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ABSTRACT

Balciuniene, J. 2001. Genetic Studies of Two Inherited Human Phenotypes: Hearing Loss and Monoamine Oxidase

Activity. Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of

Medicine 990. 62pp. Uppsala. ISBN 91-554-4917-4.

This thesis focuses on the identification of genetic factors underlying two inherited human phenotypes: hearing loss

and monoamine oxidase activity.
Non-syndromic hearing loss segregating in a Swedish family was tested for linkage to 13 previously reported

candidate loci for hearing disabilities. Linkage was found to two loci: DFNA12 (11q22-q24) and DFNA2 (1p32). A

detailed analysis of the phenotypes and haplotypes shared by the affected individuals supported the hypothesis of
digenic inheritance of hearing disability in the Swedish family. Mutation screening of α-tectorin, a gene residing

within the DFNA12 region revealed a mutation of a conserved amino acid (Cys to Ser), that segregated with the
disease. The identification of the mutation added support to the involvement of α-tectorin in hearing disabilities. In

contrast, no mutations were identified in two candidate genes at the DFNA2 locus, that were reported to cause

hearing loss in other families. It is possible that the DFNA2 locus contains a third, not yet identified, hearing loss
gene.

Monoamine oxidase A (MAOA) and B (MAOB) catalyze the degradation of certain neurotransmitters in the central
nervous system and are associated with specific behavioral and neuropsychiatric human traits. Activity levels of

both monoamine oxidases (MAO) are highly variable among humans and are determined by unknown genetic
factors. This study investigated the relationship of different MAO alleles with MAO mRNA levels and enzyme

activity in human brain. Several novel DNA polymorphisms were identified in a group of Swedish individuals.

Haplotypes containing several closely located MAOA polymorphisms were assessed in Asian, African, and
Caucasian populations. The haplotype distribution and diversity pattern found among the three populations

supported the occurrence of a bottleneck during the dispersion of modern humans from Africa.
Allelic association studies conducted on post-mortem human brain samples, revealed the association between a SNP

in the MAOB intron 13, and different levels of both MAO enzyme activities. This suggested that this SNP is in
linkage disequilibrium with at least one novel functional DNA polymorphism that controls MAO enzyme activities

in human brain. The identification of functional polymorphisms regulating the activity of these enzymes will help to

elucidate the involvement of MAO in human behavior and neuropsychiatric conditions.
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 We dance around in a ring and suppose,

but the secret sits in the middle and knows.

Robert Frost
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Abbreviations
11q22 chromosome 11, long arm, region 2, band 2
1p32 chromosome 1, short arm, region 3, band 2
A/C/G/T adenine/cytosine/guanine/thymine
BLAST Basic Local Alignment Search Tool
bp base pair
cDNA complementary DNA
cM centiMorgan
CNS central nervous system
CSF cerebrospinal fluid
Cys or C cysteine
dB decibel

DFNA12 autosomal dominant deafness locus 12
DFNA2 autosomal dominant deafness locus 2
DNA deoxyribonucleic acid
EST expressed sequence tag
GJB gap junction protein, beta
HUGO Human Genome Organization
Hz (kHz) hertz (kilohertz)
IBD identical by descent
kb kilobase
KCNQ4 potassium channel, voltage-gated, subfamily q, member 4
LOD logarithm of the odds ratio

MAO monoamine oxidase
MAOA monoamine oxidase A
MAOB monoamine oxidase B
Mb megabase
mRNA messenger ribonucleic acid
PCR polymerase chain reaction
RFLP restriction fragment length polymorphism
RNA ribonucleic acid
Ser or S serine
SNP (SNPs) single nucleotide polymorphism (more than one SNP)
TECTA α-Tectorin

VNTR variable number of tandem repeats
Z LOD score
Θ theta, recombination fraction



Human diversity

Human genetic material consists of two sets of 3x109 nucleotides. It has been suggested that 1 in

250 to 1 in 1000 nucleotides are different among two DNA sequences taken at

random120,22,112,207. This gives a minimum of 3x106 differences between two randomly taken

human haploid genomes. Assuming that the differences are due to two equally frequent alleles of

the same 3x106 nucleotides in all human beings, it would lead to 23x106
 different combinations of

haploid genomes. In comparison, there are about 234 haploid human genomes currently living on

the Earth. Apparently, none of the living or deceased humans who emerged from different
zygotes had the same sequence of nucleotides. Our appearance and other physical or mental
characteristics are products of our genes and the environment. Some of these characteristics are
purely genetic, like eye color, some of them are purely environmental, like teeth brushing habit,
but most of them are the result of the combined action between genetics and environment, like
body weight or height. Human genetics studies human characteristics that are at least partly
caused by genetic determinants.

The predicted number of genes in the human genome ranges from 35 000 to 120 000 genes43,92.

Careful analysis of the complete human genome after the completion of the HUGO project will
provide the final number of genes. Meanwhile, assuming that the average length of a gene
including introns is 10 kb, this would suggest that genes occupy 10%- 40% of the human
genome, while coding sequences (assuming an average protein size of 500 amino acids) make up
only 2-6% of the genome. DNA variation in coding sequences as well as in regulatory elements
may alter the gene expression and, therefore, give rise to variability at the protein level. As we
know, proteins are the main determinants in the development and maintenance of our organism.
Consequently, variation in proteins leads to changes in our physical and mental characteristics
(phenotype or trait). These phenotypes may be neutral for individual fitness, like size of ears or
thickness of hair, or be disadvantageous like various kinds of disorders, e.g. haemophilia or
mental retardation. Further classification of human inherited phenotypes is based on the number

of genes or the presence of environmental factors that are required to produce the phenotype.
Also important are the genomic locations of the genes: mitochondria, autosomes or sex
chromosomes, and the inheritance pattern of the phenotype: dominant, semi-dominant or
recessive (Figure 1).
Most of the phenotypes, like body height, rheumatoid arthritis or schizophrenia, are products of a
combined action of several genetic loci and environmental factors, i.e. multifactorial or complex
traits. Most often such phenotypes display a wide spectrum of overlapping characteristics among
humans. Moreover, some of them, like body weight or blood pressure, are present in all humans
and have a continuous pattern of values (quantitative phenotype).



Figure 1. Classification of inherited human phenotypes.

Genetic variation also provides information about the evolutionary history of our species128.

