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ABSTRACT

The first part of my thesis dealt with the physical mapping of human chromosome
2 employing the yeast artificial chromosome (YAC) cloning system. To generate a
chromosume 2 YAC sublibrary, over 1,000 interspersed repetitive sequence (IRS)-PCR
probes were generated and used to screen the CEPH midi YAC library and approximately
2,000 chromosome 2-specific midi YACs were identified. These YACs were divided into
223 YAC groups, i.e., sets of unordered overlapping YACs, and using publicly available
contig analysis software, a tentative order of YACs within each YAC group could be
established. To order YAC groups, the chromosome 2 YAC sublibrary was screened with
87 genetically mapped microsatellites and cytogenetically mapped expressed sequence tags
(ESTs), and 44 YAC groups were localized along the genetic map of chromosome 2q. In
addition, 16 known genes were physically linked with microsatellites within YAC groups,
thus providing integration points for genetic, cytogenetic and YAC-based physical maps of
chromosome 2q. In a subsequent step of the analysis, the chromosome 2 YAC mapping
data created by the Whitehead Institute (WI)/MIT Genome Center were integrated into
our dataset. The integrated dataset consisted of 240 YAC groups, of which 14 large
groups containing both our and WI/MIT Genome Center YAC groups were located on
chromosome 2q. These 14 groups consisted of 1,195 YACs, which will form the
backbone for the construction of a complete YAC contig for human chromosome 2q.

The second part of my thesis dealt with the identification of genetic markers within
or in the vicinity of NRAMP!, a candidate tuberculosis susceptibility locus. The human
NRAMP1 gene was mapped to chromosome 2q35 by PCR analysis in a
monochromosomal hybrid panel and by YAC contig analysis. Nine sequence variants and
polymorphisms were identified within the NRAMP/ gene by single strand conformation
analysis (SSCA), DNA sequencing and Southern analyses. Furthermore, two highly
informative microsatellites, D2S704 and D25173 were shown to be linked to NRAAP!
within a 1.5 Mbp YAC contig. Together, these markers provide molecular tools for
further genetic analysis of inherited susceptibility to tuberculosis and related diseases of

the macrophage.



RESUME

La premi¢re partie de cette theése décrit la cartographie du chromosome 2 humain
par la technique de clonage en chromosomes artificiels de levure (YAC). Plus de mille
scndes de séquences répétitives (PCR inter-4/u) ont été générées et ensuite utilisées pour
le criblage de 1a librairie de YAC du centre d'étude du polymorphisme humain (CEPH)
dans le but de créer une librairie spécifique du chromosome 2. Environ deux mille YAC
ont ainsi été identifiés. Ces YAC ont €té assemblés en 223 groupes, chaque groupe
représentant des clones de YAC se chevauchant mais non ordonnés, L'utilisation de
programmmes d'analyse de segments contigus nous a permis d'établir un ordre provisoire
de YAC a l'intérieur de chacun de ces groupes. Afin d'établir une collection ordonnée des
différents groupes de YAC, la librairic des YAC du chromosome 2 a été criblée avec 87
microsatellites et EST (expressed sequence tags) préalablement localisés par analyse de
liaison ou par cytogénétique sur le chromosome 2q. Quarante-quatre groupes de YAC
ont ainsi &t localisés sur la carte génétique du chromosome 2q. L'utilisation de 16 ADNc
de génes connus a permis l'intégration de la carte physique dans les cartes génétique et
cytogénétique existantes. Dans un deuxiéme temps, la carte physique créée par le centre
du génome du Whitehead Institute (WI) et du Massachusetts Institute of Technology
(MIT) a été intégrée a nos données de cartographie physique du chromosome 2. La carte
physique ainsi générée est représentée par 240 groupes de YAC dont 14 sont localisés sur
le chromosome 2q. Ces 14 groupes sont composés de 1,195 YAC et serviront de
squelette pour ia construction d'un carte physique couvrant la totalité du chromosome
humain 2q.

La deuxiéme partie de ma thése décrit l'identification de marqueurs d'ADN situés a
proximité ou a l'intérienr méme du géne NRAMPI, un locus candidat pour la susceptibilité
a la tuberculose chez l'humain. La localisation de NRAMP/ dans la région q35 du
chromosome 2 s'appuie sur les analyses d'hybrides d'irradiation et de collections
ordonnées de YAC contigus. Un total de neuf marqueurs polymorphes a été identifié dans
le géne NRAMP1 par des analyses de séquence directe, de polymorphisme de longueur des
fragments de restriction (RFLP) ou de conformation de simple brin (SSCA). Ces
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marqueurs polymorphes, de méme que les microsatellites D250+ et D25173, deux
marqueurs étroitement liés au géne NRAMP/, servivont d’outils moléculaires pour
I'analyse génétique de la susceptibilité innée a la tuberculose et aux maladies impliquant le

macrophage chez I'humain.



PREFACE

My Ph. D. thesis project originated from genetic studies of susceptibility to
tuberculosis and leprosy. Specifically, my project invoived the generation of genetic
markers located on human chromosome 2, region q35, for analysis of linkage with
susceptibility to tuberculosis and leprosy. The generation of markers from chromosome
region 2q35 required the establishment of a physical map of this region. Thus, during the
course of my Ph. D. study, my project was expanded to include a large scale physical
mapping of human chromosome 2, particularly the telomeric half of the q arm. This thesis
therefore consists of two parts: the isolation of yeast artificial chromosome (YAC) clones
carrying inserts derived from human chromosome 2 (Chapters 2 and 3) and the generation
of genetic markers on human chromosome 2, region q35, specifically from the candidate
tuberculosis susceptibility gene NRAMP! (Chapter 4).

The work presented in Chapters 2 and 4 of the thesis has been published, and
Chapter 3 is to be submitted.

CHAPTER 2: Liu, J,, Stanton, V.P,, Jr,, Fujiwara, T.M., Wang, J-X,, Rezonzew, R.,
Crumley, J., Morgan, K., Gros, P., Housman, D. and Schurr, E. (1995). Genomics
26:178-191.

CHAPTER 3: Liy, J., Wang, J.W,, Simkin, L., Stanton, V.P_Jr., Fujiwara, T.M., Morgan,
K., Gros, P., Housman, D., Schurr, E. (to be submitted).

CHAPTER 4: Liy, J., Fujiwara, TM., Buuy, N.T., Sanchez, F.O,, Cellier, M., Paradis,
Al).,, Frappier, D., Skamene, E., Gros, P., Morgan, K. and Schurr, E. (1995). Am. J.
Hum. Genet, 56:845-856.



I have made the most significant contributions for the work described in Chapters
2,3,and 4.

Chapters 2 and 3 describe the large scale cloning of human chromosome 2 YACs.
For this part of the work, my contributions included: copying and transferring the CEPH
Mark I YAC library from Dr. D. Housman’s laboratory at MIT, Cambridge to our
laboratory at McGill, generation of all the 4/u-PCR filters and most of the A/u-PCR
probes for screening of the YAC libraries, and selection of STSs for screening the
chromosome 2-specific YAC sublibrary. I was also responsible for the data analysis, and
the integration of our data with the data generated by the Whitehead Institute (WL)/MIT
Genome Center. Drs. Vincent Stanton and David Housman (MIT, Cambridge) shared
with us the CEPH YAC libraries and the DNA of YAC pools for the generation of the
IRS-PCR filters. Jian-Xue Wang provided technical assistance in screening the YAC
libraries. Mary Fujiwara and Dr. Kenneth Morgar helped to initiate the development of
the YAC mapping database. Dr. Philippe Gros is the co-investigator of the project. In
Chapter 2, Rebeca Rezonzew contributed technical assistance in screening the YAC
libraries, Joyce Crumley helped to develop the mapping database. In Chapter 3, Leah
Simkin wrote the computer programs for the data analysis.

Chapter 4 describes the identification of polymorphisms and sequence variants in
the human NRAMPI gene. For this part of the work, I have mapped NRAMPI, a
tubercuiosis susceptibility candidate gene, to chromosome 2, region q35, by PCR analysis
of the monochromosomal hybrid panel and by YAC contig analysis. I identified 2 and
verified 6 polymorphisms and sequence variants by sequence analysis of human NRAMP!.
In addition, I positioned two highly informative microsatellites to the vicinity of NRAMP!
by ?AC contig analysis. In this chapter, Natalie Buu did the SSCP analysis. Fabio
Sanchez did the Southern analysis. Ann Josee Paradis and Danielle Frappier (from Dr.
Kenneth Morgan’s group) genotyped the families with the markers. Mary Fujiwara
supervised the genotyping, and Dr. Kenneth Morgan performed the statistical analysis of

NRAMP! association with tuberculosis disease in the parent generation of the tuberculosis



families. Drs. Mathieu Cellier and Philippe Gros provided the primer information for the
intron-exon boundaries, and located one microsatellite in the immediate 5° region of the
NRAMP1 gene. Dr. Emil Skamene arranged the collection of DNA samples from the

tuberculosis families.

Candidates have the option of including, as part of the thesis, the text of a paper(s)
submitted or to be submitted for publication, or the clearly-duplicated text of a published
paper(s). These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between the
different papers are mandatory. The thesis must be written in such a way that it is more
than a mere collection of manuscripts; in other words, results of a series of papers must be

integrated.

The thesis must still conform to all other requirements of the “Guidelines for
Thesis Preparation”. The thesis must include: A Table of Contents, an abstract in English
and French, an introduction which clearly states the rationale and objectives of the study, a
comprehensive review of the literature, a final conclusion and summary, and a thorough

bibliography or reference list.

Additional material must be provided wkere appropriate (e.g. in appendices) and in
sufficient detail to allow a clear and precise judgment to be made of the importance and

originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate
is required to make an explicit statement in the thesis as to who contributed to such work
and to what extent. Supervisors must attest to the accuracy of such statements at the
doctoral oral defense. Since the task of the examiners is made more difficult in these

cases, it is in the candidate’s interest to make perfectly clear the responsibilities of all the



authors of the co-authored papers. Under no circumstances can a co-author of any

component of such a thesis serve as an examiner for that thesis.
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Generated a human chromosome 2-specific YAC sublibrary which consists of
approximately 2,000 distinct YACs using the IRS-PCR method. These YACs
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Linked the human NRAMP/, a candidate gene for tuberculosis susceptibility,
to VIL ona 1.5 Mbp YAC contig and thus, inferred the chromosomal localization
NRAMPI to be in chromosome region 2q35.

Identified 2 and verified 6 polymorphisms and sequence variants in the NRAMP/
gene, and linked two microsatellites to NRAMP! on a 1.5-Mb YAC contig.



CHAPTER 1:
INTRODUCTION

Large scale mapping of mammalian genomes and genetic studies of innate susceptibility to

tuberculosis and leprosy



The human genome has 3x109 base pairs of DNA containing an estimated 50,000
to 100,000 genes. To date, we have knowledge about only a very small portion of these
genes. It appears likely that the complete sequence of the human genome will provide
pivotal information to understand the genetic basis of human biology and diseases.
Indeed, the ultimate characterization of the human genome by sequence analysis is the
final goal of the Human Genome Initiative which started at the end of the 1980s.

The first step towards sequencing the entire human genome is the construction of
physical maps which consist of ordered overlapping cloned fragments of genomic DNA
covering each chromosome. Given the large size of mammalian genomes, it is only
realistic to clone the entire human genome if there is a vector system which allows the
generation of large DNA insert recombinant libraries which are amenable to high
throughput library screening. Fortunately, the development of a number of new vector
systems including yeast artificial chromosomes (YACs), bacterial artificial chromosomes
(BACs), Pl-derived artificial chromosomes (PACs), and the advent of novel library
screening techniques such as sequence-tagged site (STS) content mapping, interspersed
repetitive sequence (IRS)-PCR screening, and high density colony hybridization have
made physical mapping of the human genome possible.

Our interest for human chromosome 2 originated from the genetic studies of
susceptibility to tuberculosis and leprosy. By comparative genome analysis, the human
Bcg homologue was suggested to be contained on the telomeric half of human
chromosome 2q and closely linked to V7L. My original project was the generation of
genetic markers localized to the vicinity of the V7L gene. During the course of this study,
I became involved in the physical mapping and YAC cloning of the chromosomal region
surrounding the VIL gene. At that time very little chromosome 2-specific physical
mapping data were available, eventhough chromosome 2 corresponds to approximately
- 8% of the human genome (Fig. 1). Thus, it was decided to expand my Ph.D. project to
include YAC cloning of chromosome 2 with specific focus on the telomeric half of
chromosome 2q.

The aim of our studies was to create a chromosome 2-specific YAC-based physical

map. Based on the assumption that data combined from many sources would create the



Figure 1

The compiled human chromosome 2 gene map as of Human Gene Mapping 10 (taken
from Cohen et al,, in Genetic Maps, edited by Stephen J. O'Brien, 1990). Bars are used

to indicate a region within which a locus or several loci have been mapped.
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most accurate YAC-based physical map of chromosome 2, we intended to incorporate our
results with data generated through whole genome mapping initiatives. Such an integrated
chromosome 2 physical map would not only be useful for gene mapping and identification,
but also provide a backbone for establishing a “sequence-ready” physical map for this
chromosome.

This chapter therefore consists of two parts: an introductory overview of current
techniques and approaches for large scale mapping of mammalian genomes and a short
review of genetic studies of innate resistance/susceptibility to tuberculosis and leprosy. In
the first part, which is the major focus of the chapter, I will review the development of the
major cloning systems and mapping techniques that make it now possible to construct and
analyze large-insert recombinant clones and to assemble physical maps encompassing
entire mammalian genomes. In the second part of this chapter, I will briefly describe
experiments that led to the isolation of the Nramp! gene (Bcg), which controls innate
resistance/susceptibility to mycobactenal infection in the mouse, and the use of a
comparative mapping approach to study the genetic component of resistance/susceptibility

to tuberculosis and leprosy.

Part L. Large scale mapping of mammalian genomes

1.1. Cloning systems

1.1.1 Cosmids

Cosmids are plasmids that contain a selectable marker, an origin of replication, a
cloning site into which foreign DNA can be inserted, and a cos site from phage A. A cos
site is a DNA segment where a 12-bp cohesive overhang is generated by lambda fer. For
the construction of recombinant cosmids, the plasmid is cut with a restriction

endonuclease, and then ligated with foreign DNA which displays the compatible strand



ends into concatemeric molecules by the enzymatic action of DNA ligase. The ligated
DNA is then mixed with a packaging extract containing lambda head proteins, tail
proteins, and packaging proteins. Whenever two cos sites are present on a concatemer
and separated by 40 to 50 kb, these cos sites will be cut into two cohesive ends (cos ends),
and then packaged into phage heads. The cosmid cloning system thus has the capability to
clone foreign DNA as large as 50 kb. Upon injection into the cell, the cosmid DNA
circularizes via its complementary cos ends. The ends are covalently joined by the host’s
ligase, and the resulting circular molecule replicates independently of genomic DNA in the
host cell.

Cosmids have been successfully used to construct contiguous overlapping clones
(or contigs) and high-resolution physical maps for eukaryotic organisms with small
genomes such as Caenorhabditis elegans, and fission yeast Saccharomyces pombe
(Coulson et al., 1986; Hoheisel et al., 1993; Mizukami et al., 1993). More recently,
cosmids were also used to construct contigs for specific human genome regions such as
the Huntington disease region on human chromosome 4 (Zuo et al., 1993; Baxendale et
al., 1993) and entire chromosome 21 (Nizetic et al., 1994; Soeda et al., 1995). However,
the relative small insert size (maximum of 40 to 50 kb) has prevented the more widespread
use of cosmids as the primary vehicle to obtain long-range contigs for mammalian
chromosomes. Nevertheless, a number of features suggest that the cosmid system is
useful for high resolution physical mapping of delimited genome regions and for gene
identification, First, pure cosmid DNA can be isolated from bacteria by a simple standard
minipreparation protocol. This DNA can be used directly to construct a high-resolution
restriction enzyme map. Second, cosmid inserts can easily be subcloned into smaller
plasmids, which can be used directly as sequencing templates. DNA sequences also can be
determined by sequencing directly from cosmid templates using primers complementary to
the T3 and T7 promoters present in the vector (Smith et al., 1993). Cosmid contigs are
thus considered sequence-ready maps. Third, the use of cosmids can simplify transcript
analysis since techniques for isolation of expressed sequences inciuding the 3’-terminal
exons by exon amplification from cosmids are well established (Buckler et al., 1991;
Krizman and Berget, 1993), and the use of cosmids for direct selection and amplification



of cDNAs (Lovett et al., 1991; Korn et al., 1992) gives a lower background of non-
specific hybridization as compared to experiments using yeast artificial chromosomes
(YACs) as hybridization probes (Tagle et al., 1993).

1.1.2 Yeast artificial chromosomes (YACs)

1.1.2.1 The YAC cloning system

The YAC cloning system is based on the minimal structural requirements for
chromosome maintenance in yeast which include a functional centromere, an origin of
replication, and two segments containing telomere sequences (Murray and Szostak, 1983).
In 1987, Burke, Carle and Olson (1987) developed a vector which incorporated these
functions required for the maintenance of a chromosome in yeast into a single plasmid that
could be replicated in Escherichia coli. This plasmid, termed as ‘pYAC2’ vector,
contained a cloning site within the SUP4 gene, whose interruption resulted in a phenotypic
change from a white color for non-recombinants to a red color for recombinants, an
autonomous replication sequence (ARS/J), a centromere (CEN4), two telomeric sequences
(TEL), and selectable markers on both sides of the centromere (ZRPJ and URA3).
Digestion of the YAC vector with BamHI and Smal results in three DNA segments, the
left and the right arm, and a “stuffer” region that separates the two TEL sequences in the
circular plasmid. The two arms are treated with alkaline phosphatase and then ligated
with high molecular weight DNA of up to 1 megabase pairs (Mbp) in length. The ligation
products are then transformed into yeast spheroplasts resulting in telocentric YACs. The
YAC cloning system thus provides a means for cloning DNA segments one order of
magnitude larger than any other cloning systems (Burke et al., 1987; Cohen et al., 1993;
Chumakov et al., 1995). The outline of the YAC vector system is shown in Fig. 2.

1.1.2.2 Human YAC libraries

Since the establishment of the YAC technology (Burke et al., 1987), a number of
human YAC libraries have been constructed. These YAC libraries can be classified into
different categories based on the source of human DNA used. First, whole genome YAC



Figure 2:

The yeast artificial chromosome (YAC) cloning system pYAC2 (taken from Burke et al,,
1987). Thin lines represent pBR322-derived sequences. SUPY, TRPI, HIS3, and URA3
are yeast genes: SUPY is an ochre-suppressing allele of a tyrosine tRNA gene that is
interrupted when foreign DNA is cloned into the vector; TRPJ and URA3 are selectable
markers which allow selection for molecules that have acquired both chromosome arms
from the vector; HIS3 is discarded during the cloning process. ARS, an autonomous-
replication sequence, is the yeast equivalent of an origin of replication. CEN4 and TEL

provide centromere and telomere function, respectively.
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libraries which were constructed from DNA of XY males (Brownstein et al.,, 1989 Traver
et al., 1989; Anand et al., 1990; Imai and Olson, 1990; Albertsen et al., 1990; Chumakov
et al,, 1995). Second, libraries that were targeted to specific chromosomal regions. For
examnple, YAC libraries specific for chromosomal region Xq24-Xq28 were constructed
from the DNA of human-hamster hybrid cell lines containing Xq24-Xq28 as their only
human material (Abidi et al., 1990). Third, tumor cell-specific YAC libraries, which were
constructed from DNA derived from tumor tissues or cells (Feingold et al., 1990), and
fourth, chromosome-specific libraries such as the chromosome 21- and

chromosome 11-specific YAC libraries (McCormick et al., 1989; Qin et al., 1993).
Chromosome-specific YAC libraries were either constructed from monochromosomal
human-rodent somatic cell hybrids and then screened with human-specific repeat probes
(Wada et al., 1990; Abidi et al., 1990; Green et al., 1995) or from flow sorted human
chromosomes (McCormick et al., 1993). An aiternative approach to generate a
chromosome-specific YAC library is to derive a chromoscme-specific YAC collection (or
sublibrary) by screening of whole genome YAC libraries with chromosome-specific probes
(Chumakov et al., 1992b; Ross et al., 1992; Green et al., 1995).

The average YAC size for clones belonging to the first generation of YAC libraries
ranged from 100-300 kb (Guzman and Ecker, 1988; Brownstein et al., 1989; Garza et al.,
1989). Using improved techniques such as pulse field gel electrophoresis instead of
sucrose gradient fractionation for insert DNA preparation, the size of YACs could be
significantly increased (Anand et al., 1989; Imai and Olson, 1990), and several libraries
with an average clone size of over one Mbp have been reported (Larin et al., 1991;
Albertsen et al,, 1990; Cohen et al., 1993; Chumakov et al., 1995). To date, the most
commonly used human YAC library is the so-called mega YAC library generated by
CEPH/Genethon which is largely made up of clones displaying an average insert size of
approximately 1,000 kb (Cohen et al., 1993; Chumakov et al., 1995).

1.1.2.3 YAC chimerism
The YAC cloning system has revolutionized genome mapping and YACs are
valuable tools for many purposes, including positional cloning of genes, ang construction



of physical maps of human chromosomes (Chumakov et al., 1995). However, the high
frequency of chimeric, rearranged, and deleted clones found in YAC libraries has created
serious problems for genomic studies, since such clones do not represent a genome region
faithfully. It has been estimated that the proportion of chimeric clones - i.e. clones that
contain DNA segments which are not adjacent on the chromosome - in mammalian YAC
libraries including the widely used CEPH/Genethon mega YAC library, is close to 50%
(Bronson et al., 1991; Bates et al,, 1992; Dausset et al., 1992; Foote et al., 1992; Cohen et
al., 1993; Chumakov et al., 1995). In addition to chimeric clones, the fraction of clones
with internal deletions or rearrangements, may also be considerable.

Two mechanisms may be responsible for YAC chimerisms: coligation of multiple
genomic fragments into a single YAC molecule, or homologous recombination of
repetitive sequences between two or more YACs transformed into same host cell. Itis
thought that the latter is the major cause of YAC chimerism. An example for the latter
mechanism was provided by Green et al. (1991b), who demonstrated that the chimeric
junction in at least one chimeric YAC was within an Alu sequence and not at the
restriction site used for cloning as would be expected for coligation. Recombination
between repetitive elements in chimeric YACs is also consistent with the fact that the
frequency of chimerism among YAC:s containing human DNA derived from human-
hamster somatic cell hybrid cell lines appears to be significantly lower than that of YACs
constructed from total human genomic DNA (Wada et al., 1990; Schiessinger et al,,
1991). Presumably, homologous recombination is less likely between human and hamster
DNA sequence.

Modifications of YAC library generation protocols aimed at decreasing the rate of
chimeric clones include: 1) use of excess vector in ligation reaction to maximize ligation of
vectors to all insert ends, and hence decrease coligation of inserts (McCormick et al.,
1993); 2) generation ofc."_romcjsome-speciﬁc YAC libraries from rodent-human hybrids, a
laborious effort which one would ;eed to repeat for each of the 24 human chromosomes
to cover the entire genome; 3) the use of recombination-deficient yeast hosts. Recently,
Hald et al. (1994) constructed megabase-sized human YACs using the recombination-
deficient yeast mutant strain rad52. Examination of 48 YACs by FISH analysis showed a



rate of chimerism of approximately 8%, in contrast to 50% chimeric clones in the libraries
using wild type host AB1380. This result shows that it is possible to significantly decrease
the rate of YAC chimerism through the use of appropriate yeast host strains. However, it
appears unlikely that any of the alternative techniques mentioned above will have a strong
effect on the YAC-mapping of the human genome since mapping efforts in the CEPH
YAC libraries have advanced to the point that all but excludes mapping in additional YAC

libraries.
1.1.3 Bacteriophage P1 and P1-derived artificial chromosomes (PACs)

1.1.3.1 The bacteriophage P1 cloning system

The bacteriophage P1 cloning system which allows cloning of DNA fragments up
to 100 kb was developed in 1990 (Sternberg, 1990; Sternberg et al., 1990). The first
generation of P1 vectors such as pAd10 contains a P1 packaging site (pac) to initiate the |
packaging of vector and cloned DNA into phage particles, and two P1 loxP recombination
sites present in the vector arms flanking the cloned insert. The two loxP sites are
necessary for circulation of the packaged DNA by the Cre-mediated site-specific
recombination mechanism following phage infection of E. coli cellé. The P1 vector also
contains & kan" gene to select bacterial clones containing the cyclized DNA, a P1 plasmid
replicon to maintain P1 DNA in E. coli at one copy per cell, and a lac promoter-regulated
P1 lytic replicon to amplify P1 DNA to 20-30 copies per cell.

A major problem of the first generation P1 libraries was that 10-20% of clones in
the libraries contained insertless P1 vector DNA, and these clones outgrew the
recombinant clones (Sternberg, 1990; Pierce et al., 1992). To overcome this problem, a
second generation of P1 vectors (e.g. pAd10SacBII) incorporating the SacB gene, which
encodes an enzyme that catalyzes the hydrolysis of sucrose to products lethal to E. coli,
was constructed (Pierce et al., 1992). In this vector, the cloning site is bctWeen SacB and
its promoter. Clones containing inserts separate SacB from its promoter, which inhibits the
expression of the SacB gene and hence permits the growth of E. coli on medium

containing sucrose. Thus, recombinant clones are kanamycin and sucrose resistant. In
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addition, the cloning site is flanked by rare-cutting restriction enzymes, which can be used
for releasing the insert. The T7 and Sp6 promoters in the vector also permit the

generation of RNA probes from the vector ends (Pierce et al,, 1992).

1.1.3.2 P1-derived artificial chromosomes (PACs)

It was shown that P1 vectors can only accommodate fragments in the 70 kb to 100
kb range, presumably due to the headful capacity of P1 (Sternberg, 1990). The P1 system
is also restricted by the requirement for an elaborate in vitro packaging system {Sternberg,
1990; Pierce et al,, 1992). Recently, an improved cloning vector termed P1-derived
artificial chromosomes (PACs) was constructed by deletion of the adenovirus stuffer
fragment and by insertion of a modified pUC19 plasmid into the BamH]I cloning site of the
pAD10sacBII vector (Toannou et al,, 1994). In addition, PACs are introduced into E. coli
via electroporation, hence, avoiding elaborate packaging of DNA and in vivo site-specific
recombination as required by previous P1 vectors. The PAC vector is able to
accommodate inserts up to 300 kb, more than double the maximum insert size described
for the P1 vector (Joannou et al., 1994). Thke P1 and PAC cloning systems have an
intermediate cloning capacity between that of the YAC and cosmid systems.

1.1.4 Bacterial artificial chromosomes (BACs)

The BAC cloning system which is capable of carrying foreign DNA fragments in
excess of 300 kb is based on the E. coli fertility F factor plasmid (Shizuya et al., 1992).
The F factor, whose replication in E. coli is strictly controlled, codes for genes that are
essential to regulate its own replication. The BAC vector (pBAC) developed by Shizuya
et al. (1992) incorporates all of the F factor regulatory genes including oriS, repE, parA,
and parB. The ori§ and repE genes mediate the unidirectional replication of the F factor,
while par4 and parB control copy number to one or two plasmids per E. coli cell, thus,
decreasing the potential for recombination between DNA fragments carried by the
plasmid. In addition, the pBAC vector contaﬁns a cloning region which includes two
cloning sites (HindII and BamHI), flanked by T7 and Sp6 promoters, which can be used
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to generate RNA probes from the vector-insert junction, and several rare cutter restriction
enzyme sites which can be used to excise the insert.

Similar to the P1 or PAC system, the BAC system also has an intermediate cloning
capacity between that of the YAC and the cosmid. Recently, several whole human
genome BAC libraries and a human chromosome 2-specific library (Rouquier et al., 1994:
Ashworthe et al., 1995; Wang et al., 1994) were constructed. The characterization of
these libraries indicated that the BAC cloning system has high transformation efficiency
{10-100 times higher than that of YACs) and a low frequency of chimeric ciones as a
result of low vector ccpy numbers. However, a critical appraisal of the BAC cloning

system in genome mapping still awaits further investigation.
1.2 Mapping techniques

1.2.1 Sequence-tagged site (STS) content mapping

Sequence-tagged sites (STSs) are short unique genomic fragments amplified by
PCR with two defined primers. STS content mapping is based on the logic that if an STS
is unique to a particular genomic region, then all the YACs in a library containing this STS
must carry inserts which are derived from the same genomic region and therefore must
overlap. STS content mapping can thus be used to determine which STSs are contained
on which YACs, and to construct sets of contiguous overlapping clones (or YAC contigs)
out of those YACs containing the same STSs.

