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Abstract

The human chromosome 1lgq contains about 2.7% of the
genome and may contain as many as 2,700 genes. Only a
very small proportion of those genes (about 1%) have been
mapped to the 11gq, even fewer have been cloned and
sequenced. As a participant in the Human Genome Project,
we have taken the responsibility for constructing an
index map of chromosome 1lg. Here we report isolation,
characterization of highly polymorphic markers and
construction of the index map of chromosome 11g. Eight
highly informative simple sequence repeat polymorphisms
have been isolated and mapped to specific bands on the
long arm of human chromosome 11 by using somatic cell
hybrid panels, in situ hybridization and linkage
analysis. Five of them are index quality markers with
heterozygosity, or PIC, greater than 0.70. All of them
can be genotyped by PCR, and two of them (D11S527/S534)
have been typed simultaneously by multiplex PCR. An
index map of human chromosome 1llg has been constructed
mainly based on index markers developed by us and by two
other groups. It covers the entire long arm of
chromosome 11 except for the very distal region
(11g25-gter). The sex-averaged index map of the
chromosome 11lg spans 82 cM, whereas the sex-specific
index maps span 118 cM and 53.4 cM for female and male ,

respectively. The genetic distance between two adjacent

xii



index markers varies from 1.4 cM to 14.7 cM. The order
of the index markers is cen-S228/5436-sMSH3-sHI1-D11S97-
INT2-D11S534-D11S533/S527-D115S388-sMSH2-D11S35-Mfd231-DRD
2-D11S144/S351-D115S490-6d11-D11S439-gter. Both possible
germline and somatic mutations have been found at two of
the index marker loci (D11S534/S439). The Mendelian
inheritance of one new mutation was observed. We see no
bias towards longer and more polymorphic microsatellite
markers. The nature of all mutations is either gain or
loss of two nucleotides. Since this feature corresponds
very well with one of the features of a slipped-strand
mispairing event, we believe that the new mutations
described here were generated by the slipped-strand
mispairing mechanism. We have described a simple,
powerful method which allows us to directly detect a
slippage event in simple sequence tandem repeat regions
during the polymerase chain reaction. All three major
characteristics expected for slippage have been observed
in the dinucleotide repeat region examined. The slippage
is biased towards dinucleotide rather than the
tetranucleotide repeat. We were able to exclude the
possible explanations that recombination and/or "out of
register" events during PCR would generate the anomalous
products. Our conclusion is that the anomalous products
are probably generated by slippage. The level of the
length polymorphisms between dinucleotide and

tetranucleotide repeats are very different. Seventy five

xiii



percent of polymorphisms seen at D11S527 which we have
examined are due to variations in the dinucleotide
region. Only 25% of polymorphisms are due to variations
in both dinucleotide and tetranucleotide regions. This
observation, again, supports the hypothesis that the
slippage may play a major role in the repetitive DNA
sequence evolution by producing a larger number of length

polymorphisns.

xiv



ACKNOWLEDGMENTS

T wish to thank Dr. Michael Litt for his valuable
discussion on this manuscript and Drs. Susan B.Olson, David
Browne and Ms Marianne Otoshi for their careful reading of

the manuscript.

XV



Part I

Introduction

The human gencme consists of 3,300 Megabase (Mb)
pair of DNA and may encode as many as 100,000 genes. of
them, only about 4,600 (<5%) are represented in Mendelian
Inheritance in Man (Mckusick 1990); fewer (1.5%) have
been mapped to specific chromosomes or subchromosomal
regions; even fewer (0.6%) have been cloned and
sequenced.