DNA is constantly being subjected to mutagenic factors, such as DNA replication errors or

mutagenic chemical attacks. The probability of a mutation is around 2.5x10-8 mutations per

nucleotide117. Usually, a specific mutation occurs in a single person. Its chances to survive (and
spread) in future generations depends on the probability that it is transmitted to successive
generations. For neutral mutations (without effect on individual fitness) this chance corresponds

to the probabilities for mendelian segregation. In many cases, the more frequent and broadly
distributed a mutation is, the earlier in history it has occurred (i.e. the older it is). The genetic
composition of modern humans living today contains numerous DNA differences of varying
frequencies. Having determined DNA sequences for a number of individuals from different
human populations, one can trace back the genealogy of the sequences and find the most

probable ancestral sequence70. The time passed since the appearance of the ancestral sequence
(ancestor) will be reflected in the number of differences accumulated, while the geographical
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location will point to the place of the ancestral origin. On the other hand, the number and
frequency of mutations will also depend on selection acting on the mutation or loci linked to it,
as well as demographic events like population bottlenecks, expansion or migration that occurred

during human history59. With help of mathematical modeling, one can predict an expected

pattern of human genetic diversity under certain evolutionary and demographic conditions, and
compare it with the observed pattern. The information obtained can help to uncover the modern
human evolution. We do not yet have the technical possibilities to examine the complete picture
of the DNA variation among humans. Nonetheless, a lot of helpful data can be extracted by

studying variation of different genes scattered throughout the genome128. So far, most of the
studies investigating DNA variation in different regions of the human genome point to the
African origin of modern humans followed by a subsequent migration and settlement to the rest

of the world171.
All in all, inherited human variation is the object for two disciplines: human molecular evolution
and human molecular genetics. The first discipline uses DNA variation to determine our

evolutionary history, while the second discipline aims to dissect genetic components beyond our
phenotypes that are virtual determinants of our life quality.

Gene discovery

Phenotypic variation is the first aspect that we notice in humans. It troubles us if it imposes a
handicap and awakens our curiosity if it is harmless but extreme. This variation is the ultimate
requirement for genetic studies that attempt to find genes lying behind it. If there are no solid
indications about proteins that are involved in the phenotype under study, and if the inspection of
chromosomes in the affected individuals does not result in the detection of any gross
chromosomal aberrations, the outline of the gene discovery process in human beings can be
summarized as it shown in Figure 2.

Genetic mapping

The aim of genetic mapping is to position unidentified genetic loci relative to known positions
within the genome. Two main statistical approaches are linkage analysis and linkage

disequilibrium (allelic association) analysis. The first one analyzes recombination events in
families to determine whether two genetic loci are close to each other, while the second approach
attempts to identify the non-random association of specific alleles at different loci in a
population.



Figure 2. Main steps of a gene discovery process in humans. Continues on the next page
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Figure 2. Main steps of a gene discovery process in humans.
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Monogenic traits were the first to be studied by human geneticist and statistical methodology for

such investigation was proposed as early as in 1922 (for a historical review see ref172). Since the
early seventies, the rapid development in DNA screening techniques accelerated gene discovery
process of monogenic traits. In contrast, studies of complex human traits had to wait for more

sophisticated statistical methodologies and DNA techniques, and many discoveries are yet to be
made.

Recombination

As a rule, each of us humans has 46 chromosomes: two homologous sets of 22 autosomal

chromosomes and a pair of sex chromosomes. To each of our children, we transfer a set of
autosomes and a sex chromosome. However, the exact DNA content will differ in each
transferred set. This is because of two events that occur during gametogenesis: independent
assortment of parental chromosomes (when one chromosome of each homologous pair is
randomly distributed to the gametes) and recombination (meiotic crossover). During the
recombination, two homologous chromosomes, each consisting of two chromatids, exchange
DNA segments in a random manner (Figure 3). As a result, new “mosaic” chromosomes that
contain DNA segments from both of the parental chromosomes are formed. The recombination is
more likely to occur between loci that are further apart. Therefore, the recombination frequency
(Θ) between two loci can be used to estimate the distance between the loci. This distance is

called genetic distance and it is measured in centimorgans (cM). One percent of recombination
(Θ=0.01) is defined as 1 cM. Roughly, it is approximated that 1 cM = 1 Mb, but it differs

substantially between different regions in the genome41. Two loci located on different
chromosomes segregate independently (=are not linked) and the recombination frequency
between them is 50% (Θ=0.5). This is because there is a 50% chance for two independent

chromosomes to end up in the same gamete. For linked loci the recombination frequency will be
lower than 0.5 (Θ<0.5).

DNA markers

Recombination events (and recombinant individuals) in human pedigrees can be spotted tracking
the segregation of chromosomal fragments through generations. This can be easily achieved by
monitoring familial segregation of a specific genetic locus (DNA marker) that has more than one
allelic variant among humans, i.e. polymorphic marker. One can determine which marker alleles
are present in the parents and which alleles have been transmitted to the offspring (Figure 4).
This is possible only if the parents are heterozygous for the studied polymorphism. Therefore,



the more alleles a certain polymorphism has, the more information it can provide to score
recombinants. This marker characteristic is called informativeness, and it is usually reflected by
two measures called marker heterozygosity (H) and polymorphism information content (PIC) that
can be estimated using the following formulas:

pi and pj denote allele frequencies of i and j alleles, respectively.
The human genome contains a variety of polymorphic markers: microsatellites (di-, tri-, or
tetranucleotide repeats), variable number of tandem repeats (VNTR or minisatellites) and single
nucleotide polymorphisms (SNPs).

Figure 3. Meiotic crossover. Each homologous chromosome consists of two sister chromatids. Three different

genetic loci are indicated by different letters. Every locus consists of two alleles that are denoted by capital and
small case letters. A recombination occurred between loci B and C and generated two recombinant sister

chromatids.
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For genetic mapping purposes, the genomic position of a DNA marker should be determined. A
set of ordered DNA markers scattered throughout the genome constitutes a marker map. Marker
maps may differ in the method used to order and estimate the distance between markers. In
genetic maps, distance and order of DNA markers are based on recombination analysis. DNA
marker maps are used to locate a gene causing a certain phenotype in the human genome (this is

called genome scan or genome-wide mapping). Usually, for initial mapping purposes, a set of
markers spaced at 10 cM distance is sufficient. The HUGO project has generated up to 10 000

highly polymorphic genetic markers and placed them on a map25,26. In parallel, The SNP
consortiuma has released a map that contains around 300 000 SNPs. Microsatellite markers are a
good choice for genome-wide mapping as they are highly polymorphic and are easy to genotype
by fluorescent PCR-based methods. On the other hand, SNPs, though being bi-alellic, are very
abundant in the human genome and can be genotyped by high-throughput DNA chip technology.
Moreover, because of their abundance and low mutability, SNPs can be the best choice for fine
mapping and/or linkage disequilibrium studies.