STS content mapping has been and still is widely used to identify YACs
overlapping candidate regions of disease genes (Green and Olson, 1990a; Huntington’s
Disease Collaborative Group, 1993). Since most of YAC libraries contain 5-6 x 10*
clones, the identification of YACs corresponding to specific loci by STS content mapping
is generally accomplished by reiterative analysis of a hierarchy of clone pools. The
original protocol for STS content mapping of pooled DNA was developed by Green and
Olson, and was based on a three-step process (1990b). In this protocol, the first step was
a PCR screening of primary DNA pools. A primary pool was made up of S sub-pools,
each containing 384 clones. In the case of a positive signal detected in a primary DNA
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pool, those corresponding 5 sub-pools were subjected to PCR screening. The last step for
single-clone identification was accomplished by hybridization of probes to a filter
containing the appropriate 384 clones. This step was subsequently replaced by PCR
analysis with DNA pools collected from row and column of the 4 plates which
corresponed to the positive sub-pool (Chinault and Sternberg, 1994). Although the
complexity of pools and the number of successive rounds of PCR screening may differ
from one library to the other, the general hierarchical screening procedure for PCR
screening of YAC libraries remains the same and has been widely used in genome
mapping.

Since STSs are defined by pairs of oligonucleotides and PCR conditions which can
be stored in publicly accessible databases, STSs are considered a “common language” in
genome mapping (Olson et al., 1989), and STS content mapping is accepted as one of the
major physical mapping methods. Indeed, a primary goal for the physical mapping of the
human genome is the development of an STS map with an average spacing of 100 kb |
between consecutive STSs (Collins and Galas, 1993). STS content mapping has initially
been used to assemble YAC contigs for the human Y chromosome (Foote et al., 1992)
and human chromosome 21 (Chumakov et al., 1992a). In the later case, Chumakov et al.
(1992) used 198 human chromosome 21 specific STSs to screen a whole genome YAC
library and isolated 810 YACs, which could be grouped into a contiguous array of
overlapping clones covering the entire human chromosome 21q. Recently, STS content
mapping has been used either alone or in combination with other mapping methods to
construct physical maps for a number of human chromosomes including chromosome 3, 4,
7,10, 11, 12, 13, 16, 19, 21, 22, the X and Y chromosomes, and the whole human
genome as reported during the 1995 Cold Spring Harbor Genome Mapping and
Sequencing Meeting.

1.2.1.1 Generation of STSs
The application of STS content mapping to mammalian chromosomes or entire
genomes requires the generation of large numbers of STSs. For example, about 2,000

STSs are required to construct a map with an average interval of 100 kb between STS
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markers for a chromosome of 200 Mbp and a map of the whole genome with the same
resolution will require the development and mapping of at least 30,000 STSs. STSs can
be obtained from many sources. They can be polymorphic genetic markers such as
microsatellites, tri-, or tetra-nucleotide repeats, or genomic fragments randomly derived
from either the whole genome or specific chromosomal regions. STSs can also be
sequences derived from well characterized cDNA probes or ex;;ressed sequence tags
(ESTs) stored in public databases such as GDB or dbEST. Like other aspects of genome
analysis, the large scale generation of STSs is characterized by a highly integrated data
generation and analysis laboratory flow management system. Typically, the first step in
such an integrated system is to obtain specific DNA sequences from various sources. This
is followed by analysis of sequences to eliminate repetitive elements and sequence
duplication, and design and test of PCR primers in standard PCR assays, which includes
controls to verify the genomic origin of each STS. Such data flow systems have been used
to generate STSs for chromosome 4 {Goold et al., 1993), chromosome 7 (Green et al.,
1991a), chromosome 11 (Smith et al., 1993), chromosome 21 (Chumakov et al,, 1992a),
and chromosome 22 (Bell et al., 1995),

1.2.2 Interspersed repetitive sequence (IRS)

1.2.2.1 IRS in the human genome

In the human genome, SINES (short interspersed repeated sequences) and LINES
(long interspersed repeated sequences) are two classes of the most prevalent interspersed
repetitive sequences (JRS), which together account for at least 20% of the total human
genomic DNA (Jelinek and Schmid, 1982; Singer and Skowronski, 1985; Weiner et al.,
1986; Scott et al., 1987; Moyzis et al., 1989). The SINES class is dominated by the Alu
DNA sequence family, which has a consensus sequence of about 300 bp. It is estimated
that 500,000-1,000,000 copies of Alu sequence are dispersed in the human genome
(Deininger and Schmid, 1976). Thus, on average, one Alu-element occurs every 3 to 6 kb
in the human genome (Rinchart et al., 1981; Hwu et al, 1986). The human LINES class is
dominated by L1 DNA elements which have a consensus sequence of about 6.4 kb. In
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contrast to A/u sequences which have a similar length, many LINES sequences have serial
deletions of the 5° end or internal deletions and rearrangements resulting in considerable
length variations among individual L1 repeats. Nevertheless, most of L1-elements share
their 3’ end sequences. There are about 4,000-20,000 copies for the 5” end and 50,000-
100,000 copies of the 3’ end of L1 elements in a haploid human genome (Grimaldi et al,,
1984; Hwu et al,, 1986). Thus, on average, an L1 repeat occurs in the genome once per
30-60 kb.

1.2.2.2 Alu family members have a consensus sequence

Alu-elements are ancestrally derived from the 7SL. RNA gene (Ullu et al., 1984).
Alu-elements consist of approximately 300 bp and share a high degree of homology, which
allowed the derivation of a consensus sequence corresponding to the entire length of Alu
elements (Schmid and Jelinek, 1982; Fig. 3a). The human A/u-element is an imprecise
dimer of two directly repeated, approximately 130 bp monomer sequences with a 31 bp
insertion in the second monomer. The murine equivalent sequence (termed as Bl repeat) is
130 bp long, corresponding to a monomer of the human 4/u-element while the hamster
sequence is 134 bp long (Schmid and Jelinek, 1982). All rodent Alu-like sequences show
considerable homology with one half of the human 4lu sequence. Presumably Az and B1
elements are descendants of a common ancestral sequence that has been well preserved

during recent evolution.

1.2.2.3 The distribution of Alu sequences

The distribution of interspersed repetitive DNA sequence elements in the human
genome has been investigated by several groups. By in situ hybridization, Korenberg and
Rykowski (1988) found that the A/ family dominated in reverse R bands, and the L1
family dominated in Giemsa/Quinacrine positive bands. These authors concluded that with
the exception of some telomeric regions, 4/u- and L1-elements were precisely inversely
distributed along the chromosome. Baldini and Ward (1991) also observed that Alu
elements were not evenly distributed along the human chromosomes, but rather
concentrated in R-bands. In contrast, Moyzis et al. (1989) observed that repetitive
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Figure 3:

Consensus A/u sequence and scheme for Alu-element mediated amplification of IRS. (A)
Consensus A/u sequence and location of selected Alw primers. The orientation of the
primers is indicated by arrows. The 31-bp primate-specific region is highlighted in gray.
(B) Diagram showing A/ PCR amplification with primers Alu-end and ALE1. (This

figure is adapted and modified from Nelson et al., 1989).
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sequences are generally randomly spaced, with an average distance of 3 kb in the human
genome. However, local regions of ‘preference’ or ‘exclusion’ for the integration of
specific classes of interspersed repeat families, such as Alu sequences, were also suggested
by their data. Another study was conducted by examining the content of 4/u and L1
sequences in a group of 435 YACs all arising from the Xq24-q28 chromosomal region
(Porta et al., 1993). These authors observed a random overall distribution of the A/u and
L1 repeat sequences, and no apparent enrichment of A/ or L1 in DNA of G bands
compared to that found in R bands. However, they also found clusters of repetitive
elements in delimited regions of up to 100 kb. These authors suggested that the local
concentration of repetitive elements may account for the Korenberg and Kykowski finding
of differential hybridization of A/z and L1 probes to segments of metaphase chromosomes.
By sequencing of randomly selected DNA clones from R- and G- bands on chromosome
11, Yoshiura et al. (1993) also did not observe an uneven distribution of Alu sequences
between R- and G- bands on this chromosome. In summary, localization studies so far
have failed to provide a clear and consistent picture with regard to the distribution of

repetitive sequences in the human genome.

1.2.2.4 IRS PCR. application in human genome mapping

IRS PCR is a simple technique to amplify genomic fragments between two suitably
spaced and oriented IRS (e.g. Alu elements; Fig. 3b). IRS PCR was first demonstrated by
Nelson et al. (1989) for the Alu element (Alu PCR or Alu-element mediated PCR) to be an
effective means of producing human-specific DNA fragments from human/rodent somatic
cell hybrid DNA. The principle of this method is based on the fact that although the
repetitive sequence in rodent genomes have a high degree of homology to the human Alu
repeat (up to 70-80%), there is significant sequence divergence through mammalian
evolution. Primers can be designed for the primate-specific regions of Alu elements which
allow specific amplification of human sequences from hybrid cells on mouse or hamster
backgrounds. Thus, Afu PCR allows the generation of human specific-sequences from
somatic cell hybrids without prior knowledge of the human DNA sequence. The simple
Alu PCR technique was soon widely adapted for rapid generation of DNA probes from

17



somatic cell hybrids carrying specific chromosomal regions (Ledbetter et al., 1990;
Brooks-Wilson et al., 1990; Cole et al., 1991). AJu PCR can also be applied to a variety
of other DNA sources including YACs, Pls, BACs, and cosmids.

Recently, a new technique termed IRS-bubble PCR was developed (Munroe et al.,
1994). Unlike IRS PCR, which requires a pair of IRS in proper orientation and distance
with respect to each other, amplification by IRS-bubble PCR requires only a single IRS.
Genomic DNA from somatic cell hybrids, YACs, cosmids, or lambda phages is digested
with a 4-bp blunt-cutting restriction enzyme (e.g. Rsal, Alul, or Haelll) and then ligated
to a “bubble” anchor (a pair of preannealed primers with a non-complementary nucleotide
bubble in the middle). If a bubble ligated genomic fragment contains a single IRS, an IRS-
specific primer is used to direct the first-strand synthesis of the region between the IRS
and the annealed “bubble” oligos. The bubble primer and the IRS-specific primer then
direct the second-strand synthesis in subsequent rounds of amplification. The resulting
amplification product is at least 10-fold more complex than that produced by standard IRS
PCR. Thus, this technique is useful for the generation of complex IRS PCR products
from YACs, which can be used as probes for FISH analysis or for screening of other
genomic libraries such as cosmid or PAC libraries.

Alu PCR was first applied to genome mapping by Nelson et al. (1991), who used
the Alfu PCR method to generate probes from 110 X chromosome specific YACs. These
probes were then hybridized to somatic cell hybrid mapping panels for the X chromosome,
which allowed the regional assignment of the 110 YACs. More recently, the Alu PCR
approach was used as one of three methods in the construction of a YAC contig map of
the human genome (Cohen et al,, 1993; Chumakov et al,, 1995). In this study, inter-Alu
PCR products for 25,000 YACs and a monochromosomal somatic cell hybrid mapping
panel were derived by PCR, and spotted at high densiry onto membranes. The membranes
were then hybridized with inter-4%« PCR probes derived by amplification of individual
YAC DNA, which allowed the identification of overlapping YACs. The information for
the overlapping YACs was then used to assembly YAC contigs. Chumakov et al. (1992b)
also used the 4lu PCR technique to generate a chromosome 21-specific YAC sublibrary.
These authors performed Al PCR using DNA from two mouse-human somatic cell hybrid
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lines containing chromosome 21 as the only human chromosome DNA to generate Alu
PCR probes. These probes were then hybridized to membranes dotted with Alu PCR
amplification products derived from individual YACs of a whole genome YAC library.
Using this inter A/u element hybridization approach, they identified 63 chromosome 21-

specific YACs which constituted a chromosome 21 YAC sublibrary.

1.2.2.5 Alu PCR primers

Since the introduction of the A/ PCR technique, a number of Az primers have
been described and used. These primers include: TC-65, 278, 32, 33, 34, 515, 517
(Nelson et al,, 1989), PDJ66 and PDJ67 (Aslanidis and de Jong, 1991); Alu 559
(Ledbetter et al., 1990), Al (Brooks-Wilson et al., 1990); ALE34, ALE3, ALE1, and ALI
(Cole et al., 1991), Alu-5* and Alu-3’ (Tagle and Collins, 1992); A33 (Chumakov et al.,
1992b), Afu-S, Alu-J, 47-23, and Alu-end (Munroe et al., 1994). The location of the
targeted sequences within the Az consensus for selected primers is indicated in Fig. 3a.
Some primers (for example, TC-65, 517, 515, Alu-S and Alu-J) are targeted to the 31 bp
primate-specific sequence in the second repeat of the human Alu consensus sequence, and
allow specific amplification of primate sequehces in human-rodent somatic cell hybrids.
However, the 31 bp primate-specific sequence is located 74 bp upstream from the 3° end
of the Alu repeat element. The A/u PCR amplification products using primers derived
from the 31 bp region thus contain approximately 74 bp Alu sequences at both ends (the
exact length of the repeat sequences depends on the targeted position of the Afy primer
within the 31 bp region). The use of such Alu PCR amplification products as
hybridization probes requires the suppression of the Alu repeat sequences contained in the
probes by preannealing to an excess of sheared denatured human DNA. Some Afu
primers are derived from the very 5° (for example, Alu-5’, and ALE1) or 3’ (for example,
Alu-3’, Alu-end, and A1) ends of the Alu repeat elements. The amplified inter Afu PCR
products obtained by A/u-PCR using these primers are free of 41u repeat sequence.
Primers which are derived from the portion of the Alu repeat that is conserved among
mammalian Alu-equivalents (for example, Alu primers 278, 32, and 34) can not be used to
obtain human specific amplification products from somatic cell hybrid DNA. These
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primers are only useful for amplifying inter Alu sequences from cloned DNA contained in
YACs, Pls, BACs, or cosmids.

1.2.3 Clone DNA fingerprinting

A common type of clone DNA fingerprint is a pattern of DNA fragments resolved
on agarose gel which have been generated by cleavage of cloned DNA with restriction
endonuclease(s). In the mid-1980s, three pioneering projects were initiated to establish
the order of overlapping clones for all or part of the genomes of C. elegans (Coulson et
al., 1986), S. cerevisiae (Olson et al., 1986), and E. coli (Kohara et al., 1987) based on
DNA fingerprinting of randomly chosen clones. Overlap between clones was inferred
when these clones shared similar fingerprints. For example, Olson et al. (1986)
fingerprinted 5,000 lambda clones containing inserts with an average size of 15 kb of yeast
DNA by a double restriction enzyme digestion with LcoRI and HindIIl. A database was
constructed that contained the size of restriction fragments from all clones which was used
for pairwise comparison of DNA fingerprints of all clones. Based on the results of the
pairwise analysis, all clones were grouped into subsets, in which each member was related
to at least one other member by a significant overlap of the fingerprints. A computer
program was then used to generate restriction maps for all the clones in each subset, The
result of this study showed that the DNA fingerprinting approach could be used to
produce regional maps, which could serve as a framework for the construction of a
continuous global map of the yeast genome.

Until the early 1990s, attempts of large scale physical mapping by fingerprinting
had only been applied to organisms with small genome size such as C. elegans, S.
cerevisiae and E. coli. With the development of the YAC cloning systems (Burke et al.,
1987) and the repetitive-element hybridization fingerprinting technique (Cangiano et al,,
1990; Stallings et al., 1990; Bellanne-Chantelot et al., 1991), it became possible to map
the entire human genome by DNA fingerprinting. The principle of the repetitive-element
hybridization fingerprinting is the following: a Southern blot of restriction enzyme
digested YAC DNAs is hybridized with a selected class of repetitive sequences such as
Alu, L1, or simple sequence repeats such as (GT)n, or (AC)n. Since Alu and L1 repeat
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probes are specific to mammalian genomes, and simple sequence repeats only hybridize
with a few common sequences in yeast genomic DNA, the use of such repeat-element
probes allows the distinguishing of human inserts from the background of yeast DNA.
Thus, the combination of restriction enzyme digestion of YAC DNA and hybridization
with repeat-element probes produce fingerprints of individual YAC clones, which allowed
the detection of overlapping regions of individual YACs by comparing the pattern of
bands shared among YACs. Indeed, in 1992, a YAC-based physical map of entire human
genome which relied on repetitive-element hybridization fingerprinting was reported
(Bellanne-Chantelot et al., 1992). In this study, individual patterns of restriction
fragments for 22,000 YACs with average size of 810 kb were obtained by restriction
enzyme digesticn for all clones. Restriction fragments were size separated, transferred to
membranes and hybridized with an L1-probe. The resulting pattern of L1-containing
restriction fragments was compared among all clones and more than 1,000 contigs which
covered an estimated 15% to 20% of the human genome were assembled.

Despite these successes, DNA fingerprinting is not the first choice for the
construction of long contiguous sequence maps because it entails several labor-intensive
steps. However, fingerprinting has been and still is widely used to order and analyze
clones within sets of overlapping clones in order to obtain high-resolution physical maps
(Baxendale et al., 1993; Zuo et al., 1993; Patil et al., 1994). In the past few years, Alu
PCR fingerprinting which analyzed the pattern of Alu PCR amplification products
produced by individual clones was developed (Nelson et al., 1991). The Alu PCR
fingerprinting technique has been used to determine the extent of overlap between large
insert cIOﬁ:s._sp_qh as YACs, and to determine the orientation of a set of overlapping YACs
relative to each other (Nelson et al., 1991; Sidhu et al., 1992). -

1.2.4 Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a technique that allows the localization
of genes or DNA sequences along a chromosome, typically to a specific chromosomal
band. Chromosome bands are reproducible landmarks along the length of metaphase
chromosomes, which are used to distinguish individual chromosomes within a genome,
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and to identify a specific subregion of individual chromosomes. Chromosome bands can
be produced using a number of banding techniques such as G-banding (Schweizer, 1976;
Tucker et al., 1988), or R-banding (Cherif et al,, 1990). For example, the G-banding
pattern, which is a series of light and dark bands along the chromosomes, can be produced
by pretreatment of metaphase chromosomes with trypsin, followed by Giemsa staining.
G-banding can be viewed and photographed with a bright-field microscope. FISH analysis
is based on the deposition of fluorescent molecules in chromatin at the sites of specific
DNA sequences. Generally, specific DNA or RNA probes are labeled with reporter
molecules such as biotin, The biotinylated probe is hybridized to denatured metaphase
chromosomes or interphase nuclei. Following incubation with fluorescein-avidin, a
discrete fluorescent signal is visible at the site of probe hybridization. The probe
hybridized chromatid spreads are then stained with DAPI, which permits chromosome
identification by the G-band like pattern, and the hybridized probe can be viewed
simultaneously with flurorescein. The chromosomal band location of a probe can then be
determined by comparing the position of the fluorescence hybridization signal relative to
the DAPI-banded chromosome image.

As mentioned, the targets for FISH analysis can be metaphase chromosomes or
interphase nuclei, resulting in different levels of mapping resolution, FISH to metaphase
chromosomes allows DNA probes to be ordered with a 2-3 Mbp resolution (Lichter et al.,
1990; Lawrence et al., 1990). FISH to interphase nuclet was first introduced by Lawrence
et al. (1988), who hybridized Epstein-Barr virus infected nuclei with probes corresponding
to two viral DNA regions separated by 130 kb. Using interphase chromatin, the relative
order of probes separated by as little as 50 kb can be determined (Lawrence et al., 1988;
Trask et al., 1989; Lawrence et al., 1990; Trask et al., 1991). Probe ordering can be
derived either from interphase distances measured between pairs of probes (Trask et al.,
1989; Trasket al., 1991; Chang et al., 1993) or from multicolor probe labeling (Trask et
al,, 1991).

Since its development, the FISH technique has been used for a wide variety of
experiments including the investigation of the organization of interspersed repetitive
sequences in the human genome (Korenberg and Rykowski, 1988), the chromosomal



mapping of genes (Trask et al., 1989; 1991; Lichter et al., 1990; Lawrence et al., 1990:
Malo et al,, 1993b), the detection of chimeric YAC clones (Chang et al., 1993; Moir et al..
1994), and the chromosome regional assignmen: «.f YACs or cosmids (Chang et al., 1993,
Cohen et al,, 1993; Moir et al,, 1994; Lu-Kuo et al,, 1993; Ariyama et al., 1995). These
studies show that FISH has played an important role in genome research particularly for

the localization of DNA sequences to specific chromosome regions.

1.2.5 Colony hybridization

Colony hybridization allows the identification of filter grown and lysed
recombinant bacterial or yeast clones by hybridization with radio-labeled probes. The use
of colony hybridization in large scale physical mapping is based on robotic systems that
produce high density filter grids of cosmids or YACs (Nizetic et al., 1991; Ross et al.,
1992). For example, Ross et al., (1992) used a robotic device to spot 20,736 YACs onto
a 22 x 22 cm nylon membrane. After two days of growth, filters carrying yeast colonies
were subjected to a yeast colony lysis procedure and DNA was fixed to the filters. The
filters were then ready to be used for hybridization experiments (Ross et al., 1992).

One advantage of colony hybridization is that the hybridization of high-density
gridded clone filters allows the use of complex probes, i.e. a probe composed of many
different DNA fragments, to identify clones with inserts from large regions of a
chromosome in a single hybridization experiment. As demonstrated by Ross et al. (1992),
388 chromosome 21-specific YACs were identified in a single experiment by hybridization
of a complex probe derived from chromosome 21 to a high-density gridded array of YACs
on a nylon membrane from a whole genomic human YAC library. Another advantage of
the technique is that it does not require sequencing or oligonucleotide synthesis for marker
development. Indeed, probes used for colony hybridization can be cDNAs, RFLP probes,
or Alu-PCR products derived from a variety of DNA templates. The limitations of this
method are that hybridization signals are weak for YAC colony hybridization, since the
YAC DNA only represents approximately 5% of the total yeast DNA, and that membranes
can be reused only a limited number of times.
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1.3 Maps

A map is a graphic representation of a milieu usually on a plane surface. Maps are
distinguished from other forms of graphical presentation by rigorous application of
objective rules for milieu description. Indeed, one can say, that the pivotal step in map
creation (mapping) is measurement. Measurement defines the spatial relationship of
objects which are usually chosen by convenience, logic and/or necessity to best represent
certain features of the milieu. The choice of objects frequently dictates the unit of
measurement, and in crude maps, objects themselves sometimes can represent the units of
measurement. A map usually represents only one aspect of a milieu which for subjective
reasons was defined tc be satisfying or useful. The dichotomy of objective measurements
and subjectively chosen objects is a basic feature of any map. A map also has a resolution
which is defined by the minimal distance between two objects that can be described
accurately in the map. Finally, the change of most milieus with time, the subjectivity of
object choice and improvements on the units of measurements are the main reasons why
there is never a finite map of a milieu.

The commonly used maps in genome research include physical-, genetic-,
cytogenetic-, radiation hybrid-, transcription- and comparative genome- maps. The milieu
for these maps generally is the chromosome. Depending on the type of map, the units of
measurements are centiMorgan (cM), basepair (bp), centiRay (cR), chromosome bands,
cosmids and YACs, while the objects can be loci, markers, STSs or IRS PCR probes.
Since each map represents only one aspect of a chromosome, different maps have their

own usefulness in gene mapping and identification.

1.3.1 Clone-based physical maps (contig maps)

A contig map is one type of physical map that linearly displays a set of ordered
clones along a chromosome. The unit of measurement for a contig map is a clone and the
object is a marker such as an STS or a hybridization probe which detects overlapping
clones. A contig map that consists of YACs is called a YAC contig map while a map

consisting of cosmids is called a cosmid contig map. The resolution of contig maps is
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defined by the insert size of clones: the smaller the insert size of clones, the higher the

resolutiun of a contig map.

1.3.1.1 YAC contig maps

YAC contigs are sets of ordered overlapping clones which are constructed
manually or through computer programs by lining up YACs that contain common
markers. This process is often complicated by inconsistent mapping data such as chimeric
YACs, and false positive or false negative identification of YACs. The contig generation
is made easier if the order of markers that detect YACs is known. To date, YAC contig
maps have been constructed for a large number of chromosomal regions throughout the
human genome, including the Huntington disease region (Huntington disease collaborative
group, 1993), the q24-q28 region of the X chromosome (Schlessinger et al., 1991, Little
et al., 1992), chromosome 21g (Chumakov et al., 1992a), and the Y chromosome (Foote
et al,, 1992). For example, the chromosome 21q contig map consists of 810 YACs
detected by 198 STSs while the Y chromosome contig map displays 196 YACs detected
by 160 STSs. Recently, two genome-wide YAC contig maps have been constructed by
the CEPH/Genethon group (Chumakov et al., 1995) and the Whitehead Institute/MIT
Genome Center (http://www-genome.wi.mit.edu). Both maps consist of overlapping
YACs anchored to a comprehensive set of genetic markers and are publicly available on
the internet. These two maps provide useful YAC mapping information for further
analysis of the genome such as positional cloning of disease genes. However, there are a
number of limitations with these two maps including inconsistencies of the data produced
by both groups, and the incompleteness of the maps, i.e. the existence of a large number of
contig gaps across the genome. Thus, the improved YAC contig maps of the human
genome require a careful examination and refinement of the data, and integration of data
produced by chromosome-specific mapping efforts.

1.3.1.2 Cosmid maps

Two approaches have been used to construct high resolution cosmid or

bacteriophage contig maps. The ‘bottom up’ approach, uses information of clone DNA
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fingerprints to construct overlapping contigs (see section 1.2.3). This approach requires
very precise measurements of restriction enzyme digestion fragments and many pairwise
comparisons of fingerprints between clones to assemble accurate contig maps. The ‘top
down’ approach, by contrast, utilizes previously determined mapping information, i.e.
YAC contigs from regions of interest, to derive a subset cf cosmid clones and then to
assemble thesc cosmids into contig maps. This approach was used to construct cosmid
contigs and a high-resolution restriction map for the Huntington disease region on human
chromosome 4 (Zuo et al., 1993; Baxendale et al., 1993), the Down syndrome region on
human chromosome 21 (Patil et al., 1994), and the entire chromosome 21 (Nizetic et al,,
1994). The ‘top down’ approach significantly reduces the number of pairwise
comparisons among different clones and the amount of redundancy and overlap required

to obtain a contig map.

1.3.2 Genetic maps

Genetic maps display the order of different genetic markers and the interlocus
distances along the chromosome. They are based on a biological process termed “crossing
over’, which occurs during gamete formation and results in an exchange of homologous
markers between pairs of chromosomes. The objects of genetic maps are genetic markers,
which have to be polymorphic among the population in order to trace the ‘crossing over’
event. In other words, each genetic marker need to have o or more alleles, and the
rarer allele has to have a frequency of at least 0.01 in the population. The degree of
informativeness or polymorphism of a genetic marker can be measured by the polymorphic
information content (PIC) value, which depends on the number of alleles at the marker
locus and their relative frequencies (Ott, 1991). Markers that are closer together on the
same parental chromosome are more likely to segregate together, while markers that are
far apart from each other are more likely to separate during meiosis. Genetic maps are
constructed by determining the frequency of markers segregating together. The observed
recombination frequencies can be transformed into genetic distances and the likely order
of loci can be established. The unit of the measurement for a genetic map is centiMorgan
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(cM). A cM corresponds to a genetic length over which one observes recombination 1
percent of the time,

There are different classes of genetic maps. Two common classes are
comprehensive and framework maps (Keats et al., 1991). Comprehensive maps consist of
all the markers which can be uniquely placed at their most likely location regardless of
local statistical support. Significant statistical support is generally defined as the
likelihood ratio of 1,000:1 for the most likely locus position relative to neighboring loci, as
compared to any other location. The comprehensive maps provide unique locations for
every locus for which genotyping is available in a data set. Thus, the comprehensive maps
are of high-rzsalution (i.e. smaller average interlocus distance), However, the lack of
local statistical support sometimes make the local order of the markers and the interlocus
distance unreliable. Therefore, comprehensive maps must be used with caution. In
contrast, framework maps only represent loci that can be ordered with odds of 1,000:1 or
greater. Framework maps are thus conservative but more reliable for ordering of loci as
compared to the comprehensive maps. Markers on the low-resolution framework maps
can be used for the placement of other markers, which create a higher-resolution of the

comprehensive maps.

1.3.2.1 Development of genetic markers for the construction of genetic maps

The first genetic markers used t= <onstruct genetic maps were a limited number of
phenotypic markers, including blood group antigens, serum protein markers, and
erythrocyte isozymes (Mohr, 1954; Giblett, 1969). Such markers generally displayed low
PIC values which limited the development of high resolution genetic maps. In 1980,
Botstein et al. observed that there were numerous detectable DNA sequence variations in
the human genome, which could be used as markers for genetic mapping (Botstein et al.,
1980). The first type of DNA-based marker used in genetic mapping were markers that
detected restriction fragment length polymorphisms (RFLPs), which varied in the length of
DNA fragments generated by restriction endonuclease digestion of genomic DNA among
the population. Markers which detect RFLPs can be cDNA probes or genomic clones free
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of repeat-sequences. Due to the relatively low informativeness of most RFLPs, the RFLP
probes were soon supplemented by the more informative minisatellites (Jeffreys et al.,
1985), or variable number of tandem repeat (VNTR) sequences (Nakamura et al., 1987).
Minisatellites or VNTR sequences consist of tandem repeats of a DNA unit and the
number of repeats varies among the population. The subsequent discovery of
microsatellites, i.e. short tandem repeat polymorphims (STRPs), has provided another
source of DNA markers (Weber and May, 1989). The vast majority of microsatellites
reported to date display dinucleotide repeats, or (CA)n, although increased numbers of tri-
and tetra~-nucleotide repeats are also being discovered. Microsatellites are widely
dispersed throughout eukaryotic genomes (Hamada et al., 1982; Stallings et al., 1991). It
was estimated that there are at least 35,000 (CA)n simple tandem repeats with n >12
uninterrupted dinucleotides per human haploid genome (Weber, 1990). These markers are
highly polymorphic (Weber and May, 1989; Weber, 1990), and there are about 12,000 and
7,000 (CA)n repeat blocks with PIC values of 0.50 and 0.70, respectively, in the human
genome (Weber, 1990). These markers are also easily typed by PCR since they are
defined by a pair of primers flanking the repeat sequences. The above characteristics
make microsatellites ideal markers for the construction of high-resolution genetic maps of
the human genome. Indeed, the four most recent genetic maps of the whole genome were
constructed using a large number of microsatellites including dinucleotide, tri- and tetra-
nucleotide repeats (Gyapay et al., 1994; Buetow et al., 1994; Matise et al., 1994; Murray
et al,,.1994).

