determining factor, TDF, must lie proximal to the boundary of the pseudoautosomal region.
Studies on sex-reversed XX males and XY females using Y-specific probes has shown the
presence of Y material in many XX males (Guellaen et al., 1984) and the deletion of similar Y

material in some XY females (Disteche et al.. 1986). This provided direct evidence for aberrant



exchange between the X and Y chromosomes at meiosis, and the apparent  transfer of TDF to
the X chromosome (Ferguson-Smith., 1966). Long-range physical mapping linked the meiotic
map and the deletion map, and furthermore precisely placed TDF in a region of 140 kb
immediately proximal to the pseudoautosomal region (Pritchard et al., 1987; Page et al., 1987).
Although a candidate gene, ZFY, was isolated from this region and was found to be present in
some XX males and absent from one of the XY females studied (Page et al., 1987), the later
finding that ZFY has a homologue, ZFX, on the human X chromosome and the observation that it
escapes X inactivation (Schneider-Gadicke et al., 1989; Palmer et al., 1990) threw doubt on the
primary role of ZFY in sex determination. Furthermore, the observation that the ZFY-related
sequences in marsupials were absent from the X or Y chromosomes but located on the
autosomes (Sinclair et al., 1988), eliminated the possibility of ZFY being the TDF, as the Y is
male determining in this group too. More recently, following the search for TDF, genes, SRY and
Sry, (Sinclair et al., 1990; Gubbay et al., 1990) have been isolated and they have shown great

promise as candidates for TDF in human and in mouse respectively.

SRY was detected by more careful deletion mapping and by the analysis of genomic
clones from the relevant region, and appears to be absolutely necessary in normal sex
determination. It is Y specific, and conserved across species, including marsupial. Most direct
evidence of the role of SRY in human sex-determination comes from the studies of XY females:
de novo mutations have been found in the SRY gene of two such individuals (Berta et al., 1990;
Jager et al., 1990). More significantly, in recent experiments in mice, Sry was introduced into XX
female embryos and some of the genotypically XX female mice were artificially sexually reversed

to the male phenotype and were found to be Sry positive (Koopman et al., 1991)

There are still situations, however, in which SRY positive XY individuals fail to exhibit
male phenotype without detectable mutation (Berta., 1990; Jager et al., 1990). In the mouse sex-
reversal experiment, some of the XX mice with integrated Sry failed to exhibit male phenotype
(Koopman et al., 1991). This may imply complexity in the process of sex determination, and many
factors may be involved in this process. It is possible that a type of cascade leads to the final

determined state, and that malfunction of any step in the pathway could affect the outcome. Also



the chromosomal position of Sry may play an important role in determining its function, so that, in
some locations, even an intact copy of Sry will fail to function. Future study on the exact role of
the SRY locus in human and its homologues in other mammals and the factors which regulate

down-stream interaction should throw insight into the complexities of sex-determination in this

group.
X inactivation

In females, one of the two X chromosomes is inactivated in the early stage of embryonic
development thereby equalizing the dosage between the sexes. Inactivation occurs randomly and
regardless of the maternal or paternal origin of the X chromosome. From the time of inactivation,
the progeny of a particular cell will always have the same X chromosome inactivated (Lyon,
1961). Large numbers of studies have confirmed the essential premise of the theory. Cytogenetic
evidence indicates that in the normal female, one of the two X chromosomes is always
condensed, and can been seen as a darkly stained body (Barr body) in the interphase cell (Barr
and Bertram., 1949). The condensed X chromosome is | late-replicating, both in mouse and
human, with the exception of the tip of the short arm in human, which shows a replication pattern
which is synchronised with the active counterpart (Takagi, 1974; Weber et al., 1986). This
condensation is not observed in single X chromosome of males. Also, in the case of
XXXIXXXX/XXY/XYYYY individuals, the condensed numbers of X chromosome are two, three,
one and none respectively. Here the number of inactivated X chromosomes follows an N-1 rule,
where N is the total number of X chromosomes present. Condensation is equated with gene
inactivation and this mechanism, understandably, is to ensure that there is only one set of genes

on the X chromosome which are expressed regardless of the number of X chromosomes.

The random inactivation of the X chromosome was originally proposed by Lyon to explain
the occurrence of the variegated-coat-colour in female mice (Lyon, 1961). More direct evidence
came from molecular studies on X inactivation. It was first shown, directly, by the study of
Davidson et al on the expression of X-linked glucose-6-phosphate dehydrogenase (G6PD)
mutant alleles in human fibroblast cells in which it was demonstrated that the expression of G6PD

is confined to one of the X chromosomes and is random with respect to its maternal or paternal



derivation (Davidson et al. 1963).

It appears that X inactivation does not happen simultaneously along the whole X
chromosome, but rather proceeds in a cis-limited fashion in which the inactivaton event spreads
from the X-inactivation centre (XIC) to the rest of the X chromosome (Cattanach,1975; Migeon et
al, 1968; Mohandas et al., 1987). Studies in mice have led to the finding that in X-autosome
translocations, only one of the translocated chromosomes is inactive and this suggests that there
is a single locus in mice from where the initiation of X inactivation starts (Cattanach, 1975). This
locus has been named the X chromosome-controlling element (Xce) (Cattanach, 1975; Keer et
al., 1990). In the human the locus responsible for the spreading of X inactivation (XIC) has been
mapped to Xq13 (Mattei et al., 1981) - this is also the site initiating Barr-body condensation
(Therman et al., 1974) and the site of cytologically observed bend on inactive X chromosomes
(Fiejter et al., 1984). It seems, therefore, that there is a direct correlation between XIC, the

initiation site of Barr body condensation and the bending site on the inactive X chromosome.

The mechanism of X inactivation is still unknown. Investigation of hypoxanthine-guanine
phosphoribosyltransferase (HPRT) activity in a man-mouse hybrid, which was HPRT deficient,
but contained a structurally normal, inactive, human X chromosome, showed that the deficiency
could be compensated by reactivating the human X chromosome by treating the hybrid with 5-
azacytidine, a cytidine analogue. Incorporation of 5-azacytidine ieads to hypomethylation of the
DNA (Mohandas et al., 1981). Treated hybrids could be grown successfully in the medium HAT
(hypoxanthine, aminopterin, thymidine), which selects for HPRT expressing clones. This indicated
that methylation of the X chromosome may play a role in the X inactivation. However, the
expression of G6PD and PGK in the same hybrid was very limited in comparison with that of
HPRT (Mohandas et al., 1981). This casts doubt on a major role for methylation in the event of X
inactivation, although local effects can not be excluded. Further investigation of the expression of
HPRT in different stages of embryonic development in mice showed that in early development, X
inactivation actually precedes methylation, therefore ruling out the possibility that methylation has

a primary role in the events of X inactivation (Lock et al., 1987)

Inactivation of X-linked genes, however, is not without exception . Using somatic cell



hybrids of mouse background with the human X chromosome as the only human material allows
the expression of the human X-linked genes to be studied. Hybrids which retain only the inactive
human X chromosome are particularly good systems to investigate genes which can escape X
inactivation (Migeon et al., 1982). Several genes which are known to have active Y chromosomal
homologues escape inactivation; these are MIC2 (Goodfellow et al., 1984), GM-R (Disteche et
al., 1992), RPS4X (Fisher et al., 1990), ZFX (Schneider-Gadicke et al., 1989), it is reasonable to
assume that this escape from inactivation is to provide the required dosage balance between
males and females. This, however, does not apply to the genes for STS (the level of STS in the
female is 1.7 times the level in the male, suggesting one copy of the STS genes only partially
escapes inactivation), KAL-X (Franco et al., 1991) and A1S9T (Brown and Willard, 1989), and this
suggests that the dosage balance of these loci is not of great importance. The genes which
escape inactivation are interspersed along the X chromosome, suggesting that the process of

inactivation is of least in part locus or regional specific.

The recent finding that both the X-specific transcripts (XIST) gene (Brown et al., 1991) on
the long arm of the human X chromosome near the X-inactivation center (XIC), and the Xist gene
(Borsani et al., 1991, Brockdorff et al., 1991) on the mouse X chromosome near the X controlling
element (Xce), exhibit a unique pattern of expression, has provided some new clues about the

phenomenon of X inactivation.

The XIST gene is expressed exclusively by inactive X chromosomes. In cell lines which
have different numbers of X chromosomes, the dosage of expression of XIST increases with the
number of inactive X chromosomes present. Furthermore, the high degree of heterogeneity of the
transcripts indicates that XIST may not encode a protein product but rather function directly
through its transcriptional product to signal inactivation via a kind of cis-limited mechanism (Brown
et al., 1991). Strong support for a possible primary role of XIST in inactivation comes from the
study of the mouse homologue Xist (Borsani et al., 1991; Brockdroff et al., 1991). In the mouse,
Xist exhibits almost identical properties to XIST in human. Especially important is its location in
the vicinity of Xce, where inactivation starts. Recently, a study of mouse Xist indicated that, as in

humans, it is unlikely there is a protein product from Xist. (Ballabio and Willard, 1992).



These findings provide the basis for some very preliminary suggestions concerning the
mechanism of X inactivation. However many questions remained unanswered, such as " What is
its primary role in the X inactivation process? What is the function of XIST? How is the
inactivation spread to the whole X chromosome? How is it decided which X chromosome is going
to be inactivated? What is the mechanism behind the selective escape from X inactivation for
some genes?" The mechanisms underlying X inactivation in man and mouse may not be
identical. If it is supposed that XIST regulates in a sequence-specific way, or in a regional
fashion, which can be applied to the explanation of escape from inactivation of genes such as
MIC2, ZFX and RPS4X, why then, in the mouse, do these genes respond to the inactivation
process? It is possible that the explanation lies in the observed heterogeneity between XIST and
Xist transcripts which, for XIST, presents as a smear hybridization pattern on Northern blots in the
range from over 200 base pairs to over 10 kb, whereas Xist gives more distinct major bands of
11.3 and 12.6 kb. It is possible that human and mouse transcripts differ in function. Much exciting
and challenging research awaits those interested in unravelling the complexities of the

inactivation process.

Human Genetic Disease and the Human Genome

It is estimated that the size of the human hapioid genome comprises 3x109 base
pairs(bp) which is distributed between the 23 chromosomes. The size of each chromosome varies
greatly, from the biggest, chromosome one - 263 Mb (million base pairs) to that with smallest
unique DNA content, chromosome Y - 45Mb (Morton, 1991). It is also estimated that there are
30,000 - 100,000 genes encoded in the human genome. Although the accuracy of these figures is
still far from clear, progress from studies on other organisms including yeast (Oliver et al., 1992),
C. elegans (Waterston et al., 1992) Drosophila (Hoheisel et al., 1992) and mice (Dracopoli et al.,
1992) suggest they are broadly correct. The consequences of the human genome initiative
(Jordan, 1992; Chumakov et al., 1992; Foote et al., 1992) are providing, with unprecedented

speed, a better understanding of the human genome and its relationship to those of other

organisms.

In Mendelian Inheritance in Man, over 5000 single gene disorders have been described



(McKusick, 1991). With increasing numbers of genes being identified and with much clearer
clinical classification for disorders which may differ subtly, more genetic disorders are likely to be

identified.

Although it would be foolish to underestimate the contribution of eariier work, it can be
said that human genetics has been revolutionized by the advent of molecular techniques - the so
called "new genetics". (Weatherall, 1990). Following the discovery of 46 human chromosomes
(Tijo & Levan, 1956), the development of human genetics has progressed through a series of
leaps forward, often preceded by the development of new techniques and enhanced
understanding of biological phenomena. Starting with the advent of reliable karyotyping of human
chromosomes, numerical chromosomal abnormalities could easily be recognized. This brought
about the recognition of Down's syndrome (due to trisomy 21, Lejeune, 1933), Turner syndrome
(due to 45, XO) and numerous other cases of aneuploidy. Also, as discussed previously, it was
realized that the presence of the Y chromosome is essential for sex determination, following the
discovery of 47, XXY Klinefelter syndrome individuals who were phenotypically close to normal
males, and the finding that mice with only a single X chromosome were female (Jacobs and
Strong, 1959; Welshons and Russell, 1959). With the emergence of chromosome banding
techniques (Arrighi and Hsu, 1971) in 1970, a wide range of structural abnormalities of
chromosomes became apparent. This led to the discovery that chronic myelocytic leukemias
were caused by a reciprocal translocation between chromosomes 22 and 9s the translocated
chromosome 22 was named Philadelphia chromosome. The advent of somatic cell genetics,
developing at about the same time, has provided a powerful tool for the study of human genetics.
Routine production of somatic hybrids from the fusion of man and mouse cells became reality.
This development greatly enhanced the work of gene mapping, one of the first localisations being
that of thymidine kinase gene to chromosome 17 (Weiss & Green, 1967). In situ hybridization
(Pardue and Gall, 1969) has now developed to a stage where, for many purposes, it is the perfect
means to localize genes. These approaches have formed a firm base for the application ot

genetics to human genetic diseases (McKusick, 1992).

Among all of the human genetic diseases, the best characterized are the single gene
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disorders; this is the direct consequence of the applicability of modern molecular genetic
approaches. Depending on their pattern of inheritance, they can be characterized as autosomal
dominant, autosomal recessive and X-linked. Autosomal dominant and recessive disorders can
be distinguished on the basis that, whereas the dominant diseases are manifested in
heterozygotes, the recessive manifestation can only be found in individuals homozygous for the
mutant allele. In reality, drawing simple conclusions may not be so straightforward due to, in
some cases, decreased penetrance. The term penetrance refers to the clinical expression, or lack
of it, of the mutant gene.(Gelehrter and Collins, 1990). The X-linked traits and their associated
diseases are of special interest because of their transmission pattern as well as their association
with X-inactivation. The unique pattern of inheritance of X-linked recessive disorders is one in
which the female carrier passes her defective gene to only half of her sons who will be affected
and to half of her daughters who will be carriers in turn. Observation of this pattern has made it
possible to assign a large number of disease genes to the X chromosome without exhaustive

linkage analysis.

Another interesting aspect associated with X chromosomal disorders is X-inactivation (for
details, see section on X-inactivation). Due to the random nature of X-inactivation, recessive
alleles can be expressed in certain population of cells even in heterozygotes. Non-random X-
inactivation has been observed in some disorders. This can be caused by some chromosomal
rearrangements as in the case for Duchenne muscular dystrophy (DMD). Many female DMD
patients have been found to have balanced translocations involving the X chromosome at Xp21
and an autosome. However, the translocated X chromosome is generally preferentially active and
the normal X chromosome undergoes inactivation (Verellen-Pumoulin et al.,, 1984). This
observation provided compelling evidence to support the localization of DMD to the short arm of
the X chromosome at Xp21 (Monaco et al., 1985), also it provides an example of a recessive
disorder manifesting in females. For X-linked immunodeficiency diseases, it is found that female
carriers undergo an unilateral X chromosome inactivation in the primary affected cell lineages

which can be used for carrier detection and prenatal diagnosis (Hendriks, 1991).

Recent cloning of some disease genes has provided insight into the mechanism of
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previously inexplicable biological phenomena, promises to increase our understanding of genome

biology as a whole.

One of the most unexpected developments came from cloning of the fragiie-X gene. This
has been shown to contain a stretch of unstable trinucleotide repeats (CCG)n. The amplification
of the copy numbers of (CCG)n which do not follow Mendelian features in their inheritance
pattern, implies a novel mechanism underlying the cause of fragile-X syndrome. Following this
discovery, a similar type of amplification of triplets has also been observed to be the cause in
some other genetic disorders such as myotonic dystrophy (DM) and Kennedy disease (Davies,
1992). The amplification of such unstable DNA sequences has helped to elucidate a long
standing problem in the field relating to anticipation. "Anticipation" is the term describing the
apparent occurrence of an inherited disorder with a progressively earlier age of onset in
successive generations. In the case of fragile-X, this is referred to as the Sherman paradox
(Sherman et al., 1984; 1985). Normal X chromosomes have between 6 and 60 copies of the
repeat. For the fragile-X syndrome, carrier males have an increased copy number (between 60
and 200.); affected individuals have more than 200 copies (see review, Richards and Sutherland,
1992). This may suggest that the ampilification of certain triplets may be a rather general
mechanism underlying some genetic defects (Davies, 1992). Also, equally importantly, the
isolation of the fragile-X gene has started to bear fruit in the context of its application to medicine.
It offers an opportunity for accurate, efficient and cost-eftective clinical diagnosis of a syndrome

which is the second largest cause of mental retardation.

Identification and isolation of human disease genes

Progress in the isolation of genes responsible for genetic disorders has been
considerable over the past few years, aided both by our understanding of the human genome
and those of other organisms, and by the employment of new techniques. Until recently, very few
options were available for the identification and isolation of disease genes. Most of the diseases
whose genes were cloned in this early period were the consequences of previously known
biochemical lesions. The approach adopted would involve characterization of the biochemical

defects and purification and characterization of protein products. This would be followed by partial
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determination of the sequence of the protein which could be used to deduce its DNA sequence,
thereby leading to the isolation of the corresponding gene by the use of a hybridization probe.
This approach has been successfully used in the study of diseases such as Christmas disease

(Anson et al., 1984).