The traditional approach to the study of inherited
disorders and ultimately to cloning disease-related genes
has started, in most cases, with the identification and
characterization of specific proteins and their abnormal
counterparts. This approach has been fairly successful
in the early stage of searching for the disease-related
gene in man. However, since the biochemical defects or
protein products of many inherited disorders are poorly
understood, and corresponding animal models of the
diseases are lacking, the majority of Mendelian disorders
have to be dissected by using a completely different
approach—the "positional cloning" method. Positional
cloning involves 1) utilizing a well constructed genetic
linkage map of human genome to detect the linkage of
polymorphic DNA markers and an inherited disorder

segregating in affected families; 2) defining the precise



position of a gene on a particular chromosome or a
subchromosomal region, and 3) identifying a specific gene
within this region in which the mutations are correlated
with the disease. It is clear that the construction of a
dense genetic linkage map with a large number of
restriction fragment length polymorphism (RFLP) and
variable number of tandem repeat (VNTR) markers,
especially microsatellite markers, is essential to
accomplish of the enormous undertaking of identification
and characterization of disease related genes.

The RFLP marker detects the variation of a
particular kind of DNA sequence called the restriction
enzyme recognition sites in the human genomic DNA. It
generally exists in only two forms—presence or absence of
the site. This implies that, at most, about 50% of
individuals will be heterozygotes at the DNA marker locus
(Botstein et al. 1980). The VNTR marker, on the other
hand, detects the variation of the length of tandem
repeats which have an unknown function and are
hypervariable among individuals in the population
(Jefferys et al. 1985a, 1985b, 1985cC). Likewise, a
microsatellite marker detects the length variation of a
tandem repeat, which is considerably shorter than a VNTR
and will be discussed in more detail later.

The usefulness of any marker depends largely on how
many alleles (or variants) it displays in the population.

the more alleles it has, the more likely the individual



tested would carry two different alleles (heterozygote)
at this marker locus. In the two-locus or multilocus
linkage analysis, if the individual tested carries two
different alleles at all of these marker loci, we will be
able to determine the "phase": how the alleles are
distributed between the two homologous. Consequently, we
can detect unambiguously the recombination between
markers in his (or her) offspring. In addition to the
heterozygosities of the markers, the three generation
families with large pedigrees are ideal for the linkage
analysis. This is because the presence of many children
means that the parents’ chromosomes can be followed
through a large number of meioses, generating more
accurate estimates of recombination frequency than could
be had from families with few children. The "phase" of
the parent can be usually inferred from that of the
grandparents. Therefore, CEPH (Centre d’Etude du
Polymorphisme Humain) has collected DNA samples from 60
extensive pedigrees and provided these samples to the
investigators around the world.

In the past nine years, more than a dozen important
inherited disorders have been mapped by utilizing linkage
analysis plus cytogenetic analysis. About half of these
have been cloned and segquenced by using the "positional
cloning" strategy, including familial polyposis coli on
chromosome 5 (5g21-g22) (Kinzler et al. 1990), cystic

fibrosis on chromosome 7 (g31.3-g32) (Rommens et al.



1989), retinablastoma on chromosome 13 (gql4a.1-gl4.2)
(Friend et al. 1986), neurofibromatosis type 1 on
chromosome 17 (gll.2) (Wallace et al. 1990), myotonic
dystrophy on chromosome 19 (gl13.2-g13.3) (Harley et al.
1992), one form of Alzheimer’s disease on chromosome 21
(q21.3-g22.05) (Goate et al. 1991), Fragile X syndrome
(g27.3) (Oberle et al. 1991), Duchenne muscular dystrophy
(p21.2) (Kunkel et al.) and chronic granulomatous disease
(p21.1) (Royer-Pokora et al. 1986) on the X chromosome.

Linkage has also been used to localize a number of
human genetic diseases to the long arm of chromosome 11
(11g), including multiple endocrine neoplasia type 1
(Larsson et al. 1988), tuberous sclerosis (Smith et al.
1990), ataxia telangiectasia (Gatti et al. 1988; Ziv et
al. 1991) and atopy (asthma and rhinitis) (Cookson et al.
1989) . An extensive linkage analysis also made it
possible to exclude the presence of a susceptibility gene
for insulin-dependent diabetes mellitus from chromosome
11g (Hyer et al. 1991). At 11g21-q22 region, breakpoints
found in balanced translocations, t(1;11) and t(9;11),
associated with schizophrenia and bipolar manic
depression, have been defined by polymorphic DNA markers
in that region (St. Clair et al. 1990). Further toward
the telomere, the 11g22-g23 region contains at least 16
functional genes, several disease loci and clusters of
break points involved in a number of leukemias and