Linkage analysis

Parametric linkage analysis: LOD score method

The inheritance pattern of monogenic phenotypes can provide information on certain
characteristics of a gene that causes this phenotype. For instance, it can give clues on whether the
gene is autosomal or sex-linked and whether one phenotype-causing allele (if dominant
phenotype) or two phenotype-causing alleles (if recessive phenotype) are present in the
individuals manifesting the phenotype. In other words, we can assume a certain genetic model
for the studied trait. Further analysis will depend on the assumed model and it is called
parametric linkage analysis.
Let’s assume that we have a family with a dominant condition (Figure 4). In this case, we
assume that affected individuals harbor one trait-causing allele (for recessive trait both alleles
should be trait-causing) in an unknown gene. Members of the family are genotyped for a set of
polymorphic markers spread throughout the genome, and the proportion of recombinant

individuals between marker alleles and the envisioned trait allele is estimated. As we see, person
4 has inherited a disease from his mother (person 1) together with alleles “3” at the polymorphic
loci A, B and C. Then, affected person 6 is non-recombinant as it has inherited the “3” alleles at
all the three polymorphisms. Similarly, individuals 5, 7 and 9 are also non-recombinant as they
have inherited alleles “4” for A, B and C loci, that come from the healthy grandfather. In

                                                  
a http://snp.cshl.org/



contrast, affected persons 8 and 10 are recombinants, as they have received alleles “4” at the loci
C and A, respectively, that are coming from the healthy grandfather. In general, a DNA marker is
likely to be linked to a disease gene if the recombination fraction between them is less than 50%
(Θ< 0.5). In the drawn case, the disease gene is in complete linkage with marker B, as they have

not recombined. Moreover, one can determine boundaries of a chromosomal fragment that is
likely to contain a trait gene (gray bars), i.e. the fragment that consists of markers with Θ=0 and

is bordered in each side by DNA markers that have recombined with the trait locus. We see that
in this pedigree, the disease allele has not recombined with alleles at marker B, but recombined
with alleles at loci A and C. Therefore, we conclude that the disease gene lies between the DNA
markers A and C.

Figure 4. Recombination analysis in a hypothetical family. Letters “A”, “B”, and “C” denote three polymorphic

DNA markers, with several alleles indicated in different numbers. Individuals manifesting a certain phenotype (in
this case, a disease) are shown in black symbols. The disease is inherited in an autosomal dominant manner. “D”

denotes an allele that causes the disease, while “+” is a normal allele. Alleles on the same chromosome constitute a
haplotype that is represented as a vertical bar. Gray-filled bars represent the disease-associated haplotype.

Identification number for each individual is given below a symbol.
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However, a recombination rate of Θ< 0.5 can also be observed for unlinked loci just by chance.

Therefore, it is important to perform statistical calculations to evaluate the significance of the
observed results. Usually, the statistics LOD score (Logarithm of the ODds) is calculated for
these purposes. LOD score (Z) is a logarithm of likelihood ratio that compares the probability of
observed recombinants and non-recombinants in a family given that a marker and a trait loci are
linked (at certain recombination fraction Θ) versus the probability that the marker and the trait

gene are not linked. In an ideal situation, when recombinants (R) and non-recombinants (N) in
the family can be determined unambiguously, LOD score can be estimated by the following
formula:

In the example above, LOD score for marker B at Θ=0 will be:

Z≥3 is considered a significant evidence for linkage between a tested marker and a trait locus.
Z≥3 means that the probability of the observed family genotypes assuming linkage is 1000 more
likely compared to the probability under no linkage and this Z value corresponds to a
significance level of p=0.05. LOD scores are being computed for a range of Θ and the maximum

Z is selected. Z<-2 is considered to be a significant evidence for no linkage (exclusion criteria).
For genome-wide mapping, Z≥3.3 is required to achieve a corresponding significance level of

p=0.0584.
In our hypothetical case, marker B gave Z=1.8 and this is less than the accepted significance

criteria (Z≥3), though it is the maximum that can be achieved with this family. This means that
the sample material should be increased: either more members belonging to the same family
should be identified, or additional families with the same phenotype should be ascertained to
obtain statistically significant results.
Scoring of the recombinant individuals in human pedigrees is not a trivial task. The DNA
markers used are not always informative enough to unambiguously determine the recombinants.
Also, very often some family members are missing and their genotypes have to be inferred.
Nowadays, the scoring of recombinants is being done by a variety of sophisticated computer
programs that can be chosen depending on the collected family material and the phenotype

studied105,126,172. The LINKAGE package of programs86 is the most often used especially for
simpler, for instance monogenic, traits. There are also other programs available like Genetic
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Analysis Software (GASa), MENDEL85, and VITESSE124 that can perform similar LOD score
calculations.

Non-parametric linkage analysis

For the above described LOD score method, one should a priori assume a model for a trait-
causing gene. However, this is not trivial for complex phenotypes, as they are products of many
genes and environmental factors. Therefore, segregation analysis of a complex phenotype in a
family may not yield information on the underlying genotype. Also, it may be difficult to judge
which individuals are clearly unaffected, since some individuals can carry the same trait
genotype as affected but do not manifest trait characteristics (non-penetrant). In this case, one
can use model-free or non-parametric linkage analysis methods that do not require an explicitly
specified genetic model for a trait. These analyses use only affected relative pairs (usually sib-

pairs) and investigate what is the frequency of marker alleles, that are coming from the same

ancestor (identical by descent (IBD)), among the affected pairs46. If affected individuals have a
marker for which certain IBD alleles are shared more often among affected individuals that it
would be expected by chance, the marker may be linked to the trait gene(s). If a quantitative
phenotype is studied, IBD allele sharing can be investigated in individuals with extreme

phenotypic values144. Again, several computer programs can be implemented for these purposes:

ASPEX154, MAPMAKER/SIBS80, and GENEHUNTER79.

Linkage disequilibrium (allelic association) mapping

Linkage disequilibrium phenomenon

Linkage disequilibrium is defined as a non-random association between specific alleles at two or

more loci. In other words, specific alleles at two or more loci are in linkage disequilibrium if
they appear together more frequently than what is predicted from individual frequencies of the
alleles by Hardy-Weinberg distribution. Most often, linkage disequilibrium is generated by a
mutation that, due to genetic drift or natural selection, expands in a population. Alleles of other
loci, that are on the same chromosome as the mutation, will be transmitted together as a
haplotype, and thus will be in linkage disequilibrium. Alleles that are farther apart from the
mutation will be quickly separated by meiotic recombination as they pass through generations,
while closest loci will stay in linkage disequilibrium with the mutation longer. When the time

                                                  
aAvailable at ftp://ftp.ebi.ac.uk/pub/software/linkage_and_mapping



goes on, there will be enough recombination events to shear all the loci initially linked to the
mutation, and eventually linkage equilibrium will be reached. Therefore, linkage disequilibrium
is strongest for the alleles that have occurred recently. In a population, linkage disequilibrium is
a dynamic process, as new mutations are being generated constantly followed by their expansion,
and eventually it decays due to recombination. Another cause for linkage disequilibrium in a

population can be a sizable migration from the outside, that can bring in new haplotypes usually
with new alleles or alleles that are different in frequency compared to the existing alleles. Also,
some other demographic events, such as population stratification, may mimic the presence of
linkage disequilibrium in a population.