This type of direct strategy, however, is limited by the fact that the majority of single gene
disorders are without any known biochemical defect. In facing the increasing importance
attributed to human genetic diseases in medicine, effective alternatives are required to improve

and complement those methods already existing.

The "reverse genetic" approach basically consists of two main areas, namely the
"positional cloning” and the "candidate gene" approach. The "positional cloning” strategy is to
clone a gene from knowledge of its location in the genome only. To use this approach
successfully, it is essential to map a disease locus as finely and precisely as possible. This
normally starts with the use of linkage analysis to map a disease locus segregating within a
collection of disease families using a series of informative probes (Ott, 1986). Linkage analysis is

performed by calculating the likelihood that two loci are linked. A likelihood ratio is established:
Likelihood ratio (6)= likelihood (data/6) / likelihood (data/ no linkage)

This ratio is expressed logarithmically: the lod score (logarithm of the odds). The most likely
recombination fraction (’é) is the value of 6 which gives the highest positive lod score (’Z\). Positive
lod scores suggest the presence of linkage, whereas negative lod scores indicate linkage is
unlikely. Normally a lod score of +3, or greater, is considered definite evidence of linkage,
indicating 1000 to 1 odds that the link pattern of segregation observed did not occur by chance. A
lod séore of <-2 (indicating 100 to 1 or greater odds against linkage) is taken as evidence of
exclusion of linkage for this value of 6. The use of linkage analysis has been greatly facilitated
through the advent of RFLPs (restriction fragment length polymorphism) and other polymorphic

markers (such as microsatellite (AC)n repeats).

An RFLP is a variation in DNA sequence that alters the length either through presence or

absence of certain restriction sites, or as a result of variation in the copy number of short tandem
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repeats within the fragment (Solomon and Bodmer, 1979; Botstein et al., 1980). Microsatellite
(AC)n repeats are stretches of dinucleotide sequences which are abundantly distributed in the
mammalian genome (in the human genome, once every 50 kb on average). The copy numbers of
the repeats vary between individuals and number variants follow Mendelian inheritance within

families.

By examining the co-segregation of a series of polymorphic markers and an unidentified
genetic disease, the genetic map can be established until the linkage between the disease locus
and one or more of the markers is evident. Practically, however, it is unusual to have more than
100 meioses in the pedigree material, and linkage analysis therefore is limited to placing a locus
in an interval of 1 centimorgan (cM) which corresponds, roughly, to 1 million bases (with some

variations).

Following linkage analysis, physicai mapping in order to narrow down the region further
usualiy can be achieved through long-range mapping of genomic DNA using pulsed-field gel
electrophoresis (PFGE) and by characterizing genomic clones isolated from that region. Since its
first description (Schwartz et al., 1984; Carle and Oison, 1984). PFGE has been used for a variety
of purposes. In particular, it has played a significant role in the identification of disease genes.
PFGE in conjunction with the use of the "CpG sensitive” restriction enzymes to digest the human
genomic DNA will allow long-range physical mapping. In the mammalian genome, the frequency
of the CpG dinucleotide is only a fifth of that expected from considerations of C+G content alone.
This is due to the high mutation rate of cytosine to thymine as the consequence of methylation of
cytosine and its subsequent deamination (for review, see Bird, 1987). Most of the CpGs are
clustered close to the 5' end promoter region of "housekeeping genes” and they are not
methylated (with the exception of inactive X-chromosomes). These ciusters are called "CpG
islands" and can provide direct indication of the location of those island-associated genes (Bird,
1986); Also, due to the scarcity of unmethylated CpG in the genome, use of "CpG sensitive”
enzymes tends to generate very large fragments. Two or more markers relatively far apart in the
genome can be linked physically in this way. PFGE can then be used to resolve these fragments

and display them for further analysis (such as Southern blotting). The uses of the PFGE to link
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markers (see chapter 2), to detect deletions distant from the available markers and to directly
locate "CpG" islands and therefore their associated genes (Ross et al, 1990) have all been very

successtul approaches

In most cases, however, the linking of flanking markers close to a disease locus marks
only the end of first stage. The next step will be to isolate the genomic sequences from the target
region for detailed analysis. Although various cloning systems exist for this purpose such as
phage and cosmids which have to be propagated in E.coli, the most powerful is the yeast artificial
chromosomes (YACs) system (Burke et al., 1987; Little et al., 1989). These are plasmid vectors
which contain sequences allowing them to function as a linear chromosomes in yeast cells. They
are capable of carryinginserts larger in size to any other cloning system; The size of fragments
accommodated ranges from 50kb to a few Mb, which makes it easier to analyse the physical
relationship of markers at great distances. It is also important that some classes of human DNA
sequences which undergo rearrangement in conventional cloning systems (normally due to some
repeats which can form a secondary structure leading to instability during propagation) can be
cloned into YAC vectors. This is due to the fact that the yeast is itself a eukaryote, and that its
genome contains both palindromic (Klein & Welch, 1980) and other repeated DNA (Cramer et al.,
1976) so it is more tolerant of cloned eukaryote DNA than is E.coli. To cover the target region as
fully as possible, more than one YAC is normally needed in order to build a genomic contig.
Walking from one YAC to another can be achieved through generating STSs (sequence-tagged
sites. Olson et al., 1989) from the ends of the YAC which in turn can be used to isolate other
overlapping YACs. Since any genomic contig built on the basis of using flanking markers still
tends to be very big, any gross chromosomal rearrangements within the region which are disease
associated are of considerable importance in providing a short cut to identifying candidate genes.
This was demonstrated in the search for Neurofibromatosis type | gene where two translocations

helped to defined the region encompassing the NF gene (Cawthon et al., 1990).

Expressed sequences can subsequently be isolated from the region of interest through
various means, such as by the search for conserved sequences across species (Franco et al;

1991); by the use of exon-trapping systems on genomic clones (Buckler et al., 1991), the use of
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large genomic clones to screen appropriate cDNA libraries (Groden et al., 1991), or by
sequencing the whole region and then subjecting the results to computer analysis (Legouis et al.,
1991). Transcripts derived from the region can be analysed for alterations in individuals who have
the disease. Tissue expression patterns can also be used to provide circumstantial support for the
candidacy of the cloned gene. The ultimate proof of identification of a candidate with the disease
locus lies with the characterization of mutations and information from the sequence analysis.
Ample evidence for the success of the approach comes from the isolation of such genes as cystic
fibrosis (Riordan et al., 1989), neurofibromatosis typel (Cawthon et al., 1990) and Wilms' tumor
(Rose et al., 1990). Although the cloning of NF and Wilm's tumor genes was greatly facilitated by
the chromosomal rearrangements including the gene, the isolation of CF gene was based purely

on its location and the identification of mutations.

Another increasingly important strategy to isolate disease genes is the candidate gene
approach. This is based on the co-localization on a chromosome of a disease locus and a gene
for a protein plausibly involved in the disorder. With increasing numbers of transcripts being
identified for each chromosome, together with the progress from the Human Genome Project it
will, conceivably, become one of the dominant approaches. lts applicability has been enhanced
by the studies of genomes from other organisms, especially that of the mouse. The identification
of the mouse mutant Splotch, due to the mutation of the Pax-3 gene, has led the isolation of the
gene for its human homologue which underlies Waardenburg's syndrome - an autosomal
dominant combination of deafness and pigment defects (Tassabehiji et al., 1992 Baldwin et al.,
1992). In the early-onset version of Alzheimer's disease, the disorder was mapped to
chromosome 21. Amyloid precursor protein (APP), which is believed to be involved in synaptic
contact and acts as a growth regulating factor and is the product of the B-amyloid gene, was also
localized to the same region. Mutations identified from APP in some of the Aizheimer patients
demonstrated APP's probable etiological involvement in this type of Alzheimer's disease

(Hardy,1992).

Both strategies, are not without restraints. For positional cloning, without gross alteration

of the gene, it is often difficult to find the real disease gene from among the many transcripts,
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This has been clearly demonstrated in the pursuit of the Huntington's gene. Huntington's disease
is an autosomal dominant degenerative neurological disorder characterized by abnormal
movements and progressive loss of mental function. Linkage data has placed the gene to a
region of roughly around 2 Mb on the short arm of chromosome 4 (Bates et al., 1992). This region
may contain over 100 genes, therefore to find out which one of them is the disease gene is a

formidable task.

The "candidate gene" alternative can be limited in its present form because our
understanding of the possible functions of many protein products is very scént and the number
of transcripts available for analysis is still extremely low. With the rapid development of this field,
further approaches may emerge as useful alternatives, such as the functional complementation

employed in isolating the gene for Fanconi's anaemia (Strathdee et al., 1992).

If it can be said that recent development has been very impressive on single gene
disorders, the progress on multifactorial disorders has been extremely slow in comparison. New
concepts and new approaches are both required to ease the situation. There are already some

signs that both may come sooner rather than later. (Jacob et al., 1991).
The biology of monoamine oxidase(MAO)

Human monoamine oxidase has long been studied because of its function in oxidising
aromatic amines, dietary as well as tertiary amines. The discovery of an enzyme in mammalian
liver which oxidised tyramine with the evolution of hydrogen peroxide and ammonia (Hare, 1928)

marked the beginning of research into momoamine oxidase.

Monoamine oxidase is the principal enzyme catalyzing the oxidative degradation of
biogenic amines, including neurotransmitters such as catecholamines and serotonin, in the
central nervous system and in peripheral tissues (Murphy, 1978; Giover and Sandier, 1986;
Weyler et al., 1990). It was evident from early studies that there are at least two forms of MAO:
MAO-A and MAO-B. They can be distinguished on the basis of substrate specificity and
sensitivity to different drugs: MAO-A has a higher affinity for catecholamines and serotonin and is

more sensitive to inhibition by clorgyline (Johnston, 1968), whereas MAO-B has a higher affinity
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for the dietary amines such as phenylethylamine and is selectively inhibited by deprenyl (Knoll
and Magyar, 1972). Also they were shown to have different molecular weights, peptide proteolytic
digest products and antigenic determinants (McCauley and Racker, 1973; Cawthon and
Breakefield, 1979; Denney and Denney, 1985; Brown et al., 1980). The enzymes are located at
outer membrane of mitochondria (Schnaitman et al.,, 1967) and present in a wide range of
tissues, with different levels in different cells. Both forms can be found in the liver in the human,
for example; whereas in human brain it is almost exclusively the B form (80-95%). The two forms
also exhibit different activities during development as seen for example in both human and rodent
nervous system, where the A form appears first , foliowed by the B form (Mantle et al., 1976;

Lewinsohn et al., 1980; and Tsang et al., 1986).

Historically, the main interest in MAOs came from the biochemical and pharmacological
studies demonstrating that inhibitors of the enzymes can be used as antidepressants (Murphy et
al., 1984). Disruption in catecholaminergic and serotonergic pathways in the brain have been
hypothesized to have a critical role in many psychiatric and neurologic diseases, including
schizophrenia, manic-depressive iliness, autism, alcoholism and Parkinson disease. The
evidence to support such theories came from the use of drugs which interfere with aminergic
transmission in treatment of these diseases, from findings of altered amine metabolite levels in
plasma and CSF of patients and from the involvement of these transmitter systems in limbic
system functions. Recently cDNAs for both forms of MAO were isolated (Bach et al., 1988; Hsu
et al., 1988). The two genes have extensive homology, both at DNA and protein levels, with
average homology over 70%, whereas in some parts of the tlavin-binding domain the homology is
greater than 90%, which suggests strongly that they were derived from duplication of a common
ancestral gene. Genes for both forms were mapped to human X chromosome Xp11.3 (Pintar et
al., 1981; Levy et al., 1989; Ozelius et al., 1988) and also to the mouse X chromosome (Laval et
al., 1991). Because of the possible association between altered MAO activities and
neuropsychiatric disorders (Hsu et al.,, 1989) studies on the genetics of MAO have been
intensified, especially in the light of linkage with other diseases. Recombination studies showed
that MAOs are linked to a few important genetic diseases such as Norrie disease (Lan et al.,

1989; Sims et al., 1989 a,b), X-linked retinitis pigmentosa 2 (Riley et al., 1991), Leber's hereditary
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optic neuroretinopathy (LHON: Vilkki et al., 1991). It has been shown that statistically significant
differences of MAO-A activities are associated with a different RFLP allele caused by substitution
of the third base of a triplet codon. This suggests that the MAO-A gene itself is a major
determinant of activity levels.(Hotamisligil and Breakefield, 1991). Overexpressed MAO-B gene in
transgenic mice leads to profound neurological changes and behaviour problems as well as
early death (Aderson, personal communication). Complete loss of MAO genes has also been
observed in some atypical Norrie deletion patients (see below) who have disrupted amine
metabolism together with sever mental retardation. Further studies on metabolite levels in various
disorders and the regulation of the genes should help to determine the extent to which MAO

aberrations underlie human genetic disease.

Norrie disease

Norrie disease (MuKusick 310600, 1990) is a severe neurological disorder. The
characterization of Norrie disease is based on the blindness from infancy due to retinal dysplasia
followed by retinal detachment and bulbar atrophy. From family studies of the disease, it is clear
that it is an X-linked recesssive disorder (Warburg, 1966). In typical Norrie patients (who have
exclusively been males from reported studies), two thirds of them have some degree of mental
retardation and one third of them have progressive sensorineural hearing loss. Marked variability
in the severity of retardation and the onset and severity of hearing loss within the same families

has also been observed (Collins et al., 1992).

The gene for Norrie disease was mapped to Xp11.3-Xp11.4 through linkage study of a
number of Norrie families (Gal et al., 1985; Bleeker-Wagemakers., 1985). Strong linkage was
observed between the disease locus and the probe L1.28 (DXS7), which is located on Xp11.4.
Support for the localization of the gene also came from a study on a chromosome abnormality
involving a translocation. Ohba and Yamashita (1986) described a female patient who manifests
the disease with reciprocal translocation between the X chromosome and chromosome 10. The
position where the transiocation occurs on the X chromosome, Xp11.3, is  consistent with the
linkage data. More direct evidence to support the localization of Norrie locus came from studies

on Norrie deletion patients. Gal et al (1986) reported a Norrie family in which a patient was found
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to have submicroscopic deletion encompassing L1.28. Apart from classic manifestations such as
retinal detachment, mental retardation and gradual loss of hearing, this patient also exhibits other
series of symptoms including hypogonadism, growth failure, severe mental retardation and
increased susceptibility to infection. More cases of Norrie patients having submicroscopic deletion
for L1.28 were reported later (de la Chapelle et al, 1985; Zhu et al., 1989 and Donnai et al., 1988)
All of the deletion patients described suffer from a wide range of abnormalities with different
degrees of severity. These include microcephaly, seizures, altered peripheral autonomic function,

sleep disturbance, myoclonus, delayed sexual maturation.

These deletion patients were later found to have MAO genes (both A and B forms)
deleted as well. Because of the importance of MAO in neurological metabolism, it is conceivable
that the deficiency in MAO may have the causal role in the manifestation of Norrie disease. Sims
(1989) et al studied the MAO levels in those classic Norrie patients and showed that their MAO
levels are within the normal range of variation as the controls. Their studies excluded MAO as
the possible gene responsible for simple NDP. The manifestation of complex symptoms in
atypical Norrie deletion patients probably represents the consequences of co-deletion of more

than just the Norrie gene, representing cases of a "contiguous gene syndrome"(Emanuel, 1988).

Diergaarde et al. (1990) mapped the deletion breakpoints in one patient to the region
between probes px59 (recognised by DXS77) and L1,28. Further study by Lan et al (1989)
showed in one Norrie family, a single recombination event between L1.28 and NDP,
but not between OAT (located proximal to L1.28) and NDP. This result is of considerable
importance since it places NDP locus proximal to L1.28, which has accelerated the search for the

NDP gene (see chapter 4 and 5).

Outline of the research

The aim of this project was to study the MAO and Norrie genes on the short arm of the X
chromosome, thereby providing information on the genomic organization as well as genetic

aspects of the genes which may be of value in disease etiology.

Chapter 2 describes the work on the characterization of the MAO-A genomic
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organization. This provided reagents with which to study variation of the gene in different

populations as part of a strategy to understand its etiological role.

Chapter 3 describes the characterization of a YAC encompassing both MAO genes. It
was possible to demonstrate that the genes were derived from duplication of a common ancestor.
The two MAO genes are adjacent to each other and organized in a tail-to-tail fashion. This
observation is relevant to an understanding of the mechanism underlying gene duplication. A long
range map surrounding the MAO genes was constructed, providing a starting point to localize the
gene for Norrie disease. Certain features of the genes such as their CpG islands and the possible

escape from inactivation for the MAO-B gene are discussed.

In Chapter 4, another YAC of 650 kb, isolated using the probe L1.28, is described. The
YAC provided very important information for pinpointing the region for the Norrie disease locus.
The mapping data derived from this YAC confirmed the data derived from the MAO YAC in
chapter 3, as well as some of the data from long-range mapping of genomic DNA. More
importantly, due to the retention of one of the YAC ends in one of the Norrie deletion patients, the

proximal end of a region containing the Norrie gene was defined.