malignant tumors, including acute intermittent porphyria



(Namba et al. 1991), tuberous sclerosis, Jacobson
syndrome (Fryns et al. 1986), apolipoprotein complex Al-
C3-A4 (McKusick 1987), Ewing sarcoma (Selleri et al.
1991), peripheral neuroepithelioma (Budarf et al. 1989),
Dopamine D2 receptor (Grandy et al. 1989b), progesterone
receptor (Roussean-Merck et al. 1987), ataxia
telangiectasia complementation group A and group C,
several members of the immunoglobulin super family
(Rowley et al. 199), acute lymphoblastic leukemia (ALL),
acute monoblastic leukemia (AML) (Rowley et al. 1990;
Tunnacliffe et al. 1990), N-CAM (Nguyen et al. 1985) and
two prooncogenes Ets (de Taisue et al. 1984) and Cbl-2
(Wei et al. 1990) (Fig.I-1). Since the human genome
contains about 100,000 genes and chromosome 11 consists
of 4.51 per cent of the genome, the estimated number of
genes on the entire chromcsome 11 and 1lq are about 4500
and 2700, respectively.

The chromosomal locations of genes or disease
related genes and translocation breakpoints reported so
far are strongly biased toward 2 major Giemsa (G-)
negative bands, namely 11gl3 and 11g23. It has been well
documented that most genes characterized are clustered in
the G negative-R positive bands in the human genome.
Furthermore, the human genome compositional map has shown
some very similar and interesting data, where the
concentration of isochore family H3 was used to detect

the distribution pattern of genes in the human genome



(Saccone et al. 1992). It has been demonstrated that
isochore family H3 has the highest concentration of genes
and of CpG islands. The cytogenetic location of isochore
family H3 is mainly at telomere T-bands and G negative
bands. Two regions of human chromosome 11, 11pl5 and
11ql3, showed the strongest signals when hybridized with
biotinylated family H3 DNA probe. Less intense signals
were also found at 11g23 and 11g24-25 regions.

A number of maps for chromosome llg have been
constructed, including genetic linkage maps and
cytogenetic maps. A preliminary linkage map of
chromosome 11 was reported by Leppert et al. (1987). It
was followed by a more detailed linkage map of the
chromosome 11q in which 31 framework loci were included
which covered the region from 11ql3 to 11924-25 (Julier
et al. 1990). However, since most of those framework
marker loci are RFLPs, their heterozygosity is less than
0.60, with two exceptions (one is a haplotyped marker and
another is a VNTR marker). Additionally, they are
clustered in two chromosome bands, 11gl3 and 11923, and
the odds against inversion of orders of 10 loci are less
than 100:1, making linkage analysis in certain regions
more difficult. Therefore, it is quite clear that the
current linkage map has two major drawbacks. First, most
of the preexisting markers have low heterozygosities or
polymorphism information content (PIC). The markers

which detect the restriction fragment length polymorphism



of the genomic DNA are usually not highly polymorphic,
given that those markers only have two alleles at each
locus, and, therefore the maximum value of PIC for the
locus can barely reach .35. On the other hand, the
markers which detect variable numbers of tandem repeats
(VNTR) of human genomic DNA are usually highly
polymorphic, but they are predominantly located near the
telomere region of chromosomes (Jefferys et al. 1985a,
1985b & 1985c; Nakamura et al. 1987). Furthermore, the
alleles of VNTR markers tend to have complex banding
pattern, potentially complicating the genotyping process.
Second, the preexisting markers are not evenly
distributed along the long arm of chromosome 11, leaving
several gap regions on the linkage map. Those gap
regions are centromere region, 11ql4, 11g21-22, 11g24-25
and telomere region.

