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Chapter 1 

Introduction





General Introduction.

(Different sections of the introduction and discussion are based on the chapter “Detecting copy

number changes in genomic DNA - MAPH and MLPA”, W hite S.J., Breuning M.H.,and den

Dunnen J.T.  In Cytometry 4ed, Volume 75 of the Methods in Cell Biology, in press). 

It has long been recognized that some diseases run in the family. A classic example of this is 

hemophilia, which affected several European royal families descended from the English monarch

Queen Victoria.  Following the discovery of DNA as the hereditary material it became clear that 

it was changes in DNA that were responsible for many diseases, some inherited and some that 

appeared to have arisen spontaneously.

In principle there are 3 ways that the DNA within a genome can be changed. Qualitative 

alterations involve changes of one or more nucleotides in a given stretch of DNA, either by

substitution or chemical modification. Positional rearrangements occur when a sequence moves

from one specific location to another, for example translocations and inversions. The last class of 

changes are the quantitative rearrangements, involving the gain or loss of segments of DNA. 

The purpose of the research described in this thesis is the development and optimization of 

techniques for detecting such duplications and deletions in genomic DNA. Many different 

methods for detecting copy number changes have been described (reviewed in (1)). The most

commonly applied techniques to date have been FISH (Fluorescent In Situ Hybridization),

Southern blotting (sometimes combined with Pulse-Field Gel Electrophoresis (PFGE)), and 

quantitative PCR. FISH combines hybridization of a fluorescently labeled probe with microscopic

analysis of genomic DNA (2-4). Because of its relative reliability and ease of analysis,the

technique has been widely used in diagnostic laboratories. Its main disadvantages are the

workload involved, i.e. culturing cells, making chromosome preparations and performing

hybridizations, and the fact that deletions smaller than ~40 kb cannot be routinely detected.

As an alternative, Southern blotting has also been broadly applied for the detection of deletions 

and duplications (5,6). In addition one has the possibility to scan for the unique junction

fragments of the rearrangements and use these for diagnosis (7). Although this latter possibility

requires some effort to identify a junction fragment, when found it does provide a powerful 

diagnostic tool. In this respect, the combination of PFGE and Southern blotting can be very

informative, facilitating the use of a nearby probe to detect all rearrangements from a distance
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(7,8). The problem with Southern blotting is that it is time consuming, and producing blots of the

necessary quality is technically demanding.

Quantitative PCR has been tried by many (9,10) but has also turned out to be challenging and 

difficult to implement. Recently, the development of real-time PCR technology revived the 

diagnostic application of quantitative PCR (11-13) but it failed to take away another drawback, 

the difficulty of multiplexing, i.e. measuring copy number changes of several DNA sequences in 

parallel.

The development of new diagnostic methods is made easier by having a series of samples with 

known mutations to test. Within the department of Human and Clinical Genetics in Leiden

several hundred DNA samples from patients suffering from Duchenne Muscular Dystrophy have 

been collected over the years.   As is made clear in the next section, there are several features of 

the mutation spectrum of this disease that make it ideal for optimizing new quantitative methods.
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A. Duchenne Muscular Dystrophy

In 1852 the English physician Meryon described nine boys affected by muscle wasting and 

weakness (14).  He noted that it appeared to be of muscular rather than nervous origin, and 

described the degeneration of the voluntary muscular tissue. The same form of disease was 

discussed further by Duchenne in 1868 (described in (15)). He wrote about a disorder affecting 

primarily males, often familial and characterized by weakness of the lower musculature from an

early age. This would spread to the upper body, and death from cardiac or respiratory failure

usually occurred before the age of 20. This disease is now known as Duchenne Muscular 

Dystrophy (DMD). 

The fact that it affected almost exclusively males meant that the causative gene was probably on

the X chromosome. Ironically enough it was the extremely rare cases affecting females that first 

provided the clue as to where the gene was on the X chromosome.  If a female had a translocation 

disrupting the gene affected in muscular dystrophy, the unaffected X-chromosome becomes

inactivated and there will be no product from the DMD gene. This individual would then show all 

the manifestations of DMD. Combined analysis of such translocation cases (16-18), along with a

cytogenetically visible deletion in a male patient (19), and restriction fragment length 

polymorphisms (RFLPs) (20,21) defined the breakpoint to a region on the short arm of the X

chromosome, within the band Xp21.  Further mapping defined the location of the gene more

precisely (22), and the cDNA was eventually cloned in 1987 (5), and sequenced in 1988 (23). 

DMD Gene

The gene remains the largest known, covering ~2.4 Mbases (24,25). It is composed of 79 exons 

(26), and there are at least 7 alternative promoters, leading to a number of different isoforms

(Figure 1). The exons make up <1% of the total gene size, and the introns vary greatly in size, 

from <1 kb to ~250 kb.

Dystrophin

The protein product of the DMD gene is known as dystrophin. The full-length product from the 

muscle promoter has a molecular weight of 427 kDa (27), and is found primarily in skeletal and

cardiac muscle. Other isoforms also show specific patterns of expression, and can be found in

several other tissues (28-31). 
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Figure 1.  The DMD gene. In this diagram the promoter for the muscle isoform (Dp427m) is shown as exon 1, and the 

locations of the other  promoters are indicated with arrows. Every 10th exon is numbered.

The amino terminal domain shows homology to the amino terminus of alpha-actin, and binds to 

the actin cytoskeleton (32). The central rod domain is the largest part of the protein, and is 

composed of a series of coiled-coil repeats. This is followed by a cystein-rich domain, and finally

a carboxy terminal domain that interacts with several different proteins in the dystrophin-

glycoprotein complex (33). The primary function of the protein appears to be structural, linking 

the cytoskeleton with the extracellular matrix. There is recent evidence that dystrophin may also 

be involved in different cell signalling pathways (34,35). 

Deletion/duplication detection in patients

Cytogenetically invisible deletions were first detected with probes derived either randomly (36), 

from a region known to be missing in a patient (37), or a translocation breakpoint (38,39). Prior to 

the cloning of the cDNA it was shown by Pulse-Field Gel Electrophoresis (PFGE) that gross 

deletions and duplications could be found in >50% of DMD cases (7). By using cDNA fragments

as a probe it was possible to examine the entire gene for both deletions and duplications using

Southern blotting (40).  This and other work showed that a deletion of one or more exons 

occurred in  ~65% of cases, with the duplication frequency being estimated at 6% (41,42). The 

deletions clustered in 2 regions; a major hotspot between exons 45-52 and a minor hotspot

between exons 2-19 (41,43,44). This clustering allowed for ~95% of all deletions in patients to be 

detected using 2 multiplex PCR kits, each amplifying 9 exons (45,46). These primer sets were

later expanded and modified using fluorescently-labelled primers and dosage analysis, allowing 

duplications to be detected as well (9,10). 

More recently, MAPH probe sets have been developed covering each of the 79 exons (47) 

(Chapter 2.1). Analysis of >100 samples showed a wide range of mutations, including several 
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that had not been previously detected using other techniques.  Noteworthy here is that a 

duplication of exon 2 was the most common duplication found, yet had never been reported using 

alternative methods e.g. Southern blotting.