Allelic association studies: basic principles

Linkage disequilibrium analysis (or allelic association studies) can be performed on a genome
wide scale to map an unknown phenotype-causing gene, or can be used to test the relationship

between alleles at a specific candidate gene and a certain phenotype. In contrast to linkage
analysis, allelic association mapping can be performed on unrelated affected individuals coming
from the same population. The basic assumption is that a certain phenotype in tested individuals

is due to the same mutation, i.e. IBD allele of a phenotype-causing gene174. The simplest form of
allelic association analysis is case-control studies, where the distribution of alleles at a variable
DNA locus is compared between a sample of unrelated cases (individuals with a certain
phenotype) and a sample of well-matched controls.
Let’s consider a study that investigates the relationship between a certain phenotype and a
candidate gene. To achieve this, polymorphic loci in the gene are identified and they are tested
for association with the phenotype. As a rule, association between a tested polymorphism and a

certain phenotype can be detected, if the tested allele has a direct functional effect on a tested
phenotype (functional variant), or if it lies in a close vicinity to an unknown functional mutation,
i.e. is in linkage disequilibrium (Figure 5). If the tested DNA variant causes the phenotype, it will
be present in a group of cases, but it will not be present among the control individuals, and the
interpretation of the findings will be straightforward. However, in the case that the tested DNA
variant does not have an effect on the phenotype but rather serves as a marker for an unknown
functional variant, i.e. is located in the vicinity, the results of the association studies may not be
as clear-cut. Figure 5 shows a DNA marker with two alleles indicated as solid and open circles.
The functional DNA variant (solid triangle) occurred on one of the chromosomes with the
“solid” marker allele. Consequently, three types of non-recombinant chromosomes (haplotypes)
will be present in the population: the functional variant together with the “solid” allele, and two

types of chromosomes that differ in the alleles (solid and open circles) at the marker locus but do
not contain the functional variant. In a case-control study, the cases will have under-
representation of the “open” allele (if any), while controls will contain both marker alleles.



Figure 5. Allelic association. Each bar represents a single chromosome. The solid triangle indicates a functional

variant that causes a certain phenotype. The circles represent a neutral SNP: the solid circle indicates an allele that is

on the same chromosome as the functional variant, while the open circle denotes alternative alleles at the SNP locus.

In general, the success of such allelic association studies will rely on the degree of linkage
disequilibrium between a functional variant and the linked neutral marker. In turn, the degree of
linkage disequilbrium among the two variants will depend on the mutation rate of the variants,
the rate of recombination between them, their frequency and their age.
Most of the association studies use microsatellites and/or minisatellites because they are the most
informative DNA polymorphisms. In some cases, these markers themselves may have a direct

effect on the expression of a gene product28. Expanded tri-nucleotide repeats are excellent

examples of polymorphisms shown to cause a variety of neurological disorders such as

Huntington’s disease, and fragile-X syndrome139. However, if repeat polymorphisms do not
represent functionally significant DNA variants, but serve as markers for hidden causative
polymorphisms, their use in allelic association studies of complex disorders may be quite limited
(Figure 6A). The mutation rate of mini/microsatellites on average is 7x10-3 per gamete/per

generation68,12. This is a high mutation rate compared to 2.5x10-8 per nucleotide for non-

repeated sequences117. Over generations, the higher mutation rate for mini/microsatellites would
introduce new alleles linked to the same functional variant obscuring association studies (Figure
6A). Usage of other types of DNA polymorphisms, such as small deletions or SNP, may be

better. SNP have also the advantage of frequent occurrence throughout the genome, and they are

amenable to automation83,193. Similar to mini/microsatellites, they can represent functional
variants as such, or can serve as markers for a presence of unknown phenotype-related alleles.
Another limitation to association studies may emerge if recombination has occurred between the
functional variant and an initially linked marker allele (Figure 6B). In this case, the initial
linkage disequilibrium between the marker and the functional variant may be destroyed. Thus,
the distribution of the marker alleles may even out between cases and controls, and no
association would be detected.

Cases

Controls



Figure 6. Two genetic events that disturb the allelic association between two linked variable loci. A) The

tandem open triangles represent repeats in different alleles of a microsatelite marker. The functional variant (solid
triangle) is linked to the microsatelite alleles. During evolution, an allele with three repeats may mutate (to two or

four repeats). Consequently, all three marker alleles will segregate on the same chromosome as the functional

variant, and therefore, all three will be present among cases. B) The circles indicate alleles of a SNP. Recombination
may occur between the functional variant and an initially linked SNP allele. Consequently, both SNP alleles will

segregate with the functional variant.

The frequency of the analyzed DNA marker, in many cases proportional to its evolutionary age,
will play a significant role in the detection of association. For example, if a DNA polymorphism
has occurred on the same chromosome as the functional variant but much later during evolution,
it will be very rare among cases. Consequently, a much larger sample of cases would be required
to reach statistically significant association.
Simultaneous analysis of several linked DNA markers (e.g. SNPs) covering the candidate region

should be used to decrease the problems of association studies mentioned above (Figure 7). As it
is seen in the figure, the independent analysis of two DNA markers, symbolized as squares and
circles, would not have revealed the existing association with a functional variant (symbolized as
solid triangles). Analysis of a third marker, illustrated with diamonds, would expose the
association only if a very large sample of cases was analyzed. Detection of the functional
polymorphism can be more efficient if, instead of testing individual DNA markers, combined
haplotypes generated with these three markers are analyzed simultaneously for association with a

A) DNA marker mutation B) Recombination



phenotype. In Figure 7, two specific haplotypes would be detected in a group of cases but not in
controls, indicating the presence of a functional polymorphism that is in linkage disequilibrium
with these two particular haplotypes. The problem may be the correct determination of the
haplotypes, especially when the genotypes from the parents are missing. A collection of

computer programs, such as GENEHUNTER79, SIMCROSS, SIMWALK195, and

TRANSMIT24, may be used to estimate haplotypes given genotype information.
Another problem of such studies is to obtain well-matched controls. The solution can be
provided by family-based linkage disequilibrium approaches, such as transmission

disequilibrium (TDT)162 or haplotype relative risk (HRR)173 tests. Both approaches, in a slightly
different manner, use parental alleles that were not transmitted to the affected offspring as a
control population.
In general, an allelic association approach is more widely used to dissect the genetic basis of
complex phenotypes. Many different genetic loci together with diverse environmental factors
may interplay to produce a given complex phenotype. This makes the allelic association mapping

even more complicated. Many additional parameters will influence the power of such allelic
association studies. For example, the density of tested SNPs at a given candidate locus, the
proportion of variance of a given phenotype attributable to a causative polymorphism within the
tested locus, the size of a tested sample, the sampling scheme, and the selection of a statistical
design are some of the factors that determine the success of an association

mapping174,78,101,153,172,197.