1.3.3 Cytogenctic maps

The cytogenetic maps display chromosomal band positions of DNA markers.
Metaphase chromosomes can be divided into characteristic bands or subbands by a variety
of cytogenetic banding techniques (see section 1.2.4). It is possible to discriminate at least
a thousand bands per haploid human genome (Yunis, 1976). The unit of measurement for
the cytogenetic maps is chromosome bands or subbands and the objects are markers which
can be cDNA probes or genomic clones such as cosmids or YACs. DNA markers can be

assigned to a particular chromosome band or subband by in situ hybridization or FISH
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analysis (Rudkin, 1977; Trask, 1993). For example, a cDNA probe for VIL was assigned
to chromosome 2, region q35 (Rousseau-Merck et al,, 1988), which indicates that the }7L
gene is located on the long arm of human chromosome 2 at band q35. To date, a large
number of genes, ESTs and genetic markers have been assigned to a particular
chromosome band or subband, which provides the basis for the cytogenetic map of the
human genome. In addition, a large number of cosmids and YACs which are part of
contig maps have also been cytogenetically mapped by FISH (Chang et al., 1993; Trask et
al., 1993; Cohen et al., 1993; Moir et al,, 1994), which allows the integration of
cytogenetic maps with contig maps (Cohen et al,, 1993; Chumakov et al., 1995).

1.3.4 Radiation hybrid (RH) maps

RH maps represent markers along chromosomes. The RH mapping technique was
first described by Goss and Harris (1975), and subsequently modified and improved by
Cox et al. {(1990). The basis for RH mapping is the ‘irradiation and fusion gene transfer’
(IFGT). Briefly, a rodent-human somatic cell hybrid containing a single human
chromosome is lethally irradiated with X-rays, which results in fragmentation of the
human chromosome. Fragment-bearing hybrid cells which are not viable are then fused
with a rodent cell line in a selective medium. The resulting hybrid clones contain unique
sets of fragments from the original human chromosome and are named radiation hybrids.

The basic principle for constructing RH maps is that two loct which are close on a
chromosome are less likely broken apart by radiation, and thus display correlated retention
patterns in a hybrid panel, while markers far apart are independently retained (Cox et al.,
1990). A panel of radiation hybrids can be typed for presence or absence of human DNA
markers and a RH map is constructed by determining the frequency of marker retention,
which can be transformed into order and distance between them. The objects of RH maps
are markers which do not need to be polymorphic. Indeed, each unique marker is
informative for RH mapping. The unit of measurement in RH maps is the centiRay (cR),
which depends on the radiation dose used to generate radiation hybrids (Cox et al., 1990).
A distance of 1cR (N rad) between two markers corresponds to 1% frequency of breakage

between these two markers after exposure to an irradiation dosage of N rad of X-rays.
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The resolution of RH maps can be adjusted by altering the X-ray dose used to fragment a
chromosome. The cR distances can also be scaled to physical distances between loci by
using the information as determined by other mapping methods such as PFGE or YAC
cloning experiments. Such correlation can be used to compare the mapping resolution of

different hybrid panels produced under different radiation condition.

1.3.4.1 Whole genome radiation hybrid (WG-RH) mapping

RH maps have been constructed using chromosome-specific hybrid panels for a
large number of chromosomal regions of the human genome, including the distal short arm
of chromosome 11, containing the Beckwith-Wiedernann and associated embryonic tumor
disease loci (Richard et al., 1993) and the distal long arm of chromosome 4, containing the
facioscapulohumeral muscular dystrophy (FSHD) gene (Winokur et al., 1993). RH maps
were also constructed for individual human chromosomes such as chromosome 11 (James
et al,, 1994). Recently, the RH mapping technique was further applied to whole genome
mapping (Walter et al., 1994). Instead of using a rodent-hurtan somatic cell hybrid
containing 2 known chromosome as a donor cell, WG-RHs were constructed by fusing
irradiated diploid human fibroblasts with hamster cells. Each WG-RH contained
chromosomal fragments randomly detived from the whole human genome and thus can be
used to type markers for each chromosome. The advantage of WG-RH mapping panels is
that as few as 100 WG-RH cell lines with marker retention frequencies between 20-50%
can be used to systematically produce a high resolution map of the entire human genome
(Walter et al., 1994). In contrast, to construct a RH map of the whole genome using
chromosome-specific hybrids instead of WG-RHs would require over 4,000 hybrids, since
between 100 and 200 chromosome-specific hybrids are needed to map each chromosome
(Barrett., 1992). Thus, the WG-RHs provide a useful resource for constructing RH maps

of the whole genome.
1.3.5 Integrated maps

As described in the previous sections, each type of map used in human genome

research represents unique aspects of human chromosomes. Integrated maps integrate
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different aspects of human chromosomes into single maps, and thus provide the most
comprehensive picture of human chromosomes. The basis for the integration of different
types of map is that they share common objects, i.e. markers such as STSs, An example
of such an integrated map is shown by Bell et al. (1995). These authors used 238
chromosome 22-specific STSs which were derived from cytogenetically mapped genes
and ESTs or genetically mapped markers. These STSs were assigned to specific regions
of the chromosome using a chromosome 22 somatic hybrid mapping panel which was
defined by cytogenetic breakpoints, and then used to screen the YAC libraries and
identified 587 YACs. These YACs were assembled into contigs based upon their STS
content and ordered along the chromosome based upon the cytogenetic breakpoint and
genetic map information of the STSs. Thus, the final map provided an integrated view of
physical, cytogenetic and genetic maps of chromosome 22. Similarly, several
chromosome-specific efforis have created integrated maps for human chromosome 7
(Green et al., 1994), chromosome 11 (Fantes et al., 1995), chromosome 12 (Lebianc-
Straceski et al., 1994), and chromosome 13 (Hawthorn et al., 1995).

Part IL Genetic studies of innate susceptibility to tuberculosis and leprosy

1.4 Tuberculosis and leprosy: two major mycobacterial diseases in humans

Tuberculosis, which is caused by Mycobacterium tuberculosis, is a highly
prevalent infectious disease. It is estimated that about one-third of the world’s population
is infected with M. tuberculosis, and 30 million people are expected to lose their lives in
the next decade from this disease (World Health Organization, 1994). Leprosy, which is
caused by Mycobacterium leprae, is a chronic infectious disease and afflicts an estimated
5.5 million people in the world (Noordeen et al., 1992). Both tuberculosis and leprosy are
characterized by a wide spectrum of disease phenotypes, and by the fact that most
individuals infected by the causative mycobacteria do not develop clinically evident forms
of the disease {(Godal and Negassi, 1973; Lenzini et al., 1977). While environmental
exposure to mycobacteria is necessary for the development of tuberculosis and leprosy,
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several lines of evidence suggest that genetic factors play an important role in both the
susceptibility to mycobacterial infection per se and the development of the varying clinical
manifestations of these two diseases (Buschman et al., 1990). These evidences include:
racial differences in disease susceptibility, familial clustering of the disease, survival of
certain ethnic groups during large epidemics, and higher concordance of disease among
monozygotic twins as compared to dizygotic twins (for review, see Fine, 1981; Stead,
1992). More recently, complex segregation analyses in leprosy families have established |
the importance of a genetic component for leprosy susceptibility (Abel and Demenais,
1988; Abel et al., 1995). Based on the accumulated experimental data, it is hypothesized
that differential susceptibility to mycobacterial infections is influenced by two sets of
genes: human leukocyte antigen (HLA)-linked genes that are associated with the subtypes
of leprosy or tuberculosis, while non-HLA-linked genes are believed to control
susceptibility to the establishment of clinically significant infection (or disease per se, i.e.
regardless of the disease subtype; for review, see Schurr et al., 1990a).

Since both environmental and genetic factors are involved in the manifestation of
tuberculosis and leprosy, the genetic study of these diseases has remained a difficult task.
Thus, to dissect the contribution of diverse genetic and environmental factors to disease
susceptibility, several mouse models for the study of mycobacterial infection were

developed (for review, see Schurr and Skamene, 1995).

1.5 Innate resistance/susceptibility to mycobacterial infection in mice

In the mouse, host response to infection with a small dose (2 x 10* CFUs) of i.v.
injected Mycobacterium bovis (Bacille Calmette-Guerin, or BCG) is biphasic: an early
non-immune phase {0-3 wk), and a late immune phase (3-6 wk) which is controlled by
host genes from the major histocompatibi]ity complex (Gros et al., 1981; Lagrange, 1983).
The murine innate resistance/susceptibility to Ad. bovis infection during the early phase
was found to be under the control of a single, autosomal gene which was designated Beg
(Skamene et al., 1982). The Bcg gene was also shown to control natural resistance to
other mycobacteria such as M. lepraemurium (Skamene et al., 1984), M. intracellulare
(Goto et al., 1989), M. avium (Appelberg, 1990), other atypical mycobacteria (Denis,
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1986), and antigenically unrelated intracellular parasites such as L. donovani and S.
typhimurium, respectively (Bradley, 1977; Plant and Glynn, 1976).

The cellular basis for the Bcg gene mediated phenotype was subsequently
identified by in vivo cell depletion and cell transfer experime. s as the mature tissue
macrophage (Gros et al., 1983; Stach et al,, 1984). Several in vivo and in vitro studies
have shown that various phenotypic markers of activated macrophages are expressed at
higher levels in macrophages derived from Bcg’ mice, and these Bcg’ macrophages have a
superior bactericidal ability (for review, see Buschman et al., 1989). The “pleiotropic
effects” of the Bcg gene suggest that the gene may play a role in controlling the
priming/activation of macrophages for antimicrobial activity (for review, see Buschman et
al., 1989; Bluckwell et al., 1921; 1994).

The similarities of host responses to mycobacterial infections in humans and mice,
e.g. the biphasic response in mice and the two sets of genes in humans, suggest that the
mouse is a useful animal model for the genetic study of the resistance/susceptibility to
tuberculosis and leprosy. A human homologue of the mouse Beg gene would thus be a
good candidate for the genetic component of disease susceptibility detected in twin and
segregation studies (Comstock, 1978; Abel and Demenais, 1988, for reviews, sec Schurr
etal., 1991a, b).

1.6 Comparative mapping

Comparison of the genetic maps of different species, in particular mouse and
humar, indicates a large number of chromosome regions where both gene content and
genetic order of loci are conserved (O’Brien, et al., 1988; Nadeau and Taylor, 1984;
Nadeau, 1989; Liu et al., 1993). These conserved chromosome regions allow the
prediction of locations of homologous genes in other species. For example, if a mouse
locus is localized on a mouse-human conserved linkage group, a likely location of the
corresponding human homologue can be predicted by comparative mapping information.
Such an approach has been used successfully to identify or to establish linkage for a

number of disease genes including the genes causing Charcot-Marie-Tooth disease type 1
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(CMT1) (Vance et al., 1991; Welcher et al., 1991), and the neural crest mutations of
Waardenburg syndrome type I (WS1) (Epstein et al., 1951; Baldwin et al., 1992).

Genetic linkage studies have identified a segment of approximately 32 ¢M on
proximal mouse chromosome 1, flanked by Col3a/ and Col6a3 at the proximal and distal
sides of Bcg, respectively, that is precisely conserved on the telomeric half of human
chromosome 2q (Schurr et al., 1990b). Subsequent genetic studies also indicated that the
gene order appears to be conserved between mouse and human (Shaw et al., 1993; Spurr
et al.,1994). Applying the comparative gene mapping approach to the study of
susceptibility to tuberculosis and leprosy, the chromosome 2 region q33-q37 became a
primary target for the search of a tuberculosis and leprosy susceptibility gene (for reviews,
see Schurr et al,, 1991a, b).

1.7 Generation of geneiic markers for genetic studies of tuberculosis and leprosy
susceptibility

Prior to the identification of a human Bcg homologue, chromosome 2q loci
syntenic on proximal mouse chromosome 1 were tested for co-segregation with
resistance/susceptibility to tuberculosis and leprosy in multiplex families. The vast
majority of genetic markers used for these genetic studies were RFLP markers from
chromosome 2, region q33-q37 (Jazwinska and Seijeantson, 1988; Shaw et al., 1993;
Levee et al.,, 1994; Boothroyd, 1994). Most of these RFLPs were generated from the
following genes: CRYGI, CRYGP1, MAP2, FNI, VILI, DES, COL6A3, INP1, INHA,
UGTIAI. Using the RFLP markers derived from the known genes on the 2q33-q37
region and two anonymous RFLP markers D2555 and D253, Shaw et al. (1993)
constructed an RFLP map and proposed the following gene order and loci intervals (cM):
CRYGI-(4.65)-MAP2-(3.45)-FNI1-(5.95)-TNP-(3.41)-VILI-(3.01)-DES-(20.14)-
COL6A3-(10.91)-D2855-(3.67)-D253. This map represents the most detailed genetic
map of expressed genes to date for the telomeric region of human chromosome 2q.

Recently, through the global efforts of the Human Genome Project, a significant
number of anonymous markers were generated for the whole human genome, including
chromosome 2q33-q37, which can be used for linkage studies (Spurr et al,, 1994; Gyapay
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et al,, 1994; Buetow et al., 1994; Matise et al., 1994; Murray et al., 1994). However,
most of these markers are anonymous microsatellites and the order of these markers is not
established with respect to known genes. The maximum usefulness of these highly
polymorphic microsatellites in linkage studies of disease genes thus awaits the integration

of these markers with markers generated from known genes.

1.8 Genetic and physical mapping of Bcg on the proximal region of mouse chromosome 1

By segregation analysis of Bcg in recombinant inbred mice, Bcg had been initially
mapped to the proximal region of mouse chromosome 1 between /dh-! and Pep-3
(Skamene et al., 1982). Subsequently, a number of additional RFLP markers,
microdissected DNA probes, chromosomal walking probes, and SSRP markers were
generated and mapped to proximal mouse chromosome 1. These additional markers
greatly increased the resolution of the genetic map overlapping the Bcg gene region
(Schurr et al,, 1989; Malo et al., 1991; Vidal et al., 1992; Malo et al., 1993a; Epstein et
al., 1994) and the following locus order and genetic map distances (cM) were established:
centromere-Col3al-(8.8)-Cryg-(2.6)-AMm1C163-(1.6)-Fn-1-(2.0)-Tp-1-(1.0)-
DiMcgl05-0.1)-AMm1CI65/Vil/Bcg-(0.2)-AMm1C136-(0.3)-Des/D IMit7-(0.1)-Inha-
(2.8)- AMm1C153-(2.4)-AMm {C156-(1.2)-Pax-3-(5.6)-Akp-3-(0.8)-Acrg-(2.0)-Sag-(0.5)-
Col6a3 (Malo et al,, 1993 a, b). The two most closely linked markers to Bcg were
AMm1C165 and Vil, which did not combine with Bcg in 1424 meioses tested (Malo et al.,
19932). The minimal genetic Bcg interval region provided the framework for the
construction of a high resolution physical map of the Beg region.

The construction of a physical map overlapping the Bcg gene was undertaken
using pulse field gel electrophoresis (PFGE) and fluorescence in situ hybridization (FISH)
techniques (Malo et al., 1993b). The combined results of these analyses indicated the
following locus order and maximal interlocus distances for the 3.9-Mbp segment of
proximal mouse chromosome 1 overlapping the Bcg gene: TpJ-(1000 kb)-DIMcgl05-
(160 kb)-AMm1C165-(180 kb)-Vil-(800 kb)-AMmiC136-(290 kb)-Des-(130 kb)-Inha
(Malo et al., 1993b). The two markers (DJMcgl05 and Vil) tightly linked to Beg , were
used as entry probes to assemble a 400-kb cosmid, phage and YAC contig, which
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provided the basis for the molecular cloning of the Beg gene (Vidal et al.,, 1993; Malo et
al., 1993a, b).

1.9 Cloning the Nramp! gene - a candidate for Bcg

Since there was no visible cytogenetic rearrangements detected in the 400 kb Beg
candidate region, the exon amplification technique (Buckle et al., 1991) was used to
search for a Bcg candidate gene (Vidal et al., 1993). Systematic screening of transcript
units for the 400 kb Bcg candidate region led to the identification of seven genes, Vil and
six other unknown genes. Among the six new genes, one was found to be expressed
exclusively in spleen and liver, and in mature tissue macrophages, the tissues and cell type
known to phenotypically express Beg (Gros et al,, 1983). This gene was designated
“Nramp1” (originally “Nramp") for natural resistance-associated macrophage protein.
The original Nrampl cDNA sequence was subsequently modified by the additional NH2-
terminal sequence of Nramp., which encodes a proline/serine-rich putative Src homology
3-binding domain (Barton et al., 1994).

Several lines of evidence suggest that Nrampli and Beg are allelic: 1) Nramp! lies
in the Bcg candidate region between DIMcgi05 and Vil (Malo et al., 1993a); 2) Nrampl
is expressed in the tissues and cell types that display the Bcg-mediated phenotype; 3)
haplotype analysis of the Nramp. region and nucleotide sequence analyses of the Nramp1
cDNA for 27 inbred mouse strains of either Bcg’ and Bcg® phenotype showed that the
susceptibility trait was associated with a nonconservative glycine to aspartic acid
substitution within the predicted transmembrane domain 2 (TM2) of the protein (Malo et
al,, 1994). More recently, another line of evidence, which supports that Nramp1 and Beg
are allelic was provided by the creation and phenotypic analysis of a null allele at the
Nrampl locus by homologous recombination in embryonic stem cells of Beg® background
(Vidal et al., 1995b). The Nrampl homozygous null mice have the same susceptibility
phenotype to BCG infection as inbred mice carrying the Beg'-allele.
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1.10 The human NRAMPi gene

The human NRAMP! gene was subsequently cloned by screening a human adult
spleen cDNA library with a murine Nramp! ¢cDNA as a hybridization probe (Cellier et al.,
1994). The human gene is composed of at least 15 exons and the predicted polypeptide is
a 550-amino acid residue membrane protein with 10-12 putative transmembrane domains,
two N-linked glycosylation sites, and an evoiutionary conserved energy coupling
consensus transport motif. Northern blot analyses indicate that the highest sites of
expression for NRAMP! mRNA are peripheral blood leukocytes, lung, spleen and cultured
macrophage cells. Sequence comparison of the predicted human and mouse NRAMP1
protein revealed a remarkably high degree of amino acid conservation between the two
species (88% identity, 93% similarity). The human NRAMP gene was also independently
isolated and characterized by two other groups (Kishi et al., 1994; Blackwell et al., 1995).

The extensive homology between mouse and human Nramp! genes, and the tissus
specific expression of the gene suggest that its function could be highly conserved. To
date, three hypotheses for the Nramp! function have been proposed. First, Nramp/! codes
for a nitrite transporter, which is based on its similarities with an eukaryotic nitrate
transporter through a conserved consensus transport motif known as the “binding protein-
dependent transport system inner membrane component signature” (Cellier et al., 1994).
This hypothesis is attractive since nitric oxide (NO) plays an important role in
antimicrobial or tumoricidal activity (Nathan and Hibbs, 1991; Nathan, 1992; 1995).
Nrampl may be involved in transporting nitrite to the phagolysosome of the infected
macrophages, where toxic NO could be regenerated through a dismutation reaction
catalyzed by the acid environment. However, this hypothesis is not in agreement with the
studies which demonstrated that the TNF-a-dependent inducible nitric oxide synthase
(INOS) gene was responsible for the generation of large amounts of toxic NO (Roach et
al., 1994), and the pleiotropic effects of the Bcg gene also are difficult to explain by this
model. Second, Nrampl protein may be involved in signal transduction. This hypothesis
was based on the presence of 2 domain rich in proline, serine, and basic amino acids in the
N-terminal sequence of Nramp!, which shares sequence identity with the SH3 binding
domain of proteins involved in signal transduction (Barton et al., 1994). However, this
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domain is located in a region that showed the lowest degree of homology among different
species inciuding human and mouse NRAMP1 proteins (Cellier et al., 1994; 1995). An
alternative hypothesis is that Nramp/ is associated with the regulation of L-arginine
transport in activated macrophages. This hypothesis originated from the study in rodents
showing that NO required for the antimicrobial or tumoricidal activity scemed to derive
from the pathway of L-arginine through NOS, rather than by its regeneration from nitrate
{Blackwell et al., 1994). Preliminary experiments showed a significant enhancement of L-
arginine transport in the macrophage cell line derived from Bcg® mice which was
transfected with Nramp! isolated from activated Bcg’ macrophage ¢cDNA library as
compared to the untransfected controls (Blackwell et al., 1994). However, in man, NOS
does not appears to be conserved as antimicrobial system of macrophages (Schneemann et
al., 1993). Thus, the biological function of Nramp{ still remains to be determined.

Based on the mouse model and the results of genetic analyses of tuberculosis and
leprosy susceptibility, it has been predicted that the human Nrampl homologue may be a
susceptibility gene for mycobacterial disease of humans. The cloning of human NRAMP!
provided an esseni’al tool to test its predicted role in resistance/susceptibility to
mycobacterial infection by linkage or association analyses. Towards this end, the
immediate task was to generate informative markers within or in the immediate vicinity of
the NRAMP! gene. Recently, a number of polymorphisms have been identified in the
human NRAMP! gene. These polymorphisms include 8 RFLP-PCR vartiants, (Chapter 4),
a rare 9-mucleotide repeat polymorphism in exon 2 (White et al., 1994), a dinucleotide
repeat polymorphism in the promoter region (Chapter 4; Blackwell et al., 1995), and a
highly polymorphic 4 bp insertion/deletion in the 3’ untransiated region (UTR; Buu et al,,
1995).

1.11 Nramp! belongs to a small gene family

While cloning the human NRAMPI gene, two sets of hybridization fragments
(strong and weak ones) were identified in Southern blot analysis of total human genomic
DNA with a mouse Nramp! cDNA probe under low stringency conditions. This
observation led to the identification of two related NRAMP genes in humans (Cellier et al,
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1994; Vidal et al., 1995a). The set of strong hybridization fragments corresponds to the
human homologue of mouse Nramp! (Vidal et al,, 1993). The set of weak hybridization
fragments corresponds to the second NRAMP gene, which was designated as NRAMP?2
(Vidal et al., 1995a). Similarly, by cross-hybridization experiment with mouse Nramp/
cDNA or Nramp-derived probe, two other mouse Nramp genes were identified. One
was designated Nramp2 (Gruenheid et al., 1995), while the other one was called Nranip-rs
(Dosik et al., 1994).

Sequence comparison analysis showed that these Nramp sequences {except
Nramp-rs, which sequence awaits to be determined) shared a high degree of similarity.

For example, the mouse Nrampl and Nramp2 proteins share 63% identical residues and
an overall homology of 78% (Gruenheid et al., 1995), while the two human NRAMP
proteins share 66% identical residues and 80% overall homology (Vidal et al., 1995).
Nramp proteins also share other predicted features such as hydropathy profiles, membrane
organization, a cluster of predicted N-linked glycosylation sites, and a consensus transport
motif (Gruenheid et al., 1995; Vidal et al., 1995a).

In contrast to the high sequence homology, the RNA expression profiles of
different members of the Nramp family are very different. The mouse Nramp! and human -
NRAMP] have a restricted tissue expression pattern, while the mouse Nramp2 and human
NRAMP2 mRNAs were found to be expressed at low levels in all tissues tested
(Gruenheid et al., 1995; Vidal et al., 1995a). Interestingly, Nramp genes are not clustered
in the genome. Human NRAMP! and NRAMP2 were mapped to chromosome regions
2q35 and 12q13, respectively {Cellier et al., 1994; Chapter 4; Vidal et al., 1995a}, while
* the mouse Nrampl, Nramp2 and Nramp-rs genes were mapped to the proximal region of
chromosome 1, the distal part of chromosome 15, and the proximal region of
chromosome 17, respectively (Vidal et al,, 1993; Gruenheid et al., 1995; Dosik et al,,
1994). |

Recently, Nramp homologues from additional species including cattle, fly, plant,
and yeast were identified (Cellier et al., 1995). Comparison of amino acid sequences of
these proteins with their murine counterpart revecaled a remarkable sequence identity and

similarity, and the sharing of a common predicted transmem::mane topology (Cellier et al.,
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1995). Based on the characterization and comparison of these proteins, it was proposed
that this group of Nramp proteins forms a novel family of membrane transporters, which
share 2 common mechanism of action on yet to be identified substrates (Cellier et al.,

1995).

1.12 Conclusion

The identification of mouse Nramp! has opened the door to investigate its role in
susceptibility to infection with intracellular pathogens and a better understanding of
cytocidal or cytostatic functions of tissue macrophages. Likewise, the cloning of a human
Nrampl homologue (NRAMPI) allows the formal testing of its predicted role in
susceptibility to tuberculosis and leprosy. The insight gained from further genetic and
functional studies of Nramp I/NRAMP! will provide crucial information necessary for the
development of an immunotherapeutic strategy for treatment of those who are for genetic

reasons at increased risk of acquiring mycobacterial disease.
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CHAPTER 2:
Large-scale cloning of human chromosome 2-specific yeast artificial chromosomes

(YACs) using an interspersed repetitive sequences (IRS)-PCR approach
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We report here an efficient approach te the estab-
lishment of extended YAC contigs on human chromo-
some 2 by using an interspersed repetitive sequences
(IRS)-PCR-based screening strategy for YAC DNA
pools. Genomic DNA was extracted from 1152 YAC
pools comprised of 55,296 YACs mostly derived from
the CEPH Mark I library. Alu-element-mediated PCR
was performed for each pool, and amplification prod-
ucts were spotted on hybridization membranes (IRS
filters). IRS probes for the screening of the IRS filters
were obtained by Alu-element-mediated PCR. Of 708
distinct probes obtained from chromosome 2-specific
somatic cell hybrids, 85% were successfully used for
library screening. Similarly, 80% of 80 YAT walking
probes were successfully used for library screening.
Each probe detected an average of 6.6 YACs, which
is in good agreement with the 7- to 7.5-fold genome
coverage provided by the library. In a preliminary
analysis, we have identified 188 YAC groups that .are
the basis for building contigs for chromosome 2. The
coverage of the telomeric half of chromosome 2q was
considered to be good since 31 of 34 microsatellites
and 22 of 23 expressed sequence tags that were chosen
from chromosome region 2q13-q37 were contained in
a chromosome 2 YAC sublibrary generated by our ex-
periments. We have identified a minimum of 1610 dis-
tinet chromosome 2-specific YACs, which will be a val-
uable asset for the physical mapping of the second
largest human chromosome. © 1996 Academic Proas, Inc.

INTRODUCTION

Chromosome 2, the second largest human chromo-
some, corresponds to approximately 8% of the human

*To whom correspondence should be addressed at Montreal
General Hospital Research Institute, Rm, L11.521, 1650
Cedar Avenue, Montreal, Quebee, H3G 1A4, Canada, Telephone:
{514) 837-6011, ext. 4513 or 4554, Fax: (514) 933-7146, E-mail:
exjz@musica.megill.ca.

genome. Three genetic maps of chromosome 2 vary in
the sex-averaged length (354 ¢M, NIH/CEPH Collabo-
rative Mapping Group, 1992; 277 ¢M, Weissenbach et
al., 1992; 350 cM, Spurr et al., 1:#:2), To date, almost
200 expressed loci and over 1200 anonymous DNA
markers have been mapped to chromosome 2 (Genome
Data Base, Johns Hopkins University, Baltimore, MD),
Among the genes mapped are several major disease
and modifier loci, including the genes responsible for
Waardenburg syndrome (Baldwin et al., 1992), Ehlers—
Danlos syndrome (Richards et al., 1992), juvenile
amyotrophic lateral sclerosis (Spurr et al., 1994), haolo-
prosencephaly (Grundy et al., 1989; Hecht et al., 1991),
alveolar rhabdomyosarcoma (Barr et al., 1993), protein
C deficiency (Patracchini et al., 1939), cleft lip with or
without cleft palate (Ardinger et al., 1989; Chenevix-
Trench et al, 1992), and, as suggested by homology
mapping, an insulin-dependent diabetes susceptibility
modifier gene (Cornall et al., 1991) and a gene control-
ling resistance to intracellular parasites (Schurr et af.,
1990; Vidal et al., 1993). Additional loci of medical in-
terest include a mutator gene (COCAI, MSHZ) impli-
cated in the development of colon cancer on the short
arm (Fishel et al., 1993; Peltomaki et al., 1993), the
PAX8 homeobox gene, possibly involved in develop-
mental defects (Poleev et al., 1992: Stapleton et al.,
1993), and the XRCC5 DNA repair gene (Jeggo et al.,
1992; Hafezparast et al., 1993), which are located on
the long arm of chromosome 2.