The ability to precisely determine the breakpoints led to an explanation for the difference in 

severity seen between DMD and Becker Muscular Dystrophy (BMD). BMD is milder, with the 

patients generally showing a later age of onset, slower disease progression and increased life

expectancy. There are many cases where the deletion of a single exon is sufficient to cause DMD,

whereas deletions of nearly half the gene have been found in BMD patients (48,49). Analysis of 

the breakpoints of the deletions lead to the development of the reading frame hypothesis (50).

The theory was that mutations that disrupted the reading frame lead to a truncated protein, which 

could not carry out its physiological role of connecting the intracellular skeleton with the 

extracellular matrix.  This destabilized the muscle cell, leading to all the symptoms of the disease. 

In contrast, an in-frame deletion would shorten the protein, but the presence of both the N-

terminus and C-terminus would ensure that the protein would be at least partly functional, 

connecting the cytoskeleton and extra-cellular matrix.

Based on DNA analysis only, this theory is valid in about 90% of cases. Exceptions have been 

described, both for DMD patients with in-frame deletions and BMD with out-of-frame deletions. 

These are most commonly found at the 5' end of the gene (51). In-frame mutations causing DMD

are either large or remove a domain essential for dystrophin function, whereas out-of-frame

mutations causing BMD are presumably compensated for, either by the use of an alternative start 

codon (52), or exon skipping leading to an in-frame product (53,54). 

Other mutations

In ~30% of cases no exonic deletion or duplication can be detected.  The most common mutation

in this subset of patients are changes of one or a few nucleotides leading to a truncated transcript, 

either via a premature stop codon or the disruption of the reading frame. Missense mutations have

been rarely described (55-57). Given the large size of the gene and the fact that there are no 

apparent hot spots for point mutations, finding them is a time-consuming process. Screening for 

these changes has been performed by a number of different techniques, including heteroduplex 

analysis (58,59), denaturing high-performance liquid chromatography (DHPLC) (60), single 

strand conformation polymorphism (SSCP) (61), denaturing gradient gel electrophoresis (DGGE) 

(62) and direct sequencing (63).
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With the advances in screening technology it is now possible to detect the causative mutation in 

~96% of patients by screening at the DNA level (64). The use of RNA-based techniques, such as 

RT-PCR and the protein truncation test (PTT) (65,66), afford the possibility of detecting changes

located deep within introns that activate cryptic splice sites (67,68), further increasing the

detection rate. The disadvantages of using RNA relate primarily to the source. The amount of the 

dystrophin transcript within lymphocytes is very low, while the best mRNA source, a muscle

biopsy,  is not always easy to obtain. 

There are several possible reasons as to why no mutations are found in the remainder of the 

patients. It may be that some patients do not have DMD, but instead suffer from another

neuromuscular disorder. If the absence of dystrophin has not been confirmed it may be difficult to

distinguish DMD from a severe form of limb-girdle muscular dystrophy purely on the clinical 

symptoms. Another, less likely, possibility is that there is a mutation in another gene that

influences the regulation of dystrophin expression. 

Knowing the mutation is not only important for confirming the diagnosis, but may also be a 

critical first step towards therapeutic intervention. Several different gene therapy strategies have 

been described for DMD (reviewed in (69)). For the mutation-specific approaches e.g. exon 

skipping (70,71), it is necessary to know which exon/exons need to be targeted.

Carrier detection

Finding the mutation is not only of importance for the patient. It also facilitates the genetic

counseling of relatives who may be carriers. Prior to genetic testing this was primarily based on 

biochemical assays, of which elevated serum creatine kinase was the most common (72). The 

discovery of the DMD gene meant that a DNA-based test was possible, and most of the

techniques applied for mutation screening in males are also applicable for testing females (73). In 

the early years of genetic testing it was not always possible to find the causative mutation in the 

patient.  This made the determination of carrier status particularly difficult, often relying on 

haplotype analysis (74-77). 

Identifying the mutation in the index patient simplifies carrier detection, as the entire gene no 

longer needs to be screened. Heterozygosity for a point mutation can be determined by

sequencing. Different approaches have been described for determining the carrier status in cases 

involving a deletion or duplication (78,79). They are based around the analysis in the maternal

DNA of an exon or exons known to be affected in the patient, and comparing these with a region 

known to be unaffected. 
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An important point to be considered in carrier testing is the possibility of somatic or germ line

mosaicism (80-83). In a somatic mosaic case the mutation may be present in only a percentage of 

maternal cells. A negative result may be concluded, as the normal cells have masked the mutation

present in the affected cells.  Germ-line mosaicism will not be detectable in DNA isolated from

blood cells. The frequency of mosaic cases has been estimated to be up to 14% (84). The high

recurrence risk for apparently de novo mutations means that prenatal screening is still offered for 

females that have tested negative for carrier status. 

How do deletions and duplications occur?

DMD is an unusual disease in that the majority of mutations found are deletions or duplications

of one or more exons. Such rearrangements are also found in other diseases, but at a lower 

frequency. A great deal of effort has therefore gone into studying the mechanisms involved in 

these aberrant recombination events. It is known that the precursor for recombination is the 

double stranded break, or DSB. This occurs during normal cellular processes, for example

recombination in meiosis (85,86) and V(D)J recombination in antibody processing (87). Less 

beneficially, it can also be caused by damaging environmental factors, such as ionizing radiation 

or free radicals. 

When a DSB occurs, an attempt will be made by the cell to rejoin the free ends of the DNA 

molecule. Two main pathways are known to be involved (88,89), namely homologous

recombination and non-homologous end joining. Both pathways are highly conserved from

bacteria to humans, indicating the fundamental importance of the process (90,91).

Homologous recombination

Homologous recombination (HR) is a process that uses an intact template for the repair of a DSB. 

Once a DSB is recognized, a protein complex at the site is formed, and there is a partial 5' to 3'

resection at the ends.  Following strand invasion into an intact, homologous DNA molecule, an

extension reaction by a DNA Polymerase fills in the gap. Precisely how the different strands are

resolved will determine whether or not crossing over and/or gene conversion will occur (88). 

Non-allelic homologous recombination (NAHR) can occur when two highly similar sequences 

misalign. Following a DSB the two homologous sequences are aligned, and crossing over occurs. 

This can lead to deletions and duplications (Figure 2). 
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Figure 2.  Non-allelic Homologous Recombination. Misalignment of highly similar sequences (I) can lead to non-equal 

crossing over, resulting in (II) a duplication and (III) the reciprocal deletion. 

It is known that repetitive elements play an important role in NAHR. When the human genome

sequence was published in 2001, it was stated that >50% of the human genome was composed of 

such sequences (92,93).  These can be separated into different classes, with the majority being 

originally derived from transposable elements (94). The most common are described below. 

