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ABSTRACT
Chromosome 22 is the second smallest human chromosome, composing approximately 1.5% of
the genome. The short arm of this acrocentric chromosome harbors ribosomal genes and the long
arm contains protein coding genes. This chromosome is gene-rich in comparison to the majority
of other chromosomes, containing approximately 600 characterized genes to date. Many of these
are involved in the etiology of a wide spectrum of diseases such as congenital and psychiatric
disorders as well as cancers.
The constitutional translocation t(11;22) is the most common reciprocal translocation in
humans. This translocation is often found in families but can also occur de novo. Translocation
carriers are normal and usually become diagnosed in connection with infertility problems or a
birth of a genetically unbalanced child. In addition, an increased risk to breast cancer has been
reported in some carriers, which suggests that the translocation might have an effect on a gene(s)
involved in the etiology of breast cancer. We characterized the breakpoints of this translocation
and found that the breakpoint region on chromosome 22 lies within an unclonable gap. The
breakpoint on chromosome 11 is also located within an unstable region, as all BACs containing
this segment are rearranged. We identified one BAC from chromosome 11 spanning the
translocation breakpoint and two BAC clones from chromosome 22, which contain sequences
similar/identical to the sequences mediating the translocations breakpoints on chromosome 22. A
cosmid library from one translocation carrier was also constructed and chimeric cosmids from
both derivative chromosomes were isolated. Their analysis revealed that no gene(s) seems to be
disrupted by the translocation breakpoints. We also show that the breakpoints on both
chromosomes occur at the tip of hairpins, which are formed due to the presence of long inverted
repeats/palindromes. The formation of these structures is the likely reason behind
“unclonability” of this region on chromosome 22 and the instability of BACs derived from
chromosome 11. Furthermore, based on fiber-FISH experiments we conclude that the
breakpoints of the translocations are highly conserved among carriers.
The second aspect of the thesis is related to detection of micro-deletions and micro-gains,
which cause a large number of genetic disorders. In order to improve the detection of such
rearrangements, we applied and further developed the microarray-CGH methodology. We
constructed three microarrays: one covering 7 Mb region in the vicinity of the NF2 gene in
22q12; the second is a full coverage chromosome 22 array; and the third is an array covering 6
Mb from the 22q11 region, including the typically deleted region in DiGeorge/Velo-CardioFacial syndrome. The latter region is particularly challenging, due to the presence of low copy
repeats, high content of common repeats and unclonable sequences. Three types of targets were
used in the arrays: i) genomic clones; ii) non-redundant, repeat-free pools of genomic DNA
amplified by PCR; and iii) cDNA-based targets, single as well as in pools. We used the arrays to
study neurofibromatosis type 2, acral melanoma, dermatofibrosarcoma, and DiGeorge/VeloCardio-Facial syndrome. We were able to detect homozygous/heterozygous deletions,
amplifications, IGLV/IGLC locus instability and the breakpoints of an imbalanced translocation.
Using the novel approach with repeat-free, PCR-generated sequences, we detected heterozygous
deletions using as little as 11.5 kb of genomic target sequence. We conclude that the array-CGH
is a powerful method for the detection of gene-dosage imbalances. Our results also suggest that
most, if not all, medically important segments of our genome will be accessible for analysis
using high-resolution microarray-based CGH.
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LIST OF ABBREVIATIONS / GLOSSARY
ABL

Abelson murine leukemia virus oncogene

ANILFR

Average Normalized Inter-Locus Fluorescence Ratio

BAC

Bacterial Artificial Chromosome

BCR

Breakpoint Cluster Region

Bp

Base pair(s)

CES

Cat eye syndrome

cDNA

Complementary DNA

CGH

Comparative genomic hybridization

Contig
Cosmid

Group of overlapping sequences. Also, a group of overlapping
genomic clones can form a contig.
Artificial constructed vector, containing cos sites

ddNTP

Dideoxy nucleotide triphosphate

DFSP

Dermatofibrosarcoma protuberans

DGS/VCFS

DiGeorge/velocardiofacial syndrome

DNA

Deoxiribonucleic Acid

EST

Expressed Sequence Tag

FISH

Fluorescence in-situ Hybridisation

IGLC

Immunoglobulin lambda constant region

IGLV

Immunoglobulin lambda light chain, variable region genes

Kb

Kilobases

LCR

Low Copy Repeats

LOH

Loss of Heterozygosity

Mb

Megabases

NF1

Neurofibromatosis type 1

NF2

Neurofibromatosis type 2

PAC

P1 Artificial Chromosome

PCR

Polymerase Chain Reaction

STS

Sequence tagged site

TDR

Typically Deleted Region (referred to the common deleted region
in DGS/VCFS)

2 INTRODUCTION
2.1

CHROMOSOME 22

Chromosome 22 is the second smallest human chromosome, consisting of 1.6-1.8% of the
human genome. The short arm (22p) of this acrocentric chromosome harbors ribosomal genes,
while the long arm (22q) contains the protein coding genes, and it is this region which has been
sequenced. This chromosome is gene-rich in comparison to other chromosomes, with 16.3 genes
per Mb. For comparison the least gene-rich chromosome 13 has five genes per Mb and the most
gene-rich chromosome 19 has 23 genes per Mb.
Today, approximately 600 genes have been described mapping to this chromosome. Many
of these are involved in the etiology of a wide spectrum of diseases. Examples include
congenital developmental disorders as DiGeorge/velo-cardio-facial (DGS/VCFS) and cat-eye
syndromes (CES), cancers in Ewing sarcoma, chronic myeloid leukemia, neurofibromatosis type
2, dermatofibrosarcoma protuberans, breast cancer, psychiatric disorders as schizophrenia and
mental retardation (Figure 1). Therefore, chromosome 22 has caught the attention of many
research groups.
Due to its medical importance, this chromosome has been in the forefront of research.
First, a comprehensive linkage map over chromosome 22 was produced (Dumanski et al., 1991),
and later a YAC-based physical map was constructed (Collins et al., 1995). It was the first
chromosome sequenced (Dunham et al., 1999) and recently we presented a full coverage
chromosome 22 microarray for detection of gene dosage alterations (Buckley et al., 2002).
Since chromosome 22 is one of the smallest chromosomes with a high medical importance
it was natural that it became the first chapter released of the “book of life” (the sequence of the
human genome). The sequencing of chromosome 22 was performed as part of an international
effort in sequencing the entire human genome and it is a milestone in the understanding of our
human biology. The sequencing report in 1999 provided the first view of the complex
chromosomal landscapes found in the human genome. This sequence was estimated to cover
97% of 22q consisting of 12 contiguous segments covering 33.4 million bp separated by 11 gaps
of known size. Despite all the efforts in closing the gaps, to date only one of these gaps in 22q11
has been closed by the Advanced Center for Genome Technology University of Oklahoma. One
1

interesting feature of chromosome 22 is the presence of Low Copy Repeats specific for this
chromosome (LCR22) (Dunham et al., 1999; Edelmann et al., 1999a; Edelmann et al., 1999b).
These LCRs consist of blocks of tandem repeats containing copies of the γ-glutamyl transferase
genes and the BCR-like genes. Details about the LCR22 are given in a separate chapter.