Figure 7. Use of haplotypes for association studies. Each bar symbolizes a single haplotype. The circles, the

squares, and the diamonds, represent three neutral polymorphic loci that are being tested for association with a

certain phenotype caused by an unknown functional variant indicated by the solid triangle. Cases would contain only
haplotypes 1 and 2, that carry the functional variant.

Cases

Controls

1

2

3

4



Positional candidates

Once the genetic location of a trait-causing gene has been mapped, one should identify all the
genes residing in this region and screen them for mutations in affected individuals. Upon the
accomplishment of the Human Genome Project, identification of genes located in the candidate
regions will be a simple task, as all human DNA sequences will be available in genome
databases. However, just a year ago (1999), the situation was not so smooth and one had to spend
a lot of efforts to identify all genes in the candidate region.

Physical mapping

After having mapped a trait gene to a chromosomal region as narrow as possible (optimally 1 cM
distance), one should locate the gene physically in the genome, i.e. to find a DNA clone(s) that
spans over the mapped region. A variety of ordered human DNA clones (referred as physical
map) corresponding to a specific chromosomal location are available. The most handy ones are
clones in yeast artificial chromosomes (YAC) that contain up to 2 Mb DNA insert, while clones

in bacterial artificial chromosomes (BAC) hold up to 300 kb DNA inserts. After a relevant YAC
or BAC clones have been obtained, the next step is to identify all genes that are present in these
DNA fragments.

Identification of transcripts

Methods used to identify genes in a given DNA sequence are based on generalized features that
distinguish coding elements from non-coding. These features are the ability to produce EST
(expressed sequence tag), a high degree of conservation among species, and the presence of CpG
islands.
Potential genes can be identified by bioinformatic approaches. Special computer programs such

as GRAIL2180 and GENSCAN16 can predict genes and CpG islands in a DNA sequence. A lot
of information can be obtained by searching for homology to expressed sequences, such as EST,
full-length mRNA and/or proteins, deposited to different databases (BLAST searcha). Also,

comparative sequence analysis by using programs such as ALFRESCO67 or PIPMAKER155 can

help to discover genes known in other species, or to identify unknown evolutionary conserved
sequences that are likely to contain functionally important DNA elements.

                                                  
a http://www.ncbi.nlm.nih.gov:80/blast/



Having identified all the possible transcripts in the chromosomal region of interest, the next step
is to select candidate gene(s) relevant for the studied trait. Common sense and knowledge of
other biological aspects of the studied trait or similar traits can give some clues about function or
expression pattern of the “hunted” gene or suggest potential molecular pathways in which the
candidate gene may be involved. Also, knowledge on genes involved in similar traits in model

organisms can be extremely helpful in pointing to a candidate human gene.

Mutation identification

The selected candidate gene(s) can be screened for DNA variants (mutations) that may cause the

phenotype. One can sequence regions that are important for the gene function (such as promoter,
coding regions, splice sites). Any type of mutations, e.g. deletions, insertions, missense
mutations, nonsensse mutations, splice site mutations, frameshift mutations, and dynamic
mutations, can produce the phenotype. For monogenic pathological conditions one would expect
the identified mutation to be present in affected individuals but not in controls. However, for
complex traits, the same DNA variant can be frequent in the control group. Therefore, the
identification of a trait-associated mutation makes the selected gene a stronger candidate, but
additional proof is required. For example, a strong proof can be provided if human mutations
introduced by genetic manipulations into a model animal would result in a phenotype similar to
the human trait under investigation.

Functional studies

Validation of a candidate gene leads to the next stage of research that attempts to unravel the
function of the gene. Useful hints on gene function can be gained by searching in electronic
databases, for example by BLASTa, for sequences with known function that are homologous to
the DNA sequence or protein sequence of the candidate gene. Also, some computer programs

(some are available at Pedro's BioMolecular Research Toolsb) can scan the gene for the presence
of DNA or protein motifs that are good predictors for a specific function. Studies of mRNA
expression patterns in human derived material would also provide information on the function.
This information can be related to what tissues or cells express the gene, in which developmental
or differentiation stage the gene is expressed, what external stimuli does the gene respond to and
so on. Methods that can be used for transcript expression studies are Northern blot analysis, in

situ hybridization203, DNA microarray hybridization151, mRNA differential display93, and 5’-

                                                  
a http://www.ncbi.nlm.nih.gov:80/blast/
bhttp://www.public.iastate.edu/~pedro/research_tools.html



nuclease assay19. In addition, human derived samples can be used to investigate expression of
the encoded protein that can be visualized using specific antibodies in immunocytochemical,
immunofluorescent or Western blot methods. Moreover, various methods, such as DNase I

footprinting50 and gel retardation assay156 can identify DNA sequences that bind proteins. Yeast

two-hybrid system44 is a very powerful approach to find other proteins that physically interact
with the protein encoded by the gene. The mentioned approaches can discover gene function at a
cellular level, though would not tell anything about the function at the whole organism level.
The function of a gene at the organism level can be studied in model organisms, such as
nematode, fruitfly, zebrafish, frog, or mouse. An animal with altered function of a studied gene
can be constructed. For example, it is possible to shut off the gene completely (knockout) or to

shut it off only in specific tissues and/or specific time points (conditional gene knockout100).
Also, it is possible to over-express the gene (to insert extra copies of the gene), to express it
ectopically, or to insert an altered form of a gene to a model animal. Consequent phenotypes of

such gene alterations can provide additional information on the function of a gene. The drawback
of such studies is that some genes may not be present in animals. If present, they may be
functionally unimportant or may have a divergent role. Also, the lack of some genes may not
produce a phenotype at all or may result in embryonic lethality. Moreover, phenotypes such as
behavior may be very difficult to interpret, and the information obtained may not always be
applicable to humans.

Implications

The identification of a gene involved in a certain phenotype and the discovery of its function
may contribute substantially to the progress in medicine. New molecular procedures that would
improve clinical and prenatal diagnosis as well as genetic counseling can be invented. Moreover,
a disease-causing gene is a direct target for new therapeutic agents or gene therapies. This is the
ultimate goal when the genetic cause of a disease is identified.
Lastly, knowledge on genes involved in any phenotype broadens our horizons on basic molecular
mechanisms that rule our bodies, minds and consequently destinies.