Long Interspersed Nuclear Elements (LINEs)

LINEs make up about 20% of the human genome (93).  They are capable of autonomous

mobilization, and transpose via an RNA intermediate (95). Although the transposon is about 6 kb 

long, incomplete reverse transcription means that the majority of LINE elements are shortened or 

rearranged (96). They are found predominantly in AT rich DNA (97), thereby decreasing but not 

eliminating the chance of intragenic insertion (94). NAHR between such elements has been rarely

described (98,99). 

Short Interspersed Nuclear Elements (SINEs)

SINEs are sequences of 100-400 bp that are non-autonomous, requiring mobilization by other

elements (95). In contrast to LINEs, SINEs show an increased density in GC rich regions of the 

genome, which also correspond with gene-rich areas. In total they make up ~13% of the genome,

with the Alu element being the most prominent member of the group. Alu sequences are primate
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specific (100), and can be divided into different groups on the basis of evolutionary age. These

are present in ~1 million copies in each genome (92), or on average once every 3 kb. In contrast 

to LINEs, NAHR between Alu repeats has been seen much more frequently (95,101,102). 

Segmental Duplications

Segmental duplications, also known as low copy repeats (LCRs), are defined as stretches of 

DNA, usually between 1-500 kb and with a high degree of homology (>90%), which are present 

in at least two copies within the genome (103).  Such duplicated blocks have not been found in 

invertebrates, and occur more frequently in humans than lower mammals, for example the rat 

(104) or mouse (105). In total they comprise ~5 % of the human genome (103,106,107). A 

notable feature of LCR sequences in humans is the high frequency of Alu sequences found at the 

boundaries of segmental duplications (108). As it was predominantly the younger Alu sequences 

that were detected it was suggested that a large increase of Alu retroposition approximately 35 

million years ago was the initial trigger for widespread, primate specific, duplication events 

(109). LCRs are found both interchromosomally and intrachromosomally.

Interchromosomal LCRs 

Although these repeats are distributed throughout the genome, they predominate in the 

subtelomeric and pericentromeric regions. The reason for this is not known, but it has been 

suggested that such regions show an increased propensity for repeat accumulation (110), or that 

they are simply more tolerant for rearrangements.

These areas show high rates of recombination, with blocks of repeat units being duplicated and 

exchanged between multiple chromosomes. An example of such plasticity is found in the 

subtelomeric regions of the long arms of chromosomes 4 and 10, where swapping of repeat arrays

between 4q and 10q has been reported to occur in 20% of the Dutch population (111,112). In 

addition, subtelomeric screening using FISH probes has shown a high degree of cross-

hybridization across different chromosomes (113). The degree of recombination and sequence

similarity of such regions has significantly hampered the sequencing of these areas, and it is

noticeable that it is often these areas that remain as gaps in the “completed” human genome draft 

sequence (114).

Repeats on different chromosomes can lead to translocations, and there have been several 

common breakpoints described and characterized (115,116). It has been suggested that many of
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the chromosomal rearrangements that have occurred during speciation are also mediated by

LCRs, as studies have shown a correlation between such sequences and syntenic breakpoints 

between species (117-119). 

Intrachromosomal LCRs

Intrachromosomal LCRs, also known as chromosome-specific duplications, are usually found on 

the same chromosome arm (106,120). Although there is a pericentric bias in localization for

several chromosomes, in general such duplicons appear to be more evenly distributed throughout

the chromosome than the interchromosomal repeats (103,106).

Several regions between the repeats show a recombination rate higher than would be expected

due to random events, and many different disorders are known to be caused by NAHR between

flanking LCRs (Table 1). Bailey et al. found 169 regions between 50 kb and 10 Mb flanked by

low copy repeats (106), with rearrangements of 24 of these found in locations associated with

specific disorders. It remains to be seen whether any of the remaining regions are also rearranged 

in other diseases. 

Despite the fact that the LCR duplicons are often several hundreds of kilobases in length, the 

exact position of the breakpoints in different patients often shows a preference for a smaller,

defined region (121). An explanation for this could be that the increased length of the duplicons 

allows (mis)alignment to take place, yet more specific sequences within the LCRs are actually

involved in the recombination.  It has been proposed that at least 200-500 bp of almost complete

homology (minimal efficient processing segment; MEPS) is required for recombination

(122,123). Additional factors are also involved in influencing the probability of recombination.

For example, inversion polymorphisms can increase the chance of a rearrangement occurring 

between 2 repeats. This has been shown to be the case in the region affected in Williams-Beuren

Syndrome (124,125), as well as between olfactory repeat genes in 8p23.1 (126,127). 

To date all of the LCRs associated with human disease have been shown to be primate specific

(110), and it is possible to give an approximate date to the origin of different LCRs with 

interspecies comparison. It has been suggested that some primate-specific characteristics have 

arisen from novel genes created by the fusion of gene fragments (110,114,120).
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Disorder Locus Size of

LCR

(kb)

Typical Size of 

Rearrangement

(kb)

Type of 

Rearrangement

References

Sotos 5q35 140 1300-2700 deletion (128-130)

Williams-Beuren 7q11.23 320 1600 deletion (125,131-134)

Angelman/Praeder-

Willi

15q12 500 3500 deletion (135,136)

Smith-Magenis 17p11.2 200 3700 deletion (121,137-139)

HNPP 17p12 24 1400 deletion (122,140,141)

Charcot Marie 

Tooth

17p12 24 1400 duplication (141-144)

Neurofibromatosis

Type 1 

17q11 85 1500 deletion (145-148)

Di George 22q11.2 200-

400

1500-3000 deletion (149-151)

Emery Muscular 

Dystrophy

Xq28 11 48 deletion /

duplication / 

Inversion

(152-154)

Haemophilia A Xq28 10 300-500 inversion (155-157)

Table 1. A selection of regions known to be altered via recombination between specific Low Copy Repeats (LCRs). 

Described are the rearrangements that occur, the size of such rearrangements and the associated LCRs, and the 

corresponding disorder.

Non-homologous end joining 

Non-homologous end joining (NHEJ) is a poorly understood process, where two DNA ends

without significant sequence homology are joined. As the repair is not template based errors 

frequently occur, and deletions and insertions are often found at the junction. Breakpoints within 

a given region show less clustering compared to HR, although several sequences have been

implicated in increasing the probability of a DSB (158).  An example of such is the Chi sequence,

which is a nonamer involved with recombination in prokaryotes (159) and has been linked with

deletions in several different human disease genes (160-163). Alu sequences also have a 26 bp

internal sequence homologous to the Chi sequence (164), suggesting that they may a play a role 
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in both HR and NHEJ. Detailed analysis of a series of deletion breakpoints showed that the 

presence of inverted repeats was a common motif in deletions, especially those suggestive of 

NHEJ i.e. deletions plus small insertions (165). It was proposed that stem-loop formation was

responsible for the DSB.

NHEJ is a faster process than HR, which may explain why the majority of DSBs in mammalian

cells are repaired by NHEJ (166). Which of the two repair pathways is used is presumably at least 

partially dependent on the position within the cell cycle, with HR being preferred when a sister 

chromatid is present (167).