Two groups have constructed cytogenetic maps and/or
physical maps of the long arm of chromosome 11 where
about 228 chromosome 11q specific cosmids including 31
NotI cosmid linking clones are localized to defined
regions, either by using somatic hybrid panels or by high
resolution in situ hybridizations (Lichter et al. 1990;
Tokino et al. 1991; Hori, T.-A. et al. 1992; Iizuka et
al. 1992; Hermanson et al. 1992). Again, the major
drawback to the current cytogenetic and/or physical maps
is that most cosmids are densely concentrated in 11ql3

and 11g23 regions, the same situation that we have seen



in the linkage map. Additionally, some of those cosmids
which have been detected to be polymorphic show low
heterozygosities. Nonetheless, those cytogenetic and/or
physical maps provide excellent references for us to
construct a linkage index map and, eventually, a high
resolution linkage map of the long arm of human
chromosome 11. They also provide us the reagent for
isolation of a new type of highly polymorphic DNA markers
in the gap regions on the index map.

In addition to traditional RFLP and VNTR markers, a
recent report by Iizuka et al. described another type of
DNA polymorphism—the Alu repeat polymorphism, which can
be detected by Single Strand Conformation Polymorphism
(SSCP) analysis (Orita et al. 1989). They have isolated
7 Alu repeat polymorphic markers from human chromosome 11
with low PICs.

One of the short term goals of the Human Genome
Project is to establish the genetic index map for each
human chromosome. An index map consists of a number of
index loci, which should have heterozygosity of 0.7 or
higher, and should be evenly distributed along the arms
of chromosomes. The distance between two adjacent index
loci should be no greater than 10 to 15 centiMorgan
(Beats et al. 1991). The establishment of a dense linkage
map, particularly with evenly distributed index markers,
of chromosome 11lg would greatly benefit all investigators

in the human genetic community. With such a dense



linkage map, the chromosome location of newly discovered
linkage could be confirmed or excluded easily; the
complex, heterogenous disease and rare recessive disease
would be analyzed much more efficiently because as the
informativeness of the markers increases, the number of
the meioses of individuals from the affected families
required will dramatically decrease; several nearby
starting points would be available for efforts to clone
the disease gene; prenatal or presymptomatic diagnosis of
individuals at risk would become more accurate;
identification of translocation breakpoints, study of
gene conversion and recombination event would be possible
(Donis-Keller et al. 1987). It would be impossible to
construct an index map consisting of traditional RFLP and
VNTR markers for the reasons mentioned above. Therefore,
it is clear that new types of DNA polymorphisms have to
be explored and developed to meet the challenge.

The discovery of polymorphic simple sequence repeats
in the human genome has revolutionized genetic linkage
studies (Weber and May 1989; Litt and Luty 1989). Simple
sequence repeats are usually di-, tri- and
tetranucleotide repeats with highly varied numbers of
repeat units. Among the different types of dinucleotide
repeats, the poly CA repeat is the most abundant. It has
been estimated that there are as many as 10° (n>10)
copies of them in the human genome, and the average

distance between two poly CA tracts is about 30 kb



10

(kilobase pairs). Additionally, poly CA repeats are
randomly distributed in the genome and located mainly in
the non-coding region of the genome or within the introns
of genes. The function of the dinucleotide repeat is
unknown, although there are some indications that they
stimulate DNA recombinations (Slightom et al. 1987). The
poly CA repeat markers have been called microsatellite
repeat markers because its repeat unit contains only two
nucleotides. The variation in the number of repeat units
in a particular poly CA tract, or polymorphism, is
transmitted through generations in Mendelian codominant
fashion.

For the purpose of investigating their
informativeness, microsatellite repeats (CA/GT repeat in
particular) can be grouped into four classes: 1) perfect
repeat: It has no interruption in a run of repeats; 2)
interrupted repeats: two or more short stretches of
repeats in close vicinity and spaced by non-repeat
sequences; 3) compound perfect repeat: more than one type
of microsatellite repeat juxtaposed to one another.

These microsatellite repeats are different either in
nucleotide composition, such as purine-purine,
pyrimidine-pyrimidine, purine-pyrimidine, or in the
number of nucleotides in one repeat unit, such as tetra-,
tri- and dinucleotide repeats (Weber 1990): 4) compound
interrupted repeat: the criteria for the compound

interrupted repeat is basically the same as that for the
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compound perfect repeat, except that they are spaced by
non-repeat sequences. Weber (1990) has proposed a
similar grouping method.