Hearing and hearing impairment

Hearing mechanism

Ear structures first appeared in fish over 400 million years ago131. It is speculated that hearing
has evolved for a better survival in an environment where one is constantly threatened of being
eaten: hearing enables to “detect and localize” moving objects without seeing or physically
contacting them. For us humans, hearing was also the prerequisite in developing and maintaining
our speech.

Figure 8. Sound and its physical characteristics.

Sound (Figure 8) is propagated as a wave in a physical medium (gas, liquid or solid) and is the
result of a variation in atmospheric pressure. Normally, humans can hear sounds ranging from 20
to 20 000 Hz, with the highest sensitivity in the range between 1000-4000 Hz.

Ear is an organ that has evolved to catch these mechanical waves and to transform them into a
signal (electrical signal) that can be understood by the brain. The ear consists of three parts:
outer, middle and inner ear (Figure 9).
Sound waves are captured by the outer ear (auricle) and are passed through the external acoustic
duct to the tympanic membrane. Vibration of the tympanic membrane induced by a sound is
transmitted through the three ossicles: malleus, incus, and stapes, to the oval window of the inner
ear. The inner ear consists of the bony and the membraneous labyrinths. The bony labyrinth is
filled with fluid called perilymph and it is comprised of three major parts: cochlear, vestibule and
semicircular canals.
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Figure 9. Structure of the human ear. Adapted from Petit (1996)133.

The auditory machinery is located in the cochlear, while the vestibular system resides in
semicircular canals, utricle and saccule. The membranous labyrinth resides inside the bony
labyrinth and is filled with endolymph.
The cochlear duct, the membranous part of the cochlear, contains the organ of Corti (Figure 10)

that harbors the main sensory components of the auditory system. The mechanical energy
generated by a sound wave is converted into electrical impulse by hair cells that are located on
the basilar membrane of the organ of Corti. The hair cells are of two types: inner and outer. Each
hair cell contains a bundle of actin filled stiff microvilli, called stereocilia, that are connected
with each other by actin links (Figure 11). Tips of the stereocilia are covered by acellular
gelatinous membrane referred to as tectorial membrane. Vibration of the basilar membrane
caused by an oscillation of the perilymph induces sheering of the tectorial membrane (Figure 11,
depolarization). This causes a deflection of the stereocilia that results in mechanical opening of
unidentified potassium channels (Figure 11). Potassium ions flux into the hair cell through the
opened channels and switch the influx of calcium ions. This triggers the release of

Vestibular
apparatus

Tympanic
membrane

Cochlear
duct

External ear Middle ear

Inner  ear

Oval
window

Cochlear

Perilymph

Endolymph

Utricle

Saccule

Semicircular
canals

External 
acoustic duct

Osicles



neurotransmitters from the hair cell that activate the acoustic nerve conducting the action
potential to the auditory cortex.

Figure 10. Crossection of the cochlea duct. Adapted from Willems, PJ (2000)201.

Figure 11. Transduction process of a in a hair cell. Three stages of a hair cell activity are represented: resting,

depolarized and repolarized phase. See the text for more detail explanation.
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A pattern of action potential encodes certain characteristics of the sound, such as intensity,
frequency, and time course. The cells repolarize when potassium ions exit the cells through gap
junctions to the supporting cells and subsequently to the endolymph (Figure 11, repolarization).
The inner hair cells act only as receptor cells that transmit electrical signals to the cochlear nerve
leading to the auditory cortex. The outer hair cells, in addition to receptor function, amplify the

sound induced motion of the basilar membrane, therefore increasing hearing sensitivity. Each
hair cell is specific to certain sound frequencies. Therefore, damage of different hair cells results
in inability to detect different sounds. For a detailed description of the hearing mechanism,

see65,122.

Hearing loss

Hearing loss is one of the most frequent sensory disorders in humans133. Its negative influence
on individual’s life quality highly depends on the severity of the illness and the age of onset. If
the disease develops early in childhood, it will prevent acquisition of speech and this, in turn,
will effect cognition and psychosocial development.
Classification of hearing loss is based on several different criteria (Table 1). The incidence of

pre-lingual deafness is 1 in 1000 newborn. Of them, 60% have a genetic cause104. Of the genetic

cases, 30% constitute syndromic hearing loss111. The prevalence of post-lingual hearing loss
increases with age: it affects 1% of young adults, 10% of persons at the age of 60, and 50% of

persons at the age of 75 and older160. It has been estimated that 85% of pre-lingual hearing loss

is due to recessive mutations133. In general, autosomal dominant forms of hearing loss show
different disease course compared to recessive forms. Recessive forms tend to manifest as

congenital (pre-lingual) non-progressive severe to profound or profound hearing loss168, while
post-lingual progressive mild to severe hearing impairment prevails among dominant

cases182,185.

Several tests are used to assess the nature and severity of hearing impairment. Audiometry is a
basic test that evaluates hearing loss severity, frequencies affected, and which ear structures are
involved. During this test, a person is presented with certain pure tones of several different
frequencies. The softest level of sound that a person can hear (hearing threshold in decibels (dB))
is recorded, and the data is plotted in a graph called audiogram. Other tests include impendance
audiometry that evaluates the integrity and function of the ear structures, electrocochleography
and evoked-response audiometry that directly measures electrical response of the ear or brain to

a sound stimulus148.



Table 1. Classification of hearing impairment. As presented in Willems, PJ (2000)201.

Criteria Classification Description

Nongenetic Environmental factors, e.g. infectious
diseases, acoustic trauma, ototoxic drugs

Cause

Genetic Monogenic (autosomal:dominant and
recessive; X-linked, mitochondrial),
oligogenic, multifactorial

Syndromic Present together with other phenotypes, e.g.

blindness, pigmentary defects, goiter
Manifestation

Non-syndromic Solely hearing loss

Prelingual Develops before speech acquisitionOnset

Postlingual Develops after speech acquisition

Conductive Defect in outer or middle ear

Sensorineural Defect in inner ear or neurotransduction

Type of ear defect

Mixed Conductive and sensorineural

Mild Loss of 21-40 dB

Moderate Loss of 41-60 dB

Severe moderate Loss of 61-80 dB

Severe Loss of 81-100 dB

Severity

Profound Loss of >100 dB

Low <500 Hz

Middle 501-2000 Hz

Frequencies affected

High >2000 Hz

Genes causing hearing impairment

Genetic hearing impairment is highly diverse among humans. Various types of mendelian
genetic transmission have been observed in families with non-syndromic hearing loss. It has
been postulated that several dozens of genes may be responsible for hearing impairment in

different families111. A comprehensive and constantly updated summary of achievements in
hearing loss mapping and gene identification can be viewed at the Hereditary Hearing

Homepagea181. Several reviews have also been published72,201. Briefly, up to 30 different loci
responsible for autosomal dominant hearing loss, 28 genes responsible for autosomal recessive

                                                  
a http://dnalab-www.uia.ac.be/dnalab/hhh/



forms of the loss, and 5 genes linked to X-chromosome have been mapped. Among them, 15
genes have been identified (Table 2). For many of these genes, different mutations have been
found in a number of different families. Mutations in Connexin 26 (GJB2) are one of the most

common causes for congenital deafness explaining almost 50% of the cases137. In addition,

GJB2 is mutated in 10% of the sporadic congenital cases89.