Chapter 5 presents work to isolate a candidate gene for Norrie disease via a positional
cloning approach. Based on the information from Chapter 4, a YAC restriction fragment of 160kb,
which is the obligatory region for the Norrie locus, was used to screen two human retinal cDNA
libraries. Three groups of cDNAs were isolated by using the fragment. Further characterization of
these cDNAs led to identification of one group representing the candidate locus for the disease
gene, i.e., they were deleted from those classic Norrie patients without previously known
deletions. The open reading frame for the gene is very smail (400 bp) encoding a 133 amino acid
peptide which is highly charged, suggesting a secretory protein. No homology with other proteins

could be identified during this stage.

The final experimental chapter of the thesis is concentrated on the further
characterization of the NDP gene. This demonstrated that NDP gene is 28 kb in size and consists

of three exons with the first not used in translation. Detailed mapping of deletion patients shows
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that there is a heterogeneity in deletion size and position. Also, further search for homology
reveals that the C-terminal part of NDP protein is very cysteine rich and the position for these
residues is very conserved among mucin, Van Willebrand factor and growth factor binding
proteins (cyr-61 in mouse and CEF-10 in chick). The N-terminal part of the protein has a signal
peptide suggesting post-translation modification of the protein, supporting the rationale of the
gene product being a secretory protein. Because of the potential for cysteine to form di-sulphide
bonds, it is postulated that the function of the protein may involve interaction with other growth

factors which are important to the development of the eye as well as the brain.

Par of the project has involved cloning of the mouse homologue for the MAO-A gene
which was mapped to the mouse X chromosome in relation to other markers from the region. To
be able to provide more reagents for linkage analysis for other genetic diseases, one simple
microsatellite (CA)n from the second intron of the MAO-A was characterized. Another
microsatellite repeat together with a VNTR in the first intron of the MAO-A gene was also isolated
and characterized. Finally, by coupling the VNTR with the determination of the methylation status
of the CpG island at the promoter region of the MAO-A gene, an assay for X-inactivation status

has been developed.
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Chapter 2. Structure of the human gene for monoamine oxidase type A
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Pung Paul Hsu

ABSTRACT

Monoamine oxidases, type A and type B, are principal enzymes for the degradation of
biogenic amines, including catecholamines and serotonin. These isozymes have been implicated
in neuropsychiatric disorders. Previously, cDNA clones for both MAO-A and MAO-B have been
sequenced and the genes encoding them have been localized to human chromosome Xp11.23 -
Xp11.4. In this work, we isolated human genomic clones spanning almost all the MAOA gene
from cosmid and phage libraries using a cDNA probe for MAO-A. Restriction mapping and
sequencing show that the human MAOA gene extends over 70 kb and is composed of 15 exons.
The exon structure of human MAOA is similar to that described by others for human MAOB. Exon
12 (bearing the codon for cysteine, which carries the covalently bound FAD cofactor) and exon 13
are highily conserved between human MAOA and MAOB genes (92% at the amino acid level).
Earlier work revealed two species of MAO-A mRNA, 2.1 kb and 4.5 - 5.5 kb. We now report on
further cDNA isolation and sequencing, which demonstrates that the longer message has an
extension of 2.2 kb in the 3' noncoding region. This extended region is contained entirely within
exon 15. The two messages therefore appear to be generated by the use of two alternative
polyadenylation sites. Results from the present work should facilitate the mutational analysis of
functional domains of MAO-A and MAO-B. Knowledge of the gene structure will also help in
evaluating the role of genetic variations in MAO-A in human disease through the use of genomic
DNA, which is more accessible than the RNA, as a template for PCR-amplification and

sequencing.
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INTRODUCTION

Monoamine oxidases (MAO; monoamine: Oo oxidoreductase; EC1.4.3.4.), type A and
type B, are principal enzymes for the degradation of biogenic amines, (for review see 1,2,3). They
catalyze the oxidative deamination of amine neurotransmitters such as dopamine,
norepinephrine, epinephrine and serotonin, as well as dietary amines such as tryptamine and
phenylethylamine. These enzymes are located in the outer membrane of mitochondria and are
present in all types of cells, albeit at widely varying levels. Intensive biochemical and
pharmacological studies of MAO have been stimulated from findings that inhibitors of the
enzymes can be used as antidepressants (4). These studies have led to the characterization of
two forms of the enzyme, MAO-A and MAO-B, which differ in specificity for substrates, sensitivity
to inhibitors, tissue distribution, antigenic determinants, protein size and peptide maps (for review
see 1, 2, 3). It is now clear from cDNA clones that these MAO isozymes are encoded by separate
genes, which share about 70% overall homology in amino acid sequence (5—9).

Both human MAO genes have been mapped to the chromosome X in the p11.23-11.4
region (10—14). Absence of both genes has been described in atypical, male Norrie disease
patients from four different families, who have a submicroscopic deietion in this region of the X
chromosome (13, 15—18; Z.Chen and |.Craig, unpublished data; F.Collins and S.Antonarakis,
manuscript submitted). It is conceivable that some features of their disease phenotype, such as
microcephaly, mental retardation, seizures, and sleep disturbances, may result from the complete
absence of MAO enzymatic activities in these patients throughout development and in later life.
Other studies have shown that variant activities of platelet MAO-B are statistically associated with
a number of neuropsychiatric diseases including affective disorders (19, 20), schizophrenia (21)
and alcoholism (22, 23). A potential role of MAO in diseases of the nervous system is further
suggested by findings that MAO-B can convert MPTP into a neurotoxin that causes
neurodegeneration similar to Parkinson disease (24). In addition, deprenyl, an inhibitor of MAO-B,
appears to be effective in slowing down the progression of Parkinson disease (25, 26). Allele
association studies of MAO-A indicate that genetic variations at the structural locus are major

determinants of activity levels in human skin fibroblasts (27). The structure of the human MAQOA
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gene is reported here as a basis for studying the regulation of enzyme activity and its etiological

role in human diseases.
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MATERIAL AND METHODS
Isolation of genomic DNA and ¢cDNA clones:

Genomic clone A2 was isolated from a cosmid library prepared from a Sau lllA partial
digest of human genomic DNA (gift from Dr. Patricia Watkins, Integrated Genetics, Framingham,
MA) established in the vector c2XB (28). A full length human cDNA clone for MAO-A, HMIi (6)
was used as a probe, unless otherwise indicated. Genomic clone 5-5C (gift from Ms. Laurie
Ozelius, Massachusetts General Hospital) was isolated from a cosmid library prepared from a
Sau IlIA partial digest of genomic DNA from a homozygotic patient of Huntington disease (gift
from Dr. James Gusella, prepared by Stratagene, La Jolla, CA) cloned in the vector pWE15 (29).
Genomic clones 6.12, common, 4.15, 1.23 and 6.1 were isolated from an amplified human library
prepared from an EcoRl partial digest of genomic DNA from a 4X female (gift of Dr. Dereck Blake,
Oxford, U.K.) cloned in EMBL vectors (Promega). Genomic clone gMAQ-AI was isolated from a
human lymphocyte lambda DASH genomic library (gift of Dr. Lily Hsu, Beckman Res. Inst., City of
Hope, Duarte, CA, prepared by Stratagene) and probed with a 2.8 kb cDNA clone, pMAOAI, from
a human placental cDNA library (prepared by Clontech). Two cDNA clones, CP221 and CP223,
were isolated from a human placental cDNA library in lambda gt10 (Clontech Laboratories, Inc.,
Palo Alto, CA). Colony or plaque screening was done according to standard procedures (30).
Southern hybridization and restriction mapping:

Procedures for blotting of DNA onto nylon filters, hybridization and autoradiography have
been described previously (12). DNA probes were labeled with 32p dCTP by random hexamer
priming (31). The orientation of the MAO-A coding region relative to the vector was determined by
probing with fragments from the 5' and 3' ends of HM 11, a 0.15 kb Aval fragment and a 0.52 kb
Aval fragment, respectively. Restriction mapping of clones 6.12, common, 4.15, 1.23 and 6.1 was
done by single and double digestions with restriction enzymes, EcoRI, Hindlll, Sall and Bglll.
Fragments were resolved by agarose gel electrophoresis, and the orientation was determined by
probing with gel-purified fragments of Sacl digested HMII cDNA, which yielded three fragments of
528, 648 and 788 bp in the 5' to 3' direction. The sizes of introns 1, 3 and 5 were determined by

hybridizing oligoprimers (Milligen-BioSearch/Cyclone DNA synthesizer) derived from exon 2, 4
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and 5 to a Southern blot of DNA from a human MAO-A-bearing YAC (pYAC4 from Center for
Genetics in Medicine, Washington Univ., St. Louis, MO) partially digested with rare cutting
enzymes and resolved by pulse-field gel electrophoresis (Z.-Y.Chen and I.Craig, manuscript in
preparation).

Analysis of DNA sequence:

DNA sequences near intron-exon junctions were determined either by subcloning
genomic fragments into appropriate vectors followed by sequencing; or by PCR-amplification of
total genomic DNA and direct sequencing. These two approaches are briefly described as
follows: (A) DNA fragments from restriction digestion were cloned into M13 (32), Bluescript KS
(Stratagene, La Jolla, CA) pUCS or pUCI9 (33) vectors and sequenced by the chain-termination
method (34) using modified T7 DNA polymerase (35; Sequenase Version 2.0 sequencing Kit,
United States Biochemical Co., Cleveland, OH) and [alpha-358]-dATP (36) with chain elongation
on ice. Double stranded DNA sequencing was done by the alkaline-denaturation method (37). (B)
Genomic DNA was amplified by polymerase chain reactions (38) using thermostable Tag DNA
polymerase (GeneAmp kit, Perkin-Elmer Cetus, CA) according to manufacturer's instruction.
Typically the reactions were done in 50 ml total volume in the presence of 200 pmoies of primers
in 30 cycles (1 min at 94°C, 2 min at 55°C and 3 min at 72°C) with a final extension for 10 min.
The amplified DNA fragments were separated by electrophoresis on a 2% low melting
temperature agarose (SeaPlaque or NuSieve GTG agarose from FMC). Desired DNA bands were
electroeluted onto DEAE membrane (Schleicher & Schuell), as described (39); or excised, melted
and used subsequently for direct sequencing according to a simplified method (40) with minor
modifications using Taq polymerase and [aipha-32P]d-CTP, or Sequenase (41) with minor

modifications and [alpha-39S]dATP.
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RESULTS

We have isolated genomic clones from three libraries (see Material and Methods). Ciones
6.12, common, 4.15, 1.23 and 6.1 are from a phage library and cover most of the MAOA gene. All
clones, together with those isolated from other libraries, including A2, gMAO-A1 and 5-5C were
aligned to yield a region for MAOA covering about 70 kb. These clones were analyzed by
Southern analysis of restriction digests using various fragments from the cDNA, HM 11, as
probes. Detailed alignment was done by superimposition of restriction sites for EcoRI, Hindlll,
Bglll and Sall. A composite restriction map for these enzymes is shown in Figure 2.1. Exon 1
contains 5'-noncoding sequences corresponding to the cDNA clone hMAO A-7 (5) (Figure 2.2).
The 5' end of the first exon has not been defined precisely, but a potential TATA box appears 194
bp from the 5' end of the published cDNA sequence, which may serve as a promoter element. A
comparison between the two published cDNA sequences, HM11 (6) and hMAO A-7 (5), revealed
that a 35 nucleotide segment in the 5'-noncoding region of HMII (from nucleotide no. 8 to no. 42 in
that reference) is an inverted repeat of a segment in hMAO A-7 (from nucieotide no. 31 to 65 in
that reference). Since sequences from hMAO A-7 have also been found in genomic clones
(Figure 2.2), it appears those in HM11 are a cloning artifact.

We have determined the exon structure of MAOA by two approaches. (A) Genomic
clones were subcloned into sequencing vectors and sequenced. (B) Genomic DNA fragments
were amplified using the polymerase chain reaction with appropriate primers from the cDNA
sequence to generate DNA segments for direct sequencing. The latter approach was feasible
only for segments containing exons and introns totalling less than 3 kb. The structure of the exons
and nucleotide sequences near the intron/exon junctions are shown in figure 2.3. All exon-intron
junctions showed appropriate consensus signals for splicing; GT at the 5 ' end of introns and AG
at the 3 ' end. The gene contains 15 exons. All but exon 4 were analyzed in this study. The
approximate size of the introns 1, 3 and 5 were determined by Southern blot hybridization to
fragments generated by pulsed field gel electrophoresis of a YAC clone containing human MAOA
(provided by Dr. Bernard Brownstein, Washington Univ.) digested with rare cutting enzymes (Z.-

Y.Chen and I.Craig, manuscript in preparation). The size of other introns was evaluated by PCR
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amplification across them and/or by sequence analysis.

The cDNA clones from human placenta, CP223 and CP221, are 2.3 kb and 2.8 kb in
length, respectively (6, 7). Partial sequencing was done to align these clones with HMI 1. The 5'
end of CP223 starts about 100 bp downstream from the 5' end of HM11, and contains about 200
bp of additional sequence at the 3' end. The 5' end of CP221 starts about 700 bp upstream from
the 3' end of HM11, goes beyond the 3' end of HM11 for an additional 2.1 kb. The combined
sequences of these three cDNA clones covers 4.0 kb of the longer mRNA (7). The sequence
AATAAA, which is a consensus signal for polyadenylation, is found 194 bases upstream from the
3' end of CP221. A cDNA clone similar to CP221 has been obtained by Huang and co-workers
(42). The 3' non-coding sequences in CP221 are also found in genomic clones 5-5C and
gMAOAI. This 3' end, including the other AATAAA polyadenylation signal found in HM11, plus all
additional sequences of CP221 homologous to HM11 are contained within exon 15, which is 2.4
kb in length. Previously observed RNA species, 2.1 kb and 4.2 kb, for MAO-A from human
placenta and liver (5,6), are similar in size to HM11 and to HM11-CP221 combined sequences,
respectively, assuming that poly-A of tails about
200 bp are added to the RNA species in vivo. These results are consistent with the notion that the
two messages for MAO-A arise from alternative use of two polyadenylation sites, which are
present in the same exon. The role of this alternative termination of messages in regulation of

cellular MAO activities or expression remains to be investigated.

TCTAAACC[TA_ATAAJCTCTCG CCGAGTGTCA GTACAAGGGT CGCCCCGCTC

TCAGTGCCCA. GCTCCCCCGG GTATCAGCTG AAACATCAGC TGCCCCTGGG
TACGCTCCCG GAGTATCAGC AAAAGGTTCG CCCCGCCCAC AGTGCGGCTC
CCCCGGGTAT CAAAAGAAGG ATCGGCTCCG CCGCCGGGTC CCCGGGGGAG

TTGATAGAAG GGTCCTTCCCACCCTTTGCC CTGTGCCTAC GACCCAGGAG
CGTGTCAGCCAAAGCIATG]

Figure 2.2. 5'-noncoding sequence of MAO-A. The underiines indicate sequences corresponding
to published MAO-A cDNA sequence hMAO A-7 (5), starting from nucleotide no. 1 of the cDNA.

The potential TATA box and start site of translation are boxed in.
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DISCUSSION

This study has demonstrated that the human MAOA gene comprises 15 exons distributed
over 70 kb of the X chromosome. The exon structure of the human MAOB gene, which is located
very close to the MAOA gene on the same 270 kb Sfi fragment (Z.-Y.Chen, unpublished data) is
identical to it (43). Comparative gene mapping studies show that, although X linked in mammals,
MAOA is autosomally located in marsupials and monotremes (44). It is therefore of interest that
activity levels in human females are consistently higher (about 20%) than those observed in
males (45). There is the possibility that the MAO gene(s) are not completely inactivated on the
inactive X in female cells, as other loci in this region of Xp have been found to resist this
inactivation (46).

The MAOB gene is also divided into 15 exons with identical exon boundaries, at least for
exons 2—14 (43). Both nucleotide and amino acid sequences of the exons corresponding to the
coding regions of the cDNAs for the two genes show extensive homology (5,6). Similarities in
amino acids for exon [I] through [15] are: 60% [1], 72% [2], 74% [3], 77% [4], 70% [5], 75% [6],
74% (7], 68% [8], 66% [9], 67% [10], 80% [11], 94% [12], 89% [13], 48% [14], and 60% [15].
Exons with the highest similarities, numbers 11, 12, and 13, are centered around the FAD-
covalent binding site which resides in exon 12 (Cys 406 and Cys 397, for MAOA and MAOB,
respectively). This region is immediately followed by two exons with the lowest similarity, number
14 and number 15 at the carboxyl terminus. Exons 11, 12, and 13 may have originated from
sequences encoding ancestor flavin-binding polypeptide, while exon 14 and 15 may have evolved
to confer different affinities for monoamine substrates between these two isoforms of MAO. It
should also be pointed out that, aithough exon 14, and to a lesser extent, exon 10, are highly
divergent between the two forms of MAO, they are highly conserved for each form among
different species (7). Evidence exists for the presence, in amphibia, of two forms of monoamine
oxidase corresponding in substrate specificity and inhibition properties to the A and B forms
observed in mammals (47). It appears that the two closely linked genes in humans represent the
products of duplication event occurring > 500 MY ago (48). Further studies on the conservation of

sequences between A and B forms and between similar forms in different species may enable the
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elucidation of those functionat domains which are important in determining the differences in their
substrate specificity and kinetic behavior. Studies of other duplicated genes which have remained
very tightly linked over long evolutionary periods have generally established that, where the loci
share similar functions, the genes are expressed in different tissues and/or at different
developmental times.