We have initiated the cloning of large segments of
human chromosome 2 using the yeast artificial chromao-
some (YAC) cloning system (Burke et al., 1987; Burke,
1991}). Among several strategies for the efficient identi-
fication of YAC clones containing defined loci from ge-
nomic YAC libraries that are being pursued by differ-
ent laboratories, hierarchical PCR screening of YAC
DNA pools with sequence-tagged site (STS) primers is
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YAC MAPPING OF CHROMOSOME 2

the most widely used approach (Green and Olson, 1990,
Green et al., 1991; Chumakov et al.,, 1992a; Foote et
al., 1992). In addition to being very sensitive, this ap-
proach has the advantage that microsatellites that
have been widely used as markers for the construction
of genetic maps can be used for STS screening, thus
allowing the integration of genetic and physical maps.
This approach was used to define genetic intervals on
a physical map of the human genome (Cohen et al,,
1993). Similarly, the generation of physical maps for
chromosome 21 and the Y chromosome strongly relied
on STS content mapping (Chumakov et al, 1992a;
Foote et al., 1992), The main limitations of STS content
mapping are the cost of primer synthesis and other
PCR reagents and the time required to analyze the
PCR products serially.

We have primarily used the interspersed repetitive
sequences (IRS)-PCR approach for YAC library screen-
ing. Short repeat sequences, interspersed throughout
the entire genome, represent approximately 25% of hu-
man genomic DNA, The observation that unique geno-
mic sequence between two repeat elements can be am-
piified by using repeat element-specific primers is the
basis for the IRS-PCR protocol. Applied to YAC library
screening, individual YACs are used as templates for
IRS PCR, and the resulting amplification products rep-
resenting repeat-free genomic segments are spotted on
membranes and hybridized with IRS probes. Probes
are generated by IRS-element mediated PCR amplifi-
cation using, for example; somatic cell hybrids carrying
inserts of particular human chromosome regions, indi-
vidual YAC clones, or cosmids as templates. The hy-
bridization of PCR amplification products results in a
very high signal-to-noise ratio. IRS-PCR techniques
were used for the development of cosmid contigs (Zuc-
men et al.,, 1992), and inter-Afu PCR products from a
ch-omosome 21 somatic cell hybrid have been success-
fully used to identify chromosome 21 YACs (Chumakov
et al., 1992b). The present investigation is an extension
of these studies by using a pooling scheme that was
recently developed (Stanton et al., unpublished) for the
CEPH Mark I YAC library (Albertsen et al., 1990;
Dausset et al., 1992). In this strategy, cultures of YAC
clones from the library are first pooled, and then DNA
is extracted from the pools and subjected to PCR ampli-
fication using IRS element-specific primers. The major
advantage of a pooling scheme is that the entire library
can be represented in a compact form on small hybrid-
ization membranes.

The first step of a physical DNA mapping project
is the collection of clones that represent the targeted
genome region. This is followed by defining a contig,
that is, an ordered set of overlapping clones that con-
tain the DNA of the corresponding genomic segment
in precise order. The detailed analysis of the individual
clones in the contig then leads to the establishment of
a physical map. Here, we describe an approach to the
molecular cloning of close to 2000 human chromosome
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2-specific YACs that constitute a resource for the gener-
ation of physical maps of the chromosome.

MATERIALS AND METHODS

YAC library. The YAC library was contnined in 576 96-well wi-
erotiter plates, Of these 576 plates, 552 plntes correspond to the
first-generation CEPH Mark 1 YAC librury (Albertsen of al., 1990;
Dausset ef el., 19921 and 24 plates were YAC clones from the original
Washington University YAC libeary (Burke ¢of al.. 1987; Brownstein
et al.,, 1989). The combined libraries constitute 8 blocks of T2 plates,
Each block is made up of 12 floors; each floor hax 6 plates and is
divided into 2 half-floors. Ench YAC clone is nssigned nn address
based on its location in a bleck, plate, row, ind column, The uveruge
insert size of 2 YAC clone has been estimated to be 430 kb (or the
CEPH YAC clones (Albertsen ef al.. 1990) and 250 kb for the Wash-
ington University YAC clones (Brownstein of al,, 1959,

Pooling scheme for the library and YAC DNA preparation. Within
each block, aliquots of individual YAC cultures grown to confluency
were combined {rom 288 YACs derived from the rows, columns, oe
half-floors, Thus, from all 8 blocks, there were 192 row pools, 192
column pools, and 192 half-floor poals. In addition, YAC cultures
grown to confluency from each plate were pooled to make 576 plate
pools. DNA of high purity was prepared from cach YAC poul in ag-
rosc plugs using a lyticase/LiCl protocol (Smith, 1990,

PCR condditions for amplification of pooled YAC DNA. 'Two setn
of Alu primers were employed {or 1RS amplification from all tem-
plates. The first set, Alu S {5"-GAGGTTGCAGTGAGCCGAGAT-3%)
and Alu J(5"-GAGGCTGCAGTGAGCCGTGAT-3), was derived from
the primate-specific region of Alu elements and corresponds to the
most common Alu subfamily (Jurkn and Swith, 1988). These twe:
primers differed at 2 of 21 nucleotides, Alu-PCR renctions were per-
formed with a 4:1 ratio of Alu S:Alu J primer, which approximately
corresponds to their relative abundance in the genome. The second
primer set corresponds to the 3' end of human Alu clements, It
consisted of Alu 263-283.1 (5"-ACAGAGCGAGACTCIC/TS: 1G/
AZDITCTC-3") and Alu 263-283.2 (5-ACAGAGIC/M3:DING!
A@:DJAGACTCCGTCTC-3'). These primers were used in a 1:1 rutio
for Alu PCR. Alu-PCR amplification of YAC DNA pools was per-
formed in n 100-x1 reaction vriume containing 10 mM Tris (pH 8.3),
50 mM KCl, 1.5 mM MgCl,, 0.001% gelatin, 200 uM each dNTP,
~B50 ng DNA, and 2.5 units of Tag DNA polymernse. Parameters for
thermoeyeling were as follows: incubation for 4 min at 94"C, followed
by 35 cyeles of 1 min at 94°C, 30 s at 59°C, 1 min at 68°C, and 2 min at
72°C. A final extension step of 10 min at 72°C was ndded to focilitate

-~ ramplete replication of amplified products.

Preparation of hybridization membranes. Alu-PCR reactions for
YAC DNA pools were set up with a Biomek 1000 workstation (Beck-
man, Mississauga, Ontario). A Perkin Elmer 9600 thermal cycler
was used to amplify Alu-PCR products under cil-free conditions. The
success of PCR amplification for each pool was tested by visual in-
spection of amplification products on 1.5% TAT agarose gels stained
with ethidium bromide. Peorly amplified pools were identified and
subjected to a second round of Alu-PCR amplification and inspection.
Amplification products derived from 576 row, column, or half-floor

—pools, and from 576 plate pools, were each mixed with a small amount
of India ink and stamped on a 2.5 X 9 inch GeneScreen Plus hybrid-
ization membrane (NEN Research Products, Boston, MA) uging a 96-
well replicating device from Washington University. All membranes
were baked for 1 h at 80°C; filter-bound DNA was denntured in 0.4
N NaOH, 0.6 M NaCl for 15 min followed by neutralization in 0.5
M Tris—HCI (pH 7.4), 0.5 M NaCl for 5 min, Filters were prewashed
in 0.1x SSC, 0.5% SDS at 65°C for 1 h according to the manufactur-
er's recommendation (NEN).

Somatic cell hybrids. All somatic cell hybrids used in our experi-
ments were kindly provided by Dr. P. Jeggo (MRC Cell Mutation
Unit, Sussex, UK) except hybrid GM10826B, which was obtained
from the NIGMS Human Genetic Mutant Cell Repository (Camden,
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NJJ (Table 1), Somatic cell hybrid GM10826B is describit! as con-
taining all of human chromosome 2, Hybrids b3-1, D6-2, D7-2, and
D4-2 (Jegpo et al,, 1993; Hafezpurast ¢f al., unpuiished datu) were
obtained by fusing the irradinted H22.0ua® hybrid to the XR-V15B
Chinese hamster ovary cell line, which is deficient in double strand-
break rejoining, They contain small segments of human chromosome
2 from region 2q34-q36. Hybrid 014-1 contains approximately the
telomeric half of chromosome 2q but has lost sequences near the
telomere.

Generation of IRS-PCR probes.  Inter-Alu PCR products were di-
rectly oxcised from agurose gels and labeled except for amplification
products from somatic cell hybrids GM10826B and 014-1, which were
cloned into a T-modified vector (Marchuk ez al,, 1991). Individual
colonies currying the recombinant plasmid were picked as candidate
probes nnd resuspended in 60 ul of 1x PCR buffer. Inserts were
umplified using T3 and T7 primers in 96-well polycarbonate plates
{Fisher Scientific, Montreal, Canada) in a BioOven III (BioTherm,
Fuirfax, VA) in 20 4 of reaction volume containing 50 mM Tris (pH
8.3), 0.05% Tween, 0.05% NP40, 187.5 uM cach dNTP, 1.8 mM
MgCls, 0.2 to 0.4 pM cach primer, 2 ugz BSA, and 1.5 units of Tag
polymerase. PCR parameters were as described above. Following
nmplification, all inserts were sized by electraphoresis on 1.3% aga-
rose pels stnined with ethidium brumide and grouped according to
their fragment size, The PCR product was digested with a combina-
tion of Rsel, Haelll, and Hinfl restriction enzymes, and the digested
products were size separated on 1.8% agarese gels. The resulting
pattern of restriction fragments was used as a fingerprint for cach
probe.

Probe labeling. Primers Alu S and Alu J are located 78 bp up-
stream {rom the 3' end of Alz clements. Thus, Alu-PCR products
amplified using this set of primers carry a 78-bp Alu sequence at both
ends. To avoid nonspecific hybridization by this 78-bp Alu sequence,
probes were lnbeled using Alu-3* (5*-C[T/CHA/GITCTCAAA-3"), 2 10-
mer oligonucicetide directed to the very 3' end of Alr elements, thus
avoiding radiolabeling of repeat sequences. Furthermore, nll probes
penerated using Alu S and Alu J primers were preannealed with an
excess of sheared denatured total human placental DNA for 4 h at
65°C. Alu 263--283.1 and Alu 263-283.2 are located close to the 3'
end of Alu clements; therefore, no preannealing was required. Label-
ing of probes was performed using 0.75 gl of [™P|dATP (sp. act.
»3000 Ci/mmol; Amersham) and the random hexanucleotide label-
ing technique (Feinberg and Vogelstein, 1983),

YAC library screening, Labeled probes were heat denatured and
hybridized to 2 row/ecolumn/half-floor and 2 plate pool filters. Prehy-
bridization was performed for 4 to 16 h at 42°C in 8 ml of solution
containing 50% deionized formamide, 1% SDS, and 3% 8SC (1x SSC
in 0.15 M NaCl, 0.015 M sodium citrate). Hybridization was per-
formed using the same solution at 42°C overnight in the presence of
radiolabeled probe. Filters were washed for 20 min at room tempera-
ture in a solution containing 2x S5C, 0.5% SDS, {ollowed by a wash
with 0,5% SSC, 0,5% SDS for 15 min, and a final wash for 30 to 60
min at 85°C in 0.1x SSC, 0.5% SDS. Filters were exposed for 16 to 72
h at =70°C with intensifying screens to Hyperfilm-MP (Amersham,
Dakville, Ontario). Filters were deprobed by gently washing for 1 b
at 65°C in the same prehybridization solution. Filters have been
reused for up to 50 consecutive hybridizations.

Data processing. Data are maintained in the Microsoft FoxPro
Relational Database Management System for Windows on a2 Hew-
lett—Packard Vectra 25N microcomputer with 16 MB of RAM. The
main table of the database contains information obtained from
screening the pooled YAC filters, including the name of the probe,
YAC address, codes to qualify the address and to differentiate unam-
biguous from ambiguous addresses, and a variable to link the record
to laboratory notebooks. The address for each YAC clone that hybrid-
ized to a probe is derived from the location of the hybridization sig-
nals on the filters. Ideally, an unambiguous address consisting of
block, plate, row, and column for each YAC clone can be assigned
from the location of hybridization signals on the filters. However, a
set of ambiguous addresses arises, for example, when there are 2
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row pool signals and 2 column pool signals that are consistent with
a plate pool. The YAC address is stored in the database as a single
variable, which is a character string of penome, floor, plate, row, and
column, and can be linked to the corresponding location in the origi-
nal CEPH YAC plates. The probe-address combinations generated
by our experiments are available via anonymous ftp. To obiain the
data, ftp to ftp.megill.ca and cd to the directory pub/McGill-Contrib/
Chromosomoe2,

As an aid to building contigs, we have developed a progrum to
perform the initial step of finding all of the YACs that are part of o
contig. We call the set of YACs in a contig a YAC group. The input
to the program is all of the probe—YAC address combinations derived
from the location of hybridization signals. As a starting point a YAC
group is defined by the addresses associated with an arbitrary probe.
We find all of the other probes that share any of the YAC addresscs
with the starting probe. Then for each probe found by this scarch,
we add the set of all associated addresses that have not ulready been
included in the YAC group. This process is repeated until there are
no new probes and no new addresses to be added to the YAC proup.
Only unambiguous YAC addresses or ambiguous YAC addresses that
have been confirmed by single elone hybridization experiments were
included. A preliminary analysis was based on 3470 probe-address
combinations. Finally, the program CONTIGMAKER (verston 0.5},
available from the Whitehead Institute ftp site, was used for building
contigs of YAC groups using ambiguous and unambiguous probe—
address combinations. The default postseript output files from CON-
TIGMAKER were edited to improve the graphical presentation of
contigs.

8T8 sereening. For PCR screening of chromosame 2 YACs with
expressed sequence tag (EST) and microsatellite primers, DNA was
isolated from chromosome 2-specific YAC clones identified by IRS-
PCR screening following the protocol of Chumakov et al. (1992a) with
minor modifications. YAC clones grown in 150 ul of AHC medium in
96-well plates were pelleted at 2000 rpm, washed once in 20 mM
Tris—HC! and 1 mM EDTA, resuspended in 20 pi of 20 mM Tris—
HCI (pH 8.0}, 10 mM DTT containing 800 pg/ml Zymolase 100T
(ICN, Costa Mesa, CA), and incubated for 45 min at 30°C. Next, 60
ul of 140 mM NaOH was added and YAC clones were incubated for
7 min at room temperature prior to the addition of 60 pl of 1 M Tris—
HCI (pH 8.0). The resulting DNA preparations were stored in 96-
well microtiter plates at —~20°C. Aliquots of DNA samples from half
of a plate (48 YACs) were pooled, diluted 1:2 with Hy0; 10 ul of
diluted pooled DNA was used as the template for STS PCR in a 30-
u total reaction volume. For PCR amplification of individual YAC
clones, a small aliquot of DNA solution was inoculated into 20 ul of
PCR buffer using the 96-weil replicating device from Washington
University. The conditions for STS screening of YAC DNA pools with
EST primers were the same as those described for plasmid insert
amplification using T3 and T7 primers (see above). For STS screening
with microsatellites, PCR parameters were as described for EST
primers using the buffer described for Alu PCR.

Primers for microsatellite markers D25102, D2S104, D2S5115,
D28116, D28117, D25118, D28120, D2SI124, D25125, D2S126,
D28128, D25130, D2S137, D2S138, D2SI140, D285143, D25148,
D28152, D2S153, D2Si54, D2S155, D2S157, D25159, D25163,
D28S164, D25172, D28173, D28206, and D25211 and primers for the
CRYGI1B locus were obtained from Research Genetics (Huntsville,
AlL). Primer sequences for the loci D28285 D25301, D25S317,
D28334, and D28371 were obtained from the Genome Data Base
(Johns Hopkins University); oligonucleatides were synthesized at the
Institut de Recherche en Biotechnologie (Montreal, Canada) on an
ABI DNA synthesizer. STS primers for the loci AGXT (Purdue et al.,
1991}, ALPI (Griffin et al., 1987), ALPP (Martin et al., 1987), COL3A1
and COL5A2 (Huerre-Jeanpierre et al, 1985), FNI (Henry et al.,
1985), GCG (Schroeder ef al,, 1984; Tricoli et al,, 1984; Spurr et al.,
1994), GYPC (Mattei et al,, 1986), ILIB (Webb ¢t al.,, 1986), INHA
(Barton et al., 1989), PROC (Kato et al., 1988), and TNPI (Luerssen
et al., 1990) were synthesized according to the sequences listed by
Spurr et al. (1894). Sequences for CD28 (Lafage-Pochitaloff et al.,
1990), DES (Viegas-Péquignot et al., 1989), and MYLI (Cohen-
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Haguenauer et al., 1988) were obtained from Jeggo ef al. (19931,
Primer sequences for CPS (Hoshide ef al., 1993) were obtained [rom
Dr. W, Cramers (University of Amsterdam, The Netherlands): prim-
ers for ERCC3 were kindly provided by Dr. G. Weeda (Erasmus
University, Rotterdam, The Netherlands); and primers for UGTIAT
(Van Es et al., 1993) were kindly provided by Dr. P. J. Bosma tAen-
demic Medical Centre, Amsterdam, The Netherlands). STS primers
were designed for ILSR (Morris et al., 1992), NRAMP (Cellier ot al.,
1994), PAX3 (Foy ¢t al.. 1990), and VIL (Rousscau-Merek ef al., 1988;
Pringault ef al., 1991); these primer sequences are available on re-
quest from the authors.

RESULTS

YAC Library Pooling Scheme

The long-term aim of our study is to generate a set
of overlapping YAC clones covering human chromo-
some 2, The results presented in this communication
are a first step toward this goal. We have successfully
adapted IRS PCR to high-throughput YAC library
screening by using a novel pooling scheme for 55,296
YAC clones that correspond to plates 1 to 552 of the
CEPH Mark I YAC libraries supplemented with copies
of 24 plates from the original Washington University
YAC library. These 55,296 YAC clones contain human
genomic DNA inserts that are expected to constitute
approximately a 7- to 7.5-fold genome coverage. The
pooling scheme aliowed representation of the 55,296
clones on one small 2.5 X 9 inch membrane and thus
greatly facilitated the screening of hundreds of probes.
YAC DNA from row, column, half-fioor, and plate pools
was used as templates for IRS PCR. The amplification
products of individual pools were dot blotted onte mem-
branes to generate two types of filters: a row/column/
half-floor filter containing 192 row, 192 column, and
192 half-floor pools (that is, a total of 576 pools) and a
plate pool filter that contained the 576 plate pools. Each
plate pool represents the IRS-PCR products of 96 YAC
clones, whereas each of the row, column, and half-floor
pools represents 288 YAC clones. Thus, each YAC
should be represented four times, once on the plate
pool filter and three times on the row/colurin/half-floor
filter. A schematic outline of the IRS-PCR strategy is
given in Fig. 1. An example of an IRS probe hybridiza-
tion screen of the YAC IRS-PCR pool filters is given in
Fig. 2. The probe designated 70 was derived from a
chromosome 2 somatic cell hybrid, GM10826B, and hy-
bridized to 5 plate pools and 15 row, column, or half-
floor pools. Thus, 5 distinet YAC clones were identified
by probe 70. This example illustrates that screening of
IRS-PCR products from pools of YACs with IRS probes
results in hybridization signals that clearly distinguish
positive clones from background.

YAC Clone Identification

To identify the specific YAC clones in the pools that
hybridized with the IRS probes in screening the IRS
YAC pool filters, the YAC address was derived from
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Probe Source
{e.g. somate cell hybad, YAC, caosmud)

Template

{row, calumn, halt-floor, plate YAT poois)

' ¢

Alu~element mediated PCR Alu-elmment medated PCK

' v

Mix of inter-Alu segments Miv of witer-Ali segmenis

v

Spot untire mus on membiranos

v

Two types of rembranes:
plate pool membranes and 1aw,
coiumn, hall-tioor nrembranes

¥

Radiolabel indwvidual segments

N

Hybrndization

¢

Positive pool spats contain sequence
complementary 1o probe sequence

v

Construct YAC addresses trom
comiynation ot positve paols

FIG.1. Flow diagram of IRS.PCR hybridizution servening ol YAC
pools employed in our experiments {for details see toxt).

the plate, row, and column coordinates, which are rep-
resented by the IRS-PCR products spotted on the fil-
ters. The half-floor pools introduce a redunduncy that
serves as an internal control for the assignment of the
YAC address. Initially, the autoradiograms were visu-
ally inspected, and hybridization signals that were de-
tected on duplicate filters were recorded and used for
the assignment of addresses. We have recently stan-
dardized the assignment of YAC addresses and reduced
the error rate associated with pool scoring and address
construction by digitizing the autoradiograms, as-
signing coordinates to positive pools, and implementing
an algorithm for the assignment of corresponding YAC
addresses. As in all complex pooling systems, unambig-
uous addresses could not be assigned to all YAC clones
detected by specific probes. For example, if 2 probe was
found to hybridize to two different YAC clones that are
contained in the same plate, an unequivocal assign-
ment of row and column could not be made. We have
successfully employed two approaches to resolve such
ambiguities, First, in regions of high density of IRS
probes degenerate addresses could be resolved since
adjacent probes in the same contig hybridized to only
one of the ambiguous sets of addresses, Second, IRS-
PCR products generated from individual YAC clones
were dot blotted and rescreened with the probe that
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FIG. 2. Autoradiogram of YAC library screening with Alu-PCR probe 70. Duplicate filters are indieated as 1 and 2. The locations for
the IRS-PCR products from row, half-floor, and column pools are indicated to the right of row/column/half-floor pool filter 1. Signals that
appenced on duplieate filters were considered positive, and the corresponding pocls are indicated above each spot on one of the duplicate
filters, Probe 70 identified plate pools 2A2, 5E5, 5H3, 714, und 8C1; row pools 2r9, 5r12, 5¢20, 7r2, and 8r8; column pools 2¢6, 5023, 5¢5,
7c18, and 8¢3; and half-floor pools 24, 5E, 5H, 71, and 8C. In the pooling scheme, row pools 1 to 8, 9 to 16, and 17 to 24 correspond to rows

Ato Hof plates 1 and 4, 2

and 5, and 3 and 86, respectively. Column pools 1 to 12 and 13 to 24 correspond to columns 1 to 12 of plates 1

to 3 and 4 to 6, respectively. Thus, the combination of these address components identified 5 distinct YAC clones: 2A2A06 from pools 2A2,
2r9, 2¢6, and 2A; 5E5D11 from pools 5E5, 5r12, 5¢23, and 5E; 5H3D05 from pools 5H3, 5v20, 5¢5, and $H; 7I4B06 from pools 714, 7r2,

7¢18, nnd 71; 8C1HO3 from pools 8C1, 8r8, 8¢3, and 8C.

detected the ambiguous address. To improve the effi-
ciency of rescreening individual YAC clones, groups of
10 to 12 probes that had detected ambiguous YAC ad-
dresses were pooled in such a way that none of the
probes in a pool shared any potential YAC addresses.

Probe Generation

To generate IRS probes for screening of the YAC li-
brary, we used the same Alu S/Ala J and Alu 263
283.1/2 primers that had been used for IRS PCR of
the YAC pool DNA. Both primer pairs are specific for
human Alu repeats and can therefore be used for the
selective amplification of human DNA from human-
rodent somatic cell hybrids and from human DNA in-
serts in YAC or cosmid clones in the presence of bacte-
rial or yeast genomic DNA. The human chromosome 2
rodent—somatic cell hybrids used in our experiments
are summarized in Table 1. The predominant choice of
somatic cell hybrids carrying inserts of DNA derived
from chromosome region 2q32-q37 reflects our short-
term goeal of obtaining continuous YAC coverage of the
telomeric region of chromosome 2q. In addition to so-
matic cell hybrids, a number of YAC and cosmid clones
carrying loci previously assigned to chromosome 2q33—-
q37 were used as templates for probe generation. YAC
library clones that hybridized to the IRS-PCR probes

derived from these chromosomally assigned YAC and
cosmid clones were used as physical anchor points. Fi-
nally, several YAC clones were used for chromosome
walking experiments.

The number of bands and the size of the IRS-PCR
amplification products obtained from different tem.-
plates were found to vary widely when analyzed on
1.3% agarose gels (data not shown). Individual cosmid
templates yiclded 0 to 3 bands, while YAC clones
yielded 3 to 5 bands. Somatic cell hybrids that con-

TABLE1

Somatic Cell Hybrids Used in the Generation
of Alu-PCR Probes

Somatie Estimated
cell hybrid chromosome 2
line content Reference

GM10826B Entire chromosome Drwinga et al. (1993)

014-1 2q24-q37 Jeggo et al.
(unpublished data)

b3-1 Vicinity of CRYG! Hafezparast et af.
(unpublished data)

De-2 Vicinity of DES Hafezparast et al. (1993)

and MYL!
D4-2 Vicinity of FNI Hafezparast et al. (1993)
D7-2 Vicinity of FN1 Hafezparast et al. (1993)
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FIG.3. Fingerprint of 22 arbitrarily chosen inter-Alu fragment probes. Alu-clement-medinted PCR smplification products from somatic
cell hybrids GM10826B and 014-1 were cloned into T-modified vectors. Amplified inscets were churacterized according to their molecular
weight (a) and the restriction fragment pattern obtained after digestion with Rsel, Hinfl, and Haelll (b) on a 1.8% ngurose pel stoined
with ethidium bromide. For exampic, IRS probes 3 and 5 are likely to be identical. The size marker is dX174 DNA digested with Faelll,

tained only relatively small amounts of chromosome 2
DNA. yielded 1 to 6 bands. A total of 100 individual
bands of Alu-PCR products derived from cosmids,
YAQCs, or highly reduced somatic cell hybrids (b3-1, D6-
2, D4.2, D7-2) that were clearly visible on ethidium
bromide-stained agarose gels were directly excised
from low-melting agarose gels and used as probes.
However, somatic cell hybrids GM10826B and 014-1
gave a smear of Alu-PCR amplified products, which
were cloned into T-meodified vectors (Marchuk et al.,
1991), and several thousand recombinant clones were
picked for further analysis. Prior to their use for library
screening, inter-Alu sequence amplification products
from somatic cell hybrids GM10826B and 014-1 were
further characterized to avoid testing identical probes.
A fingerprint pattern defined by the number and size
of bands was obtained by digesting the amplified in-
serts of the recombinant T-vector clones with three fre-
quent-cutting restriction enzymes, Rsal, Hinfl, and
Haelll (Fig. 3). Simply by sorting by the number and
approximate molecular weight of the bands, we were
able to compare newly generated probes with a data-
base of previously generated probes and thus identify
unique probes. Using this approach, we were able to
select 696 unique probes from 2700 candidate probes
derived from somatic cell hybrids GM10826B and
014-1.

Screening of YAC IRS-DNA Pools with Inter-Alu
Probes

We used 796 unique chromosome 2-specific inter-Alu
probes to screen filters of pooled DNA representing the

55,296 YAC clones. The success rate of detecting at
least 1 library YAC clone ranged from 50 to 92% de-
pending on the source of the probes, excepl for the 8
probes generated from cosmids, which all failed (Table
2). A probe failure is defined by the complete absence
of any hybridization signal er the presence of a large
number of hybridization: signals that are probably duc
to the presence of unknown repeat elements in the IRS
probe (less than 1%). No significant difference was ob-
served in the rate of successful library screenings be-
tween probes generated from different somatic cell hy-
brids or individual YAC clones (x* test, P > 0.1). How-
ever, probes derived from somatic cell hybrids that
contained only a small piece of chromosome 2q or from
individual YAC clones usually gave weaker hybridiza-
tion signals and thus required longer exposure times.