Rearrangements within the DMD gene.

Given the above information, what can be said about the cause of the rearrangements found 

within the DMD gene? Although deletions can be found throughout the entire gene, they cluster

within 2 areas.  These regions also correspond to the location of the largest introns, and the larger 

introns do tend to show an increased number of breakpoints. Intron 44 is the largest intron within 

the gene, at ~248 kb, and 35% of all deletions have one of the breakpoints within this intron.

Analysis of the position of the breakpoints, however, reveals that any correlation between length 

and breakpoint frequency only holds for the 5' end of the breakpoint (figure 3). This is primarily

due to a reduction in the number of 3' breaks in the two largest introns (only 15% of breakpoints 

in intron 44 are at the 3' end of a deletion, and in the case of intron 2 there are no 3' deletion 

breakpoints described) (Figure 4). The bias between 5' and 3' breakpoints suggests a directional

influence in deletion formation, although it is unclear what causes the initial DSB. A direct 

association between meiotic DNA replication and DSB formation has been described in yeast

(86), and the two recombination hotspots within the DMD gene colocalize with two of the most

common deletion breakpoints, namely intron 7 and intron 44 (43).

Pozzoli and colleagues have performed a detailed analysis of the repeat content of the introns, and 

found that 37% of the intronic sequences are repetitive elements (168,169).  A significant 

correlation between intron length and repeat content was found, suggesting that repeat expansion 

was at least part of the reason for the large introns found in the DMD gene. As repetitive 

sequences have been associated with recombination events, studies have been carried out to 

determine the exact sequences involved at the breakpoints (170-173).  In the majority of cases no 

sequence similarities were seen at the breakpoints, suggesting that homologous recombination
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Figure 3.  The relationship between intron size and breakpoint frequency for deletions within the DMD gene.

A. 5' breakpoint frequency. B. 3' breakpoint frequency. The correlations are A; r=0.75, B; r=0.29. 

between repetitive elements is not the predominant cause of rearrangements within the DMD

gene.

Other factors may be involved that influence DNA conformation, increasing the probability of a 

DSB. Matrix attachment regions (MARs) are sequences of DNA that are involved in DNA 

looping and attachment to the protein scaffold (174). It has been proposed  that a relative paucity

of MAR sites might lead to greater torsional stress within these regions (171). This would then 

lead to an increased probability of DNA breakage, which in turn would lead to an increased 

chance of a rearrangement. Correlations between Loop Anchorage Regions (LARs) and

recombination have also been described (175). 

23



0

100

200

300

400

500

600

700

800

1 11 21 31 41 51 61 71

DMD  gene exon

n
u

m
b

e
r 

o
f 

b
re

a
k
p

o
in

ts

A

0

100

200

300

400

500

600

700

800

1 11 21 31 41 51 61 71

DMD gene exon

n
u

m
b

e
r 

o
f 

b
re

a
k
p

o
in

ts

B

Figure 4. The distinction between (A) 5' and (B)  3' deletion breakpoints. The reduction in 3' breakpoints of the two 

largest introns (intron 2 and intron 44) is indicated by the arrows. 

A study of DNA replication showed 6 origin of replication sites (oris) in the DMD gene (176), 

and ori sites have been associated with chromosomal fragility (177). One of the replication 

termination sites was within the major deletion hotspot, in intron 44. As this intron makes up 

~10% of the gene this could be coincidental, but it is known from studies in prokaryotes that such

termination sites are also deletion hot spots (178). It has been shown in E. coli that in at least 

some cases this activity is also dependent on the presence of the Chi sequence (179) . A recent 

report (180) also showed a co-localization of MARs and oris within the DMD gene, with one 

MAR falling within the major deletion hotspot.

The argument for the importance of chromatin structure is strengthened by the findings of Passos-

Bueno and colleagues (181). In their study on deletion distribution in mosaic cases they found 
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that distal deletions were found in 72% of isolated cases, with 28% of the deletions occurring in 

the proximal region. Conversely the distribution between the proximal and distal regions amongst

inherited cases was virtually identical (47% and 53% respectively). This suggested that proximal

deletions were more likely to occur early in development during mitosis, with a corresponding 

increased risk of recurrence. It is known that transcription is coupled with changes in chromatin

structure, which in turn may alter the chances of recombination (85). This may lead to certain 

regions becoming more accessible/vulnerable during different stages of development. It is 

probable therefore that the combination of specific sequence interactions and chromatin structure 

also underlie the disparity seen between the 2 hotspots.

Fewer studies have been carried out looking at the mechanisms involved in duplications. Analysis

of 8 families showed that in each case the duplication originated from a single X chromosome,

and unequal sister chromatid exchange was thought to be the mechanism responsible.  In 7 of the 

8 cases the results suggested that the mutation had occurred in the germline of the maternal

grandfather (182,183).  It was proposed that, as spermatogenesis needs several hundred cell

divisions and oogenesis as few as 23, mutations will occur more frequently in the male germline.

This theory, however, is not supported by analysis of deletions, where the orginal mutational

event has been traced to a female in the majority of cases (184,185). This bias in parental origin

of different types of mutations has also been observed for other genes on the X chromosome

(186,187).

A more detailed study of three duplications showed that they were all duplicated in tandem (188). 

One case involved NAHR between two Alu sequences, whereas the other cases appeared to be 

derived from NHEJ, perhaps involving cleavage sites for DNA Topoisomerase enzymes. These 

proteins are known to be involved in DNA replication and transcription, breaking DNA 

molecules and altering chromatin conformation to allow these biological processes to take place

(189,190).

It was noted by den Dunnen et al (41) that duplications were more commonly found in the 

proximal region than in the distal region. A survey of the Leiden DMD database www.dmd.nl

(26 October 2004) shows that 59% of all duplications have at least one breakpoint within the 

proximal region (delineated by exons 2-19), compared with only 20% of the deletions. The 

locations of the most frequently occurring duplications are significantly different to those of the

most common deletions (table 2), again suggesting a fundamental difference in mutation

mechanism and/or timing of the different rearrangements.

Along with the differences in distribution, the relative frequency of specific regions being deleted 

or duplicated can also show marked differences. For example, a duplication of exon 2 is the 
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single most common duplication seen, yet there has not been a single report of a deletion of

exon2 only. Precisely why this is remains unclear. It may be that such a deletion is embryonically

lethal, that a deletion of exon 2 is not disease causing, or that structural restraints greatly reduce

the probability of such a rearrangement. Alternatively, the mechanism responsible for the 

duplications may not involve unequal crossing over. Our analysis (chapter 2.2) suggests that the 

latter explanation is the more likely, although the different explanations are not mutually

exclusive.

ranking deleted exon(s) % ranking duplicated exon(s) %

1 45-47 7.0 1 2* 8.5

2 45 5.3 2= 3-7 3.5

3 48-50 5.1 2= 8-9 3.5

4 45-48 4.3 4= 2-7 3.0

5 45-50 4.0 4= 51 3.0

6 51 3.9 6= 3-11 2.0

7 44 3.5 6= 8-13 2.0

8 49-50 2.8 8= 3-4 1.5

9= 3-7 2.3 8= 9-14* 1.5

9= 45-52 2.3 8= 17 1.5

11 46-47 2.3 8= 22-25* 1.5

12 50 2.2 8= 43 1.5

13 45-49 2.0 8= 44 1.5

Table 2. The most frequently occurring deletions and duplications. It is clear that the region most commonly deleted is 

between exons 45-52; in contrast the duplications occur more frequently in the 5' end of the gene. A * indicates a 

duplication that has not been described as a deletion. 