There is considerable interest in establishing the extent of genetic variation in MAQO
genes for two reasons. First, humans inherit widely differing levels of MAO-A (49, 50) and MAO-B
(45) activities, and these variations are thought to contribute to predispositions to certain
neurological and psychiatric diseases. Second, male adults have been described who carry
deletions of both MAOA and MAOB loci and who exhibit severe neurological problems, as well as
manifesting Norrie disease (an X-linked syndrome characterized by congenital blindness) (15—
18). These combined symptoms, which are more severe than those reported for typical Norrie
disease, are thought to represent a contiguous gene syndrome and suggest that, although
complete loss of MAO-A and MAQO-B activity is compatible with life, can cause other neurologic
problems.

Knowledge of the organization of the MAOA gene will enable the construction of
oligonucleotide primers that can be employed in the PCR amplification of coding sequences from
genomic DNA for analysis of gene mutations and for sequencing from individuals with variations
and deficiencies in enzyme activity. Such reagents will also simplify the detection of RFLPs,
several of which have been reported for the MAOA gene. These include those detected by
EcoRV (12, 17), Mspl (51) and Fnu4HI (27). In addition, an informative (CA)n repeat
polymorphism has been described within the MAOA gene (52). Using RFLP analysis of DNA from
40 males whose MAO-A activity measured in cultured skin fibroblasts varied over 200-fold, a
strong correlation was observed between allelic status and activity level (27), indicating that the
structural locus is a strong determinant of activity levels. There is clearly much to be learned at a
variety of levels concerning the relationship between the two torms of the enzymeand in the
differences and similarities in their functional domains.The elucidation of their detailed genomic

organization also provides a basis for exploring variations in gene structure associated with

disease states.
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Note. All intronic sequences obtained during this analysis, as well as the 3 ' sequences for the
longer form of the MAO-A mRNA encoded in exon 15, have been deposited in EMBL (accession
nos X60517-X60541). Following review of this paper, another paper was published describing the
exon structure of the human MAOA gene (Grimsby et al, 1991). These two papers agree exactly

on exon structure, with minor differences in intron sequences, which may reflect polymorphisms.
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Chapter 3 Organization of the Human Monoamine Oxidase Genes

and Long-Range Physical Mapping around Them

Z-Y. Chen, J. F. Powell, Y-P. P. Hsu, X. 0. Breakefield and |. W. Craig

SUMMARY

A 265-kb yeast artificial chromosome containing sequences for human monoamine
oxidase A and B (MAOA and MAO-B) genes has been characterized. These two genes are
localized within a region of about 240 kb and are arranged in a tail-to-tail configuration, with the 3'
coding sequences separated by about 50 kb. A region about 2.5 Mb around the MAO loci was
mapped by pulsed-field gel electrophoresis (PFGE). Comparisons between the restriction maps
derived from the YAC and the long-range map derived from genomic digestions were in general
agreement. The important features identified include a CpG island at the 5' end of the MAO-A and
MAO-B genes, respectively. The combined information supports the order of markers within this

region to be DXS77-DXS7-MAOA-MAOB.
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INTRODUCTION

Monoamine oxidase A and B (MAO-A and MAO-B) are the principal enzymeg catalyzing
the oxidative degradation of biogenic amines (including catecholamines and serotonin) in the
central nervous system and in peripheral tissues (Murphy, 1978; Glover and Sandler, 1986,
Weyler et al, 1990). These enzymes are located in the outer membrane of mitochondria
(Greenawalt and Schnaitman, 1970) and are present in a variety of cell types in many different
species (Hsu et al., 1989). The two types of MAO were originally distinguished on the basis of
their substrate affinity, inhibitor sensitivity, and tissue distribution. They were subsequently shown
to have different molecular weights, peptide proteolytic digest products, and antigenic
determinants (McCauley and Racker, 1973; Cawthon and Breakefield, 1979; Denney and
Denney, 1985; Brown et al., 1980). MAO-A preferentially deaminates serotonin and can be
irreversibly inactivated by the acetylenic inhibitor clorgyline; phenylethylamine is a preferred
substrate for MAO-B and can be irreversibly inactivated by the inhibitor deprenyl (Johnston, 1968;

Knoll and Magyar, 1972).

MAOQO genes have been mapped to the X chromosome both in humans (Pintar et a/.,
1981: Ozelius et al., 1988; Levy et al., 1989; Lan et a/., 1989) and in mice (Laval et al., 1991). In
humans, MAO genes have been localized to the Xp11.23-Xp114 region (Levy et al,, 1989). The
cDNA and genomic sequences for both confirm the existence of separate genes encoding these
two forms of the enzyme (Chen et al., 1991; Grimsby et al, 1991; Bach et a/, 1989; Hsu et a/,
1989; Powell et al., 1989). The detailed genomic structure of the MAOA gene shows it to have a
total of 15 exons, with the first exon separated by more than 30 kb from the rest of the exons and
the last 5 exons clustered together (Chen et al,, 1991; Grimsby et al., 1991). The MAOB gene has
a similar overall organization and identical exon-intron boundaries for exons 2-14 compared with
the MAOA gene (Grimsby et al., 1991). These isozymes show extensive homology at both the
protein and DNA levels, with an average overall homology at the amino acid level of 70% and

with the flavin binding domain having homology of over 90% (Hsu et al., 1989; Chen et a/., 1991;
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Bach et al., 1989). Given the high degree of conservation of the two genes, it is presumed that
they share a common origin through duplication of a common ancestral gene (Nicotra and

Senatori, 1988).

Interest in the genetics of MAO arises, in part, from the possible association between
altered MAO activities and a number of neuropsychiatric diseases (for review, see Hsu et al.,
1989). Furthermore, the MAQ loci have been shown, through recombination studies, to be linked
to several important genetic disorders including Norrie disease (Lan et al., 1989; Diergaarde et
al., 1989; Sims et al., 1989a,b), X-linked retinitis pigmentosa 2 (XLRP; Riley et al., 1991), and
Leber's hereditary optic neuroretinopathy (LHON; Vilkki et al., 1991). Complete deletion of MAO
genes and the surrounding region causes a "contiguous gene syndrome" (Emanuel, 1988) in
some atypical Norrie patients who also manifest severe mental retardation, growth failure, atonic
and myoclonic seizures, microcephaly, autonomic dysfunction, and sleep disturbance (Sims et al.,
1989a; Lan et al., 1989; Gal et al., 1986; de la Chapelle et al., 1985; Donnai et al., 1988; Collins
et al.,, 1992). The long-range map around the MAO loci can serve as a starting point toward

identifying disease genes near the MAO loci.

Pulsed-field gel electrophoresis (PFGE) has provided a powerful tool for physical
mapping (Smith and Cantor, 1987) and, together with the isolation of YAC clones containing large
genomic fragments (Burke et al., 1987), can provide an efficient approach to the detailed
characterization of linked loci. Furthermore, complementary studies of the distribution of rare
cutting sites in YAC and genomic DNA can provide important information on the presence of CpG
islands, which appear to mark the 5' end of some "housekeeping” genes (Bird, 1986; Gardiner-
Garden and Frommer, 1987). These and other regulatory elements may control the tissue- and
cellspecific pattern of MAO-A and -B expression. For example, within the nervous system, MAO-A
is very high in catecholaminergic neurons, and MAO-B predominates in serotonergic neurons and
astrocytes (Levitt et al,, 1982; Westlund et al., 1985). It would be of considerable interest to
establish whether there is a CpG island associated with either or both of the MAQ loci, as is
generally the case with housekeeping genes (Bird, 1986; Gardiner-Garden and Frommer, 1987).

A detailed survey of the distribution of rare cutting sites will be important in the interpretation of
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PFGE data for the inactive and active X chromosomes, which are differentially affected hy
methylation (Toniolo et al., 1988) and in the determination of whether the MAO loci are

inactivated.

We report here the characterization of a 265-kb YAC containing sequence for the human
MAO genes and the construction of the physical map for this region of the Xp chromosome based

on the data obtained by PFGE.
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MATERIALS AND METHODS

MAQO genomic clones. A yeast clone containing a 265-kb yeast artificial chromosome,
YMAO, was identified by polymerase chain reaction (PCR) using primers derived from the human
MAQO-A cDNA to screen a pYAC4 vector library (Center for Genetics in Medicine, Washington |
University, St. LOUIS, MO) (Brownstein et al., 1989). The PCR primers corresponded to
nucleotides 1428-1446 and 1866-1885 in exon 14 and exon 15 ot HM11, respectively (Hsu et al.,
1988; Chen et al., 1991). Agarose plugs containing DNA from the YAC host was prepared
according to the protocol of Anand and Southern (1990). For restriction analysis, the plugs were
washed twice in IX TE at 50°C for 30 min. The plugs were then equilibrated in appropriate
restriction buffer on ice for 30 min before being subject to digestion; a third of the DNA from each
plug was digested. Digested DNA was separated by conventional gel electrophoresis and the
products were transferred to Hybond-N + membanes (Amersham) and hybridized to radiolabeled
probes according to Ross et al. (1990). For long-range restriction mapping, the YAC was digested
with a range of rare cutting enzymes (either completely or partially) and the products were
fractionated by pulsed-field gei electrophoresis on a "Waltzer" apparatus (Southern et al., 1987) in
0.5X TAE, 1..5% agarose (Sigma type 11), employing 18-s switch time at 150V for 36 h.
Conditions for blotting and hybridization following PFGE were the same as those for conventional
gels (Ross et al., 1990) except that the gel was exposed to UV for 4 min before blotting. The
enzymes used for YAC digests were EcoRl, Hindlll, and Bghll for conventional gels, and BssHIli,

Clal, Mlul, Sall, ,Sfil, Smal, Sl Sstil, and Xhol (BRL) for pulsed-field gels.

Preparation and digestion of high-molecular-weight genomic DNA. DNA plugs were made
from peripheral blood leukocytes of normal males and a normal female. Cells were embedded in
0. 5% lowgelling-temperature agarose (Sea Plaque, FMC Bioproducts) in phosphate-buffered
saline (PBS) at a concentration of 1.5 x 107 cells/ml. Plugs containing 100 ml cell suspension
were set in Perspex molds ( Ross et al., 1990 ). For double digests, each sample was washed,

following the first digestion, in 1X TE for 1 h to elute the enzyme completely. The sample was
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then reequilibrated in an appropriate buffer. The enzymes used for genomic digestion were
BssHIl, Miul, Sall, Sfil, and Sstll and the hybridizations were performed as was described (Ross et

al., 199()).

Probes. Two full-length cDNAs of MAO were used in this study, MAO-A cDNA designated
HM11 (Hsu et al., 1988) and MAO-B cDNA designated BSMAOB (a gift from Dr. Julie Andersen)
(Titlow et al., 1992). (genomic plasmid clones containing the first (3-1), the second (exon-2), and
the last exon (exon-15) of the MAOA gene and the last exon of MAOB (6-B) were derived from
the phage clones isolated from a human 4X-amplified FMBL-3 phage library (a gift from Dr. Derek
Blake, Oxford). Fragment BMAOBI, containing the first exon of MAoB, was prepared hy digestion
of an MAO-B cDNA with Pstl and Tth 1111, which releases a sequence covering this region. The
probes used to detect the ends of the YAC were prepared from BamHI/Pvull-digested pBR322
plasmid. The derived fragments of 1.7 kb (PBR-R) and 2.7 kb (PBR-L), which correspond to the
right and the left arms of the YAC, respectively, were used to hybridize to filters with partial
digests of the YAC. Probes pX59 (for locus DXS77; Willard et al., 1983) and L1.28 (for locus
DXS7; Wieacker et al., 1983) were obtained from Dr. Hans-Hilger Ropers (University of

Nijmegen, The Netherlands).
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RESULTS

To determine of the MAO YAC contained all of the sequences for the MAOA gene, YAC
DNA was digested with EcoRl, Hindlli, and Bglll, and fragments resolved hy conventional gel
electrophoresis were hyhridized to the MAO-A cDNA, HMII. A comparison of its hybridization
pattern with that derived from human genomic DNA digested with the same enzymes was
identical except for the absence of one major hand from the YAC DNA in the EcoRI digest,
suggesting that a part of the MAOA gene was missing (Figure. 3.1). A similar comparison of the
fragments of YAC and genomic DNA hybridizing to the MAO-B cDNA showed no differences

(data not shown) .

Further investigation into the representation of MAO-A and MAO-B coding sequences
was undertaken through the long-range mapping of the entire YAC. Partial digests were made
with the rare cutting enzymes BssHII, Clal, Miul, Sall, Smal, Sfil, Sstll, and Xhol, which were
probed with end-labeled PBR-R and PBR-L fragments (representing the right and left ends of the
YAC, respectively) following PFGE. This enabled a long-range restriction map of the YAC to be
constructed (Figure. 3.2) and revealed single restriction sites for Sstll and Miul/, two Sfil sites, and
three BssHII sites, together with numerous sites for Smal, Clal, Sall, and Xhol. A CpG(l island
containing recognition sequences for enzymes Smal, Clal, Xhol, BssHII, and Mlul was identified
20 kb from right end of the YAC (Figure. 3.2).

The physical relation of the two MAO genes was investigated by hybridizing the MAO-A-
and MAO-B-specific 5' and 3' genomic clones to the same PFGE filter. Whereas the 5'-specific
sequence of MAO-A (3-1), which contains the first exon, failed to detect any signal, another clone
of MAO-A (exon-2), containing the second exon and its surrounding sequences. hybridized to
fragments in a pattern suggesting a location about 30 kb from the left end of the YAC, between a
Xhol site and a Sfil/Xhol site. It appears then that the first and second exons are separated by at
least 30 kb. By applying the same strategy, the 3' end of MAOA (exon-15) was localized to a

region about 95 kb from the left end of the YAC, between a Sall site and an Xhol site (Figure.
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3.2). From phage mapping data, it is known that the last coding exon of MAO-A lies 6 kb from a
Sall site in the 3' untranslated region (Chen et al., 1991). The only candidate for this Sall site is
one lying 95 kb from the left end of the YAC (Figure 3.2). The YAC therefore contains all the
MAOA gene except for the first exon. In similar experiments, the last exon of the MAoB gene (6-
B) was shown to lie between a Clal site and a Sall site, 100-130 kb from the right end of the YAC.
The first exon of MAOB (BMAOBI) was localized close to the CpG island within a 20-kb region
from the right end of the insert. It can therefore be concluded that the YAC contains all of the
MAO-B gene coding sequences (Figure 3.2).

The exact location of the sequence detected by subclone 6-B, which contains the last
exon of the MAO-B gene, within the 30-kb Clal-Sall fragment to which it hybridizes, could not be
determined. However, by comparison with restriction map data from a phage clone containing the
last exon of the MAOB gene (Z.-Y. Chen, unpublished data), it appears that the last exon is less
than 15 kb from this Clal site. This also confirms that the two MAO genes must lie in a tail-to-tail
arrangement (Sims et al., 1992). The size of the MAOB gene is therefore around 95 kb, and the
sizes of the MAOA and MAOB genes are thus quite similar (Grimsby et al., 1991).

Long-range mapping of human genomic DNA data were obtained from probing peripheral
blood lymphocyte DNA from males and females digested with rare cutting enzymes. Previous
observations had suggested that the MAOA and MAOB genes were physically very close (Levy et
al., 1989; Lan et al., 1989; Sims et al., 1989a; Diergaarde et al., 1989). The PFGE data here
revealed that probes for MAOA and MAOB genes gave identical hybridization patterns for all
enzymes tested. Table 3.1 lists the sizes of bands obtained by using MAOA and MAO-B cDNA as
probes. To construct a map, double digestions were also performed. Sfil gives the smallest
fragment, 340 kb, that contains both MAO genes. Although there are three BssHII sites and one
Miul site in the YAC, the sites lying 20 kb away from the right end of the insert are the only ones
that correspond to those cleaved in the genomic DNA. For simplicity, the coincident BssHIl and
Miul site on the map is designated BssHII/MIul (0 in Figure 3.2). The positions to the right of this
site are designated (+) kb and those to the left (—) kb. The reason for suggesting that the BssHIl/
Miul sites in the YAC are the only ones cut in the genome are as follows. In the double digests of

BssHIl + Sfil and Mlul + Sfil, the fragments detected by MAO-A and MAO-B cDNAs, were of the
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same size (300 kb), which is 40 kb smaller than the single Sfil fragment, suggesting that there are
two Sfil sites at (-300) and (+40) on either side of the reference BssHII/Mlul site (0 in Figure 3.2).
This is supported through the observation of similar results with double digests of BssH/l/Mlul
together with Sall or Sst/l. By comparing the double- and single-digest products, two Sstlf sites
were mapped at (+480) and (-320) and two Sall sites were localized to (+600) and (-350) (see
Figure 3.2).