TABLE 2

Analysis of Hybridization Screenings
for 796 Alu-PCR Probes

Number Number %
Souce of Alu-PCR probes of probes  ruccensful®  success
GM-108268 345 300 K7
014-1 351 289 "2
Reduced somatic cell hybrids
(b3-1, D6-2, D7-2 and D4-2) 12 I 92
YACs 80 64 " HO
Cosmids B (] 0

" A probe was scored as successful if at least one YAC clone, either
unambiguously or as part of u set of ambiguous addresses, was identi-
fied by that probe.
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FIG. 4. Distribution of the minimum number of YACs detected
per Alu-PCR probe. For example, 88 probes detected 3 YAC clones,
that is, 3 different unambiguous addresses or sets of ambiguous ad-
dresses,

The number of YAC clones detected per probe ranged
from 1 to 23, indicating variation in the number of YAC
clones that contain inserts of a specific genomic region
(Fig. 4). The overall distribution of the number of YACs
hybridizing to specific probes was consistent with the
stggestion that eross-hybridization is not 2 major prob-
lem in the screening strategy. We counted the number
of YAC clones detected by a probe as the number of
unambiguous addresses plus the number of ambiguous
sets of nddresses. Using this scoring system, each suc-
cessful probe detected an average of 6.5 YACs, which
is consistent with the data obtained for YAC cloning of
chromosome 3 by other investigators using the same
YAC library (Stanton ef al., unpublished data). The
chimera rate for the CEPH Mark I YAC library was
estimzted to be 40% (Dausset et al., 1992); therefore,
on average, 4 YAC clones detected per probe should
not be chimeric. Since the average insert size of YAC
clones was determined to be approximately 430 kb (Al-
bertsen et al.,, 1990; Dausset et al., 1992), and assuming
that on average a core YAC at each end is extended
50% by additional YACs detected by the same probe,
we estimate that on average each IRS probe detected
YAC clones that covered approximately 800 kb of con-
tiguous genomic DNA, We call this estimated 800 kb
bin around each probe (the average contig size per
probe) a library entry point.

Distributior. of IRS Probes

The usefulness of IRS screening of YAC libraries for
YAC contig assembly is dependent on the even and
dense distribution of Alu elements along the chromo-
some. We looked for clustering of IRS probes by count-
ing the number of probes that share at least one YAC
address at each entry point. Based on genetic markers
present in the hybrids, we estimate that the total hu-
man chromosome 2 genomic DNA contained in somatic
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cell hybrid GM10826B and 014-1 is 270 and 70 Mb,
respectively. Assuming that each successful probe cov-
ers an average region of 800 kb, the average number
of probes per entry point for hybrids GM10826B and
014-1 is 1 and 4, respectively. In other words, if the
probes were evenly distributed one probe derived from
somatic cell hybrid GM10826B and four probes derived
from 014-1 should be detected per entry point. We fur-
ther assumed that any number of probes in excess of
three times the calculated average probe number per
entry point reflected clustering of Alu repeats on chro-
mosome 2. Under these assumptions, approximately
40% of the probes were clustered (Fig. 5). This percent-
age does not increase with higher probe density, which
is to be expected if clustered and nonclustered repeats
are amplified with the same efficiency. Thus, the re-
sults of our analysis show that regions of uneven probe
density exist along the chromosome. However, this
analysis also showed that the majority of inter-Alu
probes were derived from regions of low to moderate
probe density, and we conclude that Alu clustering
should not be a major impediment to contig assembly
in the chromosome region under investigation.

YAC Group and Contig Analysis

Next, we looked to what extent the 664 inter-Alu
probes successfully used for library sereenings allowed
the identification of YAC groups. We defined a YAC
group as the set of YAC clones that belong to the same
contig; that is, a YAC group is composea of the unor-
dered YAC clones in a contig, We assigned different
probes and their associated YAC addresses to a YAC
group if the probes shared at least 1 YAC address in
common. In an initial analysis of unambiguous ad-
dresses, we identified 188 YAC groups. The number of
YACs and probes per YAC group is summarized in Fig.
6. Next, we analyzed contig depth within the YAC
groups and identified within the 6 largest YAC groups
several points where the contig depth was 1. To avoid
false connections caused by experimental error or chim-
eric YACs, YAC groups were tentatively subdivided at
such positions. To test our assumption that the experi-
mentally defined YAC groups can be used to construct
contigs and to test the quality of the resulting contigs,
we used the program CONTIGMAKER to order YACs
within a YAC group. This analysis showed that YAC
groups provide an excellent source of YAC clones for
contig construction. An example of one of the resulting
contigs is shown in Fig. 7. Further experiments aimed
to connect different YAC groups are in progress.

STS Content Mapping

We determined the extent to which the telomeric re-
gion of chromosome 2q, which by design of our experi-
ments had better probe coverage than the rest of the
chromosome, was included in the YAC clones. For this
purpose, all YAC clones identified in our previous ex-
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region corresponding to the entry probe,

periments were screened for the presence of 23 EST
and 34 microsatellite markers predicted to be in chro-
mosome region 2q13-g37. As shown in Table 3, 22 of
23 (96%) of the ESTs and 31 of 34 {91%) of the microsa-
tellites identified at least 1 YAC clone. Assuming thas
each half-plate pool of the chromosome 2 sublibrary
that displayed a PCR product of expected size during
STS screening contains at least 1 positive YAC, the
average number of YACs per EST and microsatellite is
4.4 and 3.8, respectively. The expected number of YACs
per STS in a chromosomal sublibrary is a function of
the probe density applied to the initial library screen.
Assuming a chimeric rate of 40% for the CEPH Mark
I library and an average of 6.6 YACs per IRS probe,
approximately 4 YACs per randomly chosen STS probe
are expected to be detected by sublibrary screening. As
the probe rlensity in the IRS probe screen increases, so
will the number of YACs per probe in the sublibrary
STS screen. Further analysis revealed that only 4 ESTs
and 2 of the microsatellites hybridized to regions of
high Alu-element density, which suggests that ESTs
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and microsatellites used in our experiments were gen-
erally distributed independently of Alu clements along
the chromosome. The 53 successful STSs detected YAC
clones that belonged to 29 different YAC groups. Since
the microsatellites were previously mapped genetically
and the majority of expressed genes tested had pre-
viously been mapped cytogenetically, 20 of these YAC
groups containing 605 distinct YACs could be ordered
along the long arm of chromosome 2 (Fig. 8).

DISCUSSION

We applied IRS PCR to the screening of pooled YAC
DNA to identify YAC clones with chromosome 2 DNA
inserts. In total, 664 chromosome 2-specific IRS probes
were generated, which on average detected 6.6 YAC
clones. These YACs were distributed along the entire
chromosome, and it is estimated that they cover up to
90% of chromosome region 2q13-q37, assuming that
expressed genes and microsatellites were distributed
randomly along this region of the chromosome. Al-
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FIG. 6. Distribution of YAC groups by number of YAC addresscs (a} and by number of probes (b). In a § YAC groups contain more
than 30 YACs (33, 53, 59, 67, 193, and 199 YACs). In b 4 groups contain more than 20 probes (21, 30, 103, and 139 probes).
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FIG. 7. Contig of the core region of YAC group 1 arcund the
ALPP and ALPI loci in human chromosome region 2q37. The names
of 1RS probes arc given at the top of the figure. YAC clones are
schematienlly represented as small rectangular boxes. A solid area
on 1 YAC clone undernenth a probe indicates that the YAC was
identified unambiguously by that probe, an open area indicates that
the probe did not hybridize with the YAC, and a shaded area indi-
cates that the YAC was identified as part of an ambiguous set of
addresses by the probe. YAC addresses or sets of ambiguous ad-
dresses {in parentheses) are given to the left of each schematiecally
represented YAC clone. The estimated length of the contig is 2 Mb,
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though we have not yet defined one contiguous set of
YAC clones spanning the entire telomeric region of the
long arm of chromosome 2, we assume that rontig gaps
are uncommon if 905 coverage of this region has been
achieved. Furthermore, the availability of chromesome
region-specific YAC clones should advance the molecu-
lar analysis of human chromosome 2q even before the
establishment of a complete contig. The high-resolution
genetic maps of chromosome 2 established by the NTH/
CEPH consortium and by Généthon use different sets
of microsatellites, and only very few expressed loci are
included in these maps (NIH/CEPH Collaborative
Mapping Group, 1992; Spurr et al., 1992; Weissenbach
et al., 1992). Sequential STS screening of the close to
2000 distinct chromosome 2 YAC clones should help to
integrate these different genetic maps with physical
maps of chromosome 2. Such integrated maps will
prove particularly useful in positional cloning of medi-
cally important loci on chromosome 2q, such as XRCC5
(Jeggo et al., 1992), the insulin-dependent diabetes sus-
ceptibility modifier gene (Cornall et ol., 1991}, and the
gene causing familial juvenile nephronophtisis (Anti-
gnac et al., 1993),

We have chosen the Alu repeat as the IRS element
for IRS-PCR-based chromosome 2 YAC cloning experi-
ments (Schmid and Jelinek, 1982). Alu elements occur
in approximately 500,000 to 1,000,000 copies in the
haploid human genome and represent the most com-
mon IRS element in human DNA (Schmid and Dei-
ninger, 1975; Singer, 1982). Thus, if Alu elements were
evenly distributed, one Alu elerent should be found
every 3 to 5 kb in human DNA. The utility of an Alu-
element-based strategy for the cloning of extended ge-
nome regions depends on the even distribution of Alu
repeats in the human genome. However, experiments
using fluorescence in situ hybridization of labeled Alu
element probes to metaphase chromosomes suggested
that Alu elements are not evenly distributed along hu-
man chromosomes but concentrated in R-bands (Bal-
dini and Ward, 1991). These findings are not in
agreement with a recent report analyzing the nucleo-
tide composition of individual microdissected chromo-
some bands. Sequencing of randomly selected DNA
clones from R- and G-bands did not detect any uneven
distribution of Alu elements between R- and G-bands
on chromosome 11 (Yoshiura et al., 1994).-A detailed
analysis of IRS localization over 2 Mb of cloned chromo-
some DNA showed a significantly uneven distribution
of both Alu and L1 elements (Arveiler and Porteous,
1992). Likewise, regions of preference or exclusion for
the integration of Alu sequences in the human genome
were reported by other investigators (Moyzis et al,
1989). Our data suggest that clusters of Alu elements
occur along human chromosome 2. However, our data
also suggest that the Alu density on chromosome 2 is
sufficiently high that Alu-poor regions should not be'a
major obstacle for an Alu-PCR-based contig assembly
strategy for chromosome 2.
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TABLE 3
Analysis of Chromosome 2-Specific YACs for the Presence of Expressed Loci and Microsatellite Markers®

Expressed loci

D segments

Success Localization Failure Localization

Success Localization Failure Localization
IL1B 2q13-g21 AGXT 2q37.3 D25102 2q33-q37 D251 2q38-qd7
PROC 2q13-q21 D2S104 2¢33-q37 D25140 2q
GYPC 2q14-q21 D2S115 221-q33 D2S152 2q21-q33
ERCC3 2q21 D2S116 2q
GCo 2q23 D2S117 2q
COL3AI 2931-q32.3 D2S5118 2q
COL5A2 2931-q32.3 D25120 2q53-q37
CRYGA 2q33-9q35 D2S124 2q21-q33
CPS1 2933-q36 D25125 2q
MYLI 233-q34 D2S126 2933-q37
CcD2g 2q33 D25130 2q
FN1 2q34 D28137 2q33-qad7
TNP1 2q34 D238138 2q21-g33
NRAMP 2935 D25143 2q33-q37
IL8R 2935 D2S148 2qu1-q33
VIL? 2q35 D25153 2q
INHA 2033-q34 D2S154 2q
DES 2q35 D25155 2q33-q35
PAX3 2q36 D25157 2q
ALPP 2q37.1 D25159 2q33-q37
ALPI 2q37.1 D25163 2q33-q37
UGTIAL 2q37 D2S164 2q33-q37
D28172 2q33-.q37
D2s173 2q33-q37
D2S206 2q33-q37
D2s211 2q34-q37
D25295 2q
D25301 2q
D2S317 2q
D28334 2q
D238371 2q

Success rate: 22/23 (96%)

Success rate; 31/34 (91%)

° The cytogenetic localizations were taken from the Genome Data Base (Johns Hopkins University, Baltimore, MD).

Human Alu elements are approximately 300 hp in
length and are composed of two highly homologous di-
rect repeats of an ancestral sequence {(Schmid and Jeli-
nek, 1982; Britten ez al., 1988; Jurka and Milosavljevic,
1991). Although the direct repeat structure is specific
to primates, Alu-homologous sequences are found in
many other species, including hamster and mouse,
which provide the most common genomic background
for human-—rodert somatic cell hybrids. The primers
used in our experiments are complementary to pri-
mate-specific sequences in the Alu element and thus
allowed the selective amplification of human sequences
from a panel of human-rodent somatic cell hybrids.
Similar primers have been generated by other investi-
gators for the same purpose (Nelson et al., 1989; Ber-
nard et al., 1991; Nelson, 1991; Tagle and Collins,
1992). Thus, by using appropriately selected human—
rodent somatic cell hybrids, IRS probe generatior can
be used in well-defined genome regions. This notion is
supported by our resuits, which showed that 85% of
IRS probes derived from somatic cell hybrids of differ-

ent chromosome coverage can be used for successful
screening of YAC DNA pools. Somatic ce.i genetics and
IRS-PCR-based YAC contig construction therefore
emerge as complementary approaches for the genera-
tion of physical maps of human chromosomes. In addi-
tion, the high frequency of identified YAC clones by
library screenings with inter-Alu probes derived from
individual YAC clones demonstrates that IRS PCR is
very suitable for contig extension using YAC clones
from the ends of a contig as templates for IRS probe
generation. We conclude from the overall high success
rate of YAC library screenings using IRS probes de-
rived from a wide variety of templates that the IRS-
PCR approach is a fast, efficient, and economical ap-
proach for cloning of a targeted genome region.

The IRS strategy for YAC cloning assumes that the
IRS probes used for screening of the YAC library will
hybridize only to unique DNA fragments in the human
genome. However, non-Alu repeat elements (Schmid
and Deininger, 1975; Schmid and Jelinek, 1982;
Singer, 1982; Rubin et el.,, 1993; Singer and Skowron-
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FI1G. 8. Distribution of YAC groups alongy human chromosome
2q. A total of 20 YAC groups comprising 605 distinet YACs contained
cither microsatellites or ESTs for which the regional localization on
chromosore 2 wos known, It was therefore possible to order these
YAC groups along the chromosome, An idiogram of chromosome 2q
with corresponding chromosomal band designations is given at the
jeft. Bars indicate the cytogenetic localization of YAC groups ac-
cording to previously mapped markers that are included in the YAC
groups. In coses where YAC groups contained several markers with
known subchromesomal localization, the mest narrow cytogenetie
axsignment was used to localize the YAC group. Following the name
of the YAC group (YG), the number of YACs and probes contained
in the YAC group is given in parentheses,

ski, 1985) may occur in inter-Alu probes generated by
Alu PCR. These probes would probably hybridize to
YAC clones that are not physically linked co the chro-
mosome region of inlerest. If undetected, probes con-
. taining dispersed repetitive sequences would limit the
- validity of contig construction. For example, repeat-
clement mediated cross-hybridization has been ob-
served foi: the D5F40S1 locus on chromosome 5 (Ber-
nard and Wood, 1993), In this case a low-copy repetitive
element was located 3’ to the locus but also was present
on chromosomes 2 and 17. In our experiments such
low-copy repeats are unlikely to be an impediment to
contig assembly. Like ambiguous addresses or chimeric
YAC clones, errors in ordering YAC clones in a contig
will be identified by having sufficient YAC overlap as
a result of high probe density and by STS content map-
ping as we illnstrated for the telomeric region of chro-
mosome 2q. The presence of high-copy repeat elements
in IRS probes used for library screening will give rise
to many positive hybridization signals on the pooled
DNA filters, which does not allow the identification of
individual YAC addresses. It is noteworthy that such
sweeping hybridization of inter-Afu probes to YAC
DNA pools was observed for less thar 1% of probes
tested in our experiments.

A cloning strategy that is based on the random selec-
tion of clones present the problem of contig closure and
thus requires exprrimental strategies that allow the
preferential generation of probes to close gaps between
contigs. The IRS strategy allows the identification of
probes that fall into such contig gaps in a relatively
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straightforward manner. We have spotted approxi-
mately 4000 additional probes from somatic cell hybrid
014-1 on hybridization membranes, which will then be
probe.. with pools of labeled Alu-PCR products ob-
tained from each of the 188 YAC groups. Probes that
do not hybridize with YAC contig-derived Alu-PCR
products fall into contig gaps and can be efficiently used
for extending the contig. In addition, by focusing on
probe geueration from YAC clones located at contig
ends, it should be possible to extend and close gaps
between contigs efficiently. We consider that this direct
IRS-tag approach is less work-intensive and less error-
prone than analyzing Alu fingerprints and their over-
laps (Bellanné-Chantelot et ql., 1992). At the present
stage of our experiments, possible sources of contig er-
rors could come from intrachromssomal YAC chimeras
if contig extension is achieved by only single YACs.
Using the approach that we have described, we plan to
concentrate on the establishment of a complete contig
of chromosome region 2q24—q37 and the integration
of our data with those obtained from different YAC
libraries before extending our efforts to the entire chro-
mosome.

Recently, a first-generation physical map of the hu-
man genome was published by Généthon (Cohen et al.,
1993). The challenge provided to other groups is to con-
firm and refine these data. The main source of errors
in this first-generation physical map is the occurrence
of false connections within contigs caused by syntenic
chimeric YACs or the use of multilocus probes that
recognize highly homologous sequences that are pres-
ent on different parts of the same chromosome (Bel-
lanné-Chantelot et al., 1992). In addition, the nonclona-
bility of certain genomic sequences in YACs will con-
tribute to contig gaps in the YAC map. The first source
of error is directly addressed by our experiments. While
the published Généthon map relied predominantly en
the later generation YAC library with average insert
size of 900 kb (mega-YAC library), we used the CEPH
Mark I library, which has a smaller insert size of ap-
proximately 430 kb. It is highly unlikely that the same
syntenic chimeras will be found in both YAC libraries.
Thus, our data provide additional contig depth, which
will help to resolve false connections caused by chim-
eric YAC clones, and the integration of results achieved
with different libraries will significantly increase the
likelihood of a valid contig. In addition, we have initi-
ated the screening of the CEPH Mark I and mega-YAC
libraries with the same IRS probes. Preliminary results
of these experiments suggest that the genomic se-
quences contained in both libraries are not identical:
six probes did not hybridize with mega-YAC library
clones but detected a set of YAC clones in the CEPH
Mark Ilibrary. Similarly, one probe detected two mega-
YAC clones but none in the CEPH Mark I library. The
complementarity of our results and already existing
physical maps is best illustrated by the different strate-
gies applied by us and the Généthon group. The Géné-
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thon map, which is based predominantly on STS
probes, provides an excellent integration of genetic
maps with the YAC map. On the other hand, most
cosmid and BAC libraries are set up for hybridization
screening, and the probes generated in our experiments
will be useful for the integration of physical maps gen-
erated from smaller insert genomie libraries with the
YAC map. Likewise, preliminary results from our labo-
ratory suggest tha! IRS probes may be useful for the
establishment of PFGE maps of selected genome re-
gions.

In addition to the human and mouse genome proj-
ects, numerous efforts to generate genetic and physical
maps for economically important livestock species,
such as vattle (Libert et al., 1993), are under way. While
STS-bused strategies will play an important role in the
generation of physical maps for these species, it is rea-
sonable to predict that the high cost of STS screening
and the logistical requirements needed for the efficient
application of hierarchical STS-PCR screening will be
a major impediment to STS-based physical mapping
projects. IRS-PCR-based screening strategies offer a
cost-efficient complement to STS-based strategies. Alu
elements are primate-specific; however, IRS elements
are widely found in the genomes of mammalian species,
and we sugpest that IRS strategies can be applied to
the genome analysis of nonprimate species. Recent re-
sults indicate that Alu-like elements are evenly distrib-
uted throughout the bovine and ovine genomes (Raj-
can-Separovic and Sabour, 1993). Of course, species-
specific Alu-like sequence segments need to be defined
prior to the application of IRS PCR to other mamma-
lian species. For several livestock species, panels of so-
matic cell hybrids have already been established and
could '« used as templates for the generation of re-
gional chromosomal probes to be used in targeted clon-
ing of defined genome regions. The cost-efficiency and
the simplicity of the experimental design strongly ar-
gue in favor of a repeat-element PCR-based cloning
strategy as a major component for the physical analysis
of genomes of other mammalian species in addition to
human and mouse,.
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The aim of the YAC mapping of human chromosome 2 in our laboratory is to
censtruct a YAC contig overlapping the entire chromosome and as part of this project, my
focus has been on the telomeric half of the long arm. To this end, we have taken a multi-
step mapping approach including the generation of a coliection of chromosome 2-specific
YACs, YAC group analysis and ordering of YAC groups along the chromesome.

In Chapter 2, we described the use of the IRS-PCR approach to screen the CEPH
Mark I YAC library. In total, close to 800 IRS-PCR probes were used to screen the YAC
library and close to 2,000 chromosome 2-specific YACs were identified. This collection
of chromosome 2-specific YACs was divided into 188 YAC groups, which formed the
basis for the construction of a YAC contig map for human chromosome 2. The IRS-PCR
approach was demonstrated by these experiments to be practical and efficient. Since most
of the IRS-PCR probes were randomly derived from chromosome 2, a limitation of this
approach was the difficulty of ordering YACs along the chromosome. Thus, in the
subsequent step, the chromosomal localization of the YACs detected by the IRS-PCR
probes needed to be determined by other means. Furthermore, we primarily used the
CEPH Mark I library for the mapping of chromoscme 2 while many other laboratories
used the CEPH mega YAC library. The integration of mapping data which were derived
from different libraries with our own results would provide a better map for
chromosome 2.

In Chapter 3, we used the STS content mapping approach with a set of genetically
or cytogenetically mapped STS markers to screen our collection of chromosome 2-
specific YACs (chromosome 2 YAC sublibrary). These markers enabled us to order a
subset of YACs along the chromosome as well as to integrate the cytogenetic, genetic
maps with the YAC contig map. Furthermore, since most of the genetically mapped STS
markers we used to screen the CEPH YAC Mark I library were also used by the WI/MIT
Genome Center to screen the CEPH mega YAC library, these common markers were used
as anchors to integrate the chromosome 2 YAC mapping data for both CEPH YAC
libraries. Together, the experiments described in Chapter 2 and 3 ailowed us to create an
integrated genetic, cytogenetic and physical map of the telomeric region of human

chromosome 2q.
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CHAPTER 3:

Towards an integrated genetic, cytogenetic and physical map of human chromosome 2
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Abstract

We previously generated a human chromosome 2 yeast artificial chromosome
(YAC) sublibrary from the CEPH Mark I YAC library by the interspersed repetitive
sequence (IRS)-PCR method. In the present study, we extended our mapping effort by
screening the CEPH Mark I and mega YAC libraries with additional 78 and 112 IRS
probes, respectively, and by sequence-tagged site (STS) screening of the chromosome 2
YAC sublibrary using 63 genetically mapped microsatellites and 24 cytogenetically
mapped expressed sequence tags (ESTs). The resulting data was organized into 223 YAC
groups and the STS content mapping allowed us to order 39 of the YAC groups along the
long arm of chromosome 2. We found that 17 microsatellites were physically linked with
16 known genes within YAC groups. In addition, we integrated our data with the
chromosome 2 YAC mapping data generated by the Whitehead Institute/MIT (WI/MIT)
Genome Center on the basis of common microsatellites and mega YACs. The integrated
dataset contained 240 YAC groups; 22 of these integrated groups contained both our
YAC groups and WI/MIT Genome Center contig groups. Fourteen of the 22 integrated
groups are located in chromosome region 2q and consist of 1,195 YAC clones
corresponding to approximately one third of all chromosome 2 YAC clones analyzed.
Thus, we have integrated information from genetic, cytogenetic and YAC-based physical
maps and have built the backbone for a complete YAC contig for the long arm of

chromosome 2.
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Introduction

Human chromosome 2 is the second largest chromosome and corresponds to
approximately 8% of the human genome. Four recent genetic maps for this chromosome
have an average marker spacing of 2 to 5 ¢M, making it possible to map any polymorphic
genetic marker to a 5 ¢M interval, except for a few regions such as the telomeric region of
chromosome 2q (Buetow et al. 1994; Gyapay et al. 1994; Matise et al. 1994, Murray et al.
1994). The development of clone-based physical maps for chromosome 2 has lagged
behind the advances in genetic map construction (Spurr et al. 1994). Recently,
chromosome 2-specific bactenial artificial chromosome (BAC), cosmid, and bacteriophage
P1-derived artificial chromosome (PAC) libraries were constructed (Wang et al. 1994;
Gingrich et al. 1995). These resources will be useful for high-resolution physical mapping
of chromosome 2 once an ordered array of overlapping YAC clones spanning
chromosome 2 has been achieved.

We initiated YAC contig assembly for human chromosome 2 based on a two-step
mapping process. We used the IRS-PCI: approach which relies on the detection of YAC
clones by hybridization of individual IRS-PCR products to IRS-PCR products of pooled
YAC DNA (Liu et al. 1995a). The IRS-PCR approach is a cost-effective, rapid and
efficient method for YAC contig assembly, since large numbers of IRS probes can be
hybridized to IRS-PCR products of an entire YAC library (spetted on 7 x 11 cm filters),
allowing simultaneous screening of multiple probes and libraries (Chumakov et al. 1992;
Hunter et al. 1994; Liu et al. 1995a; Stanton et al. unpublished). We previously used close
to 796 IRS probes to identify a minimum of 1,610 chromosome 2-specific YAC clones,
which constitute our chromosome 2-specific YAC sublibrary. These chromosoms 2-
specific YAC clones were arranged into 188 groups, of which only 20 could be assigned
to specific cytogenetic regions of chromosome 2 (Liu et al. 1995a).

In the present study, we determined the chromosomal localization of YAC groups
along chromosome 2. We conducted STS content mapping of the chromosome 2-specific
YAC sublibrary, rather then the entire YAC library, using a set of genetically mapped
microsatellites and cytogenetically mapped ESTs, thereby reducing the work load.
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Moreover, relatively few STSs were needed to order YAC groups since detection of a few
YAC clones in each group was sufficient to localize the group on the chromosome,
Finally, STS content mapping allowed us to integrate our mapping data with those
available on the Whitehead Institute/MIT Genome Center www-sites, and with other

genetic and cytogenetic maps into a YAC map of chromosome 2.
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Materials and methods

Total genomic YAC libraries

Two total genomic YAC libraries were used in this study. The first one is the
extended CEPH Mark I YAC library consisting of plates numbered 1 to 552, (Albertsen et
ai. 1990; Dausset et al. 1992), plus 24 plates from the original Washington University
YAC library (Burke et al. 1987; Brownstein et al. 1989). The second library is the mega
YAC library consisting of plates numbered 709 to 972, excluding plates 861 to 868, and
encompasses 24,576 YAC clones with an average insert size of 1 Mb (Dausset et al.
1992).

Determination of YAC sizes

Yeast cultures and agarose blocks for YAC size determination by pulse field gel
electrophoresis (PFGE) were prepared following a previously described protocol (Chiu et
al. 1994). Yeast chromosomes were separated on 1% agarose gels using a Biorad CHEF

Mapper apparatus. Electrophoresis was carried out in 0.5x TBE buffer (I1x TBE is: 0.1 M
Tris, 0.1 M boric acid, 0.2 mM Na;EDTA) at 14°C with a linear switch ramp from 60 sec

to 100 sec for 24 hr. DNA was then transferred to Hybond-N nylon membranes
(Amersiiant). The probe used for hybridization was a gel purified 2.67 kb fragment of
Pvull and BamHI digested pBR322, which corresponds to the left arm of the pYAC2
vector (Burke et al. 1987). Labeling of probes was done using a-32P-dATP (>3000
CVmmole) and the random hexanucleotide labeling technique (F einberg and Vogelstein
1983). Hybridizations were carried out according to the manufacturer’s instructions
{Amersham). YAC size was estimated by comparison of the mobility of the band of
YACs with those of yeast chromosomes of known size from Saccharomyces cerevisiae
strain AB1380 and with a 50 kb Lambda cocatemer ladder (New England Biolabs,
Missisauga, Ontario).
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IRS-PCR hybridization membranes

The generation of IRS-PCR hybridization membranes for the CEPH Mark I YAC
library was previously described by Liu et al. (19952). A similar procedure was used to
generate IRS-PCR hybridization membranes for the mega YAC library except that a
different pooling scheme was used. The mega YAC library, which consists of 256 plates,
was assembled in 32 vertical stacks of 8 plates. From each stack of 8 plates, 28 pools
were collected: 8 plate pools (1-8), 8 row pools (A-H), and 12 column pools (1-12). Thus
a total of 28 x 32 = 896 pools were collected. DNA was extracted from each pool at the
WL/MIT Genome Center and the Az PCR products were produced as described by Liu et
al. (19953); The set of 896 pools of Alu PCR products was spotted in duplicate ona 7 x
11 cm membrane. Each YAC address is composed of three components corresponding to

the plate, row and column pool coordinates.

IRS-PCR probes for screening YAC libraries

A set of 78 new IRS-PCR probes were generated from somatic cell hybrids
containing only portions of human chromosome 2 and used to screen the CEPH Mark [
YAC library. In addition, a subset of 112 IRS-PCR prrbes from our collection of 874
probes which had been used to screen the Mark I YAC library was also used to screen the
CEPH mega YAC library. The protocols for the generation cf IRS-PCR probes from
somatic cell hybrids, IRS-PCR probe labeling, and for IRS-PCR probe hybridization to

membranes were described previously (Liu et al. 1995a).