Figure 1. Chromosome 22 and list of diseases mapped to this chromosome.
2.2

CHROMOSOMAL REARRANGEMENTS

Chromosomal aberrations can be divided into two groups: numerical and structural. Numerical
are those where the number of chromosomes is altered. If an entire set of chromosomes is
involved it causes polyploidy, for example when two sperms fertilize a single egg, a triploid is
formed. Polyploidy is not compatible with life in humans or animals, but is seen in plants.
Aneuploidy is when single chromosomes are gained or lost. The only non-lethal monosomy in
humans is monosomy X in Turner syndrome. Autosomal monosomies often lead to
spontaneous abort early in pregnancy. Extra chromosomes are more common, trisomy 21
(Down syndrome) is the most common chromosomal abnormality seen in humans with an
incidence of 1-2 in 1,000 live births. Other human trisomies are trisomy 13 (Patau syndrome)
and trisomy 18 (Edwards syndrome).
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The second group of chromosomal aberrations consist of changes in chromosomal
structure. Structural abnormalities are common events and often lead to gains or losses of
chromosomal segments causing increased or decreased expression of genes. The structural
abnormalities are balanced or unbalanced depending on whether there is a loss or gain of
genetic material or not.
In general, balanced structural abnormalities do not affect the phenotype but there are
some exceptions (see translocations). A correct gene dosage is essential for normal
development, and unbalanced chromosomal aberrations cause a wide range of developmental
disorders, characterized by malformations, growth retardation and mental retardation. Another
group of genes sensitive to gene dosage alterations are the genes related to tumorigenesis.
Mutations causing loss of function may lead to the inactivation of tumor suppressor genes. The
normal function of these is to inhibit the cell from excessive proliferation, thus, loss of
function mutations result in the development of cancer. Mutations causing “gain of function”
in oncogenes also result in development of tumors. The normal function of oncogenes is to
promote cell proliferation. An increased dosage of oncogenes may cause excessive or
inappropriate activation of cell proliferation.
The first event in the formation of structural chromosomal rearrangements is the
breakage of DNA. Among the known causes of DNA breakage are ionizing radiation and
chemical mutagens, followed by a deficiency in the mechanism of recombination between
nonhomologous chromosomes or misrepair of the chromosome breaks.
A graphical view of structural chromosomal rearrangements is presented in Figure 2.
Structural chromosomal abnormalities can be divided in:
(a) Deletions. A deletion is a loss of a chromosomal segment. Deletions caused by two
breaks in the chromosome yield an interstitial deletion. If only one break occurs at the end
of the chromosome it is a terminal deletion. Sometimes breaks occur at both ends of a
chromosome, if these ends are joined they form a “ring chromosome”, if the centromere is
present it may pass through cell division. Deletions are always unbalanced as there is loss
of genetic material. Sometimes these losses are referred to as “partial monosomy” for a
specific segment.
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(b) Duplications. This type of aberration also belongs to the category of unbalanced
rearrangements as a segment of a chromosome is repeated. The segment can be repeated
one or several times, the orientation of the repeat may be the same as the original segment
(tandem repeat) or it may be in an opposite orientation (inverted duplication).
(c) Inversions. These are often balanced rearrangements as there is no loss of genetic
material. Inversions are caused by two breaks in DNA, the chromosome pieces are
repaired and joined in an inverted orientation. Paracentric inversions occur if the breaks
are in the same arm, if the breaks are on either side of the centromere the inversion is
pericentric.
(d) Translocations are chromosomal abnormalities which occur when chromosomes
break and the fragments rejoin to different chromosomes than they originate from. Thus,
there is an exchange of genetic material between chromosomes.
As the translocation t(11;22)(q23;q11) is one of the main topics of this thesis, more details
about translocations will be discussed.
Chromosomal translocations may be balanced or unbalanced depending on whether
there is loss or gain of material or not. Translocations are also divided in reciprocal
translocations when there is an exchange of material between terminal segments from two
chromosomes and Robertsonian translocations, when the breaks occur in the short arms of
two acrocentric chromosomes, the centromeres from the two chromosomes are fused and a
“new” large chromosome is formed. In Robertsonian translocations there is loss of material
from the short arms but these translocations are considered balanced since the short arms of
acrocentric chromosomes contain only ribosomal genes. Ribosomal genes are present in many
copies in the short arms of the other acrocentric chromosomes and no phenotypic effects are
observed from this loss.
Most often a balanced chromosomal translocation does not affect the phenotype as it
may occur in regions were there are no genes. Sometimes, however, chromosomal
translocations lead to the disruption of a particular gene or to the juxtaposition of two
independent genes inducing inappropriate expression of the involved genes or the synthesis of
a new “fusion protein”. This phenomenon is seen in cancers when the translocation
breakpoints affect oncogenes or tumor suppressor genes.
4

Some examples of translocations involved in cancers are:
• The t(9;22) involving the ABL oncogene from chromosome 9 and the BCR gene from
chromosome 22. This translocation leads to the formation of the philadelphia
chromosome (Ph1) containing a chimeric fusion protein ABL/BCR. This phenomenon is
seen cytogenetically in over 90% of cases of chronic myeloid leukemia (CML).
• The t(8;14) juxtaposes the MYC oncogene from chromosome 8 with the immunoglobulin
heavy chain (IGH) from chromosome 14, leading to over-expression of MYC. This
translocation is seen in Burkitt´s lymphoma.
• In Dematofibrosarcoma protuberans (DFSP) the t(17;22)(q22;q13) fuses the plateledderived growth factor B-chain gene (PDGFB proto-oncogene) from chromosome 22
with the collagen-type I alpha (COL1A1) gene from chromosome 17, resulting in a
chimeric fusion protein

Figure 2. Examples of structural chromosomal abnormalities
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2.3

METHODS FOR DETECTION OF CHROMOSOMAL ABERRATIONS

Genomic disorders represent an important entity among human genetic diseases. The detection
of these has improved dramatically with the advances in molecular genetics. In 1960,
chromosomes could be identified by their size and the position of the centromeres. In 1968
Caspersson (Caspersson et al., 1968; Caspersson et al., 1970) developed the Q-banding
technique and in the 1970s other banding techniques such as C-, G-, R- and T-banding
methods were developed. Banding techniques allow the visualization of differentially stained
regions of a chromosome as a continuous series of light and dark bands that are, specific for
each chromosome. These techniques allow a more accurate identification of each
chromosome. However, the resolution of chromosome analysis is still low (approximately 1-3
Mb), and only large rearrangements can be detected. In the 1990s the FISH method became
available, dramatically increasing the level of resolution for detection of chromosomal
abnormalities (Trask, 1991; van Ommen et al., 1995). The position of the rearrangement has
to be known and a specific probe has to be available for this method. Today, the array-CGH
method is emerging as a powerful tool in detecting micro-deletions and micro-duplications
with high resolution on a large scale.
2.4

THE 22q11 REGION AND THE PRESENCE OF LOW COPY REPEATS
SPECIFIC FOR CHROMOSOME 22 (LCR22)

The 22q11 region is involved in several chromosomal rearrangements that are associated with
congenital and neoplastic diseases such as translocations, deletions and duplications.
Different recurrent translocations have breakpoints in 22q11, such as the t(9;22)
associated with acute lymphocytic leukemia (ALL) and chronic myeloid leukemia (CML), the
translocation t(8;22) associated with Burkitt´s lymphoma and the constitutional translocation
t(11;22)(q23;q11). Constitutional micro-deletions and micro-duplications in this region cause
DiGeorge (DGS)/velo-cardio-facial (VCFS) and cat eye (CES) syndromes, respectively. The
accumulation of all these rearrangements in this particular region suggests, that this is a
hotspot for chromosomal rearrangements in our genome.
Sequence analysis of the human genome has lead to the identification of segmental
duplications, these can be either inter- or intrachromosomal. Since one of the topics of this
thesis is specific intrachromosomal duplications, I will focus on these.
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Today we know some chromosomal rearrangements associated with Low Copy Repeats
(LCRs). For example, the repeats in chromosome 17p12 mediate interstitial duplications or
deletions associated with the Charcot-Marie-Tooth disease type1A (CMT1A) and hereditary
neuropathy with pressure palsies (HNPP) respectively (Chance et al., 1994). Segmental
duplications in 17p11.2 mediate deletions associated with Smith-Magenis syndrome (SMS)
and its reciprocal interstitial duplication product (Chen et al., 1997). LCRs also mediate
deletions in chromosome 15q11 underlying Prader-Willy and Angelman syndromes (Christian
et al., 1999).
In chromosome 22, eight LCRs have been identified which are specific for this
chromosome (Dunham et al., 1999; Edelmann et al., 1999a; Shaikh et al., 2000). The structure
and organization of these LCRs are very complex, comprising blocks of tandem repeats with
the presence of truncated genes and pseudogenes like GGTL, BCRL, V7rel, KIAA0649L and
others. Four of these LCRs (in this thesis LCR-A through LCR-D) are located within the 3Mb
typically deleted in DGS/VCFS and the majority of the DGS/VCFS patients have proximal
and distal endpoints of the deletion in these LCR. All LCRs have been fully sequenced except
for LCR-B which is the LCR containing the breakpoints in chromosome 22 of the
constitutional translocation t(11;22)(q23;q11).
FISH studies have shown that these LCR22 have arisen recently in evolution; they are
not present in the mouse but they are present in primates suggesting an origin at least 40
million years ago (Shaikh et al., 2000).
2.5

THE CONSTITUTIONAL TRANSLOCATION t(11;22)(q23;q11)

The constitutional translocation t(11;22)(q23;q11) is a recurrent reciprocal, balanced
translocation, it is the most common translocation found in humans, being reported in more
than 100 unrelated families (Fraccaro et al., 1980; Iselius et al., 1983; Zackai & Emanuel,
1980). This translocation is often found in families, but also occurs de novo. Translocation
carriers have no clinical symptoms and are often detected when infertility problems and/or
miscarriages arise. They also have an increased risk of having children with an unbalanced
translocation, leading to the der(22) syndrome (Beedgen et al., 1986). The main characteristics
of children with der(22) syndrome are craniofacial abnormalities, heart defects and mental
retardation resembling the DGS/VCFS syndrome spectrum (Funke et al., 1999).
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It has been reported that in a group of eight families carrying the constitutional
translocation t(11;22)(q23;q11), there was an increased risk of developing breast cancer
(Lindblom et al., 1994). This suggested that there could be effects on a gene(s) responsible for
the aetiology of breast cancer in this group of patients mediated by the translocation.
For this reason, substantial efforts were made from several groups in the attempt of
cloning the t(11;22)(q23;q11) breakpoints (Edelmann et al., 2000; Hill et al., 2000; Shaikh et
al., 1999; Tapia-Paez et al., 2001). The cloning of the translocation breakpoints has not been
an easy task, mainly due to the presence of Low Copy Repeat sequences surrounding the
translocation breakpoint in chromosome 22. There is also an unclonable gap in this region.
One group suggested that the translocation was mediated by ALU repeats (Hill et al., 2000),
but this result was later disclaimed and proved to be a PCR artifact (Kurahashi et al., 2000a).
Recently, the breakpoints of another constitutional translocation, t(17;22) have been
cloned (Kurahashi et al., 2003). The carrier of this translocation is a patient with NF1, the
translocation disrupted the NF1 gene in 17q11 and the breakpoint in chromosome 22 is at the
same position as in the t(11;22), suggesting that this region is a hot spot for other reciprocal
translocations. The latter statement is also suggested by the fact that a high rate of de novo
translocation t(11;22) was observed in sperm from normal males (Kurahashi & Emanuel,
2001).