It has been shown that probes L1.28 and pX59 detect sequences close to the MAO loci
with which they also share a 1150-kb BssHII fragment (Diergaarde et al., 1989). These two
probes were therefore used to probe the YAC and genomic PFGE filters. Neither probe
hybridized to digests of the YAC. The hybridization patterns for these two probes in genomic DNA
digested with various rare cutting enzyme were almost identical, but very different from that
observed with MAO probes (Figure 3.3, Table 3.1). The only difference observed between the
hybridization patterns of the two probes was that L1.28 has a slightly larger Sfil fragment (340 kb)
compared with 310 kb for pX59. In the digests of female DNA, however, they shared the smallest
Sall fragment of 580 kb, which confirmed that they recognize two adjacent Sfil fragments but the
same Sall fragment (Diergaarde et al., 1989). In digests of female DNA, L1.28, pX59, and MAO
probes all hybridized to the same 1150-kb BssHIl fragment (Figure 3.4). Comparison of MAO and
L1.28 hybridization patterns showed that both probes hybridized to a 340-kb Sfil fragment, but the
double-digestion products from BssHIl/Mlul + Sfil gave different fragments, with L1.28 unaltered
and MAQO now 300 kb (i.e., 40 kb smaller). This is because the BssHIlI/Mlul (O in Figure 3.2) site
is within the 340-kb Sfil fragment detected by MAO and is not present on the one recognized by
L1.28. Also Sall(—350) and Sstll(—320) sites are within the 340-kb Sfil fragment detected by
L1.28, but not on that detected by MAO. The double digests of Sall + Sfil and Sstil + Sfil gave
altered fragments of 290 and 320 kb when probed with DXS7 (Fig. 3). It is apparent, therefore,
that L1.28 and the MAO genes lie in two different, but adjacent, Sfil fragments of the same size
(Figure 3.2). A comparison of PFGE maps for the genomic and YAC DNA in this region shows
that of the rare cutting sites tested, only the BssHIl/ and Mlul sites are in the YAC (Figure 3.2).
Alignment of the PFGE data obtained from the four probes allows the conclusion that, in a region

of about 2.5 Mb around MAO loci, the order for the loci is DXS77-DXS7-MAOA-MAOB, and they






TABLE 3.1

PULSED FIELD GEL FRAGMENTS DETECTED BY VARIOUS PROBES

Probe
Restriction enzymes  pX59 L1.28 HM11 BSMAOB
IM M M LM LM M
BssHIl LM M M
1115 F 1115 F 1115 F 1115 F
Miul >2000 >2000 >2000 >2000
Sall M M IM M
580 580 950 F 950 F
1200 F 1200 F 1400 1400
Sfil 310 340 340 340
>2000 >2000 800 800
Sstll 1300 1300
BssHIl/Miul LM LM LM LM
BssHII/Sall 1800 1800 350 350
BssHII/Sfil 310 340 300 300
BssHII/Sstil 1900 1900 320 320
Mlul/Sall LM LM 350 350
Mlul/ Sfil 310 340 300 300
Mlul/Sstli 1900 1900 320 320
Sall/Sfil 310 300 340 340
800 800
Sall/Sstll LM LM 1300 1300
Sfil/Sstll 310 320 340 340

Note. Values are given kilobases. LM-Limited mobility of fragment(s);
M- Fragment only observed in male genomic DNA; F- fragment only

observed in female genomic DNA.
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are localized in three adjacent Sfil fragments (Figure 3.2).

As noted above, a 1150-kb BssHII fragment together with a BssHI/ compression band is
detected in female DNA probed with L1.28, pX59, or MAO clones; however, in the male,
hybridization is to the compression band only (Fig. 3), indicating that one of the BssHII(-1150)
sites is methylated on the active X chromosome, but unmethylated on the inactive X chromosome
in females. A similar result was observed in Sall digests, where, in the female sample, two bands
of 950 and 1400 kb are detected by MAO-A and MAO-B cDNAs, respectively (Figure 3.4). In the
male, however, only a 1400-kb fragment was present. This is consistent with reports suggesting
that non-island-associated CpG dinucleotides may show methylation on the active but not the
inactive X (Boyd and Fraser, 1990; Lock et al., 1987).

Although there is no evidence from PFGE data for a CpG island associated with the
MAOA gene, a 1.4-kb region containing the first exon of MAOA and 1.1 kb of upstream noncoding
sequence has been sequenced (M. Utterback and Z-Y. Chen, unpublished data) and found to be
relatively rich in G + C (60%) and Hpall sites (10); this fits the criteria for a CpG island (Bird,
1987). Examination of the 5' end of MAOB gene shows a region that recognizes rare cutting
enzymes, Smal, Xhol, BssHIl, Clal, and Mlul, and is very likely to be a CpG island. Sequence
data for the putative MAOB-associated island are not yet available and the exact location of the
first exon of MAO-B with respect to this island has yet to be determined. The YAC data, however,

suggest that the first exon of MAOB is actually very close to the island.
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DISCUSSION

The characterization of two distinct genes for MAOA and MAOB has been of
considerable significance in thejipontext of understanding the neurogenetics of catecholamine
metabolism (Hsu et al., 1989). The detailed analysis of the MAO YAC presented here and its
observed colinearity with genomic DNA supports the integrity of this YAC and the 3'-to-3'
configuration ot the MAO genes in a region of 240 kb. These data and complementary studies of
other YACs in this region (Chen et al., 1992; Sims et al., 1992) demonstrate that the MAOA and
MAOB genes are about 50 kb apart, with each spanning around 95 kb. There are many other
examples of genes or gene families duplicated from ancient progenitor genes, such as globin and
collagen (Jeftreys, 1984; Poschl et al., 1988). The physical relationship between such duplicated
genes has been observed to be very variable, commonly including tandem arrays (such as globin
genes), but also head-to-head orientations in collagen and histone genes (Hentschel and
Birnstiel, 1981; Wells, 1986). The tail-to-tail configuration of the MAO genes observed has also
been reported in mouse Clr and Cls genes (Kusumoto et al., 1988). The mechanism responsible
for producing this latter type of organization is unknown. One possibility would be the formation of
a looped structure prior to an unequal crossing over event. A comparison of MAO gene
organization across species may assist in understanding this event. It seems likely that the
duplication occurred at some stage in amphibian evolution as it has been reported that teleosts
and some amphibia possess only type A MAO (Hall and Uruena, 1983), whereas in toad both
forms of MAO are present (Nicotra and Senatori, 1988).

An important consequence of the configuration of the two MAO genes is that they must
be transcribed from different strands. This confirms that the two MAO genes are encoded in
different genes and precludes the possibility that differential splicing could result in multiple
variant forms of the enzyme. This orientation would also allow for a differential evolution of 5'
regulatory elements for these two genes. Both the MAOA and MAOB genes have CpG islands,
indicating that they are both "housekeeping" genes. Differential regulation is apparent, as there
are profoundly different levels and distribution of activities in different tissues and during different

stages of development (for review, see Weyler et al., 1990). This would not, however, eliminate
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the possibility of some type of transcriptional interference or exclusion operating between the A
and B genes.

The restriction maps obtained here for the YAC and genomic DNA are in general
agreement. A preliminary study, on the methylation status of the Hpall sites of the 5' region of
MAOA gene in human lymphocytes indicates that they are completely methylated on the inactive
X chromosome, but unmethylated on the active one (Hendriks and Chen, unpublished data). In
the case of the 5' end of MAOB gene, the present study indicates that the BssHIl and Miul sites
are cleavable on both the active and inactive X chromosomes, which stands in contrast to most
CpG islands, which tend to be methylated, and hence resistant to cleavage, on the inactive X
chromosome (Toniolo et al.,, 1988). This preliminary evidence for the lack of methylation of the
MAOQOB CpG island in female DNA suggests that it would be worthwhile to pursue the inactivation
status of the gene, particularly since females tend to have higher leveis of MAO-B activity than
males (Murphy et al., 1976). MAO genes in marsupials and monotremes are not sex linked and
not subject to X inactivation (O'Brien and Graves, 1991); useful information may therefore be
forthcoming through comparison of the gene organizations in those species.

The hybridization patterns of PFGE-digested genomic DNA detected with MAO cDNA
probes are almost identical. There are, however, some faint bands only detected with MAO-B
cDNA which may represent a subset of homologous sequences in the genome. They could be
derived from pseudogenes, genes for other enzymes with conserved domains, or other genes for
MAQO, since in some tissues the enzyme activity detected is typical of neither MAO-A nor MAO-B
(Youdim, 1972; Mantie and Tipton, 1978).

Data presented here show clearly that probes for MAO and L1.28 hybridize to different
Sfil fragments which are coincidentally of similar size and adjacent to each other in the genome.
This observation supports the finding of Diergaarde et al. (1989) and may explain the discrepant
findings reported by Lan et al. (1989), which could result from partial Sfil digestion or differences
in running conditions for PFGE.

Tight linkage between markers within and fianking this MAO-YAC and a number of
disease genes, such as Norrie and LHON, have been reported. Three highly polymorphic (AC)n

repeats have been described in the MAO region (Black et al., 1991; Konradi et a/., 1992: Chen,
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manuscript in preparation), as have three restriction fragment length polymorphisms (Ozelius et
al., 1988, 1989; Hotamisligil and Breakefield, 1991). The availability of the long-range map
together with additional polymorphic markers should lead to further definition of the location of

other disease genes in this region.
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Chapter 4. Characterisation of a YAC containing part or all of the Norrie disease locus

Chen Z-Y., Sims, K.B., Coleman, M., Donnai, D., Monaco, A., Breakefield, X.O., Davies, K.E., and

Craig, |.W.

ABSTRACT

It has been shown from pulsed-field gel electrophoresis (PFGE) that the monoamine
oxidase genes A and B (MAOA & MAOB) and DXS7 loci are physically very close. We have
therefore extended studies on their relationship through the characterisation of a 650 kb YAC
isolated using L1.28 (recognising the DXS7 locus) as a probe. Restriction mapping of the YAC
indicates that it contains both MAOA and MAOB genes in addition to the DXS7 locus. The map
derived from the YL1.28-YAC is compatible both with the map from an independently derived YAC
carrying MAOA and B genes and with the long range genomic map for the region .

A series of subclones prepared from a 'phage library (lambda DASH 1) of the YAC have
been characterised and have been employed to determine the end point of the deletion of a Norrie
disease (NDP) patient who has been shown to lack both DXS7 and MAO coding sequences. The
pattern of retention of subclones in the deletion patient place the end point of the deletion within 30 -
130 kb of the proximal end of the YAC. By combining the data with established recombination
analysis, we provide evidence that all or part of the NDP lies in the interval of approximately 250kb

within the YAC.
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INTRODUCTION

Norrie disease (pseudoglioma, NDP) is a severe, X-linked, recessive neurological disorder
of unknown pathogenesis and is characterised by congenital blindness, sensory neural deafness
and mental retardation.

Its localisation to Xp11.4-p11.3 was established by virtue of its manifestation in patients from
a Finnish kindred showing an atypical complex phenotype comprising microcephaly, atonic seizures,
myoclonus and somatic growth failure. It was deduced that patients from this kindred had a
submicroscopic deletion of the X chromosomal region embracing the disease iocus and which
included the anonymous probe DXS7 (1). Subsequently, both monoamine oxidase A and B genes
(MAOA and MAOB) were shown to be deleted in affected individuais in this kindred resulting in a
deficiency for monoamine oxidase enzyme activity (2). Three other atypical Norrie disease patients
with submicroscopic deletions, including the DXS7 locus, have been described (3,4,5); all of whom
lack the MAOA and B genes (6,7; Chen, Z-Y., Powell, J.F. and Craig, |.W.-unpublished data).
Physical mapping of the Norrie disease locus in deletion patients has identified a distal flanking
marker DXS77, which is recognised by the probe pX59 (8).

Recombination has been observed between DXS7 (L1.28) and NDP (9,10); furthermore,
additional observations on one of the individuals revealed that no recombination had occurred
between the disease locus and the OAT complex - which is physically located proximal to DXS7
(11). Itis therefore suggested that NDP lies proximal to DXS7. This information has been recently
extended by the demonstration by Lindsay et al (12) that the cross-over is aiso above the
microsatellite marker, DXS426, which maps proximal to DXS7 at Xp11.4-p11.23.

Because of the ciose proximity between DXS7, MAOA, MAOB and Norrie disease, we have
undertaken a detailed investigation of the physical map in the region. This analysis, together with
further analysis of a Norrie patient with a deletion and additional recombination data now available,
has enabled us to determine that sequences important in the manifestation of Norrie disease are

localized to an interval of about 250kb within a YAC of total size 650kb.
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RESULTS

The 650kb YAC we studied, was obtained by screening a YAC library for the anonymous
probe DXS7 (see Methods Section); it is designated YL1.28. Detailed restriction mapping of the YAC
indicates that it contains both MAOA and MAOB genes in addition to the DXS7 locus (Figure 4.1).
DXS7 was mapped to a 30kb Clal fragment, at the left end of the YAC. DXS7 and MAO genes are
on adjacent Sfil fragments within the YAC and separated by about 140 kb. MAOA and MAOB
genes are found in a tail-to-tail configuration with the 3' coding sequences separated by about 40kb.
The map derived from the YL1.28-YAC is compatible both with the information obtained with the
YMAOA-YAC and the long range genomic map for the region (13).

A phage library in lambda DASH Il has been constructed from the YL1.28-YAC and single
copy sub-clones have been derived from several of the individual 'phage isolates. Additionally,
clones corresponding to both ends of the YAC have been isolated by screening with ieft arm- and
right arm-specific sequences. The end clone, designated Yz, which is located 5' to the MAOB gene
and is presumed to be centromeric (see below) has been employed to extend the long range map
obtained from previous work (Figure 4.1).

The new mapping data integrate perfectly with and further extend those previously
established(13) - indicating that the YAC is not a co-ligation product. The location of some of the
sub-clones isolated from 'phage mapping between the 5' end of the MAOB gene and the YAC end
clone, Yz, has been established. These sub-clones have been employed subsequently in an
attempt to determine the end point of the deletion of the Manchester patient who has been shown to
lack MAO coding sequences.

The map of the clones employed is illustrated in Figure 4.1 and Figure 4.2 shows the pattern
of their retention in the deletion patient. The deletion in the Manchester patient (4) appears to end
between the MAOB gene and the YAC end clone, Yz, which is clearly present in this individual -
although absent from a second deletion patient described by de la Chapelle et al (1) - (Figure 4.3).
Analysis of other sub-clones which have been mapped between the MAOB gene and the YAC end

clone (Figures 4.1 and 4.2) shows that, in addition, the Manchester
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patient retains the sequences Yx and Yy, but is deleted for Ya,Yb and Yw thereby positioning the
proximal breakpoint of the deletion between about 30kb and about 130kb from the right hand end of
the YAC. This is surmised because the probes Ya and Yb are from independent 'phages with
inserts of about 15kb, both of which lie in a Miul/Sstll fragment of 80kb, which is 80kb distant from
Yz. The probes Yx and Yy have been mapped to the 80kb interval between an Sstll site (Figure
4.1) and the right hand end of the YAC and, because both are present in the Manchester patient in
addition to the end clone, the minimum distance of the proximal breakpoint from the terminus of the
YAC has therefore been estimated at 30kb. In contrast, none of the sequences isolated from the

YL1.28 YAC, are present in the patient described by de la Chapelle et al (1).
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DISCUSSION

Our studies have attempted to refine the position of the Norrie disease locus by mapping
one end of a submicroscopic deletion present in a patient with respect to a series of probes - whose
physical linkage has been established. The probes that we have examined are present in a 650kb
YAC which also contains the DXS7, MAOA and MAOB loci. The deletion patient chosen for study
here was previously known to lack DXS7, DXS77 and DXS228 (4). Two of these probes, DXS77
and DXS228, are not, however, deleted in the patient described by Diergaarde et al, (8); nor are they
represented in the 650kb YAC.

The physical map for the YAC and the pulsed field electrophoretic analysis which we have
established confirms the arrangement of the MAO genes which we described previously (13, 14) and
provides physical distances between the DXS7, MAOA and MAOB loci. The map for the region
overlaps and extends in one direction that given previously by Diergaarde et al (8) based on analysis
with DXS228, DXS77, DXS7 and MAO. The orientation which they provide is with DXS228
telomeric and, while there are only few data available which support this, we have made
independent observations which confirm this configuration (14).