In conclusion therefore, although repetitive sequences are undoubtedly involved in some

recombination events, these cannot be the predominant reason for the rearrangements seen in the 

DMD gene. The evidence suggests that other features, such as structural and functional domains,

as well as changes in chromatin and DNA topology during replication and transcription, also

influence the probability of DNA breakage and subsequent recombination. These factors, along 

with the repair mechanisms involved, are likely to be cell type dependent, which may underly the

differences in distribution and mode of inheritance seen for the different types of mutations.
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B. MAPH and MLPA

“The art of research [is] the art of making difficult problems soluble by devising means of getting 

at them”

-Sir Peter Medawar 

The MAPH and MLPA protocols are outlined in figure 5, and discussed in more detail below. 

MAPH

The MAPH assay is based upon the quantitative recovery of probes following hybridization to 

immobilized genomic DNA. Probes for MAPH analysis were initially created by cloning small

DNA fragments into a vector (191).  These fragments were generated either by PCR or restriction 

digestion of larger DNA constructs (e.g. PACs or BACs). The specific probes were then prepared

by amplification from the vector using primers specific for the vector sequence.  The drawback of

the cloning approach is that the preparation of a large number of probes is arduous and time

consuming.

An alternative method of probe preparation is to design primers to consist of two parts (192).  A 

unique section, which is used for the amplification from genomic DNA, and an identical 5' 

priming sequence, which is the same for each probe. Once each probe is amplified from genomic

DNA the products can then be combined into a probe mix. Because they all have the same ends 

the subsequent amplification can take place in exactly the same manner as for cloned probes. 

A potential disadvantage of this approach is that during the original PCR amplification from

genomic DNA, more than one PCR product could be amplified. These extra products would then 

be present in the probe mix, and the extra peaks would appear on any subsequent trace.  In 

practice, however, we have not seen this as a common problem, and any problematical probes

could be cloned and/or gel purified if necessary.

There are several criteria that the probes need to conform to. First, each sequence must be unique. 

This can be tested using the BLAST (193) or BLAT (194) program to check the sequence against 

the genomic database.  Second, the hybridizing segment of each probe should ideally have a GC-

content of between 40% and 60%.  Some regions of the genome do not fall within these limits,

and the probe length should be adjusted accordingly. Probes for regions with a GC-content as 

low as 30% have been successfully made, but these were all longer than 500 bp.
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For difficult regions of the genome it may be necessary to try several different sequences before a 

good probe is found. Third, it is essential that each probe is of a different length, allowing the 

probes to be distinguished after electrophoretic separation. 

Reverse

primerForward

primer

Stuffer

PCR

amplification

5'3' Genomic template

Analyze PCR

products
PCR

amplification

Transfer aliquot 

Filters into PCR 

tubes and heat 

denaturation

Ligation site

Hybridize together overnight

Ligation step 

B

Analyze PCR

products

A

Filters spotted with 

genomic DNA Probe mix 

Stringent wash 

Hybridize together overnight 

Figure 5.  An outline of the two procedures. A. The MAPH technique. A series of probes with identical ends are

hybridized to genomic DNA immobilized on a filter.  Following stringent washing the specifically bound probes are

released into solution, and an aliquot of this is used to seed a PCR reaction.  B. The MLPA technique. Only if the 2 

half-probes hybridize adjacently on a target sequence can they be ligated and amplified using the universal primers in a 

subsequent PCR reaction.  Probes can be distinguished by using stuffer sequences of different lengths. 

Mixes are prepared by combining all probes so that the final concentration of each is ~0.5 ng/µl 

to 1.0 ng/µl.  We routinely store all probe mixes at –20 oC, and these have been successfully used 

up to 18 months after preparation with repeated freeze/thaw cycles.

Protocols have been outlined in previous articles (47,191), and complete descriptions are

available at the following websites (http://www.nottingham.ac.uk/~pdzjala/maph/ and 

http://www.dmd.nl/DMD_MAPH.html).

As it is necessary to remove the unbound probes after the hybridization step the genomic DNA 

has to be immobilized.  This is done by denaturing the DNA in NaOH and applying it to a small

nylon filter. Because the filters are combined in a single tube during the hybridization step they
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need to be marked in such a way that they can be easily distinguished from each other. It is 

possible to cut the filters into different shapes, but the most convenient method is to number each 

filter with a sharp pencil.  This mark will remain visible after all the washing steps. 

We have found that the easiest way of applying the DNA to the filter is to pipette each DNA

sample into a well of micotiter plate, already containing the NaOH.  Each filter can then be put 

into the appropriate well, and the DNA allowed to adsorb onto the filter (figure 6). 

Figure 6.  The use of a microtiter plate for applying denatured genomic DNA to the filters. The number on the filter 

held in the forceps can be clearly seen; this will remain easily visible after all the washing steps. 

After the filters are dry the DNA is fixed to the filter, either by UV cross-linking, or by heating 

the filters at 80 oC for 1 hour.  The filters are then combined in a prehybridization mixture for 2

hours to overnight, followed by addition of the hybridization mix.  This mixture contains the

probes of interest along with competitive DNA (e.g. Cot1, fragmented E. coli or herring sperm

DNA as well as sequences that block any interactions between the common ends of the probes). 

After overnight incubation the hybridization mixture is removed, followed by stringent washing. 

To avoid accidental loss of the filters during this step we first pour off washing solution into a 
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beaker, as it is easier to recover filters from this than the U-bend of a sink.  Alternatively, a tea 

strainer or something similar can be used. 

Following the washing steps each filter is placed individually into a PCR tube containing 1x PCR 

buffer.  After heating to 95 oC for 5 minutes the previously bound probes are released into 

solution, and an aliquot of this is added to a PCR mix.   Optimization of the PCR reaction 

regarding such factors as cycle number and denaturation time is necessary to obtain optimal

results.

MLPA

MLPA (195) is based upon the ligation of two adjacently-annealing oligonucleotides, followed by

a quantitative PCR amplification of the ligated products. The left hand half-probe is usually the 

shorter of the two probes (typically 45-70 nt), and is chemically synthesized. This half-probe is

composed of two sections, a unique, annealing sequence and terminal priming sequences 

common to all probes. The right hand half-probe can be up to 440 nt, which cannot be routinely

synthesized.  Instead, a series of M13 vectors has been created, each with a “spacer” sequence of 

a different length (195). Two complementary oligonucleotides are annealed to each other,

followed by ligation into the modified M13 vector. It is the spacer which determines the final 

length of the half probe. The resulting M13 construct containing the annealed oligonucleotides is 

isolated in single-stranded form, and the cloned sequence, including the spacer and priming

sequence can be isolated from the vector by restriction digestion.