Chromosome 2 YAC sublibrary

Previouslyv, we identified 4,572 YAC clones from the CEPH Mark I YAC library
using the IRS-PCR screening method with chromosome 2-specific probes (Liu et al.
1995a). We individually picked these 4,572 YAC clones and stored them in 48 ninety-six
well plates as a chromosome 2 enriched YAC sublibrary. Of these 4,572 YAC clones, a
minimum of 1610 were chromosome 2-specific; and a subset of them were part of
ambiguous groups and likely were not chromosome 2-specific. In addition, we obtained
18 YAC clones from the ICRF YAC library which were detected by hybridization
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screening with cDNA probes for FNI, CRYG, TNP!, COL3A41, COL5A2, and UGTIAI
We included these YAC clones in our chromosome 2 YAC sublibrary, which we then used
as the template for further screening with STSs.

Selection of STSs in chromosome region 2q

We selected microsatellites from a recently published genetic map (Gyapay et al.
1994) to use them as anchors to order YAC groups and to integrate our data with the data
from the WI/MIT Genome Center. We selected two proximal markers, D2S5356 and
D2§5124 and then starting from the map position where D25300 is located and extending
to the telomeric end of chromosome region 2q, we selected 65 microsatellites, choosing at
least one microsatellite for each position resolved on the genetic map (see Fig. 1). We
also selected two additional microsatellites, D25/02 and D2§211 (Spurr et al. 1994;
Barber et al. 1993), which were used in a genetic analysis of susceptibility to tuberculosis
(Boothroyd 1994). Thirty-four of these 67 microsatellites were described previously (Liu
et al. 1995a); the other 33 were D2872, D285133, D2S161, D25280, D25307, D25309,
D25313, D28315, D285322, D28325, D25336, D25338, D25342, D285344, D25345,
D28346, D25348, D25350, D25§351, D25353, D25355, D28356, D28360, D25360,
D25362, D28364, D253¢3. D25377, D28384, D25389, D25395, D25396, and D2S+01.
Primers for all 67 microsatellites were purchased from Research Genetics (Huntsville,
AL).

In addition, we selected primer pairs for 24 genes (/L1B, PROC, GYPC, ERCC3,
GCG, COL341, COL5A2, CRYGA, CPSI, MYL1, CD28, FNI1, XRCC5, TNP1, NRAMPI,
IL8R, VIL1, INHA, DES, PAX3, ALPP, ALPI, UGTIAI, and AGXT) located in
chromosome region 2q13-q37. The source and the sequence of these primers, except for
XRCCS, were described previously (Liu et al. 19952a). Primers for an STS derived from
the 3' UTR of the XRCCS5 gene (Taccioli et al. 1994) were kindly provided by Dr. P.
Jeggo (MRC Cell Mutation Unit, Brighton, UK).
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STS content mapping of the chromosome 2 YAC sublibrary

The procedure for isolation of YAC DNA and the PCR conditions for STS
screening of the chromosome 2 YAC sublibrary were described previously (Liu et al.
1995a). Yeast genomic DNA isolated from Saccharomyces cerevisiae strain AB1380 and
human genomic DNA were used as negative and positive controls, respectively, in
amplification reactions. Positive clones were identified by examining ethidium bromide

stained agarose gels for the presenze of amplification products of expected size.

Montreal General Hospital (MGH) chromosome 2 YAC database

Previously, we developed a database for storing the results of IRS-PCR screening
of the CEPH Mark I YAC library and STS screening of the chromosome 2 YAC
sublibrary (Liu et al. 1995a). We expanded the database by adding new mapping
information from IRS-PCR screening of both the Mark I and mega YAC libraries, and
from additional STS content mapping of the chromosome 2 YAC sublibrary.

The WI/MIT Genome Center chromosome 2 YAC mapping data

Human chromosome 2 YAC mapping data from the WI/MIT Genome Center was
downloaded from the World Wide Web (http://www-genome.wi.mit.edu) (Release 6,
March 1995). We retrieved all the chromosome 2 contigs designated as WC from this
dataset. In addition, we also retrieved YAC data corresponding to those microsatellites
which detected Mark I YAC clones in our chromosome 2 YAC sublibrary, but were not

contained in any WC-group on chromosome 2.

YAC group analysis

We previously defined a set of overlapping YAC clones as a YAC group (YG) and
developed a program in FoxPro (Microsoft) to assemble these YAC groups (Liu et al.
1995a). For the previous YAC group analysis, we used a dataset consisting of
unambiguously detected YAC clones and others which were ambiguously detected initially
but later confirmed by individual YAC hybridization or PCR. experiments. By matching

ambiguous with unambiguous addresses, we were also able to resolve a subset of
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ambiguously detected Mark I and mega YAC clones and included them in the YAC group
analysis presented here. The principle for this disambiguation process was the following; if
a YAC clone X was detected as part of an ambiguous group by probe A, and clone X was
the only member of this ambiguous group to be unambiguousiy detected by another probe
B, then if probes A and B belonged to the same or adjacent previously defined YAC
groups, the probe-address combination A-X was considered disambiguated and included
in the YAC group analysis of the present study. Finally, we eliminated from the YAC
group analysis probes that detected more than 15 YAC clones, under the assumption that
such probes most likely contained repeat sequences. The resulting MGH dataset was
subjected to YAC group analysis.

Since our program for the YAC group analysis uses marker/YAC pairs as input, it
was possible to combine the WI/MIT Genome Center data with our data for YAC group
analysis. Among the chromosome 2 WC-groups, we eliminated those YAC clones which
appeared in more than two WC-groups, under the assumption that these clones are
intrachromosomal chimeric YAC clones. The integrated MGH-WI/MIT Genome Center
dataset was also subjected to YAC group analysis (see Fig. 2).

The information for our YAC groups and the integrated MGH-WI/MIT YAC
groups is available via anonymous ftp. To obtain the data, fip to fip.mcgill.ca and cd to
the directory pub/McGill-Contrib/Chromosome2.
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Results

Scheme for generating and ordering groups of overlapping YAC clones and for
integrating our data with the WI/MIT Genome Center data

The scheme we used to generate and order groups of overlapping YAC clones,
and to integrate our data with the WI/MIT Genome Center data, is summarized in Fig, 2,
Previously, we used the IRS-PCR screening approach to generate a Mark I YAC
sublibrary enriched for chromosome region 2q (Liu et al. 1995a). In the present study, we
continued our YAC mapping effort by screening the CEPE Mark I YAC library with 78
addition randomly derived IRS probes and by STS content mapping of the chromosome 2
Mark I YAC sublibrary with 30 additional STSs. In total, we used 67 genetically mapped
microsatellites and 24 cytogenetically mapped ESTs to screen the chromosome 2 YAC
sublibrary. These STSs were used as internal controls to verify the validity of STS-
anchored YAC groups and to order them along the chromosome. Although it is possible
that in some cases unrelated YAC groups might be falsely connected through an
intrachromosomal chimeric YAC clone, such false connections could be detected easily by
means of internal controls such as STSs with known chromosomal localization. The final
STS-anchored YAC groups which resulted from analysis of our data were therefore
consistent with the map positions of the STSs and could be ordered along the
chromosome 2 (Fig. 2). |

The YAC library which we used to derive the chromoscme 2 sublibrary was the
CEPH Mark I YAC library, while the WI/'MIT Genome Center data are based on the
CEPH megz YAC library. Thus, integrating the chromosome 2 mapping data from both
libraries allowed us to create a more complete chromosome 2 YAC contig map. The
resulting groups are called integrated groups (IG) (Fig. 2).

STS content mapping of the chromosome 2 YAC sublibrary

Of the 67 microsatellites which were selected, 4 did not amplify control genomic
DNA and were not be used to screen the sublibrary. Among the 63 markers which were
used, 53 identified at least one YAC in the sublibrary. In addition, all of the 24 ESTs
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selected from chromosome region 2q13-q37, except for AGXT, identified YAC clones in
the sublibrary. Thus, of the 87 STSs (63 microsaiellites and 24 ESTs) used for screening
the chromosome 2 YAC sublibrary, 87% (53 microsatellites and 23 ESTs) identified at
least one YAC in the sublibrary. Table 1 lists the YAC clones identified by each STS.
The number of YAC clones detected per STS for the 76 STSs ranged from 1 to 14 with
an average of 4, which is consistent with our previous report (Liu et al, 1995a). In total,
245 STS-positive YAC clones were identified. The size for 130 of these YAC clenes is
also shown in Table 1.

Approximately half of the IRS-PCR probes used for the generation of the
chromosome 2 YAC sublibrary were derived from somatic cell hybrid 014-1 which
contained the telomeric half of chromosome 2q excluding the tip of the telomere (see Fig.
1) while the majority of the other half were derived from hybrid GM-10826B containing
entire chromosome 2 (Liu et al, 1995a). The higher the density of IRS-PCR probes for a
given genomic region, the higher the coverage of YAC clones one would expect for this
region in the sublibrary. Therefore, we investigated whether success of the STS screening
was associated with the genomic region contained in the hybrid 014-1. We determined the
boundaries of this hybrid by PCR analysis for the presence or absence of amplification
products of specific primers from chromosome region 2q to be at the map region of
D2572 and D25307, and in the region between DZ;S'338 and D28§395 (see Fig. 1). Of'the
10 microsatellites which failed to detect YAC clones in the sublibrary, 7 of them were not
contained in hybrid 014-1 (Fig. 1). D2$351 is inside the map boundaries of hybrid 014-1
but was not detected in hybrid 014-1. The likely explanation is that there is a small
internal deletion around D2S357 in hybrid 014-1, since microsatellites adjacent to D2835/
were found in this hybrid. In addition, there are other rearrangemehts in hybrid 014-1
since we observed that genomic sequences from the region around D2S/738, which is

proximal to the expected map bounrdaries of hybrid 014-1, were contained in this hybrid.

YAC group analysis
The updated dataset from our chromosome 2 YAC mapping database, that
includes new data from IRS-PCR screening of both Mark I and mega YAC libraries as
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well as from new STS screening of the chrumosome 2 YAC sublibrary, consisted of 1,733
Mark I and 301 chromosome 2-specific mega YAC clones which were detected by 752
IRS-PCR probes and 76 STSs. After the initial analysis we identified several YAC groups
which contained false connections based on the map positions of the STSs contained in
these groups. We re-analyzed these YAC groups via structured database queries and
identified single YAC clones which were causing the false connection between unrelated
YAC groups. After excluding these chimeric YAC clones, we did another YAC group
analysis and identified 220 YAC groups which are now consistent with the map positions
of their included STSs. Three additional YAC groups consisting only of chimeric YAC
clones detected by D2S5153, D25161 and D25172, which were not included in the YAC
group analysis, were named as YG221°, YG222’ and YG223°. Thus, in total, our dataset
consisted of 223 YAC groups.

Chromosomal localization of YAC groups and physical linkage of microsatellites with
ESTs

| Among the 223 YAC groups which were identified in the present study, 44 were
anchored by at least one STS. We denoted these 44 YAC groups as STS-anchored YAC
groups. Thus, the 76 STSs were assoctated with 44 STS-anchored YAC groups
comprised of 837 distinct YAC clones. Tabie 2 lists the 44 STS-anchored YAC groups,
their associated STSs, and the number of YAC clones and the number of markers (IRS-
PCR probes and STSs) contained in each group. Since all the microsatellites except
D25102 and D28211 were selected from the Gyapay map, the YAC groups could be
ordered along chromosome region 2q based on the genetic map position of the markers
(see Fig. 3). Ofthe 44 STS-anchored YAC groups, 39 were anchored by at least one
microsatellite from the Gyapay map and are shown in the center of Fig. 3. D25277 and
D28102 were physically linked to groups that contained microsatellites from the Gyapay
map.

Among the 44 STS-anchored YAC groups, 16 contained two or more STS

markers (first 16 groups in Table 2) and can be further subdivided into three categories
based on the type of STS contained in the group: 9 YAC groups containing both ESTs
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and microsatellites; 5 YAC groups containing only microsatellites; and 2 YAC groups
containing only ESTs. The 9 STSs-anchored groups that contain both ESTs and
microsatellites include 17 microsatellites that can be ordered along the genetic map of
chromosome region 2q and 16 ESTs that map to distinct cytogenetic bands, These 9
STSs-anchored groups represent the integration of genetic, cytogenetic and physical map

information in chromosome region 2q, as shown in Fig, 3.

Integration of our data with the WI/MIT Genome Center data

In order to gain more information for chromosome 2 YAC mapping, we integrated
our data with the W/MIT Genome Center chromosome 2 mapping data. The integration
was based on common microsatellites and/or common mega YAC clones. Microsatellites
that were used for screening the chromosome 2 Mark I YAC sublibrary in our laboratory
and fcr screening the mega YAC library by the WI/MIT Genome Center allowed us to
integrate our STS-anchored YAC groups with the WI/MIT Genome Center data. In
addition, we used a subset of IRS-PCR probes to screen the mega YAC library and
detected a set of mega YAC clones, some of which were also detected by the WI/MIT
Genome Center. Therefore, these common mega YAC clones provided a second way of
integrating our data with the WI/MIT Genome Center data.

In the WI/MIT Genome Center data, there were 67 chromosome 2 WC-groups
which consisted of 1,574 YAC clones and 495 STSs (including genetically mapped
microsatellites and other STSs). Of the 53 microsatellites used in our study, 48 were also
used by the WI/MIT Genome Center for screening the mega YAC library. The exceptions
were D2572, D25i04, D25211, D2§5322 and D2§537!. Among the 48 common
microsatellites, 38 were found in the 67 chromosome 2 WC-groups. We therefore
retrieved the WI/MIT Genome Center data corresponding to the 10 microsatellites not in
WC-groups. Thus, the chromosome 2 WIMIT Genome Center data which were
integrated with our data consisted of 67 WC-groups plus 10 microsatellites and their
associated mega YAC clones. The integrated dataset consisted of 3,329 YAC clones
detected by 752 IRS-PCR probes and 533 STSs.
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After the initial analysis of the combined MGH and WI/MIT data, we identified
and eliminated chimeric YAC clones. A final analysis produced 240 groups which we
called integrated groups (IG). Twenty-two integrated groups included both our YAC
groups and WC-groups; 14 of these 22 groups were located in chromosome region 2q,
which was the major focus of our YAC mapping (see Fig. 4). Of the 14 integrated
groups, the minimum YAC coverage was determined for 6 integrated groups based on the
boundary markers from the Gyapay map: 4 ctM (IG12), 4 M (IG20), 13 cM (IG5), 8 cM
(IG42), 5 cM (IG3), and 2 ¢cM (IG25). Integrating the information from the WI/MIT
Genome Center has allowed us to increase the continuous YAC coverage, for example,
IGS contains 11 of our YAC groups and 3 WI/MIT Genome Ceuter WC-groups. 1GS
consists of 307 YAC clones and 130 markers, and overlaps at least 13 ¢M of the genomic
region from D25155 to D25295. Together, the 6 integrated groups cover a minimum of
36 ¢M, a genomic region which corresponds to approximately one fourth of the entire
long arm of chromosome 2. The actual YAC coverage for chromosome region 2q is
' significantly higher since there were another 8 imegrated groups (1G148, IG14, IG151,
1G7, IG184, IG31, IG11 and IG38) for which minimal genomic coverage could not be
accurately determined because there was only one genetic marker from the Gyapay map
contained in each group. Several of these groups fall within the gaps between the 6 other
integrated groups. In total, the 14 integrated groups consist of 1,195 YAC clones
(approximately 1/3 of the YAC clones in the integrated dataset) which were detected by
529 markers,
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Discussion

In the present study, we continued our effort in the assembly of a complete YAC
contig for human chromosome 2. We subjected the YAC clones contained in the
sublit:rary to STS content mapping using primer pairs derived from 24 expressed genes
and 63 microsatellites which localize to the long arm of chromosome 2. We were able to
order 44 YAC groups along the chromosome and to integrate 16 expressed genes into the
genetic map of chromosome 2 on the basis of our YAC group analysis. The integration of
expressed genes with microsatellite-based genetic maps will be useful for linkage analysis
and for cloning disease genc<. Indeed, it has been suggested that the positional candidate
approach which is based on the integration of transcript and genetic maps will eventually
replace the positional cloning approach for cloning of disease genes (Collins 1995). In
addition, there are a number of other applications for such integrated maps, for example,
once a candidate disease gene is identified in an animal model, the human homologue
could be tested for linkage analysis with the human disease phenotype. Frequently, no
polymorphic variants with high degree of heterozygosity are found in the human gene and
it would be desirable to identify highly informative microsatellites located in the vicinity of
the disease gene which can be used for linkage studies. This problem can be illustrated by
the genetic analysis of tuberculosis susceptibility. The human NRAMP! gene has been
suggested by studies in inbred strains of mice as a candidate tuberculosis susceptibility
gene (Vidal et al. 1993; Cellier et al. 1994; Liu et al. 1995b). To date, a number of
polymorphisms have been identified in the NRAMP! gene (White et al. 1994; Liu et al.
1995b; Blackwell et al. 1995; Buu et al. 1995); however, most of these polymorphisms are
di-allelic and have low degree of heterozygosity, and genetic studies are thus restricted by
the lack of highly informative genetic markers. The establishment of physical linkage
within a small YAC contig between two microsatellites, D25104 and D2§173, and
NRAMP! provided additional highly informative markers for further genetic analysis of
susceptibility to tuberculosis (Liu et al. 1995b).

The integration of our data with the W/MIT Genome Center data greatly

improves the YAC contig information available for human chromosome 2. Whereas our
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data was created mainly using the CEPH Mark I YAC library, the WI/MIT Genome
Center data was generated from the CEPH mega YAC library. The integration of the two
datasets thus increases the depth of YAC coverage of this chromosome. The two datasets
are complementarv to each other to some extent. For example, among the 63
microsatellites tested in our study, 10 failed to detect YAC clones in the sublibrary. But, 5
of these 10 STSs detected mega YAC clones in the WI/MIT Genome Center experiments.
On the other hand, 5 markers (02572, D25104, D28211, D2§322 and D25371) were not
detected in the WI/MIT Genome Center screen but were detected in Mark I YAC clones
in our sublibrary. Furthermore, in the WI'MIT Genome Center dataset, D25/73 and
D25163 were not part of any of the 67 WC-groups. In contrast, these two markers were
part of two extended YAC groups in our dataset (YG55 and YG92), with 52 YAC clones
and 39 YAC clones, respectively. Finally, the integration between 2 datasets results in
larger YAC groups. For example, in chromosome region 2q (Fig. 4), in 8 instances
(IG14, IG12, IG20, IG7, IG5, 1GA42, IG31) our adjacent YAC groups were connected via
the W/MIT Genome Center data, while in 3 instances (1G20, IG5 and 1G3), the WMIT
Genome Center WC-groups were connected via our data. Thus, the integration between
these two datasets has created 14 large YAC groups in human chromosome region 2q.
The localization of 44 STS-anchored YAC groups and the creation of 14
integrated YAC groups comprising 1,195 YAC clones and 529 probes on the telomeric
half of the long arm of chromosome 2 represents significant progress toward the
construction of a YAC-based physical map of chromosome 2. To complete the physical
map for this region of the genome, it is necessary to localize YAC groups which are not
already part of the 14 integrated YAC groups and to initiate chromosome walking from
these groups. To date, we have identified 55 YAC groups which contain probes derived
from hybrid 014-1 and are not part of the integrated YAC groups. We intend to select a
minimal set of YAC clones from these groups and derive IRS probes to screen both the
Mark I and mega YAC libraries. This effort will likely extend the present YAC groups
and result in additional contig closures. Currently, we are also exploring the possibility of
using “inner product mapping” to localize the YAC clones of the chromosome 2
sublibrary (Perlin and Chakravarti 1993; Perlin et al. 1995). This information would aid us
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in selecting IRS probes that are located in the contig gaps. Together, these efforts will
help us to obtain a complete set of overlapping clones for the long arm of human

chromosome 2,
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Figure 1:

Microsatellites in human chromosome region 2q. The genetic map was adapted from the
map produced by Gyapay et al. (1994). We selected all the markers except those which
are underlined. In total, 65 markers were selected. The asterisk (*) indicates four
microsatellites that failed to amplify control human genomic DNA and were not used for
STS screening. One of the two primary sources for IRS probes was hybrid 014-1. The
chromosomal region contained in hybrid 014-1 is estimated to be 70 Mbp and is indicated
by the vertical line at the far left of the figure. Ten microsatellites failed to identify any
YAC clones in the sublibrary: three enclosed in [ ] were in the region contained in hybrid

014-1; the seven others are enclosed in <>,
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Figure 2:

Flow diagram for generating and ordering groups of overlapping YAC clones and for the
integration of our data with the WI/MIT Genome Center data (for details see text).
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Figure 3:

Chromosome localization of YAC groups and physicatl linkage of microsatellite markers
and ESTs. Anideogram of chromosome 2 with chromosomal band designations is given
at the left. Vertical bars to the right of the ideogram indicate the cytogenetic localization
(obtained from GDB) of ESTs which were contained in the STS-anchored YAC groups.
Where STS-anchored YAC groups contain mcre than one EST, the narrowest ¢cytogenetic
assignment was used, The 5 ESTs which are not physically linked with genetically
mapped microsatellites are labeled next to the corresponding vertical bars. On the far
right, horizontal tick marks indicate the location of the STSs; the number between two
tick marks indicates the genetic distance {cM). Physically linked STS markers within an
STS-anchored YAC group are separated by slashes, while markers within different STS-
anchored YAC groups at the same genetic map position are separated by semi-colons. In
the center of the figure, 39 of the microsatellite-anchored YAC groups are ordered on the
basis of the genetic order of the microsatellites. The numbers in parentheses after each
STS-anchored YAC gfoup indicate the number of YAC clones and the number of markers
(IRS-PCR probes and STSs) in the group. Thin lines show the connections between the
cytogenetic and genetic maps and the STS-anchored YAC groups. Braces are used when

the markers at a map position do not fit on one line.
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Figure 4:
An integrated map for human chromosome region 2q. On the left is a genetic map,
modified from the map of Gyapay et al. (1994). Horizontal tick marks indicate the
location of microsatellites; the number between two tick marks indicates the genetic
distance (cM). In the center, vertical bars indicate the location of our YAC groups (YG)
and the WI/MIT Genome Center contigs (WG-groups) that are contained in the
corresponding integrated groups (IG) shown on the right. A solid vertical bar indicates
the minimum YAC coverage contained in an IG based on the positions of the boundary
markers from the Gyapay map. A striped vertical bar is shown at the map position for a
marker when an IG contains only one marker from the Gvapay map and the minimum
YAC coverage could not be determined. Following the name of each IG, the number of
YAC clones and the number of markers (IRS-PCR probes and STSs) contained in the
group are given in parentheses. Note that D25346 and D25307 are at the same position in
the Gyapay map, however, D25346 is part of IG20 and D25307 is part of IG7. Also,
IG184 consists of YG204 and WC-54.
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Table !, Chromasome 2 specific STS: and correspanding Y ACS.

Locus Address? Address® Sizet Locus Addresst Address® Sizes
MITY (CEPH or ICREY (kD) (MITY ICZOH or ICREY 1kiy
ALP! [D3HO? 12_h_7 150 LiB 1G3¢12 e L2 350
213807 42 5 7 200 SBIE0S 401 ¢ 6 380
3G3D03 21343 TESGOT 309 g 7
4D3EQ3 320 e3 L8R 2A3007 149 d 7
JESEQS 339 JASFOT 14917 345
SE6DO7 S15.d_7 SE3D02 366 d 2 430, 363
ALPP 1D3HO7 12 b7 150 SF3D09 369 d 9
213807 142 b 7 200 NHA 2B2EDS 98 ¢_§
3G3D03 21343 IBSEODS 157 e_s 175
“DSE03 3203 3C1BIO 199 b_t0 235
4ESEQ9 3B e 3CICHL 199 ¢ 11 200
6ESDO07 515 4.7 MYLI 1 D38 1258 3
cD2g JESADS 168_a_4 595 1D3D0z2 27942 430
2U3HO4 138 h 4 630 715007 381 _d_7 270
2L3AlLL 148_a_l! 325 715009 381.d9 270
2L3AILR2 148_a_12 335 NRAMPL  2A3A03 9 a3 470
683D12 454 d_12 270 3GLHOS 2t ks 500
TD3F12 135612 4G6F03 33013 260
7DSD0K 154_d 4 SE3D02 366.d_2 430, 365
7TKIG10 101 g 10 460 PAX3 2D3GA8 120 g 8 sto
RE2B09 493 b9 200 3AS5E0L 230_e_1
COL3Al  2L3BO04 148 b 4 158 IDSEOT 239 e 7 595
SALAQS  200HOOTS 555, 360 JF4BO3 24403 420
SALALL onogee1sl $to 4E4AQL 32t 330
coLiaz 2L3B04 [a8 b 4 335 4ESGO4 323 g+ 120
9A1AQ9 900H0928 555, 360 5A2A09 437 2 9 595
9alall S00CO&13L 810 7I5GO3 384 g3 27
cPsl 3G6GG3 250 3.3 408, 313 TISGO4 38 g 4 200
SGIC10 416 ¢ 10 350 SFLEI1 196 ¢ 11 280
CRYG 1D5GO 66_g 3 PROC 1C6C06 64 6.6 180
2C5HO9 160_h_9 475 2CIF03 159_t 3 230
SHEAOS $22a8 320 2E4AL2 167_a_12 535
612811 77 b U 260 AF4AD8 325 2 8 380
FESAIL 27231l 4F4Al0 325210 320
9A A6 Q00EN363 345 1G4D03 32843 520
9ALACE 00604148 690, 360 SL3ct 397 _¢_Ll
SALAL0  900FDS123 610 TNP! JGHEC2 328.¢2 370, 220
9ALAL2 900HQ7s8 920 J1H09 302_h9 280
DES 6C4B03  491_b_3 200 SCIF06 046 430
6F1E09 464 & 9 300 SD4HLD 407_h_l0 3to
8F2E0S 498 ¢S 480 9ALA0L ol 2127 500
ERCC3 1CaC0s 64 c 6 180 9A1A02 S00D0120 500
SL3C11 397 11 9A2G08 Amll
SLEGO 336 g 4 9A2GO9 AmS 685
N1 1C5B04 63_b_d 520 9A2GI10 Ami 595
1L4G12 39.g_12 710, 365 |UGTIAL  LJ6ALD 85_1_10
2A4G09 149 g 9 180 7B2G02 61 g 2 950
3E2F11 206_f 11 490 7C1G07 92 g 7 500
4J1A04 30224 9A1B01 S00C07L3 350
JI5G06 340 g 6 SALBI2 938, 160
SCIELD 304 e 10 - 430 VILL 2A3A03 % _a_3 270
SI4F08 424 £ 8 565 IGIHOS 2l h 6 500
SIDo3 385 d 3 320 3A2F03 26813 150
515803 41 b3 s 4GEFO3  330£3 150
9A1803  S00E0374 XRCCS IBIBI1  4_b 11 370
SALBO4  S00CO2% 1D2C09 11 c 9 405
9AIBOS  S00DOAL 3K3B0S 22565
GCG ID4HIZ  65_h_12 1000 5G3D0S 3245
2CSAO0L 161 _a_1 TKIC09 55¢9 880
SHECIM 42 1 7K1D10 $5.d_10 575
$11B0S 385 b5
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Address? Address® Size Address Addross® Sizee
Logus MIT (CEPH or ICREY 1k Locus M (CEPH o7 ICREY (A
Das1o2 2D3G08 12038 10 cont’d aD3ID0T 27942 430
2F5A09 1729 830 T15DOY TS vy
D2S104 JL3ECS 32 d §90 T15D09 38148 0
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36D 230.d.s 500 3BEGOS  23aT40S
D25116 1D4H12 65_h_I12 1000 JESFOL MUT
1F6BOS 73b.8 603 SN3A0L 3434 )
D2S117 IG4C12 74 e 12 540 6E3GO2  §13g2
D2s118 1A3D09 343 435 6FSGO4  S1T g4
IASDI0 3410 470 6FSGOS  S17_g$
1ADIL 374N 368 23G0? S13g2
IF6G10 73_g_10 350 8I3HOL S13ht
212Go8 137 5.8 160 DISt61  2BID®K 99 d3d
025120 3ASFO4 193 DIS163  3CIBIO 199 b 10 438
3DIAOS 20248 ICICH 199t 0
D2s124 JFID0S 208045 JASF4 29013
D2s12§ 4DIA08 31938 6FSGOY  S1T.g 9 385
D2$126 JK6DO3 34543 435 SCIHOS a7 h§ 395
7G6D06 34246 430 DISI64  LIGIL 226 g1l 80
D25130 23EIL 1387¢_11 410 ATHO9 30209 280
3KID02 22342 560 9ALAOlL  S00CORIN? $00
6HEHI2  S24_h_12 355 972609 AmS 685
D25133 4KE6DOS  345.dS 190 9A2G10  Am} 595
4L2FO7  310_E7 D3S172 IFIHOS  16.h 8 T8
JL4BOS 36 bt 3MEQ 25769 530
D25137 1D2C09 1169 05 D2S173 4AL3EY 31264 690
3A4HO?T 1297 50 D25206  4K6HO?  345.h 7 160
3MG04 254g 4 480 TC4F06  1I2ES
3L6D1L 265 d_11 430,365 [PaS2U1 3NGH A4 g 4 130
4B3F01 T3t 538 4B3FOl 7311 535
4B3FI0  I73_L 10 558 4B3F10 27310 $55
D2s138 186C02 8 c3 iD6A0Z 32 400
2J6A03 185 23 aD6A0T 32 a7
3B3B02 198 b2 505 iD6GOS 32 g9
D25143 4F2E08 27 e 8 550 7EIFOS 156_t. 8 370
D25148 1ASBO3  50_b_3 560 TRICO9  55.¢9 850
1C4G09 6239 760 TKIDI0O  55_d_10 75
243G01 963 L 125 D2S295  LISHOL Bl h_l 399, 263
3A4DOS 2945 460 TBIAGR 6032 5%
383802  198b2 605 D2S301  3LIGLL 263 11 480
3DJEI0 23810 ATTHO9 30289 %0
3E3HIL 207 h_1L 9AlAOL  900CORI27 500
3F1FOS 208 £ 5 560 9AlA0Z  200DOIXY 500
3HIA0T 247 05 D2S307  2ESA0S 16833 595
6A2D05  437.4_5 D2S309  ID4HIZ 6512 1000
6G3A10 4693 10 IDSEOS  66_c8
TE2B11 170_b_11 IF6BOS T3 b3 603
D2S153 4T1BOS  286bS 150, 380 6KSGO2 S99 32
D2siss 1D5G0s 665 & DISH3I 212608 131_g 8
2D6A06 163 a6 2L1DIL 136_d_11
SDIEOS 358 e 8 SILA04 378 ad
SDIE®S 3589 D2S317  6D3BO4 460 b4 358
6GEDO3 521 d_3 D2S322  1L3BOZ 4952 415
SALA06  S00EQs63 4FSA02 32622
SAIAI0  SODFDSI3 4G3BOT 294 b7
D2S155 1AIDO® 149 380 SISAQS 425238 350
IFIC0Z2  16¢2 $40 TG4E03 3333 350
IFSCO2  72¢2 540 Das32s  IL6GO2 91 g2
4F4DO3 32543 3D4B03 238 b3
S2D10 379.4_10 320 SLABOL 434 b L
D2s157 1D3Go8 128 L5 D25331 IDSB10  66_b_10
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Table 1. connnued