The ordering of NDP with respect to DXS7 and the centromere is obviously of considerable
importance to the construction of the map for the region and the localisation of the disease locus.
Previous studies have shown recombination between DXS7 and the Norrie disease locus (9,10);
however, in the one informative DXS7-recombinant individual, no recombination was observed
between NDP and OAT (11), or between NDP and DXS426 (12). This suggests that the probabie
location of the disease locus is between DXS7 and the centromere. Recent recombination analysis
of the same individual employing a microsatellite marker (15) has enabled the Norrie disease locus
to be positioned proximal to the second intron of the MAOB gene (14). Given this, together with the
observation that the proximal end of the deletion in the patient studied here lies close to the end of
the YL1.28-YAC, but does not include the probes Yx,Yy or Yz, it is most likely that a region involved
in the expression of the disease is located in the interval of about 250kb between the second intron
of the MAOB gene and the minimum distance estimated for the end point of the Manchester patient's

deletion (about 30kb from the YAC end).
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The order with respect to MAQ is therefore: tel_DXS7_MAOA_MAOB_NDP_Yx_cen.

There is no information on the nature of the gene product presumed to be deficient in Norrie
disease and the region of the YAC identified as having importance may contain the entire locus or a
small part of the relevant structural and/or regulatory elements. Nevertheless, the narrowing down
of the interval which contains sequences whose deletion resuits in Norrie disease provides the basis
for a strategy to isolate the locus, both through the isolation of conserved sequences for the region

and the screening of appropriate cDNA libraries.



62

MATERIALS AND METHODS

L1.28 Yeast artificial chromosome

A yeast clone containing a 650kb yeast artificial chromosome, was identified by screening a
48, XXXX cell line YAC library (16) with the probe L1.28 which reconizes the DXS7 locus. Agarose
plugs containing DNA from the YAC host were prepared according to the protocol of Anand and
Southern (17). For restriction analysis, the plugs were washed twice in 1 x TE at 500C for 30". The
plugs were then equilibrated in appropriate restriction buffer on ice for 30' before being subject to
digestion, for which a third of each plug was used. For the long range restriction map, the YAC was
digested with various rare cutting enzymes (either completely or partially) and the products were
fractionated by pulsed-field gel electrophoresis on a "Waltzer" apparatus (17) in 0.5 x TAE, 1.5%
agarose (Sigma type Il), employing 45 sec. switch time at 150V for 36 hours. Conditions for blotting
and hybridization following PFGE were the same as those detailed previously (18) except that the
gel was exposed to UV for 4' before blotting. The enzymes used for pulsed field gel analysis were

BssHII, Clal, Mlul, Sall, Sfil and Sstll.

Preparation and digestion of high-molecular-weight genomic DNA

DNA plugs were made from peripheral blood ieukocytes of several normal males and a
normal female. Cells were embedded in 0.5% PBS low-gelling-temperature agarose (Sea Plaque,
FMC Bioproducts) at a concentration of 1.5 x 107 cells/ml. Plugs containing 100ul cell suspension
were set in Perspex moulds. For double digests, each sample was washed, following the first
digestion, in 1 x TE for an hour in order to elute any trace of enzyme. The sample was then re-
equilibrated in an appropriate buffer. The enzymes used for genomic digestion were BssHIil, Mlul,

Sall, Sfil and Sstll and the hybridizations were performed as was described for the YAC PFGE

filters.

Probes

Two full-length cDNAs of MAO were used in this study, MAOA cDNA designated HM11 (19)
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and MAOB cDNA designated BSMAOB (a gift from Dr. Julie Andersen, Massachusetts General
Hospital). Genomic plasmid clones containing the first (3-1), the second (A2) and the last exon
(exon-15) of the MAOA gene and the last (15th) exon of MAOB (6-B) were derived from the phage
clones isolated from a human 4X amplified EMBL-3 phage library (a gift from Dr. Derek Blake,
Oxford). MAO-B1, the first exon of MAOB, was prepared by digestion of MAOB cDNA with Pstl and
Tth1111 which releases a sequence covering the region of the first exon. The probes used to detect
either end of the YAC were prepared from BamHI/Pvull digested pBR322 plasmid. The derived
fragments of 1.7 kb (PBR-R) and 2.7 kb (PBR-L), which hybridize specifically to the right and the left
arms of the YAC respectively, were used to hybridize to filters with partial digests of the YAC.
Probes pX59 (for locus DXS77), L1.28 (for locus DXS7) and 1aA6 (for locus DXS228) have been

described previously (20).

Norrie disease patient
A cell-line has been established from this patient described before(4). To avoid confusion

with other deletion patients this is referred to in the text as the Manchester patient.

Construction and screening of a bacteriophage library derived from the YL1.28-YAC.

A 'phage library was constructed in a lambda Dash Il vector (Stratagene) as described in
Sambrook, Fritsch and Maniatis (21). Phage clones containing the left and right ends of the YAC
insert sequences were isolated by screening the library using YAC left and right arm-specific
pBR322-plasmid sequences. The 2.2kb Hindlll fragment from the right end of the YAC was

subcloned in pUC9 .



64

REFERENCES

1.de la Chapelle, A., Sankila, E.-M., Lindof, M., Aula, P. and Norio, R. (1985).Clin. Genett. 28, 317-
320.

2.Sims, K. B., Ozelius, L., Corey, T., Rinehart, W. B., Libertarb, R., Hanies, J., Chen, W. J., Norio,
R., Sankila, E.-M de la Chapelle, A., Murphy, D. L., Gusella, J., and Breakefield, X. O.
(1989) Am. J. Hum. Genet. 45, 424-434.

3.Gal, A, Wieringa, B., Smeets, D.F., Bleeker-Wagemakers, L.M. and Ropers, H.H. (1986)
Cytogenet. Cell Genet. 40, 219-224.

4.Donnai, D., Mountford, R.C. and Read, A.P. (1988). J. Med. Genet 43, 575-578.

5. Zhu, D., Antonarakis, S.E., Scheckpepper, B.J., Diergaarde, P.J., Greb, A.E. and Manmenee, |.H.
(1989) Am. J. Med. Genet. 33, 485-488.

6.Lan, N.C., Heinzmann, C., Gal, A, Kiisak, |., Ooth, U., Lai, E., Grimbsby, J., Sparkes, R.S.,
Mohandas, T. and Shih, J.C.(1989). Genomics 4, 552-559.

7.Collins , F.A. Murphy, D.L., Reiss, A., Sims, K.B., Lewis, J. and Antonarakis, S.E. (1992) Am. J.
Med. Genet. 42, 127-134.

8.Diergaarde, P.J., Wieringa, B., Bleeker-Wagemakers, L.M., Sims, K.B., Breakefield, X.O. and
Ropers, H.H. (1989).Hum. Genet. 84, 22-26

9.Katayama, S., Wohlferd, M. and Golbus, M.S. (1988).Am. J. Med. Genet. 30, 967-970.

10.Ngo, J. T., Spence, M.A_,. Cortessis, V., Sparkes, R. S., and Bateman, J.B. (1988) Clin. Genet.
34, 43-47.

11.Ngo, J. T., Bateman, J. B., Cortessis, V., Sparkes, R. S., Mohandas, T., Inana, G., and Spence,
M. A. (1989) Genomics 4, 539-545.

12.Lindsay, S., Thiselton, D.L., Bateman, J.B., Ngo, J.T., Sparkes, R.S., Coleman, M. |, Davies, K.E.
and Bhattacharya, S.S. (1992) Hum Genet. 88, 349-350.

13.Chen, Z-Y., Powell, J.F., Hsu, Y .-P.P., Breakefield, X.O. and Craig, |.W. (1992) Genomics in
press

14.Sims, K. B, Lebo, R.V., Benson, G, Shalish, C., Chen, Z-Y., Bruns, G., Golbus, M.S_, Craig. | W.



65

and Breakefield, X. O. (1992).Hum. Molec. Genet. in press

15.Konradi, C., Ozelius, L. and Breakefield, X.O. (1992). Genomics 12, 176-177.

16.Larin, Z., Monaco, A.P. and Lehrach, H. (1991).Proc. Natl. Acad. Sci. USA 88, 4123- 4217.

17.Anand, R. and Southern, E,M. (1990) In Rickwood, D. and Hames, B.D. eds, "Gel electrophoresis
of Nucleic Acids" IRL Press, Oxford. pp 101-123.

18.Ross M.T., Ballabio, A., and Craig, |.W. (1990) Genomics 6, 528-539.

19.Hsu, Y.-P. P., Weyler, W., Chen, S., Sims, K. B., Rinehart, W. B., Utterback, M. C., Powell, J. F.,
and Breakefield, X. O. (1988) J. Neurochem. 51, 1321-1324.

20.Davies, K.E., Mandel, J-L., Monaco, A.P,. Nussbaum, R.L. and Willard, H.F. (1991) Cytogenet.
Cell Genet. 58, 853-966.

21.Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory Manual

2nd edition. Cold Spring Harbor Laboratory



66

Nature genetics 1, 204-208 (1992)

Chapter 5. Isolation and characterisation of a candidate gene for Norrie disease

Chen, Z.-Y., Hendriks, R.W., Jobling, M.A., Powell, J.F., Breakefield, X.O., Sims, K.B.and Craig,
I.W.

SUMMARY

Previous analysis has refined the location of the gene for Norrie disease, a severe X-linked
neurodevelopmental disorder, to a YAC sub-fragment of 160kb. This fragment was used to screen
cDNA libraries from human fetal and adult retina. We have identified an evolutionarily conserved
cDNA, which is expressed in fetal and adult brain, and encodes a predicted protein of 133 amino
acids. The cDNA detects genomic sequences which span a maximum of 50kb, and which are partly
deleted in several typical Norrie disease patients. An EcoRl polymorphism with a calculated
heterozygosity value of 43% was observed. The locus identified is a strong candidate for the Norrie

disease gene.
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INTRODUCTION

Norrie disease (Pseudoglioma, NDP, McKusick 31060) is a severe, X-linked recessive
neurodevelopmental disorder of unknown pathogenesis1’2. In typical affected males, congenital
blindness is accompanied by a retinal dysplasia with pseudoglioma formation and often associated
with mental retardation and progressive sensorineural deafness. Numerous examples exist of
intrafamilial variability in cognitive function and in the onset or severity of hearing loss in affected
males (K.B.S., unpublished data). NDP, although an uncommon disorder, about 1 in 100,000 is of
considerable interest because of its severity and its significance in the context of brain and eye
development.

Deletion mapping and recombination studies have led to a refined localisation of the NDP
locus on the X chromosome. DNA analysis on four Norrie patients from unrelated kindreds3'6
displaying complex and atypical phenotypes, including microcephaly, atonic seizures, myoclonus and
somatic growth failure, indicated that these affected males have submicroscopic deletions in Xp11.2-
p11.3 which include the disease locus. These deletions encompass the locus DXS7, detected by the
anonymous probe L1.28, as well as the monoamine oxidase A and B genes (MAOA and MAOB)7’8.
MAOA and MAOB have been excluded as NDP candidate genes by DNA and enzyme studiesg.
Linkage datam'13 favour the order Xpter - DXS7 - NDP - DXS426 - Xcen, and place the disease
locus in an interval of approximately 12cM.

A more precise localisation of NDP has relied on long range genomic restriction mapping and
the analysis of two yeast artificial chromosome (YAC) clones, both of which contain MAOA and
MAOB, and one of which (YL1.28) also contains DXS714-16_ Subciones isolated from a lambda
phage library, constructed from partial Mbol digests of YL1.28, were mapped against the DNA from
two microdeletion patients; these studies have determined the position of the proximal ends of the
deletion and indicated that all or part of the NDP locus was contained within YL1.2816. A single
recombination event between a microsatellite marker within the MAOB gene and NDP 17 confined the
disease locus to an interval of about 160kb. We have used a 160kb sub-fragment isolated from

YL1.28 to screen cDNA libraries from human retina. Clones identified in these experiments detect

genomic sequences which are deleted in several typical Norrie disease patients. These clones derive
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from a gene that is a strong candidate for the NDP locus.
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RESULTS

Isolation of candidate cDNAs from the NDP region

Previous experiments have demonstrated that all or part of the Norrie disease locus must lie
within a 160kb BssHII-Sstll YAC fragment (Figure 5.1a) of a 650kb YAC clone (YL1.28), isolated from
the library of Larin et al. S, by using L1.28 as a probe!416.

This 160 kb BssHIl-Sstll fragment was separated from a double digest of YL1.28 DNA by
preparative pulsed-field gel electrophoresis, purified and used as a hybridisation probe to screen two
human cDNA libraries, one from fetal and the other from adult retina. Five clones from the fetal retinal
library (designated FR.1, FR.2, FR.7, FR.12, and FR.14), and two from the adult library (AR.4 and
AR.13) were isolated, and mapped within the YAC by hybridisation to BssHIl, Sstil and Miul digests.
The patterns of hybridisation of the cDNAs to EcoRl, Hindlll and Pstl digests of genomic DNA
suggested that the clones FR.2, FR.7, AR.4 and AR.13 were related in sequence, as were clones
FR.12 and FR.14 (data not shown).

These cDNA clones were used to probe a panel of DNA digests from five microdeletion
patients (Figure 5.1b). The presence of the full sequence detected by FR.1 in two of the five patients
excludes this cDNA as a likely candidate. Sequences corresponding to the reiated cDNAs FR.12 and
FR.14 were found to be absent in all microdeletion patients. Several lines of evidence indicate that
these two clones are unlikely to derive from the NDP gene. Of the fourteen human genomic Hindlli
fragments detected by the 3.5kb cDNA, FR.12, only one band, of 1.8kb, is present in the human X-
only hybrid ThyB-X. Analysis of mouse/hamster hybrids indicates the absence of any sequences
homologous to FR.12/FR.14 on the mouse X chromosome. These data suggest that the FR.12/FR.14
cDNAs originate from an autosomal gene with an X-linked pseudogene homologue in human.

In contrast, genomic sequences detected by FR.2, FR.7, AR.4, and AR.13 were partly or
completely deleted in all five microdeletion patients (see Figure 5.1b). The 1.7kb cDNA FR.2 detects
three Hindlll fragments of 4.7, 3.6 and 1.3 kb in genomic DNA (Figure 5.2a). All of these fragments
are X-linked on the basis of dosage in samples with varying X chromosome copy number and
presence in human X-only hybrids; all three are also present in YL1.28 (Figure 5.2a), and are

contained within a single Mlul fragment of 80kb (Figure 5.2b). The murine homologue of FR.2 was
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Figure 5.1 Physical map of the NDP region. a, Restriction map of YL1.28 indicating locations of monoamine
oxidase genes MAOA and MAOB, DXS7, and various A phage subclones (Ya to Yz) used in mapping the end
points of the deletion patient 13545. The most distal position for a single recombination event reported which
orients MAOB and NDP with respect top the centromere, is designated by a cross. Left and right ends of the
YAC are indicated by L and R respectively. M,MIul/S, Sstil, and B, BssHII. The lower solid bar represents the
160 kb region identified as important in the aetiology of NDP.b Deletion mapping of cDNA clones. Map
positions of MAOB, cDNA clones isolated and the A phage clone (Yz) are indicated below the restriction map of
the YAC. cDNA clones below the same solid line are related. +, present; -, absent; -/+, partially deleted; ND not
done. * This study. M, Mlul; S, Sstl and B, BssHII.
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found to be confined entirely to the X chromosome (data not shown). It was concluded that these

clones were possible NDP candidates.

FR.2 detects small deletions in typical NDP patients

FR.2 was used to screen panels of EcoRl, Hindlil, and Pstl digests of DNA from twenty
typical Norrie patients, not previously known to have deietions, and the five microdeletion patients, as
well as normal males and females.

In genomic EcoRI digests of DNA from normal individuals, FR.2 detects two invariant
fragments (20kb and 5kb), and one polymorphic fragment (9 or 10kb). The calculated heterozygosity
for the RFLP was 43%, based on observations of fifty-two X chromosomes (twenty males and sixteen
females). Three microdeletion patients are deleted for all three EcoRl fragments, whereas two lack
only the 20kb fragment (13545 and 10017; Figure 5.3). Five out of twenty typical Norrie patients were
found to have abnormal hybridisation patterns. Two patients (3883 and 12316) lack the 9/10kb EcoRil
band and one (6446) demonstrates considerable reduction in hybridisation to the 20kb band. In
patient 8810, the 5kb EcoRl fragment is slightly reduced in size (Figure 5.3). In Hindlil digests of DNA
from patients 3883 and 12316 the 4.7kb fragment was absent, whereas in patient 6446 an altered
fragment of 3.8kb instead of 3.5kb was detected (data not shown). In a fifth case (12315), showing
normal EcoRl| and Hindlll patterns, an altered Pstl fragment was observed. Analysis of the group of

normal males and females showed no evidence of deletions or rearrangements.

Properties of the candidate cDNAs

Hybridisation to genomic digests of distantly related species, including Drosophila (Figure
5.4), indicates that the FR.2 sequence is highly conserved. In Northern analysis of poly-A-enriched
RNA from rat tissues, strong hybridisation was seen in brain, but not in liver. Two transcripts (in the
range of 1.7 to 2kb) were detected in fetal brain, only the smaller of which was observed in adult brain
(Figure 5.5).