Table 2. Genes responsible for non-syndromic hearing impairment.

Gene Function

Connexin 26 (GJB2)
Connexin 31 (GJB3)
Connexin 30 (GJB6)

Gap junction proteins that enables
exchange of small molecules between cells

Myosin 7A
Myosin 15

Involved in intracellular transport, cellular
movement, muscular contraction and etc

KCNQ4 Potassium channel

α-tectorin; COCH gene Extracellular matrix proteins

POU3F4; POU4F3 Transcription factors

Pendrin Iodide and chloride ions transport

Diaphanous Involved in maintenance of cytoskeleton

Otoferlin Probably transport of membrane vesicles

Collagen COL11A2 Probably one of the components of the
tectorial membrane

ICERE-1 Unknown

Another interesting observation is that different mutations in the same gene can result in different
forms of hearing loss. For example, different allelic variants of the Connexin 26 can cause either

recessive74 or dominant hearing loss38. Similarly, different mutation in Myosin7A can result in

recessive or dominant form of hearing impairment96,97 or can cause Usher syndrome that is

characterized by hearing impairment and blindness196. More strinkingly, different alleles of

GJB3 can underlie recessive/dominant non-syndromic hearing loss205,98 or can cause a skin

disease erythrokeratodermia variabilis142.

Even more genes have been identified for syndromic forms of hearing impairment. Currently, up
to 30 such genes are known, and more information can be obtained in the Hereditary Hearing

Homepagea or in recent reviews45,53,178.
Identification of genes causing hearing impairment contributes to our knowledge on the
molecular mechanism of the hearing machinery, how it develops, functions and dysfunctions.

                                                  
a http://dnalab-www.uia.ac.be/dnalab/hhh/



Also, it provides better molecular tools in clinical and prenatal diagnostics as well as genetic
counseling. To date, only few treatments are available: hearing aids that amplify sound, and
cochlear or auditory brainstem implants that stimulate cochlear nerve or auditory nuclei.
Hopefully, in a near future, new approaches for treatment will emerge from efforts to replace
defective cochlear genes using virus-mediated gene transfer as well as to induce regeneration of

inner ear sensory hair cells102.

Human monoamine oxidases

Protein studies

Monoamine oxidases (MAO) are enzymes localized in the outer mitochondrial membrane that
catalyze the oxidative deamination of biogenic and xenobiotic amines, including several
neurotransmitters. There are two isoenzymes, MAOA and MAOB, that differ in their substrate
specificity, sensitivity to inhibitors, cellular localization and are encoded by two separate genes.
MAOA preferentially degrades serotonine, norepinephrine and is selectively inhibited by
clorgyline, while MAOB is more efficient to metabolize phenylethylamine and benzylamine and

is selectively inhibited by deprenyl (for reviews see ref192,199,157). Both enzymes are present in
various tissues throughout the body with the highest levels in liver and brain. However, some
tissues predominantly express one type of MAO: placenta expresses mainly MAOA, while

platelets and lymphocytes posses only MAOB activity176,56,158. In human brain, MAOA

predominates in catecholaminergic neurons, while MAOB prevails in serotonergic neurons,

histaminergic neurons, and astrocytes198,150,149.
The ability of monoamine oxidases to metabolize neurotransmitters suggests their role in the
etiology of human behavioral traits and neuropsychiatric disorders. It was found that MAOA

inhibitors are effective to treat mental depression99 and anxiety disorders35, while MAOB

inhibitors delay progression of Alzheimer’s175 and Parkinson’s diseases164. Furthermore, it has
been reported that deficiency of MAOA in humans leads to borderline mental retardation and

increased impulsive behavior in parallel to abnormal metabolism of neurotransmitters14,15,13.

Also, transgenic mice lacking the MAO genes manifest similar behavioral and neurochemical

disturbances as described for humans18,57.
Most of the studies investigated the relationship between platelet MAOB enzyme activity levels
and certain phenotypes. Platelets were used for these analyses because they are easier to obtain
than other human tissues. Low levels of platelet MAOB enzyme activity have been associated
with behavioral traits such as sensation seeking, monotony avoidance,

aggressiveness152,47,1,194,163, suicide109,189,190, alcoholism169,6,167,40,39, as well as psychiatric



conditions like schizophrenia and affective disorder114,204,147,200. On the other hand, increased
levels of platelet MAOB enzyme activity were found in patients with Parkinson’s and

Alzheimer’s disease2,34,165,8. However, no causal relationships for the associations have been

established so far, and not all the subsequent studies yielded congruent results. Moreover, no
correlation was found between MAOB enzyme activity in platelets and brain of the same

individuals202,206, indicating a distinct MAOB control in brain and in blood. Later, it has been
hypothesized that platelet MAOB enzyme activity serves as a genetic marker for the functional
capacity of some central neurotransmitter system, most likely serotonergic, that is actually

underlying differences in certain human behaviors or mental states125.
The monoamine oxidase enzyme activity levels in peripheral tissues have been extensively
studied. The stable activity levels of the isoenzymes among control individuals vary substantially

reaching over 30-fold differences for the platelet MAOB enzyme activity115 and up to 100-fold

differences for the MAOA enzyme activity measured in skin fibroblast20. Several studies have
indicated that the variation of the enzyme activities is substantially determined by genetic

components121,11,141,132.

The identification of the MAOA and MAOB genes23,159 opened the possibility to explore the
phenotypic effects caused by genetic variation of these genes among humans.

Genetic studies

 The MAO genes and identified polymorphisms

The MAOA and MAOB genes reside adjacent to each other on the X chromosome (Xp11.23-

11.4) in a tale-to-tale orientation, and are separated by 50 kb of non-coding DNA134,76,91,23. At

the amino acid level, the human MAO enzymes share 70% identity4. They are postulated to have

originated from a duplication of the ancestral MAO gene more than 500 million years ago55.
Both of the genes contain 15 coding exons and exhibit identical structure of exon-intron

organization55.
Several DNA polymorphisms in the MAOA and MAOB genes have been described (Table 3 and

4, respectively). In contrast to the MAO repeat polymorphisms that were widely spread and
highly variable among all human populations, most of the identified SNPs were found only in
particular populations. For example, seven out of ten SNPs at the MAOB gene have been
identified in African-American or/and Native-American populations but were not detected in
Caucasians and Asians (Table 4). Only one SNP in the intron 13 (No. 9 in Table 4) was found in

all populations. The polymorphisms at the MAOA exons 4, 9 and 15 described by Tivol et al177

had a frequency of 3 to 4% in the studied geographically undefined population (see Table 3).