Addresyd Address® Sizet Addresst Addmess? Sizes
Locus (MIT) (CEPH or ICREY (kb Locus I (CEPH or ICREY (kY
cont'd 13006 2746 028355 3E3A08 2428
1L3D04 19 d 4 DIS3%6 1E6D02 70.d2
311C02 20 c.2 615 286A06 15836
D28334 3D2DO03 203 43 3%0 2DsA02 163 a2
JAZELL 268 ¢ 1l 380 203C02 163 _c 2
JA2GIL 268 g L) as JESGO: 323 g 4 40
JKSBO9 Jdd_b 9 300, 270 4G 1BOS 289 5§
SBIHO3  352°h3 320 6KSALQ  $45a_10
SD2GO2 36052 320 D2S360  6HGHI2  324Th 12 355
D28336 3CLCo8 19 c8 595 D283 IESEL2 89 e 12 145
6HJIHI2 §22_h_i2 1K4DO0 86_d_4 540
TFICO1 166 ¢ _l D28377 SD2HOS 360_h_3
TE2B1LI 170_b_1t D25389 1A3DIL 3_d_il 363
5338 1CSHO2 63_h_2 {F6GIL0 73 g_l0 850
LJIGEO03 85 ¢ 3 oG08 13738 160
2F2E02 126 e 2 JE1HOS 230_h 5
SJGEUS 185 ¢ 8 DI8396 JF2EOL 287 et
JBSGOS 348§ JELF0S 32563
6A3FOL 38 £ 4 SASGO3 399 g 3
$B3BO+ 445 b 4 Das<01 JELAQG 280_a 6
D2s342 JIF6HOs 246_h_4 JELAOS 280_a_8
D2S346 JLSEQ2 27 el 4E2E1] 28l et
1C5G07 T T JE2H11 231 h 1
1F3008 325 4 8 JE3DOG 233 4 5
D2S348 3DEDO4 20 d s 500 6F4AlZ  S16 at2
IGEID 247 ¢ tO SFSHOL  S17_h.
D28353 4B4D09 3349 D2s72 SL3ALL 148 a_llL 125
8E2AQ2 493 a2 JL3AL2 148 2 12 435
BF2F02 498 £ 2 703F12 135_£ 12

1 Carresponds o MIT's YAC library pooling scheme (Liu et al. 19952). YAC clones with plate address
9AL or 9AZ are from the [CRF YAC library.

b Corresponds to the CEPH YAC designation where applicable except those underined which correspond
to the ICRF YAC library.

¢ Size provided where known,



Table 2. Forty-four 3TS-anchersd YAC groups (YO

Y¥Gno. Linked STS(s)* YACs®  Markers' YGno. Linked STS(s)  YACs'  Maskers'
2 D2S137/D2S21 LIFN/XRCCS A 33 33 D25206 13 1
23 D2$33/ALPP/ALPLUGTIAL 50 29 59 D2§356 13 9
49 D2§322/D2S157MYLLICPSL 29 17 62 D2s120 T 3
31 D2S309/D2S116/GCG 10 6 64 DI§37L 2 !
34 D2S323/D2S154/CRYG 36 13 74 LiB 10 3
55 D2S104/D2SI73/VIL IANRAMPLTLSR 52 9 77 DIsUI7 t 1
92 D2S102/D2S163/PANITNHA 39 29 87 D25293 5 3
§81 D2572/D2S307/CD28 34 20 e GYPC 6 2
176 D2S164/D2S301/TNP1 13 5 126 D2S133 8 3
3 D25159/D28401/D28396 104 64 132 028313 3 l
12 D2S118/D28389 9 3 151 DES 8 3
1 bzslssmzs 148 66 16 163 D283355 t 1
23 D2S348/D2S115 42 25 164 D2sS12¢ 1 t
130 D2S130/D2S360 6 6 167 D2S342 1 t
43 ERCC3/PROC 17 ] 181 D2S125 t |
138 COL3AL/COL5A2 3 3 183 D2S143 t t
5 D25155 22 10 190 D2S126 2 1
§ D2S336 33 33 194 D2S377 1 t
2 D28334 i7 7 204 D25317 L t
30 D2S346 33 18 221°  Dasi6l 1 1
42 D2S338 40 12 222'  D2S1S3 i 1
36 D2S8353 7 2 223" D2sSIT2 2 !
* The STS(s) contained in the group.

> The number of YACs contained in the group.
* The number of markers (IRS-PCR probe or STS).
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As indicated in the preface, my thesis project originated from the generation of
genetic markers for the study of susceptibility to tuberculosis and leprosy (Chapter 4).
This project was subsequently expanded to include large scale YAC mapping of human
chromosome 2 (Chapters 2 and 3}. A major impetus for the human genome project was
provided by the suggestion that investigation of genetic diseases would greatly benefit
from a detailed knowledge of the genomic organization of chromosomal regions carrying

disease genes. In our experiments, this proposal has been proven correct, and the study of

susceptibility to tuberculosis and leprosy has definitely benefited from the mapping
information obtained in Chapters 2 and 3. In Chapter 3, we physically linked 17
microsatellites with 16 ESTs in 9 YAC groups. Among them, two highly informative
microsatellites, D25/73 and D25104, and an EST which was derived from exon 2 of
NRAMP1 were found to belong to the same YAC group. Subsequent YAC contig
analysis indicated that D25173 and D2S104 were physically linked with NRAMPI on a
1.5-Mb YAC contig. Together with 9 other genetic markers identified within the
NRAMP1 gene as described in Chapter 4, these molecular markers can be included in an
extended NRAMP haplotype and will be useful to assess the role of NRAMPI in

susceptibility to tuberculosis and leprosy.
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CHAPTER 4:
Identification of polymorphisms and sequence variants in the human homologue of the

mouse natural resistance-associated macrophage protein gene
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Summary

The most common mycobacterial discase in humans is
tuberculosis, and there is evidence for genetic factors in
susceptibility to tuberculosis. In the mouse, the Beg gene
controls macrophage priming for activation and is a
major gene for susceptibility to infection with mycobac-
teria. A candidate gene for Beg was identified by posi-
tional cloning and was designated “‘natural resistance-
associated macrophage protein gene” (Nrampl), and
the human homologue (NRAMPI) has recently been
cloned. Here we report on (1) the physical mapping of
NRAMPI ¢close to VIL in chromosome region 2935 by
PCR analysis of somatic cell hybrids and YAC cloning
and {2) the identificadon of nine sequence variants in
NRAMPI1. Of the four variants in the coding region,
there were two missense mutations and two silent substi-
tutions. The missense mutations were a conscrvative ala-
nine-to-valine substitution at codon 318 in exon 9 and
an aspartic acid—-to-asparagine substitution at codon
543 in the predicted cytoplasmic tail of the NRAMP1
protein. A microsatellite was located in the immediate
5" region of the gene, three variants were in introns,
and one variant was located in the 3’ UTR. The allele
frequencies of each of the nine variants were determined
in DNA samples of 60 Caucasians and 20 Asians. In
addition, we have physically linked two highly polymor-
phic microsatellite markers, D25104 and D25173, 1o
NRAMPI on a 1.5-Mb YAC contig. These molecular
markers will be useful to assess the role of NRAMP1
in susceptibility to tuberculosis and other macrophage-
mediated diseases.
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Introduction

Tuberculosis is a major public health concern: world-
wide. About one third of the world"s population is in-
fected with Mycobacterim tuberculosiz, and 30 million
people are expected to die in the next decade from tuber-
culosis (World Health Organization 1994). While envi-
ronmental exposure to mycobacteria is necessary for the
development of tuberculosis, intrinsic host Rctors are
also important in determining the outcome of an inlec-
tion with M. tuberenlosis. For example, human twin
studics show significantly greater concordance of disease
among MZ twins compared with DZ twins of the same
sex (Kallmann and Reisner 1943; Voge! and Motulsky
1986, pp. 213-214).

Genetic studies in the mouse have demonstrated that
innate susceptibility to M. bovis (BCG), M. lepracmu-
rivm, M. intracellulare, and M. avinm, as well as two
nonmycobacterial species, Salmonella ryplimuriten and
Leishmania donovani, is under the control of a single
gene located in the proximal region of mouse chromo-
some 1 {Schurr et al. 1990a). This gene has been alterna-
tively designated “Lsh,™ “[ty,” or “Beg” (Blackwell
1989). Susceptibility to infection is recessive to resis-
tance. Resistant mice restrict the growth of the above-
mentioned infectious agents in their reticuloendothelial
organs, while rapid uncontrolled proliferation of in-
jected pathogens occurs in susceptible mice. Analysis of
the resistant and susceptible mice has implicated the
mature tissue macrophage in resistance to infection and
has led to the proposal that the Beg/Lsh/lty gene regu-
lates macrophage priming for activation (Buschman et
al. 1989; Blackwell et al, 1991).

A candidate gene for Beg, originally designared
“Nramp™ {which we refer to as “Nramp1™), was iso-
lated by positional cloning and was shown to be ex-
pressed in the macrophage (Vidal et al. 1993). Sequenc-
ing of the Nramp1 gene from 27 inbred strains of mice
showed that susceptibility to mycobacterial infection
was associated with a nonconservative substitution of
glycine to aspartic acid in the second putative transmem-
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brane domain (Malo et al. 1994). A human homologue
of the mouse gene has recently been cloned, and the
exon-intron organization has been determined for 16
exons {Cellier et al. 1994}, In the present communication
we report on the localization of the human NRAMP]
gene (originally designated “NRAMP") and on the iden-
tification of nine sequence variants. These variants
should be useful for the genetic analysis of susceptibility
to tuberculosis and other nonparasitic diseases of the
macrophage in humans,

Material and Methods

Somatic Cell Hybrids

The National Institute of General Medical Sciences
{NIGMS) mapping panel 2 (Human Genetic Mutant
Cell Repository, Coriell Institute for Medical Research,
Camden, NJ), which is made up of 24 hybrid cell lines
that contain individual chromosomes as their only hu-
man complement {except for hybrid cell lines 07299 and
10478, which contain human chromosomes 1 and X,
and 4 and 20, respectively), was used for the chromo-
somal assignment of NRAMPI, The somatic cell hybrids
were grown according to the conditions specified by the
supplier. After one passage of cells, DNA was extracted
according to standard protocols using proteinase K
treatment and phenol/chloroform extraction (Sambrook
et al. 1989). Primers 2F {5'-CCCTCCCTTAATGAAG-
GATC-3') and 4R {5'-CCACCACTCCCCTATGAGG-
TG-3'), which hybridize to the 5’ and 3" exon-intron
boundaries of exons 5 and 6 of NRAMPI, were used
to amplify DNA from the hybrid panel.

Construction of a YAC Contig in the Vicinity of NRAMP|

We previously identified close to 2,000 chromosome
2-specific YAC clones from the CEPH Mark I YAC
library by the interspersed repetitive sequence (IRS)-—
PCR approach {Liu et al., in press). These YACs were
subsequently used for sequence-tagged site (STS) screen-
ing with a set of expressed sequence tags and microsatel-
lite markers including primers specific for NRAMP1 and
VIL (Rousseau-Merck et al. 1988; Lu-Kuo et al. 1993)
and D2S104 and D2S173 (Spurr er al. 1994). The
primer sequences for VIL are Vil-3 (5'-TACAGTGAG-
GACCCATGTGC-3') and Vil-4 (5'-TCTGTTAAGGG-
TTTCGGCTC-3%). YAC clones positive for NRAMP1
and VIL were used for chromosome walking in order
to construct a YAC contig. The protocols for preparing
YAC DNA, amplifying YAC DNA with IRS-PCR prim-
ers, obmining walking probes, and screening of the
CEPH Mark I YAC library are described elsewhere {Lin
ct al., in press). The Baylor College YAC library was
screened by Dr. G. Chinaule with the Vil-3/4 primers.
The mega YACs, 829_¢.12 and 872_h _8, were isolated

Am. J. Hum. Genet, 56:845-853, 1995

from a copy of the CEPH YAC libraries available in our
laboratory.

Human Genomic DNA Samples

DNA samples were obtained from Epstein-Barr virus
{EBV}-transformed cell lines of nine Native Canadians
who are members of an extended multiplex tuberculosis
family (Mah and Fanning 1991), from EBV-transformed
cell lines of 27 individuals from 12 tuberculosis families
from Hong Kong, and from white blood cells of 60
unrelated Caucasians and 20 unrelated Asians. High-
molecular-weight genomic DNA was extracted from
EBV-transformed cells and white blood cells, according
to standard protocols (Sambrook et al. 1989), was quan-
tified by standard UV spectroscopy, and was stored at
4°C in Tris-EDTA (pH 8.0).

Malecular Cloning .

Subcloning of restriction fragments containing the §°
end of the NRAMPI gene was done according to stan-
dard procedures by digestion of cosmid DNA with re-
striction enzymes and size separation of restriction prod-
ucts on agarose gels. A 1.6-kb PstI fragment overlapping
the 5' region of the NRAMPI gene was identified by
Southern analysis using a partial cDNA clone as a probe.
The 1.6-kb fragment was extracted from agarose by us-
ing the Qiagen DNA purification kit and was subcloned
in pBluescript KS+; fragment ends were sequenced by
the dideoxy-chain termination method (Sanger et al.
1977) using the Sequenase kit (U.S. Biochemical) and
T3- or T7-specific sequencing primers, Sequence analysis
revealed the presence of a microsatellite ~150 bp into
the 5’ region of the fragment. A §' PCR primer (5'-
GACATGAAGACTCGCATTAG-3’) was designed and,
together with the 3’ primer (5'-TCAAGTCTCCAC-
CAGCCTAGT-3"), was used to test for microsatellite
length variation. To allow visualization of the length
polymorphism, amplification was done with a **P-la-
beled 5’ primer. The amplification products were di-
gested with Necol, and end-labeled fragments were sized
on standard sequencing gels. The ligation and transfor-
mation of recombinant vectors into DH5c, as well as
the selection and growth of recombinant bacteria, were
done according to standard protocols (Sambrook er al.
1989). Plasmid DNA was isolated using the QIA prep-
spin plasmid kir (Qiagen} and was used for dideoxy
sequencing of the inserts. T-vector was prepared ac-
cording to the protocol described by Marchuk et al.
{1991}, with minor modifications,

Single-Strand Conformation Analysis (SSCA)

The PCR reaction mix used for all SSCA PCR reac-
tions contained 200 ng of genomic DNA, 0.2 mM
dGTP, 0.2 mM dCTP, 0.2 mM dTTP, 0.07 mM dATP,
16 pmol of each primer, 1 mM MgCl,, 10 mM Tris-
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HCI {pH 8.0}, 0.05% Tween-20, 0.05% NP40, 0.2 uniss
of Tag DNA polymerase (Perkin Elmer Cetus), and 8
uCi of *S-dATP in a total reaction volume of 15 pl.
The conditions for amplification were a single denarur-
ation step of 3 min at 94°C, followed by 30 cycles of
denaturation (1 min at 94°C), annealing (1 min at 55°C-
63°C primer-specific annealing temperature}, and exten-
sion (1 min ar 72°C), and a final extension step of 7 min
at 72°C, The primers used for amplification of NRAMP1
gene segments for which sequence variants were identi-
fied are listed in table 1. All SSCA variants were detected
on 6% polyacrylamide/5% glycerol sequencing gels run
at room temperature at a constant current of 28 mA for
Sh.

DNA Sequencing

PCR amplificarions were carried out in 20-ul reaction
volumes containing 100 ng of genomic DNA, 50 mM
Tris-HCI {pH 8.3}, 1.8 mM MgCl,, 0.05% Tween-20,
0.05% NP40, 187.5 uM of each dNTP (Promega), 0.4
MM of each primer, and 1 unit of Tag polymerase (Per-
kin Elmer Cetus). Parameters for thermocycling were as
follows: incubation for 4 min at 94°C, followed by 33
cycles of 1 min at 94°C, 30 s at 59°C, 1 min at 58°C, 1
min 40 s at 72°C, and a final extension step of 10 min
ar 72°C, For direct sequencing, the genomic PCR-ampli-
fication products were diluted 1:15 in HO withour fur-
ther purification and were subjected to thermal cycle
sequencing using the Hot Tub DNA Sequencing System
(Amersham). For clone sequencing, 1~2 pg of purified
plasmid DNA were used for dideoxy sequencing using
the Sequenase kit (U.S. Biochemical) with T3- or T7-
specific sequencing primers. For each ligation, at least
four clones were sequenced in both sense and antisense
orientation.

Southern Analysis

Five micrograms of genomic DNA or 1 ug of cosmid
DNA was digested with restriction enzymes, with condi-
tions and quantities recommended by the supplier (New
. England BioLabs). The digested DNA samples were size
separated on agarose gels, were transferred onto Hy-
bond nylon membranes (Amersham), and hybridized
with probes labeled to high specific activity (5 x 10*
cpm/ug DNA) with a-*?P-dATP (specific activity
>3,000 Cifmmol; Amersham [Feinberg and Vogelstein
1983, pp. 213-214]) under high-stringency conditions
as described elsewhere (Schurr et al. 1989). Al
NRAMPI1-derived probes were preannealed with 400
pg of human placental DNA in 1 ml of hybridization
medium for 1 h at 65°C.

Restriction-Site Analysis
Analysis of the restriction-endonuclease recognition
sites in DNA sequences was carried out with the Mac-
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Vector software package, version 4,1 (Inteenational Rio-
technologies). Restriction-endonuclease digestions were
done by using 5-10 U of enzyme per PCR reaction,
under conditions recommended by the supplier (New
England BioLabs). Restriction-enzyme digestion prod-
ucts were resolved by electrophoresis on 12% polyacryl-
amide gels stained with ethidium bromide; a 100-bp
ladder was used as a size marker (Pharmacia),

Results

Physical Mapping of NRAMPI

The chromosomal localization of NRAMP! was de-
termined by PCR amplification of penomic DNA ex-
tracted from the monochromosomal somatic cell hy-
brids of NIGMS panel 2 by using primers 2F and 4R.
As shown in figure 1, the predicted PCR product of
~700 bp was amplified in human genomic DNA and
in DNA obrtained from hybrid 108268, which contains
human chromosome 2 as its only human chromosome.
The fact that only one clearly identifiable band was am-
plified in human genomic DNA and in hybrid 108268
demonstrated the NRAMP1 specificity of the primers
and showed that NRAMP! is located on chromo-
some 2.

In the mouse, Nrampl is closely linked to Vil (Malo
et al. 1993). To estimare the physical distance between
the human homologues of these penes, we carried out
STS screening of a previously generated chromosome 2
CEPH Mark 1 YAC sublibrary, with a set of STS markers
including primers specific for NRAMP1, VIL, and 50
microsatellite markers, Three YAC clones, 2A3A03
(96_a_3), 3G1HO6 (211_h_6}, and 4GEF03 (330_(_3),
were identified that carried both NRAMP! and VIL (the
CEPH YAC designartions are given in parentheses). STS
screening of the Baylor College YAC library, with prim-
ers specific for VIL, identified 2 YAC clone, B2, with an
insert size of 200 kb. PCR analysis with primers specific
for NRAMPI revealed that B2 also contained the
NRAMP1 sequence, suggesting a maximum distance of
200 kb separating these two loci. Thus, NRAMPI can
be assigned to chromosome region 2q335, since VIL had
previously been assigned to this chromosomal region
{Rousseau-Merck et al. 1988; Lu-Kue et al, 1993). A
YAC contig of the region encompassing NRAMPT and
VIL was constructed by chromosome walking in the
CEPH Mark I YAC library by using IRS-PCR probes
derived from YAC clones that included NRAMP? and
VIL (fig. 2). Among the YAC clones identified by chro-
mosome walking, clone 4L3E04 (312_e_4) tested posi-
tive for microsatellite markers D2S104 and D25173.
We then searched Généthon's GenomeView database
via the Internet (URL is htp//www.gencthon.fr) for
D28173 and D25104, and we identified a 210-kb YAC
clone (829_e_12) that was positive for both markers. In



Table |

NRAMP! Polymorphisms and Sequence Yarjants

ALLFLE FREQUENCY

NUCLEOTIDEJAMINO AcCID PRIMERS, 5/ 10 3 POLYMORFHIC Caucasian Asian
NAME CHANGE {PRC Product Size) ExNzZYME AILELE’ {m=1020) (n=30)
Allele 1 = 286 bp 73 .85
. . . GAC ATG AAG ACT CGC ATT AG _
{GT)e crevsvrsensiinnsnnee  Microsatellite, 5* to exon 1 { TCA AGT CTC CAC CAG CCT AGT } Nceol { Allele 2 = 288 bp 25 10
Allele 3 = 290 bp .02 05
{~800 bp)

274CT ..covvvvernnnee. Cor T at nucleotide 274: TGC CAC CAT CCC TAT ACC CAG Mol { Allefe 1 {T) = 167, 37, and 12 bp 27 A2
TTC or TTT (Phe} at TCT CGA AAG TGT CCC ACT CAG { Allele 2 (C) = 102, 63, 37, and 12 bp .73 BB
codon 66 in exon 3 {216 bp)

4694+14G/C ............ G or C at nucleotide + 14 TCT CTG GCT GAA GGC TCT CC Apal Allele 1 (G} = 624 bp 73 .92
of intron 4 TGT GCT ATC AGT TGA GCCTC pa Allele 2 (C) = 455 and 169 bp 27 .08

{624 bp)

§77-18G/A ... G or A at nucleotide —18 CTG GAC CAG GCT GGG CTG AC Mp! Allele 1 (A) = 146 bp 0 .02

of intron § CCA CCA CTC CCC TAT GAG GTG P Allele 2 (G} = 128 and 21 bp 1.0 98
(146 bp)

B2ICIT .ccvivcnvenneee . Cor T at nucleotide 823; j CTT GTC CTG ACC AGG CICCT Narl Allele 1 (T) = 234 bp 02 A3
GGC or GGT (Gly) ar | CAT GGC TCC GAC TGA GTG AG 4 Allele 2 (C) = 135 and 99 bp 98 85
codon 249 in exon 8 {234 bp)

AJIBV ... wee  Cor T at nucleotide 1029; TCCTTG ATC TTC GTA GTCTC Bsofl Allele 1 (Val) = 232 bp
GCG (Ala) or GTG (Val) GGC TTA CAG GAC ATG AGT AC Allele 2 {Ala) = 171 and 61 bp 1.0 1.0
ar codon 318 in exon 9 (232 bp)

1465-35G/A ....... e G or A at nucleotide —85 GCA AGT TGA GGA GCC AAG AC Bsrl AMele 1 (A} = 142, 75, and 24 bp .38 .35
of intron 13 ACCTGC ATCAACTCCTCT TC ’ Allele 2 (G} = 102, 75, 40, and 24 bp .62 .65

(241 bp)

DSAIN e .« Gor A at nucleotide 1703; GCA TCT CCC CAA TTC ATG GT Avall Allele 1 (Asn) = 201 and 39 bp .01 .18
GAC {Asp} or AAC {Asn) AACTGT CCC ACT CTATCC TG Allele 2 {Asp) = 126, 79, and 35 bp .99 .82
at codon 543 in exon 15 (240 or 244 bp)

1729+55deMd ......... Deletion of TGTG in the Allele 1 (~TGTG) = 240 bp .01 18
FUTR(SSnt ¥ tothe  Simeasfor DS43N Fokl { Allele 2 (+TGTG) = 211 and 33 bp 99 82

fast codon in exon 15)

* All alleles show Mendelian segregation (data not shown).
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Haelll-digested dX174 DNA was used as the size marker.

addition, we identified a mega YAC clone {(872_h_8),
from the Quickmap database (Cohen et al. 1993}, that
was positive for D25173, DNA from this YAC clone
was tested using primers specific for VIL and NRAMPI,
and positive amplification was observed for both mark-
ers. Taken together, the results of these experiments
demonstrated that VIL, NRAMPI, D2S173. and
D25104 are physically linked on a chromosomal sep-
ment with an estimated size of 1.5 Mbp (fg. 2}.

o §
$E 5 =g
- - | :— ] mox
3 8 B % 85 & & 3
T . . B2 (ZDG "h)
e ey y—" T ——— 2A3A03 (36_a.3; 470 kb)
o — Y ——Y—— 3GI1HO6 (211..0.6; 500 kb)
A T R Y SFAD09 (369_d_9)
e e Y 313007 (219.4_7)
OO ALIEDS (312_e_4; 690 kb)
e ey B72_h_8 (1430 kb)
OO 829_e_12 (210 kb)
Figure 2 Genomic cloning of the region that includes NRAMPI

and VIL. A likely arder of markers and loci is given at the top of the
figure. Only the YAC clones belanging to a minimum tiling path and
five of the chromosome-walking probes (M2, 47-23No.7, D253,
313D07.1s, and 3[3D07.4¢) are shown; however, the tiling path and
the order of probes were derived from all the data. The order of probes
has not been independently established, and other orders are likely.
YACs, which are not drawn to scale, are represented as shaded bars;
the names of YAC clones are given to the right of the bars. The CEPH
YAC designations for CEPH Mark I YAC clones and the known sizes
of YACs are indicated in parenthescs. An open ¢llipse on a bar indi-
cares that the YAC clone was identified by the corresponding probe.
Dotted lines on three of the YACs (B2, 872_h. 8, and 829.c.12)
indicate that these YACs were not tested for the presence of the chro-
mosome-walking probes. Probe M2 is an IRS walking probe derived
from clone 872_h_8 and was used to screen the CEPH Mark 1 YAC
library. The extimated size of the contig is 1.5 Mb.,

PCR analysis of monochromosonal sonntic cell hybeids, Human, hamster, and mouse genomic IINAs were used as comtrols,

!dentification of Polymorphisms and Sequence Variants in the
NRAMPI| Gene

We used several methods to search for mutations in
the NRAMP! gene in genomic DNA of a panel of indi-
viduals that mcluded 9 members of a Native Canadian
kindred and 24 individuals from 11 Hong Kong families.
Primers for 15 of the 16 exons were derived in the pro-
cess «f identifying the exon-intron organization of
NRAMP! (Cellier et al. 1994). The majority of these
primers were located within intronic sequences, to allow
amplificazion of the exon-intron splice consensus se-
quences. The DNA samples were screencd by SSCA of
all NRAMPT exons except for exon 1, Direct sequencing
revealed four SSCA variants that were due to mutations
in the coding region and one that was in intronic se-
quences. Two variants were predicted to ciuse amine
acid substitutions: A3 18V, an alanine-to-valine substitu-
tion at cadon 318 in exon 9; and DS43N, an aspartic
acid-to-asparagine substitution at codon 543 in exon
135 {table 1). Two variants were silent nucleotide substi-
tutions: 274C/T in codon 66 {phenylalanine) in exon 3
and 823C/T in codon 249 (glycine) in exon 8. The in-
tronic variant, $577—18G/A, was a G-to-A nucleotide
substitution near the 3’ end of intron 5. The murations
have been designated according to the nomenclature
suggested by Beaudet and Tsui {(1993); the nucleotides
and codons were numbered according to the sequence
of GenBank accession number L32185.