It is also possible to use chemically synthesized oligos for the right hand half-probe as well, but to 

facilitate ligation it is necessary that this sequence is 5' phosphorylated.  Although chemically

synthesizing both probes greatly accelerates the probe production process, due to length

constraints during synthesis the number of probes that can be subsequently combined within a 

single set is limited.

The MLPA protocol is described in full in Schouten et al., 2002 (193), and is also available at the 

following web site (http://www.mrc-holland.com/).  As outlined in the notes of the protocol,

several modifications are possible.  To save on reagents the PCR volume can be reduced from 50 

µl to 25 µl without influencing the results.  Combining the two pre-PCR mixes together and

adding 5 µl of the ligated products on ice makes the overall procedure easier, particularly when 

working with many samples. As with MAPH, it may be necessary to adjust the number of PCR 

cycles to obtain sufficient product for analysis.
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Analysis

For both MAPH and MLPA the methods of data analysis are effectively identical.  The PCR 

products are usually separated by electrophoresis and each probe is quantified, with the relative

amount of each product being proportional to the copy number of the locus being tested.  In the

original MAPH protocol (191) the probes were labeled with a 33P-5'-end-labelled  primer and 

separated on a polyacrylamide gel, with the bands being quantified using a phosphoimager

screen. A faster and easier method is to use a fluorescently labeled primer during the PCR

amplification (47) and separate the products on a sequencing system, either a polyacrylamide gel

or through polymer-filled capillaries (Figure 7).  This approach also simplifies the analysis of the

products, as software (e.g. GeneScan and Genotyper from Applied Biosystems) has been 

integrated into these systems. To obtain sufficient signal it may be necessary to concentrate the

PCR reaction, as the amount of product to be added depends on the sensitivity of the system.

A

B

* *

* *
C

Figure 7.  Peaks obtained following separation of one of the MLPA probe sets for the DMD gene on the ABI 3700. 

Panel A shows a typical pattern from an unaffected male. Panel B is from a female carrier with a deletion of two exons, 

and panel C is from a male with a duplication of the same two exons.  Affected probes are indicated with asterisks. 

Another possibility is to use the Lab-on-a-chip from Agilent (Figure 8). This DNA chip can 

separate a maximum of 12 samples in 45 minutes.  The resolution is ~20 bp, meaning that on the 

DNA500 chip up to 15 different probes can be analyzed, and it is not necessary to use a

fluorescently labeled primer. This approach might be attractive when relatively few loci and/or 

samples need to be tested (78). 
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Several different methods have been described for data analysis. At the most basic level peaks 

can be visually compared (195), e.g. by overlaying control and test traces.  In theory any deletion 

or duplication should be sufficiently obvious without any calculations being performed.  Whilst 

this is usually true for deletions, especially single exon duplications will not always be obvious.

For this reason, and to automate the analysis it is recommended to perform a computer-based

analysis.

*

B

A

Figure 8. An example of traces obtained by analyzing MAPH products on the Lab-on-a-chip from Agilent. In this 

example the probes have a spacing of 30-40 base pairs.  As can be seen, this spacing could be reduced if necessary to

allow more probes to be used. A typical pattern from an unaffected individual is shown in trace A, a single locus

duplication is indicated by an asterisk in trace B. 

Software such as GeneScan provides data about the peak height and peak area, both of which 

have been used in different reports (47,196-198) with equivalent results. Most methods of 

calculation described have been based on dividing the value of a given probe by the sum of 2 or

more other probes to obtain a ratio.  These are preferably control probes that are unlinked to the

loci in question. The "nearest neighbor" method can be used, where the values of the four nearest

peaks are added together.  This means that each probe will be normalized against a different 

group of probes.  It is also possible to add up the values of all probes in a trace (a global

approach), and divide each probe by that value. Exactly which method is used is dependent on 

several factors, primarily how many probes and samples you expect to be affected.  For example,
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subtelomeric rearrangements are found in about 5% of mentally retarded patients, and it is 

unlikelythat more than two probes would be affected.  It should therefore be no problem to use 

the nearest neighbor or global approach, as the vast majority of probes and samples will be 

unaffected. In contrast, sets composed of probes for all exons within one gene should be analyzed

by another method.  It is possible that most if not all of the exons withina gene are deleted, which 

mean that none of these probes should be used for normalization purposes.  It is therefore 

essential to add control probes for loci elsewhere in the genome.

The ratio obtained for each probe is averaged across a series of samples to obtain a normalized

value, usually corresponding to a copy number of 2 (1 for X-linked probes in a male). The 

original ratio for each sample is then divided by the normalized value, and in an unaffected

situation should give a number distributedaround1.  Under ideal circumstances a deletion (1:2) 

wouldgive a value 50% lower, i.e. 0.5, and a duplication (3:2) a value 50% higher i.e. 1.5 (Figure 

9). Ofcourse each probe will show a certain level of variation, and it is this variation that 

determines the degree of certainty of each measurement.  The variation is dependent on several 

factors.  Amplification by PCR will introduce a certainlevel ofvariability; this can be determined

by performing several amplifications from a single pre-MAPH/MLPA.  Each probe itself will 

have a certain amount of variance, depending on several factors suchas GC-content,degree of

homologywithother regions in the genome, possible interactions with other probes, amplification

efficiency, etc.  These influences can be estimated by calculating the standard deviation for each 

probe over a series of control samples.  The accuracy of each probe in detecting a true copy

number change is also important.  For this reason it is desirable to be able to test each probe on 

samples with known mutations.

Different criteria canbe applied for deciding whether a given result is significant or not. At the 

most basiclevel thresholds can be set, usually at 0.75 and 1.25. A more statistical approach can 

be used by calculating the standard deviation either for eachprobe across all samples, or for all 

probes withina sample.  As the variation of each probe also depends on the quality of the DNA 

beingtested, it does not always follow that the standard deviation seen on control samples will be 

the same as that seen on test samples. This usually, however, provides a good estimate as to the 

overall reliability of any given probe.  The use of bivariate analysis has also been described (196). 

This relies on duplicate testing of eachsample,andallows the user to decide beforehand what the 

false negative rate will be. A full explanation is provided at the following web site 

(http://www.nottingham.ac.uk/~pdzjala/maph/ststats.pdf).