Figure 3. The constitutional translocation t(11;22)(q23;q11)
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2.6

THE DIGEORGE /VELO-CARDIO-FACIAL SYNDROME (DGS/VCFS)

A group of developmental disorders, sometimes given the acronym of CATCH22 (C cardiac
defect, A anomalous face, T thymus aplasia/hypoplasia, C cleft palate, H hypocalcemia and 22
for chromosome 22) and including DGS/VCFS, has been associated with microdeletions in
22q11.
DGS/VCFS is an autosomal dominant disorder with variable clinical expression that
results from abnormal development of the third and fourth pharyngeal pouches during
embryogenesis. Hemizygosity for a portion of 22q11 has been detected in 90% of VCFS/DGS
patients. With an incidence of 1:4000 births (Burn, 1995), this is the most frequent deletion
found in humans. Most of the deletions are de novo, it is estimated that only 5-10% of the
deletions are inherited (Scambler, 2000).
The size of the deletion in 22q11 in most of the cases is 3Mb, the typically deleted region
(TDR). Smaller deletions nested in the TDR are also common, and a few small deletions
outside the TDR have also been reported (Rauch et al., 1999; Saitta et al., 1999). It is estimated
that around 30 genes are located in this region and there are substantial efforts to elucidate the
role of these genes in the etiology of DGS/VCFS (see Table 1).
Recently, one of the genes in the TDR, namely, the Tbx1 gene was targeted for
inactivation in mice (Jerome & Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001).
Heterozygous knockout mice displayed heart defects, which is the main characteristic of
DGS/VCFS patients. Homozygous knockout mice died early and had a wide range of
developmental anomalies encompassing most of the common DGS/VCFS features, including
cleft palate, hypoplasia of thymus and parathyroid glands, conotruncal heart defects and
abnormal facial structures. These results strongly suggest that the TBX1 gene is involved in the
etiology of DGS/VCFS, although it probably is not the only gene responsible for the wide
spectrum of the syndrome. There are still a group of patients, which are not displaying the
typical deletion who have been screened for mutations in the TBX1 gene without success. A
striking feature of DGS/VCFS is the extreme phenotypic variability that can be seen among
patients carrying identical deletions. The presence of modifier loci has been discussed, and the
VEGF gene has recently been reported to represent the first identified such modifier, affecting
the risk of developing cardiovascular malformations in deletion patients (Stalmans et al., 2003).
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Table1. List of known genes in the DGS/VCFS typically deleted region

Gene

Description

PRODH Proline dehydrogenase

DGCR2 DGS critical region 2
DGCR5 DGS critical region 5

DGSI

DGS critical region gene

DGCR6 DGS critical region 6

Characteristics
Is involved in the degradation of proline. Animal models
suggest that this gene may be involved in 22q11-associated
psychiatric and behavioral phenotypes.
Encodes a potential cell adhesion receptor protein
Gene encoding a series of alternatively spliced transcripts
expressed during human and murine embryogenesis, but with
no obvious protein encoding potential. Disrupted by a
translocation associated with DGS.
This gene is expressed in heart, brain, and skeletal muscle.
Mutation analysis in deletion negative DGS/VCFS patients
gave negative results.

This gene detects a 1.1 kb transcript in many human tissues.
The putative protein encoded by this gene shows homology
with Drosophila gonadal protein (gdl) and with the gamma-1
chain of human laminin.
CLTD Homo sapiens clathrin
Expressed in all fetal tissues tested and selectively expressed
in certain adult tissues, particularly skeletal muscle.
SLC25A1 Solute carrier family 25,
Also called citrate transport protein (CTP), responsible for the
member 1
movement of citrate across the inner mitochondrial
membrane. Expressed in many tissues, including liver, testis,
ovary, and gut, but not in brain, skeletal muscle, or lung.
HIRA histone cell cycle regulation
Putative transcriptional regulator. The protein product
defective, homolog A
contains WD40 domains, motifs thought to be involved in
protein-protein interactions.
NLVCF Nuclear localization signal
Encodes a deduced 206-amino acid protein containing 2
deleted in DGS/VCFS
consensus sequences for nuclear localization signals and a
putative leucine zipper near the N terminus. NLVCF is
ubiquitously expressed in human adult tissues and in human
and mouse embryonic tissues.
UFD1L Ubiquitin fusion degradation 1- Encodes the human homolog of the yeast UFD1 protein,
like
involved in the degradation of ubiquitin fusion proteins. This
gene was identified as a downstream target of Hand2
transcription factor. Heterozygous Hand2 mice embryos have
defects in heart development.
CDC45L Cell division cycle homolog-like In yeast Cdc45 protein is required for the initiation of DNA
45
replication.
CLDN5 Claudin 5 (transmembrane
The amino acid sequence has strong homology to the rat
protein)
RVP.1 (rat ventral prostate) protein, a prostate-specific
protein whose function is unknown. Computer analyses
predicted 2 transmembrane domains. No introns.
GP1BB Glycoprotein Ib (platelet), beta Platelet glycoprotein lb is a heterodimeric transmembrane
polypeptide
protein. The role of GP1BB is unknown. The expression is
most abundant in heart and brain.
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TBX1

Brachyury variant B (TBX1), T- TBX1 is a transcription factor with a common DNA-binding
box 1
domain, the T-box, involved in the regulation of
developmental processes. Tbx1+/- mice have a high
incidence of cardiac outflow tract anomalies. Tbx1-/- mice
display a wide range of developmental anomalies seen in
DGS/VCFS.

COMT

Catechol-O-methyltransferase

Catalyzes the transfer of a methyl group from Sadenosylmethionine to catecholamines. Plays a role in the
metabolism of endogenous substances.
ARVCF Armadillo repeat gene deleted in The structure of ARVCF is closely related to the catenin
DGS/VCFS
family, which play important roles in the formation of
adherend junction complexes. These data suggest that
ARVCF is involved in protein-protein interactions at
adherend junctions. ARVCF is ubiquitously expressed.
DGCR8 DGS critical region gene 8
Predicted, followed by confirmation of the exons by
comparisons to protein, cDNA and EST databases.
ZNF74 Zink finger protein 74,
ZNF74 mRNA transcripts were detected in human and mouse
embryos but not in adult tissues.
SERPIND1 Alternative names: Leuserpin 2, Gene associated with thrombophilia due to heparin cofactor II
Heparin cofactor II.
deficiency.
CRKL

v-crk avian sarcoma virus CT10 Crkl -/- mice exhibited defects in multiple cranial and cardiac
oncogene homolog-like CRKL neural crest derivatives resembling the clinical manifestations
of DGS/VCFS. Defects in CRKL-mediated signaling
pathways are thought to be part of the molecular mechanism
underlying DGS/VCFS.
Leucine-zipper-like
Transcribed in several essential fetal organs. Several of its
transcriptional regulator, 1
structural characteristics identified it as a transcriptional
regulator.

LZTR1
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3 AIMS OF THE PRESENT STUDY
This thesis addresses two related issues: Characterization of the constitutional translocation
t(11;22)(q23;q11); and the use of array-CGH to detect small constitutional deletions.
The aims of this study were:
-

To clone and characterize the breakpoints of the constitutional translocation
t(11;22)(q23;q11).

-

To investigate if breakpoint positions vary among carriers of the translocation.

-

To find out if there are any gene(s) disrupted by the translocation in chromosomes 11
and/or 22, which could influence the development of breast cancer.

In the second part of this thesis, the aims were:
-

To apply and further develop the array-CGH methodology for detection of gene dosage
alterations on chromosome 22.

-

To develop a second-generation high-resolution CGH-array covering the challenging
22q11 region. In particular, the aim was to compare the results obtained from use of
genomic clone-based, cDNA-based, and repeat-free, non-redundant genomic PCR-based
targets.
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4 MATERIALS AND METHODS
4.1

PATIENT AND TUMOR MATERIAL

In the translocation t(11;22)(q23;q11) studies (papers I and III,) DNA from ten translocation
carriers was used. The t(11;22)(q23;q11) was identified by standard cytogenetic procedures. All
patients are females except patient 7 and 10, and all are unrelated except for patient 4 and 6, who
are mother and daughter.
In the NF2 array-CGH study (paper IV) DNA samples from 116 patients were analysed.
The patients were collected in collaboration with different laboratories in Bulgaria, Canada,
Finland, France, Germany, Italy, Japan, Norway, Sweden, Switzerland, UK and USA. The
patients were diagnosed according to the criteria from the NIH consensus conference in 1988
and are divided in mild, moderate and severe forms of NF2 (Evans et al., 1992).
In the study using the full coverage chromosome 22 genomic microarray (paper V)
different tumors and patient DNA were used to validate the performance of the array-CGH
methodology. Two glioblastomas, fifteen acral melanomas and two dermatofibrosarcoma
protuberans (DFSP) tumors were used to diagnose homozygous/heterozygous deletions and
breakpoints of an unbalanced translocation. In addition, DNA from four DiGeorge patients and
one NF2 female patient (p41), were also used.
In the DiGeorge study (paper VI), DNA from 10 patients was analyzed on the array. Three
patients were referred to the Department of Clinical Genetics, Karolinska Hospital. The
remaining seven DNA samples were prepared from commercially available cell cultures, one
from Coriell Institute (Repository number GM07939) and six from The European Collection of
Cell Cultures (ECACC), Accession numbers AC0461, AG0082, AC0001, AC0290, AG0124
and AC0004.
4.2

SCREENING OF GENOMIC LIBRARIES

To clone the translocation t(11;22) breakpoints we screened three genomic libraries:
-

A PAC genomic library
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-

A cosmid library specific for chromosome 22

-

A genomic library constructed from one of the translocation t(11;22)(q23;q11) carriers

The PAC library was constructed at the Roswell Park Cancer Institute, Buffalo, USA,
(bacpac.med.buffalo.edu). It is a mixture of three libraries (RPC14, 15 and 16) in which the
human genome is represented 14 times. It consists of 19 filters and each filter contains 18432
independent clones, the average size of the inserts is 116 kb.
The cosmid library specific for chromosome 22 was constructed in Lawrence Livermore
National Laboratory (CA, USA), by flow cytometry. It is a mixture of two libraries, LL22NC01
and LL22NC03. The prefix “E” is used for the cosmids from the library LL22NC01 and “N” for
the library LL22NC03. These libraries comprise 24 high-density nylon filters and contain
approximately 19000 clones.
To obtain chimeric clones containing the regions of the breakpoints in chromosomes 22
and 11 a genomic cosmid library was constructed. High molecular weight DNA from one
female carrier of the translocation t(11;22)(q23;q11) was used (paper III). The DNA was
prepared using standard protocols and the vector used in construction of the library was
SuperCos1 (Stratagene).
Different types of probes were used to screen these libraries:
-

PCR amplified STSs from the public databases located in the vicinity of the translocation
breakpoints in both chromosomes 22 and 11.