Sequence analysis of FR.2, FR.7, and AR.13 showed that the three clones were identical,
except for the extent of their 5" ends; the entire 1846bp sequence of the longest clone, FR .7, is shown

in Figure 5.6. It contains an open reading trame, starting with an ATG at position 409, which fulfils the
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sequence context criteria for an initiation codon in that it has an A at position 319 The reading frame
extends for 399bp, and terminates with a TGA at nucleotide 808; there are two canonical
polyadenylation signals, at positions 944 and 1811. The sequence ends with a poly-A tail.

The 399bp open reading frame (ORF) coincides with a coding region identified by Fickett's
analysiszz, and predicts a protein of 133 amino acids of molecular weight 15,043. This protein shows
no regions of extended homology to sequences in the Swiss Protein Database. There are no
detectable domains of known biological function, and no glycosylation sites.

This predicted protein is rather small, and has a high proportion of polar (62%), and,
specifically, basic (19%) and cysteine (8%) residues. There is no evidence for hydrophobic domains,
or a signal peptide sequence.

The 5' untranslated region contains several pyrimidine-rich tracts which have also been
observed in other genes, and which may have some role in regulation of expression20’21. Included in
the 5' untranslated region is a potential TATA box20 at position 85, 24bp upstream from the start of

clone FR2.

Orientation of the candidate gene

FR.2 detects three genomic EcoRI fragments, but itself contains no EcoRl sites, indicating a
minimum of three exons for the NDP candidate gene. The order of these three fragments with respect
to FR.2 was determined by hybridisation of cDNA sub-fragments to genomic EcoRl digests (Figure
5.7). Patients 13545 and 10017, who are deleted for MAOB, also lack the 20kb EcoRI fragment
detected by the 3' probe; thus the gene is oriented in the same direction as MAOB: 3' towards the
telomere.

Pulsed-field analysis of YL1.28 shows that the smallest restriction fragment which completely
contains the gene is a 50kb Sfil fragment (data not shown), itself contained within the 80kb M/ul

fragment (Figure 5.2b).
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DISCUSSION

We have isolated a candidate Norrie disease gene using a positional cloning strategy. The
use of the 160kb YAC sub-fragment to screen retinal cDNA libraries provided a sensitive and effective
means of identifying transcripts from this region of the X chromosome.

The strongest evidence that one group of these transcripts derives from the NDP locus
comes from a consideration of the aberrant hybridisation patterns in some patients (Figures 5.3 and
5.7). Patients 13545 and 10017, who are deleted for MAOB, also lack the 20kb EcoRl fragment
detected by the 3' probe. Patients 3883 and 12316 show a deletion of the internal 9/10kb EcoRl
fragment. In addition, an altered 5' 5kb fragment is seen in patient 8810; thus, alterations or deletions
are observed for all three EcoRl fragments. Since the locus has a maximum size of 50kb, little space
exists for a further unidentified gene. Moreover, there is no region within the locus which overlaps all
detected deletions or alterations, indicating it is very unlikely that the Norrie gene is located within a
single intron of the isolated gene. These findings argue strongly that the isolated cDNA is indeed the
NDP gene. The observation of frequent deletions and an informative RFLP at the locus will provide
the basis for improved prenatal diagnosis for Norrie disease.

The 5’ cDNA sub-fragment detects two genomic EcoRI fragments (Figure 5.7), but contains
no EcoRlI sites, implying the occurrence of a splicing event. Since this 220bp region does not include
any part of the proposed open reading frame, splicing must have taken place in the 5'-untransiated
sequence. This phenomenon has been observed previously, for example in the mouse a-amylase
gene, where differential splicing in this region confers different tissue specificitiesZ3.

Because of the lack of homology between the predicted product of the candidate gene and
sequences in the database, few conclusions can be drawn about its function. Its small size, high
proportion of polar residues, and lack of a signal peptide sequence together indicate that it is likely to
be a soluble protein. Tissue in situ hybridisation will elucidate its pattern and timing of expression, and
the cioning and analysis of the mouse homologue may ailow the construction of transgenic mouse
models for Norrie disease. A study of the homologous Drosophila sequence may also be illuminating.

Since the Xp11.2-Xp11.3 region is very rich for eye disease loci (such as RP2, congenital

stationary night blindness and Aland island eye disease)m, further analysis of the NDP gene and
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other cDNAs isolated from adjacent regions will help us to identify those eye disease loci. Ultimately,
knowledge of the function of the NDP gene product will help in the understanding of the

phenomenology of the disorder, and the role of the protein in normal neurodevelopment.
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METHODOLOGY

General procedures

Conventional gel electrophoresis was in 0.8% (w/v) agarose (Sigma Type II-A) / 1 x TBE gels
at 1.5V/cm. Gels were transferred to Hybond-N+ (Amersham) by alkaline blotting, and filters
neutralised in 0.2M Tris-Cl (pH 7.5), 2 x SSC. Plasmids were prepared by standard method524, and
inserts purified by the Geneclean (Bio 101) procedure, or iabelied directly in Seaplaque (FMC
Bioproducts) agarose. Labelling was by random priming with [a-32P]-dCTP25, and probes were pre-
reassociated where necessary, as described26. Hybridisation was at 65°C in the buffer of Church and
Gilbert27, and washing to a final stringency of 100mM sodium phosphate, pH 7.2 / 0.1% SDS, at the

same temperature. Filters were exposed to Kodak XAR film with Kodak intensifying screens at -70°C,

and stripped by washing for 30 minutes in 2mM Tris-Cl, pH7.5/ imM EDTA / 1% SDS at 65°C.

Preparation and analysis of YAC DNA
Agarose plugs containing DNA from the YAC YL1.28, isolated from the 48 XXXX library of

Larin et al18, were prepared by standard methods28

. YAC DNA digests were separated by pulsed
fieild gel electrophoresis in a "Waltzer" apparatus 29, using the following parameters: 1.5% (w/v)
agarose (Sigma Type ) / 0.5 x TAE; 16°C; 3.6V/cm; 45" switch time; 30h run time. Gels were

exposed to UV light for 4 minutes prior to transter.

Purification of YAC sub-fragment

Eighteen agarose plugs were digested to completion with Sstil and BssHIl as described
elsewhere30. The 160kb BssHII-Sstl fragment was separated by PFGE in a 1.5% (w/v) agarose
(Sigma Type 1), 16°C; 3.6V/cm; 13" switch time; 24h run time. The gel was visualised under UV, the
fragment was cut out and purified by the Geneclean procedure. One halt of the total yield of DNA

(approximately 100ng) was used for labelling.

Screening of cDNA libraries

cDNA libraries were from fetal (Stratagene) and adult 31 retinal sources.
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4 x 10° recombinants from each library were plated on two 22 x 22cm plates, and two replica
plaque lifts on Hybond-N+ prepared according to manufacturer's instructions (Amersham). YAC sub-
fragment DNA was labelied for six hours at 37°C using 160uCi [a-32P]-dCTP. Pre-reassociation was
carried out in a final volume of 350ul 5 x SSC for 3 hours using 10ug/ul denatured sonicated human
placental DNA at 65°C; this corresponds to a Cqt of 180. Filters were prehybridised overnight in
Church buffer2” in the presence of 100ug/ml sonicated human placental DNA. Hybridisation was
carried out overnight in fresh buffer lacking placental DNA. Washing was as described above, to a
stringency of 100mM phosphate.

Phage DNA isolation was by standard method524, and in vivo excision of pBluescript SK-

plasmids from the fetal retinal library according to manufacturer's instructions (Stratagene).

DNA sequencing
Clones were sequenced on both strands by the dideoxy method32 with Sequenase Version
2.0 (USB), using universal and reverse primers, as well as primers derived from the obtained

sequence. dITP was used to resolve compressions (USB).

Northern analysis

Total RNA was isolated from rat fetal (E19) and adult brain and liver, using standard
methods24 and poly-A-enriched mRNA prepared. Samples (2ug), together with RNA markers (Gibco
BRL), were separated on formaldehyde denaturing agarose gels (1%), and alkali blotted onto

Hybond-N+ according to manufacturer's instructions (Amershamj.

Norrie patients

Patients with microdeietions 13545, Manchester, LGL515 and NHF88 have been described
before3:9.6.17 Microdeletion patient 10017 is a 36 year old affected male with an affected brother.
Both have moderate progressive hearing loss, but no mental retardation or any other neurological
abnormalities. The panel of twenty typical Norrie patients was collected at the Massachusetts General
Hospital. They were unreiated males, and diagnosed on the basis of congential blindness with typical

pseudoglioma. Some have additional hearing loss or mental retardation. Several families showed
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multiple affected males with characteristic X-linked inheritance patterns.

Cell-lines, genomic DNA samples, and probes
Genomic DNA was prepared by standard methods from the lymphoblastoid cell-line
GM1416B (Human Genetic Mutant Repository, Camden, New Jersey) and a cell-line established from
the patient of Donnai et al.5 and from the mouse-human X-only hybrids ThyB-X33 and MOG 13.934.
DNA from the lung of a male 3H1 mouse (MRC Radiobiology Unit, Harwell) was a gift from Yvonne
Boyd, and DNA from the mouse-hamster mouse-X-only hybrid CAK was a gift from Phil Avner.
Zoo-blot DNAs were from the Genetics Laboratory collection.

The MAOB cDNA, BSMAOB, was a gift from Dr Julie Andersen, MGH. Human B—actinwas

obtained from Clontech.
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Chapter 6. STRUCTURAL CHARACTERIZATION OF THE NORRIE DISEASE GENE

Z.-Y. Chen, E.M. Battinelli, R.W. Hendriks, J.F. Powell, X.O. Breakefield, K.B. Sims and | W.

Craig

SUMMARY

Positional cloning experiments recently resulted in the isolation of a candidate gene for Norrie
disease (Pseudoglioma, NDP), a severe X-linked neuro-developmental disorder. Here we report
the isolation and anaiysis of human genomic DNA ciones encompassing the NDP gene. The
gene spans 28 kb and consists of 3 exons, the first of which is entirely contained within the 5’
untranslated region. Detailed analysis of genomic deletions in Norrie patients show that they are
heterogenous, both in size and in position. By PCR analysis, we found that expression of the
NDP gene was not confined to the eye or brain. An extensive DNA and protein sequence
comparison between the human NDP gene and related genes from the database. revealed
homology with cysteine-rich protein-binding domains of immediate-early genes implicated in the
regulation of cell proliferation. We propose that NDP is a molecule related in function to these

genes and may be involved in a pathway that regulates neural cell differentiation and proliferation.
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INTRODUCTION

Norrie disease (NDP, McKusick 31060) is a severe, X-linked, recessive neurodevelopmental
disorder of unknown pathogenesis (1,2). The disease is characterized by dysplasia of the retina
and consequent retinal detachment leading to congenital blindness. The presence of poorly
differentiated and malformed retinas in the patients, suggests an early failure in retinal
development involving sensory cells, ganglion cells and the inner neuroblastic layer. In typical
affected males congenital blindness is accompanied by the growth of pseudoglioma in the eye
socket, often associated with mental retardation and progressive sensorineural deafness. The
expression of the NDP phenotype in males is heterogeneous with intrafamilial variability of
cognitive function and in the onset or severity of hearing loss.

Deletion mapping and recombination studies have led to a refined localization of the NDP
locus on the short arm of the X chromosome at Xp11.2-Xp11.3 (10, 11). NDP was found to be
closely linked to the DXS7 locus, detected by the L1.28 probe, and to the genes for the
monoamine oxidases (MAO) A and B (3-9). Recombination between a GT-repeat polymorphism
within the MAOB gene and the NDP locus, delineated this locus a telomeric flanking marker (10).
Long range genomic restriction mapping and the analysis of yeast artificial chromosome (YAC)
clones further refined the location of the NDP gene to an interval of approximately 160 kb,
immediately centromeric to the MOAB gene (11,12). By screening of cDNA libraries from human
retina with cosmid clones or YAC fragments within this region, a candidate gene for Norrie
disease was isolated (13, 14). The gene was found to be partly deleted in several typical Norrie
patients. Expression of the gene was detected in fetal and adult brain and retina. DNA sequence
analysis of the isolated cDNA clones revealed an open reading frame with a predicted protein of
approximately 15kD.

For a structural analysis of the NDP locus, genomic DNA ciones comprising the entire
gene were isolated. The genomic map obtained from this study has enabled a detailed
investigation of the genomic deletions present in Norrie patients. To gain insight into the function

of the NDP gene, we have performed a further protein sequence comparison
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RESULTS

Genomic organization of the NDP gene

To investigate the structural organization of the NDP gene, genomic clones spanning the gene
were isolated from a lambda phage library, constructed from partial Mbol digests of the YAC
clone YL1.28 (11).

The entire NDP gene was isolated in three overlapping phage clones (128.ND.4,
128.ND.8 and 128.ND.11; Figure 6.1). Exon sequences were identified by restriction mapping
and Southern blot hybridization of phage DNA digests, using the NDP cDNA probe FR.2 (13) and
different oligonucleotides derived from FR.2. The precise locations of each of the 5’ and 3’ exon-
intron boundaries were subsequently determined by sequencing the appropriate regions of the
cloned genomic DNA. The analysis established that the NDP gene is 28 kb long and divided into
3 exons of 201 bp, 380 bp and 1257 bp in size, separated by introns of approximately 16 and 9
Kb, respectively (Figure 6.1).

The sequences at the 5" and 3’ boundaries of each intron (Figure 6.2) are in agreement
with the consensus sequence for exon-intron boundaries of other eukaryotic genes (15). The 5’
untranslated region of FR.7, our longest NDP specific cDNA clone, extends 408 bp upstream of
the translation initiator methionine codon (13). In genomic DNA, this region is interrupted by the
first intron, with the first exon being entirely untranslated. A potential TATA box (15) appears 218
bp from the 5 end of the FR.7 cDNA sequence (Fig. 6.2). A CCAAT sequence was found at
position of 246 bp located in the opposite orientation. The 200 bp genomic sequences
immediately 5’ to the start of the FR.7 cDNA is relatively C+G rich (55%) with 15 CpG and 22
GpC dinucleotides, but does not contain Sp-1 binding sites. Within the first intron segment, a

canonical TATAAAT sequence was identified 185 bp 5’ from the start of the second exon.






AAATTCAGAT
AGAAAGAAAG
TCGTAAGATG
CCCGATAACG
CTGCTGCGGC

CATTTGACAT

AAACAAGCGC
TGCCAGAACA
CCTAGGAACA
CCATTGTGTC
AGTTGGGGTG
ATATTCTCCT
GTTCCATTAG

ATTCATTGGC CTCTTATTAG
AAAGAAACTT CCTCGCCCTT
CTCCGTGGAA GGGAGCCGAG
AGCGCCTCAC ATTTCCGTGG
CGCACGCCTG ATTGGATATA

TTCCATAATA
GTTCTCGTAC
CGGTGGGCAG
CATTCCCATT
TGACTGCAAT

TCTC—-———— exon 1

(201bp) ————- TAAG

TGCCGGCTTG
ACATGTTTAA
TGGACTTCAG
CACCTCCAAA
GAATGGATGA
CTCAAAATAA
TGGTTCTGGG

——-16kb---
TCTTTAACAT
CAATTAAAGT
TGGTTATAAA

ACCCAATTCG
GGGTTCAAAC
CAACATGTGC
TATGTAGCAT

CAGCCTTTGC
CATGGAAAAA
TAAATAATTC

TAATGACGCT
TTCTACTTAA
TGGGGAAAGT

TTCATTCCAG

GGTCTCTGTG

CTGT--=--- exon 2

(380bp)

AGGAGAGCAT

- ——-8kb---

CCCACAGATA

CTTTCCCCAG

GTTAGTATTT

ATGG-—-———- exon 3

(1257bp)

CCATTAAAAA
GCTGTTCCCA
AGGCTGAGTC
TGCTAGTGCG
GGCACTTTTC

GTAAGCAGGA

GTTACGTTGT
TATTCTTGGC
TTCCATTAAA
AAGCTATGGG
CTAGAAACCA
TACCTCCTGG
AATTTCTGTT

GTAAGACCAA

ACCTCCTTTT

AAATTTGACT

Figure 6.2. Genomic structure of the NDP gene. The nucleotide sequences of the
regions flanking the three exons (over and underlined) is shown. Potential TATA-
boxes and the CCAAT sequence are underlined.



Characterization of deletions in Norrie patients

In a previous study (13), we reported aberrant cDNA hybridization patterns in several typical
Norrie patients. The obtained genomic map of the NDP gene enabled a more detailed
investigation of these genomic deletions present in five Norrie patients. Using subcloned
fragments from the 128.ND.4, 128.ND.8 and 128.ND.11 phage clones as probes in Southern
blotting experiments, the position of the breakpoints and the sizes of the deletions were
determined (Figure 6.1, lower half). Three patients showed deletions encompassing the second
exon (8838, 3883 and 12316) , which were 4 kb, 5 kb and 2-10 kb in size, respectively. Patient
13545 manifested a larger deletion, extending downstream from the second intron of the NDP
gene and also encompassing the entire MAOB gene (13). In patient 6446 part of the third exon
was absent due to a deletion of approximately 7 kb.