In the process of DNA sequencing to determine the
sequence changes of the SSCA variants, we found two
additional murations; 1465-85G/A, a G-te-A nucleo-
tide subsritution near the 3’ end of intron 13; and
1729+55del4, a 4-bp TGTG deletion located 55 nt
downstream of the last codon in exon 15. This 4-bp
deletion creates a heteroduplex of the PCR products
of individuals who arc heterozygous for the insertion/
deletion polymorphism. By Southern analysis, an Apal
RFLP was detected (allele T = 5 kb; and allele 2 =4 kb
+ 1 kb) by using an NRAMPI cDNA probe, Sequential



850

Am. J. Hum, Genet. 56:845-853, 1995

12kb

[l I 1 1 L 1

NRAMP1

1 2 3 4 4a 5

01 12 13 1415

%

— e

LT T

(6T, 469+14Q/C
274C/T

577-18G/A
Figure 3
adapted from Cellier et al, (19%4).

hybridization using NRAMPI exon probes to DNA
from individuals heterozygous for the RFLP, along with
direct sequencing, identified the polymorphism, desig-
nated “469+14G/C," as a G-to-C nucleotide substitu-
tion in intron 4, Finally, a microsarellite was identified
on a 1.6-kb genomic Pstl fragment overlapping exons
1 and 2 of NRAMPI and was located ~800 bp 5' to
the NRAMP1 start codon. The structure of the repeat
was determined to be (GT)ACIGT);AC(GT ), We did
not find any variants in exon 4a, which is an alterna-
tively spliced exon (fig. 3) and codes for an inverted Alu
Sx element (Jurka and Milosavljevic 1991), either by
direct sequencing of 6 individuals or by SSCA of 33
individuals composing our screening panel and of 24
unrelated Caucasians.

Analysis of the sequence variants revealed that the
nucleotide changes either created or destroyed a recogni-
tion site for restriction endonucleases {except for the
microsatellite), which allowed us to develop a PCR assay
for each of the variants {table 1). YAC clone 2A3A03
was used as a positive control for specificity of PCR
assays of NRAMP1 sequences, To determine if the se-
quence variants were polymorphic, we tested DNA sam-
ples from 60 Caucasians and 20 Asians. The D543N
missense mutation in exon 15 and the 4-bp deletion,
1729+ 55del4, in the 3' UTR appear to be in absolute
linkage disequilibrium. The allele frequencies differed
berween the two ethnic groups, for four polymorphisms:
469+14G/C, 823C/T, DS43N, and 1729+55del4
(Fisher exact test; P < .05). The 1465—-85G/A polymor-
phism in intron 13 had the highest expected heterozy-
posity, in both the Caucasian and Asian samples (.47
and .46, respectively),

The observed allele counts for the nine variants are
shown in table 2, for 22 unrelated members of 12 Hong
Kong families and for 8 unrelated members of the Cana-
dian kindred. We detected no significant association be-

.tween tuberculosis disease status and the NRAMPT al-

B23C/T

H I | l_
L !

|
18v 1465-85G/A

D543N ¢
1729+55dei4

B

Location of polymorphisms and sequence variants in NRAMPLL The schematic diagram of the exon-intron arganization was

leles in the small sample from either of these groups
(Fisher exact test; P > .035).

Discussion

The evolutionary conservation of chromosomal seg-
ments berween mousce and human is well documented,
and comparative mapping has been employed success-
fully for the identification of a number of genes or dis-
case loci (for reviews, see Nadeau et al. 1992; Liu et al.
1993; Searle et al. 1994). We have shown previously
that a 35-cM chromosomal segment that includes Beg
on proximal mouse chromosome 1 is conserved in hu-
man chromosome region 2q33-qter (Schurr er al.
1990b). Among the conserved loci, Vil was the locus
most closely linked to Bcg, and the physical distance
berween Vil and Nrampl, the candidate gene for Beg,
was determined to be ~50 kb (Malo et al. 1993). In the
present study, we have physically mapped the human
NRAMP1 gene to within a maximum distance of 200
kb of VIL, in chromosome region 2935, by PCR analysis
of somatic cell hybrids and by YAC cloning. Both this
chromosomal location of NRAMPI and the observed
high sequence similarity with mouse Nrantp1 (Cellier et
al. 1994) strongly argue against the possibility that hu-
man homologues of either the mouse chromosome 17
Nramp-related sequence (Dosik et al. 1994) or the
mouse chromosome 15 Nramp2 gene (Gruenheid et al.,
in press) were amplified in our experiments. A possible
human homologue of Nramp-related sequence is ex-
pected to map to chromosome region 6q27 (Dosik et al.
1994), and human NRAMP2 has been mapped, by in
situ hybridization, to 12q13 {S. Vidal and P. Gros, per-
sonal communication). Furthermore, the estimated max-
imum distance between VIL and NRAMP1 on chromo-
some 2q35 was similar to the observed physical distance
between Nrampl and Vil on mouse chromosome 1. Our
results, thercfore, support the validity of mouse-human
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Table 2

Distribution of Alleles of NRAMP! Polymorphisms and Sequence Variants in Unrelated Individuals from Tuberculosis Famitles

SEQUENCE VARIANT

469+

5T

AR 1729
GT). 27ACT 14GC 18GIA LRIV, AJisy SSGAA DS4IN SSdeld
No. oF

Distask STATUS [NDIVIDUALS 1 2 3 1 M 1 J 1 2 1 2 ] 2 1 2 1 2 1 2

Hony, Kong familics:
9 o 0 0 18 S | S 18 2 1t ! I s 3 [ 15
13 22 2 2 2 4 24 2 2 24 1 25 0 26 8 18 R} 23 i 2.

Canadian Kindred:

TB{+) seercarnarsnsnnr 3 4 2 0 2 4 q RN 1 [ 1 i} n 3 3 1 3 1 5
TB(=) srrrresnsnemsane 5 8 2 0 1 9 Y 1 0 )] 2 8 8\ 3 7 L) 7 3 7

*TB(+) = affected with tuberculosis; and TB{—) = not atfected with tubereuloxis.

comparative genome analysis on the level of physical
maps.

We have identified nine sequence variants in
NRAMPI. Seven of these variants are silent substitu-
tions or are located in introns or UTRs of the gene.
Only two of the sequence variants are predicted to cause
amino acid substitutions: an alanine-to-valine substitu-
tion at codon 318 (A318V}, which changes an amino
acid located between the predicted fifth and sixth trans-
membrane domain, and an aspartic acid—to-asparagine
substitution at codon 543 {D543N) in the predicted cy-
toplasmic carboxyl-terminal end of the protein. The ala-
nine-to-valine substitution is a conservative substitution
and is not expected to influence the function of the
NRAMP1 protein. However, the substitution of a nega-
tively charged aspartic acid by an uncharged asparagine
residue could affect function of the protein. The homol-
ogous codon at the corresponding position in the mouse
Nramp1 protein codes for a glutamic acid {Vidal et al.
1993), another amino acid with a negatively charged
side chain. This provides support for the functional rele-
vance of a negatively charged residue ar codon 543.
Additional knowledge of the function of NRAMP1 pro-
tein is required for inference of the effects of these mis-
sense mutations.

Heterozygosities for the nine polymorphisms detected
in the NRAMP1 gene were low or moderare, with the
highest expected value, .47, being seen for the 1465
—85G/A polymorphism in intron 13. Two microsatellite
markers, D25104 and D25173, were found to be closely
linked to the NRAMP1 region by physical mapping. The
expected heterozygosities of D28104 and D2S173 were
.72 and .70, respectively {Spurr et al. 1994). The combi-
nacion of these two highly informative microsatellite
markers in the vicinity of the NRAMPI gene and the
NRAMP] sequence variants should greatly facilitate the
study of the role of the NRAMP] gene in disease suscep-
tibility. ‘

“The problem of the extent to which penetic tactoes
enter into susceptibility to tuberculosis is one of the
oldest in human genetics™ (Neel and Shull 1954, p. 292),
Infection by Mycobacterim tuberculosis vesults in a
wide spectrum of phenotypic manifestations, ranging
from skin-test sensitivity to purified protein derivative
in individuals without detectable tubercle bacilli to fully
developed pulmonary disease characterized by multiba-
ciliary granuloma that may cause death it the infection
is left untreated {Lenzini eral. 1977). The clinical pheno-
type is almost certainly modulated by acquired immune
responses. Among immunologically competent individu-
als, the quality and quantity of the specific antitubercle
immune response depend on genetic factors, prior expo-
sure to M. tubercilosis or other related environmental
mycobacteria, andfor BCG vaccination {Dubos and
Dubos 1987; Sifford and Bates 1991). Thus it appears
from the complex etiology of tuberculosis that inade-
quate classification of tuberculosis patients with respect
to clinical, vaccination, and exposure history will result
in both etiologic heterogeneity and loss of power cither
to detect a major susceptibility gene or to confirm a
candidate gene such as NRAMP1, We failed to detect
a statistically significant association between NRAMP!
variants and tuberculosis disease status in two samples
of unrelated individuals. This could indicate that there is
no predominant predisposing mutation in these families,
However, our sampie sizes were small, and both cases
and controls were sclected on the basis of being parents
or grandparents of multiplex tuberculosis families. In
addition, incomplete penetrance and sporadic cases of
tuberculosis would further reduce the power to detect
an association. A recessive susceptibility model with lia-
bility classes based on clinical status, age, exposure, and
BCG vaccination (Boothroyd 1994) will be used in link-
age analysis of NRAMPT and tuberculosis susceptibility.
The NRAMP1 variants described in the present report
will also be useful for the genetic analysis of human
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susceptibility to leprosy, typhoid fever, and Kala Azar, in
analogy to susceptibility to intracellular parasites under
Beg/t.shiity control in the mouse (for review, see Black-
well 1989; Blackwell ct al. 1991; Shaw et al, 1993),
Numerous studies have established mouse Nrampi
as an important regulatory clement in the pathways of
macrophage differentiation (Buschman et al. 1989;
Blackwell et al. 1991). This suggests human NRAMP]
as a candidate disease gene for a large number of genetic
defects involving the macrophage, most notably autoim-
mune discases (Ivanyt 1994), For example, genetic stud-
ies in NOD mice have mapped a diabetes susceptibility
gene to the vicinity of Beg (Nramp1) on proximal mouse
chromosome 1 {Cornall et al. 1991), suggesting that
human NRAMP! may act as a diabetes suscepribility
gene, In addition, NRAMPI may play a role in the offi-
cacy of BCG immunotherap  of patients with bladder
cancer. Of the patients who suffered from superficial
bladder cancer and were cligible for BCG immunother-
apy, only 30%-350% responded to BCG immunother-
apy (Morales et al. 1992). Failure of BCG treatment has
beea linked to an inefficient inflammatory response to
instilled BCG (Torrence ex al. 1988), which implies that
NRAMP! may control the response to BCG immuno-
therapy. Thus, the study of NRAMPI expression and
mutation analysis ¢an be applied to a wide range of
human diseases in addition to infectious diseases,
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CHAPTER 5:
GENERAL DISCUSSION



L Large scale YAC mapping of human chromosome 2

5.1 Strategy for the YAC mapping of chromosome 2

The selection of a suitable mapping strategy is essential for the success of a
mapping project. Two major factors that one generally takes into account for the
selection of a strategy are cost and efficiency of map generation. We chose IRS-PCR
screening as the primary mapping method and STS content mapping as additional
approach to complement the IRS-PCR method based on the following considerations.

First, the IRS-PCR approach allows the rapid and cost-effective generation of
large numbers of markers. Assuming that the physical length of chromosome 2 is 250
Mbp, it would require the generation of at least 2,500 markers to cover the entire
chromosome to create a map with an average marker density of 100 kb/marker. The
generation of this number of STSs would be a laborious, time- and material- consuming
effort since many steps are involved in STS marker generation, including DNA sequencing
and sequence analysis, primer selection and synthesis, PCR optimization and data analysis.
Nevertheless, since STS content mapping is a PCR-based technique which makes the
screening process more amenable to automation, and STS markers can be derivcd for any
unique sequence in the genome, this method is the most commonly used approach for
YAC mapping of human chromosomes. In addition, for several human chromosomes, a
large collection of STSs has been generated independent of the YAC mapping projects
which can be used for YAC cloning. Unfortunately, at the initiation of our experiments
only a small number of chromosome 2-specific STS markers were available. Thus, taking"
an STS content mapping strategy as the primary approach for YAC mapping of
chromosome 2 would have meant that at least at the early phase of the project a significant
amount of effort and time would have been required for STS marker generation.

In contrast to the tedious process of STS marker generation, the generation of a
large number of IRS-PCR probes only requires cloning of IRS-PCR products into
T-modified vectors, selection of recombinant clones and fingerprinting of inserts. In our
hands, this process is straightforward, fast and cost-effective (Chapter 2). Thus, with
respect to marker generation, the IRS-PCR approach is preferable over the STS content
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mapping approach. In addition, the hybridization-based IRS-PCR approach can be
adapted to high probe throughput screening of pooled YAC libraries. In our laboratory,
up to 96 loci were screened in parallel by one person in one week, and, in theory, the
screening of a YAC library with 2,500 markers could be done by one person within one
year, Thus, even without the highly automated or robotized procedures used by the
majority of large genome centers, the IRS-PCR approach enables small laboratories to be
competitive in the fast moving field of genome research.

The IRS-PCR approach allowed us to quickly generate a chromosome 2 YAC
sublibrary, which formed the basis for YAC contig assembly of chromosome 2 {Chapter
2). However, the major limitation of the IRS-PCR approach is that by this method alone,
it is difficult to order YACs (Chapter 3). To order YACs along the chromosome, we
chose STS content mapping of the chromosome 2 sublibrary as additional approach. The
use of STS content mapping at this stage of the experiments had the benefit that the STS
screening could be done in the chromosome 2 sublibrary instead of the total genomic YAC
library, greatly reducing the number of PCR reactions and amplification products which
needed to be analyzed. Finally, STS content mapping with genetically mapped
microsatellites and cytogenetically mapped ESTs allowed the integration of genetic and
cytogenetic maps into YAC contig maps, a result which is of particular importance for a

better understanding of the genomic organization of chromosome 2.

5.2 Estimation of YAC coverage of the telomeric half of chromosome 2q

The estimation of YAC coverage at different stages of the mapping process
provides an important indication for the progress towards assembly of a single YAC
contig covering chromosome 2. Since most of my mapping efforts were focused on the
telomeric half of chromosome 2q, I will attempt to estimate the YAC coverage for this
region of the chromosome.

To estimate the extent to which the telomeric half of chromosome 2q is contained
in the chromosome 2 YAC sublibrary, the results of the STS content mapping of the
sublibrary can be used. Ofthe 87 STSs used to screen the sublibrary, 67 (87%) detected
at least one YAC in the sublibrary, Assuming that these STSs were distributed randomly
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along the telomeric half of chromosome 2q, an estimated 87% of the chromosomal
segment would have been cloned in the sublibrary,. However, this assumption is likely
incorrect since the STSs used are not randomly distributed (Chapter 3; Gyapay et al.,
1994; Bell et al., 1995), and we observed that the distributions of IRS-PCR probes and
STS loci are to some extend complementary. While clustering of STS markers on
sublibrary YACs could result in an overestimate of the cloned chromosome 2 region, an
inverse distribution of IRS and STS markers would suggest that the coverage of the
telomeric half of chromosome 2q segments in the sublibrary could be higher than 87%
since the sublibrary was generated based on IRS-PCR screening. Indeed, this conclusion
is consistent with the following estimate. In total, there are 223 YAC groups in our
dataset, of which 65 contain probes are derived from hybrid 014-1. This hybrid is
estimated to carry an approximate 70 Mbp segment of the telomeric half of the long arm.
Assuming the remaining 158 YAC groups are evenly distributed along the chromosome,
approximately 40 of them should overlap with the chromosomal segment contained in
hybrid 014-1. Based on the average YAC size of 450 kb and the contig depth of 6.7 for
the chromosome 2 sublibrary, we estimate the average genomic coverage for a cne probe
contig (the smallest contig) to be approximately 700 kb. Assuming each YAC group to be
represented by one probe only, the genomic coverage of a 70 Mbp segment by 105 YAC
groups would be close to 100%.

Next, I estimate the chromosomal coverage by the YAC groups that can be ordered
along the telomeric half of chromosome 2q. In our dataset, 44 YAC groups are anchored
by genetically or cytogenetically mapped STS(s) and thus can be ordered. The minimum
genomic coverage for these groups would be 31 Mbp (assuming a minimum coverage of
0.7 Mbp/contig; see above), which corresponds to approximately one-fourth of
chromosome 2q. After integration of our data with the WI/MIT Genome Center data,
there are 14 integrated groups which contain 39 YAC groups and 19 WI/MIT WC-groups
on chromosome 2q. These 14 integrated groups are all anchored by genetic markers and
can be ordered. Unfortunately, there is no simple and accurate method to estimate the
chromosome coverage by these 14 integrated groups. However, it is possible to estimate
the minimal coverage for 6 of them based on the genetic markers from the Gyapay map



which were contained in each group. Using this approach, the total minimal coverage for
these 6 groups that can be estimated as 36 cM. For the remaining 8 integrated groups, the
miniral genomic coverage could not be determined because only one genetic marker from

the Gyapay map was contained in each group.

5.3 YAC contigs

A YAC contig is defined as a set of crdered YAC clones carrying overlapping
inserts. One example of such a contig is shown in Chapter 2 (Fig. 7). However, unless a
dataset which is subjected to contig analysis is free of errors, the contigs generated are
unlikely to represent the true order of YACs. Generally, most errors in YAC mapping
data are caused by false positive or false negative clones, markers that contain repeat
sequences, and chimeric YACs. The error rate of primary mapping data appears to be
similar for STS content mapping or IRS-PCR screening of YAC libraries (Chumakov et
al,, 1992; Foote et al,, 1992; Bell et al., 1995; Green et al., 1995). Thus, additional
methodologies are needed to establish true orders of YACs. Currently, two approaches
which are either clone-oriented or marker-oriented have been used to overcome the
difficulty caused by incorrect data and to establish true YAC contigs. When the clone-
oriented approach is used, a fingerprint is created for each YAC within a YAC group and
an order of overlaps among YACs is then established by comparing the fingerprints
(Bellanne-Chantelot et al., 1992). As described in Chapter 1, fingerprint analysis of
overlapping clones can be laborious and a high percentage of YAC chimerism can further
complicate the analysis. Alternatively, in the marker-oriented approach, an order of
markers is established first and each clone is then positioned along these ordered markers.
Using the marker-oriented approach to establish contigs for YAC grou;.us likely requires
less effort than fingerprinting of YACs since STS markers can be ordered efficiently by
using the whole genome-radiation hybrid (WG-RH) mapping panel (Walter et al., 1954).
Moreover, ordering of markers avoids the problem caused by chimeric YACs. Most
importantly, however, an order of markers is independent of clone libraries and the same

order of markers can be used to position clones from YAC, BAC or PAC libraries.
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5.4 Ambiguity

Currently, most YAC libraries, including the CEPH YAC libraries, are arranged in
96-well plates, i.e. individual YAC clones are stored in wells and identified by their
“addresses” which are composed of plate, row and column coordinates. Most YAC
libraries contain large numbers of clones and screening of individual clones either by PCR
or by hybridization would be a tremendous task. Thus, to increase the efficiency of library
screening, different multi-dimensional pooling schemes of library YACs have been
developed. For example, we used a pooling scheme for the CEPH Mark I YAC library
that enabled us to identify YACs by testing only 1,152 pools instead of 55,296 individual
clones. The efficiency of YAC library screening is thus increased 48 fold (Chapter 2).
However, several problems are assoctated with YAC pooling (Bell et al., 1995; Green et
al,, 1995). First, cross well contamination during preparation of the pools can create false
positives during YAC library screening. Second, absence of a positive signal in only one
of the dimensions can result in false negatives. Third, the presence of more than one
positive YAC in a pool can result in ambiguous YAC addresses (Chapter 2). Such
ambiguities are a major limitation for the use of pooled YACs in genome analysis (Cohen
et al., 1993; Bell et al., 1995; Green et al., 1995), and ambiguous addresses are by far the
most common problem in our study. Currently, the chromosome 2 YAC sublibrary
consists of close to 4,500 YACs, of which approximately 2,000 were directly shown to
contain chromosome 2-specific inserts. A large proportion of the remaining YACs are
non-chromosome 2 specific YACs identified as part of ambiguous sets of addresses. Such
non-chromosome 2 YACs could potentially create connections between YAC groups
which are not adjacent on the chromosome. To avoid this problem, we only included
YACs in the YAC group analysis which had been demonstrated to be chromosome 2-
specific. The resulting YAC groups thus are based on incomplete mapping information,
i.e. these YAC groups miss the true chromosome 2 YACs contained in sets of ambiguous
YACs which can not be resolved. Such incomplete data can contribute to the incapability
of extending true contigs. In our study, a number of techniques have been used to resolve
the ambiguity of YAC addresses, including screening of individual YAC clones with
pooled IRS-PCR probes detecting non-overlapping sets of ambiguous addresses (Chapter



2), and STS screening of individual clones in the chromosome 2 YAC sublibrary (Chapter
3). The screening of individual YACs is the most effective approach for resolving
ambiguities, but unfortunately also requires the most effort. In addition, we also
disambiguated a subset of ambiguously detected YACs by matching ambiguous with
unambiguous addresses (Chapter 3). Together, the above techniques for disambiguating
ambiguous YAC addresses have significantly reduced the proportion of ambiguous YAC

clones in the chromosome 2 sublibrary.

5.5 IRS-PCR probes

During the course of our study, we have generated approximately 2,000 distinct
chromosome 2-specific IRS-PCR probes, and over 1,000 probes were used to screen
YAC libraries. The probes used can be classified into three categories based on the resuits
of the screening of YAC libraries. The first category includes probes that identified an
average of 6.7 YAC:s in the library and thus hybridized to one or few specific sequence(s)
on chromosome 2, As described in Chapter 2, close to 90% of IRS-PCR probes belong in
this category. The second category includes probes that hybridized to a large number of
YAC pools. These probes likely contain a high-copy number of repeat sequences. Since
all probes correspond to inter-A/u sequences, it would be interesting to compare the
sequence of these probes with DNA database sequences. Perhaps such an analysis would
reveal novel repeats in the human genome. The third category includes probes that failed
to produce any positive signals. One explanation for the failure of the IRS-PCR screening
is that a fraction of inter-A/u fragments contained in YAC pool DNA are not amplified.
Due to the complexity of YAC DNA pools (most pools contain 288 YACs) and the
competition for amplification of different IRS segments during the PCR process, not all
IRS segments present in YAC pool DNA are represented in the IRS-PCR products
spotted on the hybridization membranes, resulting in the lack of hybridization signals for
some IRS-PCR probes during library screening. An alternative expianation is that the
failure of IRS-PCR screening could be caused by genomic Alu polymorphisms, i.e.
differences in the number and location of Al elements in the DNA used to create the
YAC library and the DNA used for the generation of probes (Zietkiewicz et al., 1992).
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For YAC group analysis and subsequent YAC contig analysis, probes with a low-
copy number repeat are a problem. Without detailed analysis of the IRS-PCR probes, it is
difficult to distinguish single copy probes which represent a unique landmark in the
genome from probes with a low-copy number of repeats which represent multiple
locations in the genome. For example, probe C77(L) detected 7 Mark I YACs and 12
mega YACs. Further analysis revealed that probe C77(L) detected two groups of YACs
overlapping the well separated VIL! and the D25159 regions. However, low copy repeat
probes can be detected by including the IRS-PCR products of the National Institute of
General Medical Sciences (NIGMS) monochromosomal hybrid panel 2 and the IRS-PCR
products of a reduced chromosome 2 hybrid panel as controls in the hybridization
experiments. If a probe only detects the monochromosomal hybrid containing
chromosome 2 and a set of hybrids that carry a common region of chromosome 2, it is

unlikely that this probe contains repeat sequences.

In conclusion, the combined IRS-PCR and STS content mapping strategy used in
this study has proven to be practical and efficient for large scale physical mapping. The
resources created by our experiments, such as the chromosome 2-specific YAC library,
the large number of IRS-PCR probes and the YAC groups anchored by genetically or
cytogenetically mapped markers, are useful reagents for studying the genomic structure
and organization of chromosome 2, and will likely prove very useful for the mapping and

isolation of disease genes located on this chromosome.
IL. Genetic studies of innate susceptibility to tuberculosis and leprosy

5.6 Comparative mapping and genome-wide mapping

The murine Bcg gene has long been considered a pivotal element in the control of
innate susceptibility to mycobacterial infections, In the late 1980s when the mapping of a
human tuberculosis and leprosy susceptibility gene was initiated, it was already known that
a 30 cM chromosomal segment of proximal mouse chromosome 1, including murine Beg,
was syntenic with the telomeric end of human chromosome 2, region q32-qter (Schurr et



al., 1990b). Therefore it was reasonable to believe that a human homologue of Beg would
also be found on the evolutionary conserved telomeric half of chromosome 2¢. Thus, this
region provided a target for the search of a human tuberculosis and leprosy susceptibility
gene. A candidate gene approach which focused on chromosome 2, region q32-qter, was
a practical choice since the density of genetic markers across this region of the genome
was low at that time and a2 genome-wide search for the tuberculosis and leprosy
susceptibility gene therefore would have been very tedious.

While the comparative candidate gene mapping strategy is a time saving approach
when compared with whole genome screening strategies, the extent to which experimental
species, such as the mouse, are similar to humans is stilt an open question. Especially
since susceptibility to tuberculosis and leprosy is a complex trait which is likely
characterized by incomplete penetrance of susceptibility alleles and by the occurrence of
phenocopies, In contrast, the mouse Beg gene model is free of these complications.
Human NRAMP! -the human Bcg homologue gene - was recently mapped on
chromosome 2, region 35, as predicted by mouse-human comparative maps. However, if
NRAMP! is a major tuberculosis and leprosy susceptibility gene is still under investigation.
Data from our group indicate that the human NRAMP! gene does play a role in
susceptibility to tuberculosis and leprosy diseases for some ethnic groups but not for
others (Boothroyd, 1994; Levee et al., 1994; Sanchez et al,, unpublished). In contrast,
results obtained by other groups have excluded NRAMP! as a susceptibility gene for
leprosy for some genetic models (White et al., 1994). These results suggest that several
loci may control susceptibility to tuberculosis and leprosy, and that the relative importance
of these loci for expression of the susceptibility phenotype may vary among different
ethnic groups. Where do these additional tuberculosis and leprosy susceptibility genes
map? One épproach which possibly will lead to the answer of the above questionisa
genome-wide search. A large set of microsatellites which can be rapidly typed by PCR is
now available for the whole genome, which provides the basis for a genome-wide search
for the tuberculosis and leprosy susceptibility loci. In fact, an increasing number of disease
genes including a collection of diabetes susceptibility genes have been mapped by the
genome-wide mapping approach (Field et al., 1994; Davies et al., 1994). It is reasonable



to expect that the same genome-wide search for the tuberculosis and leprosy susceptibility
loci will tell us more about the genetic basis for susceptibility to tuberculosis and leprosy

disease.

5.7 Genetic markers for the study of innate susceptibility to tuberculosis and leprosy

One essential tool to test for linkage of a given phenotypic trait with specific
regions of the human genome is a set of highly polymorphic genetic markers. Until
recently, the creation of such markers has been a very tedious process. In the case of the
genetic study of susceptibility to tuberculosis and leprosy, an extensive effort has been
made to generate genetic markers on chromosome 2, region q33-q37 (Shaw et al., 1993;
Levee et al,, 1994). The first set of markers we generated were RFLP markers derived
from a number of expressed loci located on chromosome 2, region g33-q37 (Levee et al,,
1994). Most of these markers are di-allelelic and of low heterozygosity, and they are
derived from genes with known cytogenetic locations. The second set of markers we
generated are RFLP-PCR markers directly derived from the human NRAMP! gene
(Chapter 4). Again, most of these markers are di-allelelic and have a relative low
heterozygosity. However, if these NRAMP! markers are combined, the resulting
haplotypes are much more informative and provide a useful tool to test the role of the
NRAMP1 gene in susceptibility to tuberculosis and leprosy. In addition, we have
identified 17 highly informative microsatellites which were physically linked with 16
expressed genes on the telomeric half of chromosome 2q (Chapter 3). Among them, two
microsatellites, D2S5704 and D25173, were found to be linked to NRAMP! withina 1.5
Mbp YAC contig (Chapter 4). The establishment of physical linkage of a set of
microsatellites with expressed genes on the telomeric half of chromosome 2q achieved in
this study not only provides additional highly informative markers for further genetic
analysis of susceptibility to tuberculosis and leprosy, but also for linkage analysis of other
disease traits located in this region of the genome including a type 1 diabetes susceptibility
gene (JDDM7) (Copeman et al., 1995) and the amyotrophic lateral sclerosis type 2
(ALS2) locus (Hentati et al, 1994). More importantly, they allow the integration of
cytogenetic, genetic mapping information with a YAC-based physical map, a result that is



of significance for a better understanding of the genomic structure and organization of

chromosome 2q.
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