-

Probes amplified by PCR from the end of the genomic clones. These “ends” were direct
sequenced from the clones obtained from the library screenings or isolated by ∆restriction cloning. Briefly, the restriction endonucleases BamHI, XbaI or SacI absent in
the clone vectors pCYPAC2 and pPAC4 were chosen. PAC DNA was digested with one
of these restriction enzymes and diluted to 100 ng/ml to avoid the re-ligation of the small
fragments. Further a ligation reaction is performed with T4 ligase and transformed into
XL Blue E. coli competent cells. Bacterial cells growth and PAC DNA containing the
ends is isolated according to standard methods.
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-

For the screening of the translocation carrier genomic library, PCR amplified probes
derived from the BAC clone 3009L19 (clone spanning the translocation breakpoints in
chromosome 11) were chosen (paper III).

All the probes used for the screening of genomic libraries were radioactively labeled using
random priming and Hot-PCR methods, according to standard protocols (Sambrook, 1989).
Positive colonies were confirmed by colony PCR. DNA from BAC and PAC clones was
extracted using the CsCl gradient method, Cosmid DNA was extracted with the Qiagen midi
kit according to the protocol from the manufacturers (Qiagen, USA). Quality control and
identification of identical clones was performed by digestion of DNA with EcoRI.
In the screening of the translocation carrier genomic library, all the positive clones, which were
candidates for chimeric, translocation breakpoint-containing cosmids, were end-sequenced using
the primers flanking the insert in SuperCos1 vector (sc1, GCA ATT AAC CCT CAC TAA AG
and sc2, CCG CAT AAT ACG ACT CAC TAT). Two clones were identified using
bioinformatic tools as chimeric cosmids, corresponding to the derivative 11 chromosome
(cos4_der11) and derivative 22 chromosome (cos6_der22).
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Screening of genomic libraries with probes from the vicinity of the translocation
breakpoints

Positive clones from library screenings are used for FISH on metaphases
from translocation carriers

For example, if the
clone hybridizes to
chr11 an der(11), this
clone is centromeric
to the breakpoint in
chr11metaphases
from translocation

If it hybridizes to
chr11 and der(22), the
clone is telomeric to
the breakpoint in
chr11

If the clone hybridizes
to der(11), der(22) and
to chr11, this clone
spans the
translocation
breakpoint in chr11

Probes derived from the genomic clone spanning the translocation breakpoint
are used in Southern blots. This approach is performed to narrow down the
position of the breakpoints

Construction of a genomic library from a translocation carr ier. Screening of
this library leads to the identification of chimeric clones

Sequencing of chimeric cosmids and bioinformatic analysis, enabling
identification of the breakpoints at the nucleotide level and analysis of the
surrounding sequences

Figure 4. Strategy used for cloning of translocation breakpoints
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4.3

CHROMOSOME WALKING BY FISH

Chromosome Walking is a widely used technique in physical mapping. The idea is to establish
contigs composed of overlapping clones (so called tiling path) starting from points with known
location. In order to map the region of the translocation breakpoints in chromosomes 22 and 11
we performed chromosome walking by FISH. For this purpose we screened genomic libraries as
described above. Positive clones were used as probes in metaphase spreads from translocation
carriers. For example, if using a chromosome 22 probe we obtain fluorescent signals from
normal chromosome 22 and derivative chromosome 22, it means that the probe covers a region
which is centromeric to the breakpoint in chromosome 22 or, if the probe gives signal in normal
chromosome 22 and derivative chromosome 11 it means that the probe is telomeric to the
breakpoint in chromosome 22, as it has moved to the derivative chromosome 11. If a probe
spanning the translocation breakpoint is obtained, the signals in metaphase spreads from a
translocation carrier will be in normal chromosome 22 and in both derivative chromosomes.
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4.4

SOUTHERN BLOT ANALYSIS

We used Southern blots to localize probes near to the translocation t(11;22)(q23;q11)
breakpoints in chromosome 22. Seven probes were used in the analysis, these were; c503,
c754, c761, c99, c778, c73 and c439. The probes were amplified from BAC 2280L11 by
standard PCR and radioactively labeled by random priming with α32P (Feinberg & Vogelstein,
1984). Seven to ten micrograms of high molecular weight DNA from three control individuals
and five carriers of t(11;22)(q23;q11) was digested with the restriction enzymes PvuII,
HindIII, BamHI or BglII. The digested DNA was separated by 0.8% agarose gel
electrophoresis and transferred to a nylon filter (Hybond-N+ Amersham). Hybridization was
performed using standard conditions (Sambrook, 1989).
4.5

FLUORESCENCE IN- SITU HYBRIDIZATION (FISH)

FISH is a powerful technique that allows visualization of genetic alterations directly on
nuclei/chromosomes. It is widely used in clinical diagnosis and research. It allows detection of
imbalances by gains and/or losses of chromosomal segments, translocation breakpoints, and is
commonly used in mapping. In this technique the target material is immobilized on a glass slide
and the probe is labeled with fluorescent dyes, which are detectable by a fluorescent microscope.
FISH has evolved considerably during the last decade and different targets can be used, such as;
metaphase spreads, interphase nuclei and artificially extended DNA fibers. The resolution of
FISH depends on the level of condensation and the nature of the target material, ranging from
~40 kb in metaphase spreads to 1-5 kb on the artificially extended chromatin fibers (paper III).
In this study (papers I and III), FISH was performed on metaphase chromosome spreads
and artificially extended chromatin fibers from control individuals and carriers of the
translocation t(11;22)(q23;q11). Cosmids, PACs and BAC clones obtained from the genomic
library screenings were used in the FISH experiments. In the fiber-FISH, additional PCR
products from a low copy repeat region of the PAC 52F6 were pooled and used as a single
probe covering approximately 12 kb (paper III).
Metaphase FISH
Metaphase spreads were prepared from lymphocytes according to standard methods. The
probes were blocked with Cot-1 DNA to suppress repeats. Hybridization was performed as
previously described (Blennow & Tillberg, 1996). Probes were labeled by nick-translation
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with modified nucleotides either with SpectrumOrange- or SpectrumRed-dUTP or
Fluorescein-12-dUTP. The control probe for chromosome 22 was a telomeric cosmid N62A6
(Xie et al., 1994) and the control for the chromosome 11 was a centromeric specific alpha
satellite probe pHS53 (ATCC, MA, USA). For identification the chromosomes were counterstained with DAPI (4,6 diamino-2-phenyl-indole) and the signal was visualized using a
fluorescence microscope equipped with cooled CCD camera and the SmartCapture software
package.
Fiber-FISH
Fiber-FISH was performed as described earlier (Fidlerova et al., 1994, Yang, 1999 #54).
Phytohemagglutinin-stimulated human lymphocytes were cultured for 72 h and harvested
without colcemid treatment. Hypotonic treatment was performed in 0.075M KCl for 10 min at
37°C, and the cells were fixed in methanol: acetic acid (3:1). For releasing chromatin, fixed
cells were spread on clean moist slides, and before evaporation of the fixative, slides were
placed in PBS solution for 1 min. The slides were thereafter treated with 70% formamide in
2xSSC, pH 7.0, for 1 min, rinsed with 100% methanol, fixed with methanol: acetic acid (3:1),
air-dried, passed through 70%, 95% and 100% ethanol, and air-dried again. Hybridization was
performed as described above. Image analysis was performed using the programs Image-Pro
Plus and Adobe Photoshop 4.0. Clones used for fiber-FISH were labeled either with
digoxigenin and detected by using FITC-conjugated anti-digoxigenin antibodies (green) or
with biotin and detected by rhodamin-conjugated avidin (red).
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Figure 6. Principle of fluorescence in-situ hybridization (FISH). The probe is labeled with
fluorochromes, denatured and hybridized to a target molecule. The target molecule can be a
chromosome in metaphase (shown in this figure example), interphase or DNA fibers.
4.6

AUTOMATED SEQUENCING

In this study we used two kinds of sequencing approaches:
1.

Large-scale genomic sequencing by shotgun cloning. In this method the goal is to create

subclones with small inserts from large genomic clones, which have inserts larger than the
average read length of an individual sequencing reaction. DNA is randomly sheared in small
pieces by nebulization/sonication and subcloned into PUC18 vectors. DNA is extracted from
the subclones and used as template for the sequencing reaction. The sequences are assembled
and the entire sequence of the original large genomic clone is generated.
2.