The exact criteria that are used for determining a significant result, be it a fixed figure or a certain 

number of standard deviations, will determine the false positive and false negative rate. Setting 
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the thresholds at a relatively low level will lead to a correspondingly low false negative rate. This

will however lead to a relatively higher false positive rate. One of the strengths of both MAPH 

and MLPA is that processing many samples does not take much more time than processing a few
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Figure 9.  Analysis of MLPA reactions with 2 DMD probe sets following normalization.  Under normal circumstances 

the ratios of all probes clustered around 1.0, indicating an unaffected individual.  Graph A shows a single probe with a

ratio around 1.5, this is from a female carrier of an exon 61 duplication. In graph B there are seven probes with ratios 

around 2.0, corresponding to a duplication of exons 37-43 in a male patient. 

samples. Thus it should be easy to test all samples twice, and only probes that deviate in a

significant manner in both duplicates should then be retested with another technique. If the

majority of samples do not show any changes, however, then it can be argued that routine

duplicate testing, at least on the same DNA isolate, is not necessary.  If both tests need to show 

the same deviation, and the first is normal, then the second test is not going to change the

conclusion. Therefore only samples that show significant changes in the first round need to be 

retested.

W hilst detecting deletions (1:2) and duplications (3:2) is relatively straightforward, distinguishing 

relatively smaller changes, e.g. in mixed or mosaic samples, requires testing each sample several 
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times to determine confidence limits.  This is one of the strengths of both MAPH and MLPA, as 

multiple testing requires little extra time or expense.  It is also advantageous to be able to use data

from more than one probe, as this strengthens the statistical analysis.

In addition to false positives and false negatives because of variations affecting the calculations, 

incorrect conclusions can also be drawn due to inherent limitations of each technique.  For 

example, if only part of the genomic region that binds a MAPH probe is deleted then the signal 

obtained from that probe will be proportionally lower, but perhaps not enough to be significant. 

Due to the sensitivity of the MLPA reaction to mismatches at the ligation site of the two half-

probes, even a single nucleotide change may be enough to prevent successful ligation.  In such a 

case the result will be scored as a deletion, a conclusion that will not be changed by repeated 

analyses.  For this reason it is critical to confirm all single probe deletions found with MLPA with

another technique. 

Applications

There have been several reports on the use of MAPH and MLPA for detecting copy number

changes.  These have focused primarily on screening either single genes for exonic deletions and 

duplications, or chromosomal regions for rearrangements.

Given the potential to screen up to 50 loci simultaneously an obvious target was to develop 

probes for each of the subtelomeric regions of the human chromosomes (43 in total). Such a 

probe set can be used to detect trisomies and unbalanced translocations. In addition,

rearrangements in the subtelomeric regions have been shown to be involved in mental retardation

(MR), with rearrangements found in ~5% of cases (199). Subtelomeric screening using MAPH 

has been described in three reports. The first used a combination of FISH and MAPH (200).  A 

total of 70 samples from MR patients had been screened with FISH, and one deletion was

detected. Analysis with MAPH gave the same result. The second report was of the MAPH 

screening of 37 DNA samples from patients referred for Fragile X screening (196).  In this study

6 rearrangements were found (16%), one of the highest percentages found in subtelomeric

screening of MR patients.  No FISH screening was performed, and the rearrangements were

confirmed by semi-quantitative PCR.  A problem with FISH confirmation of MAPH results is 

that a negative result with FISH does not mean that the MAPH finding is not correct.  The 

difference in resolution afforded by the techniques (a minimum probe size of ~40kb vs. ~100bp) 

means that MAPH may have detected a genuine but small alteration that simply cannot be

resolved with FISH.  For this reason confirmation with a high resolution technique such as
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MAPH, MLPA, quantitative PCR or Southern blotting may be necessary. The third report (201) 

(Chapter 4) analysed 188 patients with developmental delay, and found subtelomeric

rearrangements in 9 cases (5%). In this study a number of interstitial loci were also tested, 

resulting in a further 8 rearrangements being detected. 

In addition to the screening of the DMD gene in DMD/BMD patients (Chapter 2.1, 2.2, 2.3), we 

have also looked at genes involved in other muscular disorders, namely the sarcoglycanopathies.

Using this approach it was possible to identify the identical single exon deletion within the SGCG

gene in three, unrelated limb-girdle muscular dystrophy (LGMD) patients (Chapter 3). 

MAPH has also been applied to the analysis of deletions and amplifications in Chronic Myeloid

Leukemia (192).  This clonal malignancy is characterized by the generation of a BCR-ABL1

fusion gene after a translocation involving chromosomes 9 and 22 (the Philadelphia (Ph)

chromosome).   The marked difference in disease progression seen in these patients was thought 

to be at least partly due to deletions at the breakpoints of the chromosome 9 derivative. Probes

were made at the breakpoints (9q34 and 22q12), and were used to test DNA samples with known 

deletions and duplications. Using titration experiments the authors were able to show that they

could still see deletions and amplifications when only 60% to 70% of the cells were affected. This 

is a demonstration of the ability of MAPH to detect mutations in mosaic cases.

Another application of MAPH, testing its limits of sensitivity, was the analysis of a previously

identified polymorphic region on 8p23.1 (202). This region is flanked by olfactory repeats, and it 

had been shown that up to 25% of the normal population carries an inversion polymorphism

between these repeats (126). Additionally, an apparently benign duplication of the region had

been described, with no obvious effect on the carriers. By designing several MAPH probes within 

this region, along with the use of semi-quantitative FISH, it was possible to estimate the copy

number of this region.  It could be shown that the majority of individuals had between 2 and 7 

copies of the allele, whereas carriers of the apparent duplication had in fact 9-12 copies. 

MLPA probe sets are commercially available, and there have been several reports detailing their 

application.  To date these have been primarily focused on screening for exonic deletions and 

duplications in specific disease genes. The first genes screened were those known to be 

commonly deleted in different cancers.  These include BRCA1 (197,203) involved in breast

cancer, and MSH2 and MLH1 involved in colon cancer (204,205). More recently, two sets

together covering all exons of the DMD gene have become available (Chapter 2.2). 

Subtelomeric screening has also been performed using MLPA. A total of 4 rearrangements were 

found in a group of 75 DNA samples from mentally retarded patients (198), which is similar to

the average percentage found in other studies using alternative methods. An additional
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rearrangement was suspected, but further examination showed that there was a 3 bp deletion at 

the probe site.  This case illustrates the importance of confirming apparent deletions found with a 

single probe, as even a single nucleotide change may disturb the ligation of the two half-probes. 

An interesting application lies in the detection of aneuploidy directly from amniotic fluid lysates

(206). In a study of 492 samples there were 18 aneuploidies identified, with no false positives or 

false negatives. The probe set used contained 8 probes for each of chromosomes 13, 18 and 21, 4 

probes for chromosome X and Y and 8 probes for other chromosomes.  To determine if an

aneuploidy was present the mean normalized ratio of all probes for a given chromosome was 

used, as it was stated that not all relevant probes showed the aneuploidy.  By combining the 

results of multiple probes the sensitivity of the assay is enhanced, and in this case the vast

majority of samples were tested only once. 

To circumvent the time-consuming and expensive cloning required in MLPA probe preparation, 

we have looked at the possibility of using synthetic oligonucleotides for both half-probes (207) . 