Using subcloned fragments of the three genomic ciones in Southern blotting experiments,
we could not detect any additional deletions within the two intron segments in the panel of twenty

patients that was previously analyzed using the cDNA probe FR.2 (13).

Expression of the NDP gene

To analyze the expression profile of the NDP gene, PCR primers were designed for specific
amplification of cDNA synthesized from various tissues. Using NDP38, located within the first
exon, and NDP72, located within the 3" untranslated region, the expected product of 722 bp was
detected in all samples of fetal eye, and fetal and adult brain (Table 6.1). Expression was also
found in fetal lung and adult muscle. In these experiments, we could not detect transcripts in fetal
or adult liver and cultured liver cells.

In northern analysis of mMRNA derived from human glioma (IN358; IN157), glioblastoma
(A172) and neural (SK.N.SH) cells strong hybridization was observed to transcripts in the 1.8-2
kb size range. In addition, several transcripts of lower density and with larger sizes (3 kb and 6

.kb) were detected.



TABLE 6.1. Expression of the NDP gene

Tissues 1 NDP expression

Fetal tissues:

Eye (n=3)1 +
Brain (n=5)1 +
Lung +
Liver -
Amnionic and chorionic membrane +

Adult tissues:

Brain (n=3)1 +
Glioma cell lines IN358/IN1572 +
Glioblastoma A1722 +
Neural cell line SK.N.SH?2 +
Liver N

Hepatoma cell line HEPG2 -
Fibroblasts +

Muscle +

1) In cases where more than one sampie was analyzed, the sample sizes are given in
parentheses.

2) These samples were investigated by Northern blotting, aii other tissues by PCR analysis.
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Protein and DNA sequence comparison

An extensive DNA and protein sequence comparison between the human NDP gene and related
genes from the NBRF and Swiss protein database, revealed a significant homology with C-
terminal cysteine-rich domains shared by a family of mucin-like proteins and von Willebrand factor
(16-17) (Fig. 6.3). The same region also exhibited homology with two immediate-early genes: the
phorbol ester-repressive and v-src -inducible CEF-10 gene, identified in chicken embryo
fibroblasts (18) and the growth factor- and phorbol ester-inducible Cyré1 gene, identified in

murine fibroblasts (19).
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DISCUSSION

We have isolated and analyzed human genomic DNA clones encompassing the NDP gene, which
span 28 kb and contain 3 identifiable exons.

The finding that the first exon is entirely contained within the 5’ untranslated region of the
gene, confirmed our previous evidence for a putative splicing event within the 5’ untranslated
sequence, based on Southern blot hybridizations of EcoRI genomic digests with a 5° cDNA sub-
fragment (13). There are two potential TATA box sequences located 36 bp and 214 bp,
respectively, 5’ to the beginning of the longest cDNA FR.7. None of them fits the criteria for the
TATA box strictly (15). However the combination of the positions for the GGTTA (CCAAT box in
the reversed orientation which can be functional. 20) and the ATTAAAA makes the latter more
likely be the site for the TATA binding protein. Splicing events outside the open reading frame
have been observed previously, for example in the mouse alpha-amylase and the human G6PD
genes (21,22). For the NDP gene, differential splicing may confer its tissue specific or
developmental stage-dependent expression. Its structural organization, in particuiar the presence
of a consensus TATAAAT sequence just 5’ of the second exon, would allow an alternative start of
transcription. Obviously, the expression of the NDP gene could then be regulated by the activity
of two independent promoter regions. Further study is needed to confirm the pattern and
regulation of alternate splicing events at the 5’ end of the NDP gene.

The investigation of NDP expression in different tissues showed that expression is not
confined to the eye or brain.; however, it is unclear from the clinical phenotype of the Norrie
patients what the possible function of the gene in tissues like lungs or muscle might be.

The protein sequence comparisons reveal a significant homology with the C-terminal
cysteine-rich domains shared by a family of mucin-like proteins and the von Willebrand factor.
From the known function of these proteins and from the pattern of homology, no obvious
conclusions can be drawn for a possible function of the NDP gene in neurodevelopment. The
same region also exhibits homology with two immediate-early genes, the chicken CEF-10 gene,

and the murine Cyr61 gene. In addition to the observed protein sequence homology, some
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structural features of the NDP gene show additional resemblance to these immediate-early genes
and to other genes implied in the regulation of cell proliferation, like insulin-like growth factor-
binding proteins (IBP) (23).

Firstly, they are proteins lacking N-linked glycosylation but have a secretory signal
peptide. The N-terminus of the NDP gene contains the three structurally distinct regions of a
signal sequence: a basic region (amino acids 1-4), a central hydrophobic region (amino acids 5-
19) and a more polar region (amino acids 21-30). A potential cleavage site is predicted between
serine-24 and lysine-25 by Von Heijne’'s weighted matrix method (24). Secondly they contain
large numbers of cysteine residues that are not clustered, but are absent from the central part of
the residue NDP molecule, from amino acid residues 70 to 92. Cysteine-rich regions are
frequently found in the binding portions of proteins and are implicated in confering ligand
specificity (25-27).

Thirdly, their 3’ untransiated regions contain sequences that have been proposed to
destabilize mRNA molecules and which are also frequentiy found in other transiently expressed
genes, such as lymphokines, cytokines, and proto-oncogenes. The NDP 3’ untranslated region is
relative AT rich (60%) and contains 10 copies of the common motif of these sequences, a single
adenosine, followed by three or more thymidines (28).

In contrast, there are several features of the NDP gene which are not shared by the
immediate-early gene class. For example, the N-terminal region of the NDP region is less rich in
cysteine (only two in 60 residues), and the central part of the molecule does not contain a highly
acidic region, as found in CEF-10 and Cyr61. Also, regarding the differences in tissue-specificity,
it is very unlikely that the NDP gene is the human homologue of these genes. Therefore we
propose that NDP is a molecule related in function, and which may be involved in a pathway that

regulates neural cell differentiation and proliferation.
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MATERIALS AND METHODS

General procedures

Genomic DNA was prepared by standard methods from peripheral blood samples obtained from
a panel of patients collected at the Massachusetts General Hospital. Agarose gel electrophoresis,
northern and Southern blotting procedures were as described previously (13). Labelling of the
cDNA clone FR.2 and various restriction fragments from phage clones (128.ND) was by random
priming with [a-32P]-dCTP (29), and probes were prereassociated where necessary, as described
(30). Oliogonucleotides were end-labelled with T4 polynucleotide kinase (New England Biolabs,

Beverley, MA) using [gamma-32P]-ATP (31).

Construction of a lambda phage clone contig

The lambda phage library constructed from a partial Mbol digest of DNA from the L1.28 YAC (32)
has been described before (11). Phage clones containing exon sequences of the NDP gene were
isolated by screening the library using the FR.2 cDNA probe (13). For restriction mapping single
and double digests with EcoRl and BamHI were resolved on agarose gels and, after Southern
blotting, were probed with the FR.2 cDNA probe, various 17-mer oligonucleotides derived from

FR.2, as well as EcoRIl or BamHI restriction fragments from the phage clones.

Identification of intron/exon boundaries

DNA from BamHI digests of the phage clones 128.ND.4, 128.ND.8 and 128.ND.11 was cloned
into Bluescript KS (Stratagene, La Jolla, CA) pUC9 vectors. Double strand sequencing was
performed by the chain-termination method (32) using the sequenase version 2.0 kit (United
States Biochemical Co., Cleveland, OH) following the manufacturer’s instructions. The sequence

primers used were: M13 universal and M13 reversal primers, as well as 17-mer oligonucleotides
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designed from the obtained DNA sequence. For exon 1: NDP76 (5-ATGGCTTGCCTTTTATA-
3') and NDP 35 (5'-TATAAAAGGCAAGCCAT-3'), for exon 2: NDP31 (5'-

CTGTTCTTCTAGAGAAG-3') and for exon 3: NDP73 (5-AAAGGATGCAACAATTC-3').

Expression analysis by PCR amplification of cDNA

Double-stranded cDNA was prepared from RNA by using cDNA Synthesis system (31).

Specific primers, NDP38 (5-GAAAAGTCTGAGAAGAAA-3’) and NDP72 (5-TTG-
CCATTGCTGCTAAA-3’), in the first exon and the 3’ untranslated region of the NDP gene,
respectively, were designed and used in PCR amplification (34). The synthesized cDNA samples
were amplified for 30 cycles of 0.5 min at 94°C, 0.5 min at 44°C, 0.5 min at 750C, with a final
extension of 10 min at 759C in 50 pl of reaction mixture containing 2-4 U Taq DNA polymerase
(Boehringer Mannheim, Germany), 0.2 mM of each dNTP, 1uM of each primer, using the buffers

supplied by the manufacturer.
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CHAPTER 7: GENERAL CONCLUSIONS

At the start of the investigations monoamine oxidase A and B were regarded as enzymes of
considerable pharmacological importance and whose biochemical properties had been extensively
investigated. In addition, considerable progress towards the cloning of both genes had been
made; however, although there had been many suggestions as to their possible involvement in a
variety of disorders, no specific diseases had been unabiguously associated with mutations
affecting these loci. In contrast, Norrie disease is a profound disorder affecting eye development,
resulting in congenital blindness but the nature of the biochemical defect and the gene reponsible
were undefined. Gene mapping placed both NDP and MAO loci in close proximity and the
possibility that MAO genes may have been involved in the aetiology of NDP provided a focus for the
detailed investigation of the region in the hope that it might provide both insights into the
evolutionary relationship of the MAO genes and allow the development of genetic markers for

diseases analysis.

Characterisation of the genomic structure of MAOA gene, described in chapter 2 has
shown it to comprise 15 exons. Because the sequences containing the boundaries of the 4th
exon were difficult to identify, an accurate estimate of the size of the gene was not posssible. An
additional complicating factor was the relatively big intron sequence (>40kb) between exon 1 and
exon 2. It was apparent that the approach based on phage libraries had limitations (at least two
clones wouid be needed to fill in the intron gap). As YAC libraries were becoming increasingly

available the next logical step was, therefore, to isolate and characterize YAC clones isolated with

MAOA cDNA.

In Chapter 3 long-range mapping of genomic DNA around the MAO genes was undertaken
as well as the characterisation of a YAC containing the majority of sequence from both loci. One
serious concern working with YAC clones is the possibility that they may consist of two or more

pieces of DNA which are from non contiguous regions of the genome. To verify the authenticity of a
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YAC clone one has to compare the YAC restriction map with the genomic map (it may also be
valuable to compare the map with that for other YAC clone(s) representing overlapping regions).
The map established for the MAO-YAC clone showed that the A and B genes are in a tai-to-tail
arrangement. The PFGE map of the region was based on rare cutting enzyme digests of male and

female genomic DNA. Double digests were, however, generally carried out on male DNA. 1t is,
therefore, possible that the methylation pattern of the male samples may have excluded the
identification of sites which are detectable only on the inactive X in females. There are two CpG
islands within the genomic region. The first containing a cluster of rare-cutting enzyme sites is
found in the genomic DNA and in the YAC (position 0 - Figure 3.2). The other CpG island was not
detected in genomic digests and, because the relevant region was missing from the YAC (first exon
of MAOA gene) it remained undiscovered. That there is a CpG island associated with the MAOA
gene came to light eventually from detailed sequence analysis of 5' end of the gene (Hendriks,
1991). It was found the sequence upstream the first exon of MAOA gene is very rich both in C+G
content and CpGs, fitting criteria for a CpG island (Bird, 1987). This result indicated that it is possible
to miss a CpG island by simply looking at the pattern generated by rare-cutting enzyme digests.

More detailed study on cloned genomic sequence may be required and should be accompanied by

sequence analysis whenever possible.

Extension of the investigation to flanking regions and confirmation of the results obtained
with the MAO-YAC are presented in Chapterd. A futher YAC clone was made available (A. Monaco,
Institute of Molecular Medicine, Oxford) which was isolated with another probe L1.28 (detecting the
DXS7 locus which PFGE analysis indicated to be adjacent to the MAO loci). The long range maps
derived from this YAC clone was found to be in general agreement with that examined in Chapter 3
and confirmed the physical relationship between the two MAO genes. The work described in this
chapter also extended the PFGE map suggesting that the previous genomic mapping around the
MAO loci was largely correct. The importance of undertaking a detailed characterisation of the
genomic organisation, in this case of the MAO loci, is illustrated in Chapter 4 where it served as the
basis for undertaking the isolation of the Norrie disease gene, NDP. The work described also
provided one of the two key pieces of information allowing the location of NDP to a segment of the

L1.28 YAC by establishing that subclones from one end of the YAC were present in the Manchester
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deletion patient. The second critical observation was that a recombination event had occurred in a

Norrie pedigree placing the NDP locus proximal (centromeric) to MAOB (Sims et al, 1992).

Work reported in chapter 5 may have made it appear that the isolation of a disease gene is
straightforward once its location is established. In practice, progress was complicated by the
isolation of three loci for candidate cDNAs in the obligatory region of the Norrie locus. The locus for
one group of cDNAs (clones FR12 and 14) appeared on the basis of its presence and absence in
some deletion patients to be more a likely candidate than that encoding the group of cDNAs (FR2
and 7) which was eventually shown to be the NDP gene. However, the failure to detect any
homologue corresponding to FR12/14 on the mouse X chromosome indicated that the
corresponding locus is very unlikely to be the locus involved in the disease. One obvious oversight
in the work reported in this chapter was the failure to detect the existence of a signal peptide
sequence in the predicted Norrie gene protein. The main reason for this was that the work was
carried out in an extremely short period and under considerable pressure to publish rapidly the
results. It was very difficult to complete a thorough analysis of the protein sequence in the time
available. The same reason also contributed to the fact that extensive examination of protein

homology was not completed at this stage.

A more detailed examination of deletion mutations and of the nature of the gene product
and the pattern of its expression is provided chapter 6. This work revealed that, at the N-iterminal. of
the protein, there is a signal peptide defined by three structurally distinct regions: a basic region
(amino acids 1-4), a central | hydrophobic region (amino acids 5-19) and a more polar region (amino acids
21-30). An extensive protein sequence comparison between the human NDP gene and the
related genes from the NBRF and Swiss protein database reveal some homology with C-termial

Cysteine -rich domains by a family of mucin-like protein, von Willebrand factor, the immediate-early
genes (chicken CEF-10, murine Cyr61) and Drosophila slit protien. Al of the homologies identified
between the Norrie gene product and those proteins are statistically significant, e.g. comparing
NDP to bovine mucin gave a BLAST score of 70 over 43 amino acids and a Poisson Probability
(comparing the observed to a random alignment) of 0.0033 and tor NDP vs chick CEF-10, a score of

67 over 36 amino acids, with a Poisson P of 0.0070. The significance of the homology is
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highlighted by the observations that not only are 8 of the 10 cysteines strictly conserved, but so are
numerous hydrophobic and turn-like motifs. Hydrophobicity patterns and secondary structure
predictions indicate an all-beta topology for all family members examined (P. Bork, EMBL,
Heidleberg - personal communication). Additional support for homology comes from the known
genomic structures of the von Willebrand factor, members of this new growth regulator family (the
immediate early genes referred to above) and the NDP gene in which this domain (defined now as
the "CT" domain - P. Bork personal communication) is encoded by a single exon.

Expression studies(Table6.1) were carried out by both PCR and Northern analysis. . PCR product
from the NDP gene transcript was detected in samples from of fetal eye and brain, adult brain, fetal
lung and aduit muscle. These studies must be regarded as preliminary and a more accurate

expression pattern should be sought by quantitative PCR and Northerns and by in situ study of the mRNA.

The cloning of the Norrie gene has opened up opportunities to examine its function. The
gradual emergence of similarity between the NDP gene product and other proteins has led to
suggestions that its role may be achieved through interaction with other proteins (presumably with
specific growth factors). This function appears to be confined to the C-terminal part of the protein.
The function of the other part of the protein is still unknown and may not be forthcoming simply by
searching through data banks. More studies are needed to allow further analysis of its function.
Three main areas have to be explored. Firstly, its expression pattern in different tissues at
different times of development must be investigated. From the DNA structural analysis, it is
suggested that there might be a second promoter for the expression of the gene. Northern blots
also revealed that more than one transcript can be detected. Genes having 5' untransiated exons
generally have more than just one transcript; the various forms being associated either with tissue
specificity or differeht developmental stages (Young et al., 1981). Useful information may also
come through tissue in situ studies, and the coliection of further mutation data. Secondly, "knock-
out" technique will be used to produce mouse models (eg. with gene deficiency). Studies with
mice also allow the relevant tissues to be examined at early stages during development, thereby
improving the chance of defining the primary target of the gene and the critical timing period for its
expression (Lee et al, 1992). Thirdly, a similar approach can be applied to the study of
Drosophila. As described in Chapter 5, it has been shown that the NDP gene is conserved in

Drosophila, and a study of the NDP homologue in this easily manipulated experimental organism
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