End-sequencing of genomic clones. Prior to the entire clone sequencing, we first generated

end-sequences of the large clones. For this purpose larger amounts of template (500 ng-1 ug)
and an increased number of cycles (50-100) in the sequencing reaction are required.
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The sequencing technique widely used today is mainly derived from the enzymatic method of
sequencing, known as the Sanger-Coulson method (Sanger et al., 1977). The DNA template to
be sequenced is amplified by PCR, the reaction is performed with the presence of
dideoxynucleotides (ddNTP) acting as chain-terminating inhibitors in a cycle sequencing
reaction. The ddNTPs contain a hydrogen molecule in the 3´ carbon of the deoxyribose, which
prevents the attachment of additional nucleotides. The DNA polymerase enzyme randomly
adds both deoxynucleotides and dideoxynucleotides that are complementary to the DNA
template. The “new” strand is terminated by the addition of a ddNTP. The result is many
copies of every possible fragment each terminated by a ddNTP. The dideoxynucleotides are
labelled with different fluorochromes and the sequencing reaction is separated on 0.2 mm
Long Ranger acrylamid gel. Each ddNTP emits light of certain wavelength when excited by a
laser beam. This light is recorded and shown as a simulated gel image. A computer program
interprets the raw data and the output is a chromatogram in which every peak will represent a
nucleotide.
4.7

BIOINFORMATICS AND DATABASES

Numerous programs were used for assembly and analysis of sequences generated in this work.
Individual sequences were assembled into contiguous sequences using the asp and
pregap4/gap4 programs from the Staden package (Staden, 1994) on a UNIX computer. When
screening the genomic libraries (papers I-III) STSs were used, these were selected according
to their genomic location from the Whitehead institute (http://www-genome.wi.mit.edu/cgibin/contig/phys_map), the genome database (http://www.gdb.org/) and MapViewer at the
NCBI (http://www.ncbi.nlm.nih.gov/). Sequences of the above markers were used to pick
large genomic segments of the nr (Non-Redundant) and htgs (High Throughput Genomic
Sequences) databases using the BLAST family of programs at the NCBI/NIH server
(www.ncbi.nlm.gov/BLAST). Repetitive sequences were filtered out using the program
RepeatMasker (repeatmasker.genome.washington.edu). Primers were designed using the
program Oligo 5 (Molecular biology Insights, CO, USA). For sequence comparison Dot-plot
was performed with the program dotter (Sonnhammer & Durbin, 1995). Gene prediction was
performed using the GeneScan program (genius.embnet.dkfz-heidelberg.de). The formation of
secondary structures with sequences from the chimeric cosmids was predicted using the mfold
program (http://BiBiServ.TechFak.Uni-Bielefeld.DE/mfold/) (paper III).
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4.8

COMPARATIVE GENOMIC HYBRIDIZATION TO MICROARRAYS
(MICROARRAY- CGH)

The conventional method of comparative genomic hybridisation (metaphase-CGH) is
hybridized to metaphase spreads (Kallioniemi et al., 1992; Kallioniemi et al., 1993). Today
this is a well-established method for detecting large chromosomal rearrangements. However,
due to the high level of condensation and supercoiled structure of DNA in the chromosomes,
the resolution in detecting gene copy number changes is no less than 5-10 Mb for deletions
and approximately 2 Mb for copy number amplifications/gains.
The principle of this technique is a competitive hybridisation between test DNA and
control DNA, labeled with different fluorochromes (e.g. Cy3 and Cy5) in the presence of
unlabeled Cot1 DNA to block the repeat sequences present in the spotted target DNA on a
glass slide. Thus, if we have an heterozygous or homozygous deletion i.e. the number of
copies of a particular target locus has decreased (one or zero compared to two), a small
amount of test DNA will hybridize to those spots on the microarray that represent the locus
involved in the deletion, whereas comparatively larger amounts of control DNA will hybridize
to those same spots. The fluorescence ratio of the test and control DNA hybridized to the
target indicate the relative copy number of the test DNA at a specific location.
The development to microarray-based form of CGH is a dramatic improvement of the
method. Already in the first publications describing the use of microarray-CGH, the resolution
reached the same level as for FISH-analysis (Pinkel et al., 1998; Solinas-Toldo et al., 1997),
while the throughput realistically enables genome-wide analysis on a single slide. In
microarray-CGH pieces of DNA serve as targets on a solid surface. The targets are printed as
individual spots and each spot has a predefined chromosomal location. In this work we have
used three main types of targets spotted on the glass slide:
1. Genomic clone-based array targets, such as BACs, PACs, cosmids and fosmids.
2. Non-redundant, repeat free pools of PCR-amplified genomic DNA.
3. cDNA-based targets, such as single ESTs spotted on the array and pools of amplified
inserts from EST-clones.
As mentioned above, microarray-CGH has dramatically increased the resolution in detecting
gene copy number variation, compared to the conventional CGH methodology, which uses
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metaphase spreads. When genomic clones are used it is possible to detect deletions as small as
the size of a cosmid insert, which is approximately 40 kb. We show that the resolution can be
increased even further using non-redundant, repeat-free PCR amplified pools (papers VI and
V)

Figure7. Comparative Genomic Hybridization to microarrays

23

5 RESULTS AND DISCUSSION
5.1

MAPPING AND CLONING OF THE CONSTITUTIONAL TRANSLOCATION
t(11;22)(q23; q11) (PAPERS I AND III)