Due to length limitations during the chemical synthesis the maximum size of ligated probes is 

~130 bp, considerably less than the 490 bp obtained from cloned products.  To partially

circumvent these restrictions we combined the single base pair resolution of capillary

electrophoresis with the ability to analyze multiple fluorescent labels simultaneously. We made

two sets of probes, each being amplified with a defined primer pair, and each set being labeled 

with a different fluorophore. As the primers function under the same PCR amplification

conditions it is possible to combine all probes in the same reaction. This approach has been 

applied to the analysis of the EXT1 and EXT2 genes in patients with multiple osteochondromas

(Chapter 5.1), as well as the CBP and EP300 genes in Rubinstein-Taybi patients (Chapter 5.2). 
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C. Discussion

Although MLPA and MAPH share many similarities, there are significant differences that will 

influence which of the two will be considered for a given purpose. MLPA requires ~100 ng of 

genomic DNA, considerably less than the 1µg required for MAPH analysis. While 1 µg is not an 

excessive amount, it may be a problem when dealing with older archived samples, or when

analysing amniotic fluid.

A genuine drawback of the MAPH technique is the necessity to immobilize the genomic DNA, 

usually performed by spotting onto a small nylon filter. This is inconvenient, and the subsequent 

washing steps are time consuming. In contrast, MLPA is essentially a one-tube assay, particularly

important for diagnostic purposes as it minimizes the chance of sample mix-up during the assay.

It also makes automation of the entire procedure easier. For these reasons MLPA is becoming the 

technique of choice, especially in diagnostic settings. 

As a MAPH probe is a PCR product, probe preparation requires little more than 2 primers and a 

PCR reaction.  This is in contrast to the standard manner of MLPA probe production, which 

requires a cloning step followed by single-stranded DNA isolation.  The time and expense

required can be justified for probe sets that are commercially desirable, yet there will often be 

cases when probes will be needed for extremely rare disorders, or for determining the size of a 

rearrangement.  In these cases cloning is not an attractive option, and MLPA with synthetic oligos 

only should be considered (207).

It is easy to foresee that new MLPA/MAPH assays will be developed that will focus not only on 

specific genes but also on high-resolution analysis of chromosomal regions associated with a

range of diseases. Several large deletions and duplications are known to be associated with a

specific spectrum of disorders, e.g. microdeletion syndromes and contiguous gene disorders. Such 

rearrangements can be of the order of several megabases, making them cytogenetically visible. 

Often many genes are found within these areas and the extent of the rearrangement is directly

correlated with disease severity, i.e. the sum of the genes affected determines the overall 

phenotype. The use of MAPH/MLPA assays should make it straightforward to determine the 

extent of the deletion/duplication.

MAPH and MLPA facilitate the versatile detection of copy number changes in a selected set of 

up to 50 target sequences. What has been lacking until recently is a technology that can be used in 

a scanning mode and genome-wide. In many cases it is not yet known where genes involved in 

specific disorders reside, e.g. mental retardation. As a first step to identify the genes responsible 

one would want to scan the entire genome for cases where a (large) deletion/duplication is 
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involved. These rare cases might then point to the genes involved, which could then be analyzed

in more detail and in a much larger set of patients. Similarly, it would be desirable to have such a 

scanning tool to analyze genomic DNA of newborns presenting with initially unclear health 

problems. In a significant fraction of these newborns, de novo genomic copy number changes 

might be involved which, when detected, could provide a much earlier diagnosis and thereby

valuable information for health care.

To fill in this gap, array CGH (array-based Comparative Genomic Hybridization) has been

developed. It has been successfully applied by spotting BACs/PACs (or PCR products thereof) 

onto a glass slide, and hybridizing labeled genomic DNA to these (208-210) to pick up genomic

copy number changes.  The method could be successfully applied to detect large rearrangements,

especially in cancer-related samples, but recently also to reveal rearrangements in patients with 

mental retardation and dysmorphisms. However, these arrays have a limited resolution. Even with 

the 30000 BAC/PAC array recently described (211) only relatively large (>50-100 kb) deletions / 

duplications will be detected. Furthermore, due to the presence of low copy repeats, some regions 

of the genome are not amenable to analysis in this way (212). 

An obvious approach to resolve the issue of resolution would be to design an array-based

MLPA/MAPH assay. In such an assay it is no longer necessary for each probe to be of a different 

length for subsequent electrophoretic separation. This feature might help to resolve the main

technical hurdle of this approach, namely the maximum degree of multiplicity of the assay, i.e. 

the number of loci that can be simultaneously amplified and resolved when combined in a single 

reaction. We have successfully developed an array analyzing 26 MLPA probes simultaneously,

and preliminary results from our laboratory indicate that a 200-plex, array-based MLPA assay is 

possible (Kalf et al., unpublished). 

For high resolution, genome-wide analysis of copy number changes the most promising

developments may be the application of whole-genome SNP-typing assays. An approach very

similar to MLPA, also based on the ligation and quantitative amplification of oligonucleotides has 

been developed (213,214).  The primary difference lies in the analysis method. Instead of

separating products of a different length by electrophoresis, the PCR products are captured by

complementary sequences attached to microspheres. As up to 1500 different microspheres can be

distinguished using a specific color-coding system, it should be possible to analyze 1500 loci in 

genomic DNA simultaneously.  In addition, the system has been set up for micro-titer plate

analysis, up to 96 samples can be processed in parallel. This then tackles another important issue 

of these technologies, which is the number of different patient samples that can be processed in a

specific time. In that respect, array-based technologies currently have significant limitations.
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The development of a 10,000 human SNP-typing microarray was initially reported (215) with a 

120,000 array recently becoming available (188). Instead of hybridizing the entire genome, a

reduction in complexity is achieved by digesting the genomic DNA with a restriction enzyme,

followed by attachment of a linker. This sequence allows for the subsequent amplification of the 

intervening sequences. The amplified fragments are then hybridized to short complementary

sequences on an array. Deletions can be detected with such tools by first using the SNP itself i.e.

inheritance of 'null alleles', or indirectly derived from the presence of exceptionally large 

homozygous regions which might point to a hidden deletion. Rearrangements should also be 

detectable using the amount of signal generated per SNP, with lower signal (and homozygosity)

pointing to deleted regions and increased signals to duplicated regions (216).

A very similar, linker-based approach has also been described, namely Representational 

Oligonucleotide Microarray Analysis (ROMA) (217). This used oligonucleotide microarrays

specifically designed to detect the PCR fragments, so was not intended for SNP analysis. This 

does not allow the array to be used for LOH analysis, but does give more flexibility with regard to 

probe localization. 

Copy number analysis is not only of importance in studying disease. As this thesis was being 

finalised three reports using either Array CGH (218), ROMA (219) and MLPA (Chapter 6) (220)

to examine copy number polymorphisms in healthy individuals were published. Whatever

methods are used, high resolution quantitative analysis will be an important step following the 

generation of the draft human genome sequence. The information obtained will not only be 

important for the identification of new disease genes, but will also give greater insight into the 

functioning and plasticity of the genome.
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