In general, a positive correlation between the
degree of polymorphism and the length of dinucleotide
repeat can be found in the marker that shows
polymorphism. The most striking and important feature of
microsatellite DNA markers is high informativeness. The
microsatellite DNA markers have, on the average, PIC
values of 0.6, twice as high as those of RFLPs. According
to our own data, 75 per cent of the markers we have
described to date have PIC values of 0.6 or higher. The
maximum PIC value for microsatellite markers to date is
over 0.90. In addition, there are several other
advantages in using microsatellite DNA markers. First,
much less time and reagents for genotyping a lager number
of samples, e.g. 40 CEPH (Centre d’ Etude du
Polymorphisme Humain) reference families, are required.
Since each locus can be genotyped by using polymerase
chain reaction (PCR), it has the potential of being
amplified simultaneously with other loci by multiplex PCR
method. Those markers also have the potential of being
semi-automated. Second, much less DNA sample from each
individual is needed for genotyping because the PCR can
amplify a single copy of DNA molecule to a million-fold,
facilitating the linkage analysis in affected families

with rare diseases. Finally, since the power of
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resolution of the denaturing gel is so high that one
nucleotide difference can be detected, it leaves much
lees doubt in the allele assessment when compared with
VNTR markers where DNA fragments with a 2% size range may
appear to comigrate and be assessed as the same allele.

Microsatellite DNA markers are also qualified
Sequence-Tagged Site (STS) markers, serving as landmarks
to define the position of any cloned DNA segment on the
physical map (Olson et al. 1989). The sequence-tagged
sites are short tracts of single-copy DNA sequences that
can be recovered at any time by polymerase chain
reaction. By using the STS markers, the construction of
a physical map of the long arm of human chromosome 11
would be like determination of the order and spacing of
DNA segments; each of them has an uniquely defined STS.
This will help to merge mapping data gathered by diverse
methods (including physical, genetic, and cytogenetic in
situ hybridization methods) from different laboratories
into a consensus physical map.

Since microsatellite DNA markers are abundant in the
human genome, highly informative and easy to be genotyped
through the random individual in the population or
members of the affected families, they have become
powerful tools in linkage studies and are the most
promising candidates for index markers. Ever since the
first two papers on poly CA repeat polymorphisms in

humans were published (Weber and May 1989; Litt and Luty
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1989), hundreds, maybe thousands, of microsatellite
markers have been developed. They have facilitated the
localization of a number of disease-related genes,
including Friedreich ataxia (9913-g21.1) (Fujita et al.
1990), facioscapulohumera muscular dystrophy (FSHD)
(4g35-gter) (Wijmenga et al. 1990), an X-linked mental
retardation disorder (Xg26) (Huang et al. 1991) and limb-
girdle muscular dystrophy (5922.2-g31.3) (Speer et al.
1992). Linkage maps that consist only of microsatellite
markers have also been constructed for particular
chromosomes, including chromosome 14 and 20 (Wang and
Weber 1992; Hazan et al. 1992). In addition to
localization of disease-related genes and construction of
linkage maps, carrier detection, prenatal diagnosis and
family counseling have been improved and simplified by
the development of highly polymorphic microsatellite
markers in several well characterized disease-related
genes, including cystic fibrosis (Zielenski et al. 1991),
Duchenne and Becker muscular dystrophies (Clemens et al.
1991). It is undoubtedly true that application of the
microsatellite markers will speed up the completion of
the Human Genome Project.

The telomere is of interest to us for several
reasons. First, there is no polymorphic DNA marker
developed in the telomeric region of chromosome 11.

Since human telomeres define the chromosome ends, without

telomeric markers, the linkage map of chromosome 11 would
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be incomplete. Second, it has been reported that there
are genes found close to the telomere in Drosophila
melanogaster and Saccharamyces cerevisiae (Lufzel-Schwab
et. al. 1986 & Charron et. al. 1988). In humans, one of
two mutually 