It has been reported that in a group of t(11;22)(q23;q11) translocation carriers there is an
increased predisposition for development of breast cancer (Lindblom et al., 1994). This fact
has been the starting point of our interest in the characterization of this translocation. If a gene
or genes are involved in a translocation event, the result may be a juxtaposition of two genes,
which were not previously located in the vicinity of each other. This may lead to the activation
of a specific gene or the translocation may disrupt a gene altering its function. Several
examples of such events are known to initiate tumorigenesis. In an attempt to clone the
t(11;22)(q23;q11) breakpoints, we performed chromosome walking by FISH in both
chromosomes 22 and 11. Starting from the better-characterized chromosome 22, we screened
the genomic libraries and the electronic databases several times until we reached a point in
which all the clones obtained mapped to the same location. Mapping of this translocation has
been a very arduous task, mainly due to the presence of repetitive sequences in the region where
the breakpoints occur.
5.1.1 Mapping of the translocation breakpoints in 22q11
In chromosome 22 we mapped the translocation to a region between markers D22S134 and
D22S264. We obtained two BAC clones, 2280L11 and 41C4, that both produced positive
signals by FISH analysis to metaphases from translocation carriers, they hybridized to normal
22 and to both derivative chromosomes. Thus, we assumed that the two BAC clones were
spanning the translocation breakpoints in chromosome 22. Later, interphase FISH with the
same BAC clones presented numerous signals showing that these clones contain LCRs and
hybridize not only to the region where the break occurs in chromosome 22, but they also
hybridize to other LCRs, proximal and distal to the t(11;22) translocation breakpoint. We
concluded that these BAC clones contain sequences similar/identical to the sequences
involved in the translocation breakpoints in chromosome 22. Surprisingly, when we sequenced
both BAC clones 2280L11 (AC011718) and 41C4 (AC012331), analysis of the repeat-masked
sequences revealed that although they share stretches of high score matches (above 99%) and
hybridize to the same places in chromosome 22, they do not fully overlap. They probably map
to the same gap in the sequence of chromosome 22 but despite all the efforts in characterizing
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this region in 22q11 these BAC clones have not yet been exactly mapped. One additional
confirmation that sequences similar/identical to the sequences contained in the two BAC
clones mediate the translocation t(11;22) is the fact that probes derived from the BAC
2280L11 were used in Southern blot analysis, where we could detect differences between
carriers of the translocation and normal controls (paper I).
5.1.2 Mapping of the translocation breakpoints in 11q23
On chromosome 11, we mapped the translocation to a region between markers D11S1340 and
WI-8564. Walking on this chromosome was much easier and faster, leading to the isolation of
the BAC clone 3009a19. Metaphase FISH analysis in translocation carriers with this clone
resulted in signals on normal chromosome 11 and in both derivative chromosomes, i.e., this
clone spans the translocation breakpoint in chromosome 11 in the nine patients analyzed (Table
1 in paper I). Interphase FISH revealed single signals in non-translocation controls confirming
that this BAC clone in fact spans the translocation breakpoint in chromosome 11.
We also used the BAC 3009a19 for fiber-FISH studies and detected deletions in this BAC
clone. In all analyzed images a significantly weaker signal was detected in the central part of this
clone (Figure5b in paper III). The likely explanation is that this DNA used for fiber-FISH
experiments is a mixture of BACs with full insert and a substantial proportion of BAC
molecules containing deletions, caused by the instability of this region upon propagation in
bacteria. This is perhaps due to the presence of AT-rich palindromes sequences in this locus (see
below). The same phenomenon has been reported in the literature for other BACs cloned from
the same region of 11q23 (Edelmann et al., 2000; Kurahashi et al., 2000b).
5.1.3 The breakpoints of the constitutional translocation t(11;22)(q23;q11)
occur at AT-rich palindromic sequences
The identification of the borders of chromosome 22 and 11 was not straightforward as this
region is AT-rich and highly unstable upon culturing of genomic clones in bacterias. In fact, all
the genomic clones derived from normal chromosome 11, which are deposited in the databases,
contain small deletions. In order to clone the translocation t(11;22) breakpoints at the nucleotide
level we constructed a genomic library from one translocation carrier. This library contained
clones from the region of juxtaposition in the derivative chromosomes. To screen this genomic
library we used probes derived from sequences from BAC 3009a19 known to be in the vicinity
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of the breakpoint in chromosome 11. As a result, we isolated two chimeric cosmids representing
the region of the juxtaposition in both derivative chromosomes: cos4_der11 and cos6_der22.
Both chimeric cosmids were fully sequenced and contain 42 and 40 kb, respectively. In both
chimeric cosmids, the portion of chromosome 11 was substantially bigger than the part derived
from chromosome 22. This is probably another indication of the difficulty in cloning of this
region from chromosome 22. The region where the break occurs in 22q11 is located within a gap
in sequence of 22q11. Therefore, in order to identify the sequences derived from chromosome
22 and 11, we aligned both chimeric cosmids with normal chromosome 11 sequence. This
allowed us to determine the exact position of translocation between chromosome 22 and 11 in
the derivative chromosomes.
One important achievement in the isolation of the chimeric cosmids is that we generated
additional ~14 kb of sequence from chromosome 22, which is a part of the unclonable gap.
Computer analysis of the chromosome 22 and chromosome 11 sequences derived from the
chimeric cosmids revealed the formation of hairpin-like structures or palindromes. In the case of
chromosome 22, the palindrome was very strong containing 852 bases with only 8 mismatches.
The palindrome formed from the sequences of chromosome 11 is 166 bases with two
mismatches. After extensive analysis of sequences from these palindromes we conclude that the
breakpoints are at the tip of the palindromes in both chromosomes (Figure 3, paper III). This
suggests that the centers of palindromes are susceptible to breaks and are involved in the
mechanism of the formation of this translocation. It is known that the presence of inverted
repeats or palindromes cause genetic instability. The degree of this instability conferred by the
palindromes is proportional to the length of the repeat, the distance between the repeats and the
homology shared by them as it has been shown in bacteria (Leach, 1994), yeast (Gordenin et al.,
1993; Lobachev et al., 1998) and mouse (Zhou et al., 2001), but little is known about
palindromes in humans. Recently the breakpoints of another constitutional translocation, the
t(17;22) in a patient with NF1 have been cloned. In the latter translocation, the breakpoint in
chromosome 22 is at the same location as for the constitutional translocation t(11;22). The
chromosome 17 breakpoint is located within intron 31 of the NF1 gene and also contains a
palindromic structure (Kurahashi et al., 2003). This suggests that there is a common mechanisms
responsible for the etiology of both constitutional translocations t(11;22) and t(17;22), which is
mediated by formation of inverted repeats/palindromes.
Furthermore, fiber-FISH analysis of four translocation carriers and a normal control was
performed to determine whether the translocation breakpoints occur in the same region. In this
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analysis we used the BAC 3009a19 and both above described derivative cosmids as probes. The
derivative cosmids are originally cloned from the translocation carrier 6 (paper I) and the
translocation carriers used in this analysis are four additional unrelated subjects (cases 2, 3, 5
and 10, paper I). The probes were used in pairwise combinations and labeled with green and red
fluorochromes. In this study, we could not detect any signal derived from the derivative 11
cosmid cos4_der11, which overlaps with the signal from BAC 3009a19 on the DNA fiber
originating from derivative 22 chromosome (Figure 5c, panel 2, paper III). Similarly, there was
no signal derived from the derivative 22 cosmid cos6_der22, which overlaps with the signal
from BAC 3009a19 on the DNA fiber originating from derivative 11 chromosome (Figure 5c,
panel 4, paper III). Therefore, we concluded that the breakpoints are in the same location all
patients analyzed, at the resolution of fiber FISH. In our hands, the resolution of fiber FISH
experiments is in the range of 2 kb. This conclusion is derived from hybridization experiments
using the cosmid cos6_der22 to the normal chromosome 22, which contains only ~2 kb of
chromosome 22 sequences (Figure 5a, panel 2, paper III).
As mentioned previously, our initial aim in the cloning of the constitutional translocation
t(11;22)(q23;q11) was the identification of a gene(s), which might be disrupted by this
translocation. Such a gene could be involved in the etiology of breast cancer in some
translocation carriers. LOH studies in sporadic breast tumors have pointed to 22q11 and 11q23
as potential sites harboring breast cancer-related genes (Laake et al., 1999; Larsson et al., 1990).
Our analysis reveled that no gene is disrupted either in chromosome 22, or in chromosome 11.
However, this does not eliminate the possibility that genes located in the vicinity of t(11;22)
translocation breakpoints are involved in the etiology of breast cancer, by e.g. positional effect
disturbing expression/regulation of neighboring gene(s). Thus, the question regarding possible
predisposition to breast cancer in this group of translocation carriers remains open.
5.2

SEQUENCING OF CHROMOSOME 22 (PAPER II)

Chromosome 22 is the first chromosome that was sequenced. This report was published in
December 1999, as a result of a substantial international effort in which 218 investigators from
laboratories in UK, USA, Japan, Canada and Sweden were involved. We reported the sequence
of 12 contiguous segments spanning 33.4 Mb. There are 11 gaps in the sequence of 22q reported
in 1999, none of these gaps is considered to be bigger than 150 kb. Several groups are
intensively working with aim of closing these gaps. However, despite this, only one gap in the
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Cat Eye syndrome region from 22q11 has been successfully closed to date by The Advanced
Center for Genome Technology, University of Oklahoma (USA).
The sequencing of chromosome 22 was performed using the clone-by-clone strategy and
the shotgun sequencing methodology (see material and methods). Analysis of sequences of 22q
revealed that the human chromosome 22 contains a total of 679 genes, of which 247 are known
genes, 150 are related genes, 148 are predicted genes and 134 are pseudogenes. Our laboratory
has worked in several regions of chromosome 22, including the regions commonly deleted in
meningioma, covering the neurofibromatosis 2 gene, the region involved in the aetiology of
dermatofibrosarcoma protuberans, the 22q11 region which is often deleted in DGS/VCFS
syndrome and also involved in the generation of the constitutional translocation t(11;22). Some
of the clones derived from screening of genomic libraries performed during mapping of the
constitutional translocation t(11;22)(q23;q11) are a part of the minimal tiling path of
chromosome 22. These include the PAC 158L19 (AC006547), PAC 52f6 (AC005500) and PAC
888c9 (AC005663). Other clones are located in the chromosome 22, but their exact location has
not yet been established. These are: BAC 2280L11 (AC011718), BAC41c4 (AC12331), BAC
2262a2 (AC012330) and the cosmid c31p7 (AC012398).
As mentioned earlier, 22q11 is one of the most difficult regions to sequence on 22q, due to
presence of LCRs, which made the chromosome walking very difficult. An additional difficulty,
specifically related to the t(11;22) translocation breakpoint region, is presence of unclonable and
unstable sequences. We screened the genomic libraries several times, but we have been unable
to cover this region with contiguous clones. The clones from this region stretching towards the
gap share 98-99% sequence identity with each other and with additional 22q segments
containing LCRs. This makes the mapping process very difficult as hybridisation experiments,
amplifications by PCR and screening of genomic libraries are of little use when the level of
sequence similarity is so high. A combination of different novel methodologies will be necessary
to apply, for a successful closure of the remaining gaps in the human genome.
Availability of the entire sequence of chromosome 22 allowed chromosome-wide studies
of specific duplications in this chromosome. A recent study estimate that 10.8% of 22q sequence
is duplicated (defined as 3.7 of 33.8 Mb, larger than 1 kb and with sequence identity of at least
90%) (Bailey et al., 2002). Segmental duplications vary in size from one to a few hundred kb;
their role in the whole genome is seen as a major pathway of genome evolution. The structure of
the duplications is often very complex because of the large number of transpositions,
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juxtapositions and other rearrangements. Unlike common repeats (such as Alu, LINE, etc.),
LCRs are usually larger in size (between 10-400 kb). It has been estimated that approximately
5% of the sequences in the human genome are LCRs (Stankiewicz & Lupski, 2002). In the case
of LCRs from chromosome 22, we believe that these structures are the basis of instability in the
22q11 region. During meiosis the regions containing LCRs may undergo homologous
recombination with highly paralogous segments producing rearrangements in the gametes, such
as deletions or duplications.
5.3

THE

USE

OF

MICROARRAY-CGH

FOR

DETECTION

OF

SMALL

CONSTITUTIONAL DELETIONS (PAPERS IV AND V)
An increasing number of genes causing human diseases are known to be involved in microdeletions/micro-gains of chromosomal segments (less than a few Mb in size), resulting in gene
copy number changes. Until recently, no method has been available to comprehensively screen
for these types of rearrangements. Today, the method of comparative genomic hybridization to
microarrays (array-CGH) opens up new possibilities for high-resolution and large-scale
identification of gene dosage imbalances. In the case of cancer, aberrations at the gene copy
number level play an important role in the initiation and progression of the disease.
Characterization of the deletions and/or gains a cancer cell contains may help in the
identification of tumor suppressor and/or oncogenes, which are lost or amplified, respectively.
In papers IV and V, we demonstrate the usefulness of the array-CGH methodology in
various clinical and research-related applications. Paper IV is focused on the use array-CGH in
detection of deletions in a large series of neurofibromatosis type 2 (NF2) patients. NF2 is an
autosomal dominant disorder, affecting approximately 1 in 40000 individuals. The NF2 gene
was identified in 1993 (Rouleau et al., 1993). It was subsequently shown that bi-allelic
mutations in this gene are responsible for the etiology of NF2. Since then, several mutation
studies have been performed on both familial and sporadic NF2 cases. It is estimated that the
mutation frequency in NF2 patients is up to 85% (Zucman-Rossi et al., 1998). Approximately
25% of the NF2 patients have constitutional deletions that (partly or entirely) remove one copy
of the NF2 gene. The patients used in this study were classified into three groups: severely
affected, moderately affected and mildly affected patients according to the diagnostic criteria
suggested in 1992 (Evans et al., 1992). By these criteria the severely affected patients
(Wishart) have an early onset, rapid course of disease and develop bilateral vestibular
schwannomas as well as multiple other tumors. The mildly affected patients (Gardner) have a
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late onset, more benign course and usually only bilateral vestibular schwannomas. Patients
who do not clearly fall into either category are considered as moderately affected.
A microarray covering a 7 Mb interval from chromosome 22 in the vicinity of the NF2
gene was constructed. We spotted 104 genomic clones from chromosome 22 and seven control
clones from chromosomes 3, 5 and X on the array. We performed the following validation
experiments, in order to assure that the array is capable to quantitatively detect gene copy
number variation:
1. Hybridization of DNA from a normal male (XY) against normal female DNA (XX).
This shows the values for one copy on the X chromosome and two copies for all other
chromosomes.
2. Hybridization of DNA from a patient (JP) with a known constitutional deletion of
approximately 7 Mb (Bruder et al., 1999).
3. Hybridization of DNA from a meningioma tumor (Tumor 24), which contains both
homozygous and heterozygous deletions in chromosome 22.
DNA from 116 patients was hybridized to the array, of these 83 were severely affected, 16
were moderately affected and 17 were mildly affected. We detected deletions in 24 patients,
eight severe, nine moderate and seven mild cases. The smallest deletions had the size of a
cosmid insert, i.e., approximately 40 kb. These small deletions were detected in patients with
both severely and mildly affected phenotypes. In patients having moderate phenotypes the
deletions varied from 120 kb to 6.6 Mb. Correlation between the type of the NF2 gene
mutation and the patient phenotype has previously been postulated (Ruttledge et al., 1996).
Our results do not support the hypothesis that there is a correlation between the type of
mutation affecting the NF2 gene and the disease phenotype.
In paper V, we constructed the first comprehensive, full-coverage and high-resolution
chromosomal genomic microarray. This chromosome 22 array covers approximately 35 Mb,
representing 1.1% of the genome and 2.4% of known genes, with an exceptional average
resolution of 75 kb. To demonstrate the utility of the array, we have applied it to profile acral
melanoma, DiGeorge syndrome and neurofibromatosis 2. We accurately diagnosed
homozygous/heterozygous deletions, amplifications/gains and IGLV/IGLC locus instability.
We further identified using this array the 14-3-3 eta isoform as a candidate tumor suppressor
in glioblastoma. Two glioblastomas were hybridized and we could detect large heterozygous
deletions in both cases. In one of these glioblastomas, we also detected a homozygous deletion
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in one cosmid clone. This cosmid contains the 14-3-3 protein eta isoform gene, which is a
member of a protein family known to play role in mitosis, apoptosis and various signal
transduction pathways. This gene has not earlier been associated with glioblastomas. Thus, it
is an important finding as it demonstrates the usefulness of our array-CGH in the detection of
novel candidates for tumor suppressor genes. We also applied this array to profile
dermatofibrosarcoma protuberans (DFSP). At the molecular level DFSP is identified by the
presence of the COL1A1/PDGFB fusion gene, which is formed by a reciprocal translocation
t(17,22)(q22;q13)

or

supernumerary

ring

chromosomes

containing

material

from

chromosomes 17 and 22. We hybridized two DFSP tumors and detected the breakpoints of
the t(17,22)(q22;q13) to one cosmid clone containing the PDGFB gene. This cosmid and all
the following clones to the telomeric side display the fluorescent ratios consistent with a single
gene copy level. This is a very quick way to detect an imbalanced translocation and could
potentially be used for diagnostic purposes of DFSP. A broad spectrum of issues can be
approached using this array. Chromosome 22 is a well annotated and gene-rich autosome and
contains a considerable number of uncharacterized disease genes, e.g. familial schizophrenia
susceptibility, glioblastoma, ependymoma (and other types of glioma), meningioma,
schwannomatosis, pheochromocytoma, Wilm’s tumor, breast and colon cancer (Dumanski,
1996). It is therefore important to associate genes from this chromosome to specific 22qrelated conditions and this array will be instrumental towards this goal. Furthermore,
comprehensive epigenetic profiling (changes affecting metylation status of genes) of 22qlocated genes and high-resolution analysis of replication timing across the entire chromosome
can be performed using our array.
Two methodological advances in array construction were also developed and validated.
One of the main constraints of array-CGH protocols is a low yield of DNA obtained from
genomic clones, which often requires costly repetitions of large-scale preparations. The goal
was to test the performance of DNA amplified with phi-29 polymerase, which is a highly
processive, proof-reading and strand displacing DNA polymerase derived from the phi-29
phage of Bacillus subtilis. Large linear and circular DNA molecules can be efficiently
amplified using the rolling circle amplification principle (Dean et al., 2002; Dean et al., 2001).
The results of phi29 amplified DNA from all so far performed experiments suggest that phi29
polymerase-based protocol performs well and is a reliable way for array construction, which
entails a considerable advantage with regard to work input.
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The other successful development was the application of a strictly sequence defined, repeatfree, and non-redundant strategy for array preparation. Chromosome 22 is a suitable
experimental platform for developing new technologies in array-CGH. It is a challenging
subject as the tiling path of 22q is rich in inter- and intra-chromosomal duplications (also
denoted as Low Copy Repeats), many regions with a very high content of common repeats,
pseudogenes and numerous genes which have closely related paralogs in other parts of the
genome. This restricts the analysis of this important chromosome. Furthermore, current
protocols for array-CGH rely on human Cot-1 DNA for suppression of background derived
from common repeats. However, Cot-1 DNA is expensive and the quality of different
commercially available batches is extremely variable. Thus, a decrease in the amount of Cot-1
DNA, or its full elimination from array-CGH is desirable. Additional drawbacks associated
with genomic clones include their unavailability, contamination with bacteriophages, inserts
that are prone to rearrangements, and purchasing of expensive clones from private distributors.
The rationale was to test an approach, which would overcome above limitations of array-CGH.
Our repeat-free strategy eliminates a majority of the above limitations, allows also a dramatic
increase in array resolution (currently down to a 10-20 kb genomic segment) and analysis of
any locus; disregarding common repeats, genomic clone availability and sequence
redundancy. Results from our experiments confirm that the pools of repeat-free and non
redundant PCR-fragments perform as reliable replacements for genomic clones.

5.4

CONSTRUCTION

OF

AN

IMPROVED

ARRAY

COVERING

THE

CHALLENGING 22q11 REGION, FOR DETECTION OF MICRODELETIONS
IN DGS/VCFS PATIENTS (PAPER VI)
To date, two distinct approaches used in microarray CGH: genomic DNA-based and cDNAbased platforms. The genomic approach is already well established and several studies are
published using this platform (Buckley et al., 2002; Geschwind et al., 1998; Hui et al., 2001;
Pinkel et al., 1998; Solinas-Toldo et al., 1997). In the case of cDNA-based array-CGH, only a
few publications have shown successful application of this platform (Beheshti, 2003;
Heiskanen et al., 2000; Kauraniemi et al., 2001), since the first article was published in 1999
(Pollack et al., 1999). The main disadvantage of this approach are difficulties in obtaining
quantitative data for gene copy number variation and a high rate of false positive/negative
results (Beheshti, 2003).
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As mentioned above, the 22q11 chromosomal segment containing the region that is
typically deleted in DGS/VCFS, is challenging as it contains low copy repeats, segmental
duplications, unclonable sequences and has a high content of common repeats. Not surprisingly,
the typically deleted region (TDR) proved to be particularly difficult to analyze using our above
described whole chromosome 22 array (paper V). We attempted to design an improved array,
specifically tailored to detect gene-dosage imbalances of the TDR in the 22q11 segment. In this
process, we compared the use of genomic clones, repeat-free pools of amplified genomic DNA,
and cDNA clones (single and in pools) containing ESTs derived from genes in this region, as
targets on the array.
We constructed a 6 Mb microarray including the 3 Mb from the TDR in DGS/VCFS. On
this array, genomic as well as cDNA targets were printed (Table 2). The genomic targets were
genomic clones such as BACs, PACs, cosmids and fosmids. In addition, PCR pools from three
genomic loci were constructed, containing repeat-free and non-redundant genomic sequences
amplified by PCR. The cDNA targets were single cDNA as well as pools of cDNAs. We pooled
between 2 and 11 different cDNA clones to form individual spots on the array (Table 2).

Table 2. List of printed targets on the 22q11 array
Number of targets
49
9
9
3
21
4
14
24
9
2
6
3

Type of targets
Genomic clones from DiGeorge region in 22q11
Genomic control clones from X chromosome
Genomic control clones from other loci in 22q
Genomic control clones from other autosomes
Single cDNA clones from DiGeorge region in 22q11
Single cDNA clones from other 22q loci
Single cDNA clones from X chromosome
Single cDNA clones from other autosomes
cDNA pool of DiGeorge syndrome region
cDNA control pool from chromosome X
cDNA control pool from other autosomal chromosome
Pools of PCR products derived from ARVCF, TBX and SERPIND1
genes, within TDR in 22q11

To validate the performance of this array, in detecting gene copy number changes, we cohybridized DNA from a normal male (XY) and a normal female (XX). For all the genomic
clones on the array the average normalized inter-locus fluorescence ratio (ANILFR) was as
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expected (two copies: ANILFR 1.01+0.05; one copy: ANILFR 0.67+0.05). For the cDNA pools
and for the repeat-free, non-redundant genomic PCR pools the ratios were ANILFR 1.01+0.05
for two copies, and ANILFR of 0.67+0.05 for one copy. Single cDNAs and pools of only two
cDNAs did not display reliable results in quantitative detection of gene copy number alterations.
The three PCR amplified genomic pools, covering repeat-free genomic regions of 11.48,
12.96 and 15.45 kb, represent the SERPIND1, ARVCF and TBX1 genes, respectively. These
three genes are located within the TDR of DGS/VCFS. All three PCR pools could detect
heterozygous deletions (one gene copy). We demonstrated that as little as 11.5 kb repeat free
pooled PCR products can be used in reliable detection of gene copy number variation using the
array-CGH methodology. It is estimated that the human genome contains around 50% repeated
sequences. By extrapolation, this indicate that we could perform analysis of the human genome
with an average resolution of 1 measurement point for every 25 kb using this approach.
The use of cDNAs as target in array-CGH would allow analysis of both expression and
gene copy number in parallel. Such a combined platform is still under development. We could
not obtain reliable, quantitative results from spots on the array containing single ESTs. Recently,
another group also reported difficulties in detecting low copy number imbalances using single
cDNAs. Their analysis showed that gene copy number variations of less than 10 to 20 copies
could not be reliable detected (Beheshti, 2003). To test the minimum amount of sequences
necessary for a reliable detection of haploid/diploid gene dosage level, we pooled cDNAs. The
combined length of sequence in each pool varied from 2.5 kb (pool of two cDNAs) to 19.1 kb
(pool of eleven cDNAs) (Table 2, paper VI). Only when we used a minimum of 3.5 kb of EST
sequence (three clones pooled), we could quantitatively detect heterozygous deletions. We
hybridized to the array DNA derived from lymphoblastoid cell lines of 10 DGS/VCFS patients.
We observed that in six cases the deletion encompassed 3 Mb, which is the entire TDR. In two
cases the deletions appeared to be very small and were detected only by one or two genomic
clones. In two additional cases, there were no clones displaying fluorescent ratios consistent with
deletions (Figure 1, paper VI).
In our DGS/VCFS array, 34 out of 49 genomic clones cover TDR. In the case of the six
patients displaying the 3 Mb typical deletions, 16 clones were always deleted, two always failed
to detect the deletion and 16 produced variable results. We believe that there are several reasons
for these inconsistent results. For the majority of the clones that were unreliable in predicting
deletions, there is a plausible explanation as to why the fluorescence ratios deviated from the
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expected values for hemizygosity. For instance, PAC p52f6 contains LCRs. Furthermore, a
majority of the remaining clones, which show deviant fluorescence ratios, are cosmids/fosmids
with relatively short inserts and high content of common repeats. Our previous analysis of the
entire chromosome 22 on the genomic array suggested that cosmids, with a high content of
common repeats, are more prone to deviations, as compared to large insert genomic clones.
However, in one instance, bioinformatic analysis of the genomic sequence from PAC p158L19
did not provide convincing explanation as to the deviation of data obtained from this large clone.
It can be speculated that segments of sequence, which is highly similar to sequence from PAC
p158L19, is present elsewhere in the genome, but this region has not yet been fully sequenced.
Although the vast majority of DGS/VCFS patients have typical 3 Mb deletions in 22q11,
some display a nested distal deletion of 1.5 Mb. In both cases the breakpoints of the deletions are
localized within the blocks of LCRs (Shaikh et al., 2000). In addition, a few cases of atypical
deletions have been reported in the literature both within and outside the TDR (O'Donnell et al.,
1997; Rauch et al., 1999; Saitta et al., 1999). There are also rare reports of DGS/VCFS patients,
who do not display deletions in 22q11 at all; in some rare cases deletions have been observed in
10p13 (Daw et al., 1996).
In two of our DGS/VCFS patients, we detected atypical, small deletions, encompassing
one or two PAC clones (pac995o6 and pac699j1) (Figure 1, paper VI). Both latter PAC clones
are located within the LCR-A block, which is the LCR containing the proximal breakpoint of
typical deletions in the vast majority of DGS/VCFS patients. As mentioned above, in two cases
no deletions were detected. These were two commercially obtained DGS/VCFS samples, where
the diagnosis was made based on the clinical phenotype. No details could be obtained from the
supplier regarding the clinical phenotype of these two patients. Today, the detection of deletions
in DGS/VCFS patients is routinely performed by FISH analysis with two commercially
available probes, N25 (D22S75) and TUPLE1 (D22S553) (Vysis, Inc). None of these probes
would detect the small atypical deletions that were indicated by array analysis (Figure 1, paper
VI). Although the true frequency of these atypical deletions in DGS/VCFS patients needs to be
verified in a larger series of DGS/VCFS patients, these results are encouraging. We believe that
array-CGH has the potential to increase the resolution of molecular diagnostics for this complex
constellation of birth defects.
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6 CONCLUDING REMARKS
The constitutional translocation t(11;22)(q23;q11) has caught the attention of several groups
since it was first described. The fact that it is the most common reciprocal translocation
occurring in constitutional DNA makes it interesting and worth studying. The cloning of the
t(11;22)(q23;q11) breakpoints was not easy; the presence of low copy repeats (LCRs), high
content of common repeats, inverted repeats and unclonable sequences made the
characterization of the regions surrounding the breakpoints very challenging. Several reports,
including our papers, have shown that the translocation breakpoints on both chromosomes occur
in AT-rich regions, capable of forming palindromes, and that the breakpoints occur at the tip of
these palindromes. In addition, the position of the breakpoints is highly conserved among
carriers with different ethnic origins and with no common ancestor. Indeed, the 22q11 is a
hotspot for chromosomal rearrangements, as it is also involved in the generation of deletions and
duplications.
The exact mechanism of how the translocation arises is not fully understood. The fact that
the breakpoints of another constitutional translocation t(17;22) have been shown to reside in the
same location as for the t(11;22)(q23;q11) in chromosome 22 and in AT-rich palindromic
sequences from chromosome 17 suggest that similar mechanisms underlie both translocations.
All LCR-containing segments on 22q have been fully sequenced, except LCR-B containing the
breakpoints of the t(11;22) translocation. The presence of these LCRs confer instability to the
22q11 region, this added to the fact that a large palindrome is formed in LCR-B is likely to be
the cause of the unclonability of this region. With the sequences of the human genome in hand,
it may be possible to identify additional chromosomal regions that are hotspots for
rearrangements using similar mechanisms. Not much is known about the presence of
palindromes in the human genome, but extensive studies in bacteria and yeast demonstrate that
long DNA palindromes pose a threat to genome stability. It is possible that the formation of
palindromic structures prevents the cloning of these sequences in vectors propagated in bacteria
and may be the cause behind the more general unclonability of sequences in the human genome.
At the beginning, our interest in the characterization of the t(11;22) translocation
breakpoints was based on the fact that a group of carriers have shown predisposition to develop
breast cancer. One possible mechanism was that a gene (or genes) could be disrupted by the
translocation and that this gene(s) could be responsible for the development of breast cancer in
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some translocation carriers. Today we know that no genes seem to be disrupted by the
translocation, in neither chromosome 11 nor 22. This, however, does not exclude a possibility
that a positional effect on more distantly located genes may play role in the etiology of breast
cancer in this group of translocation carriers.
Due to the high content of common repeats and other redundant sequences, the analysis of
some regions in the human genome might be a very challenging task. One example is 22q11;
the vast majority of patients with DGS/VCFS syndrome have deletions in this region. Many
genes from 22q11 segment are deleted in DGS/VCFS patients and probably not all of them
play role in the etiology of the syndrome. For instance, patients with similar deletions often
display various degrees of disease severity. An improved molecular diagnosis may help in the
further elucidation of which genes are involved in the development of this syndrome. By using
different types of targets spotted on the array, we were able to construct the 22q11 array,
specifically tailored to circumvent the problems of cross-hybridization caused by the common
repeats and LCRs. At the same time, the resolution of analysis was greatly enhanced. These
results encourage us to believe that most, if not all, medically relevant regions of our genome
will eventually be accessible for analysis using high-resolution microarray-based CGH.
Several genomic disorders are caused by micro-deletions and micro-gains of chromosomal
segments. With the current resolution offered by conventional methods for detection of gene
dosage imbalances, such as FISH, it is evident that a majority of micro-deletions and microgains will escape detection. The development of the array-CGH methodology enables a highresolution, comprehensive analysis of large genomic segments in the detection of gene dosage
alterations. It is reasonably to assume that additional phenotypes will be linked to microdeletions or micro-gains, when the high-resolution array-CGH (at the average level of 1 data
point below 10 kb) is routinely applied to the analysis of the whole genome. The construction of
our first array covering a human chromosome demonstrates that it will soon be possible to
construct a whole genome microarray, with the average resolution at least as good as this shown
here for 22q. This would allow a genome-wide screen, dramatically improving our possibilities
for research and diagnostics of human diseases.
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