This indicates that only a few of the polymorphic sites found up to date at the MAOA and the
MAOB genes are informative in the majority of the human populations. Moreover, in spite of the
extensive efforts of many studies that screened the coding part of the genes in order to detect
functional DNA changes, most likely none of the identified exonic polymorphisms have a
functional effect. Only one exonic substitution in the exon 15 of the MAOA gene (Table 3)

results in a neutral amino acid change (lysine to arginine), while the others are silent
substitutions.

Table 3. Summary of published polymophisms at the MAOA gene.

No. Polymorphism Genomic
positiona

cDNA
positionb

Frequency Population Ref.

1 a 30-bp VNTR Exon 1 - 1.2 kbc Highly

variable

Widespread 146

2 a 23-bp VNTR intron 1 Highly

variable

Widespread 60

3 a (CA)n

dinucleotide

repeat

intron 2 Highly

variable

Widespread 7

4 MspI RFLP 5’ non-coding

region

30% not defined 127

5 A to C exon 4: 70 bp 435 4% not defined 177

6 T to G exon 8: 96 bp 941 40%

3%

Caucasians, Asians

Africans

62,17,

5

7 Deletion AACAT Exon 9 - 139bp 40%

3%

Caucasians, Asians

Africans

5

8 A to T exon 9: 71bp 1076 3% not defined 177

9 G to A Exon 10 - 46bp 40%

8%

Caucasians, Asians

Africans

5

10 A to G Exon 12 + 69 bp 60%

70%

Caucasians, Asians

Africans

5

11 C to T exon 14: 36 bp 1460 40%

30%

Caucasians, Asians

Africans

177,5

12 A to G (Lys-Arg) exon 15: 122 bp 1609 3% not defined 177

                                                  
a The genomic position of a polymorphic locus located in an exon is shown in base pair distance from the first

nucleotide of the given exon. The position of an intronic locus is given in base pair distance from the nearest exon:
“-“ indicates the location upstream of the 5’ end from the given exon, while “+” indicates the location downstream

from the given exon.
b According to Bach et al. (1988)4

c The distance is approximate



Table 4. Summary of published polymorphisms at the MAOB gene.

No. Polymorphism Genomic positiona Frequency Population Ref.

1 (GT)n repeat Exon3 -264 bp Highly

variable

Widespread 77

2 A to G Exon 5: 18 bp 20% Native-American 161

3 A to G Exon 6 : 130 bp 30% African-American 161

4 C to T Exon 7 -15 bp 30% African-American 161

5 A to G Exon 10: 28 bp 30% African-American 161

6 deletion of 7

consecutive C

Exon 10 +42 bp 30% African-American 161

7 A to G Exon 10 +140 bp <1% Swedish

8 T to C Exon 11 -52 bp 30% African-American 161

9 A to G Exon 14 -36 bp 25%

50%

80%

Asians

Caucasians

Africans

61,5

10 T to C Exon 15 -3 bp 30%

20%

African-American

Native-American

161

11 C to T Exon 15: 51 bp <5% diverse sample 161,1

7

The high degree of conservation of the MAO genes suggests strong functional constrain that
hampered accumulation of amino acid changes during evolution. Most probably, if there is a
DNA change that affects enzyme activity, it should be located in regulatory or other non-coding
regions of the genes. Only one polymorphism has been proposed to have an effect on the
expression of the gene. This has been suggested for the 30 bp VNTR in the MAOA promoter,

that has alleles with 3, 3.5, 4 and 5 copies of the repeats among the general population146. Two
independent studies conducted promoter fusion and transfection experiments where a core
sequence of the MAOA promoter with variable number of the 30 bp repeats was fused to a
luciferase reporter gene and transfected into several cell lines, including neuroblastoma cell lines.
The experiments indicated that the construct with 3 copies of the repeats had a significantly
lower luciferase activity compared to the constructs with 4 copies. These findings suggested a

regulatory role of the VNTR locus on the transcriptional activity of the MAOA promoter161,36.
However, the functional effect of the VNTR locus should be assessed in human brain.

                                                  
a The genomic position is indicated in the same manner as in the Table 3.



Allelic association studies of the monoamine oxidase genes

Association to enzyme activity and/or mRNA levels

One way of looking for a presence of a functional variant that alters expression of the encoded
protein, is to analyze the correlation between different alleles of the gene and different protein
levels in a large number of samples. Figures 12 and 13 summarize this type of studies conducted
for the MAOA and MAOB genes, respectively. For example, the MAOA activity levels in skin
fibroblasts were found to correlate with specific alleles of the MspI, exon 8 and exon 14

polymorphisms at the MAOA gene62. A specific haplotype formed by alleles “MspI-“, “T”, and
“C”, was clearly over-represented among samples with low MAOA enzyme activity, while
samples with high MAOA enzyme activity displayed a mixture of several haplotypes. Also, 3
copies of the repeat at the VNTR locus in the promoter region was associated with lower MAOA

activity compared to 4 copies of the repeat in skin fibroblasts of 11 individuals37. This is in
agreement with previous data from gene fusion and transfection experiments mentioned above.
However, only one study has attempted to investigate the effect of the VNTR on the MAOA
activity in the central nervous system (CNS). In this study, the concentration of monoamine
metabolites in cerebrospinal fluid (CSF) was measured. CSF metabolite levels should reflect the

monoamine turnover in the brain69. They found that females (N=37) with at least one copy of the
allele with 4 repeats displayed a higher metabolite concentration level. In contrast, a non-
significant opposite tendency was detected in males (N=51). The authors suggested a possible
sexual dimorphism in the regulation of the MAOA in brain. They also cautioned for spurious
findings due to the weak statistical power of the studied sample. For the MAOB gene (Figure
13), association analysis between alleles at the (GT)n polymorphism in intron 2 and MAOB

activity measured in platelets of 41 males yielded negative results54. In contrast, another study
reported significant but weak differences in the platelet MAOB activity, associated to different

alleles of the polymorphism at the MAOB intron 13, in a sample of 55 males52. No attempts to

identify the presence of the MAOB functional polymorphism in brain were reported.

Association to behavioral and neuropsychiatric human phenotypes

Identification of the DNA variants boosted studies attempting to investigate the association
between DNA polymorphisms in MAO genes and candidate human phenotypes. The MAOA
gene gained more popularity among these types of studies due to several reasons. MAOA
deficiency leads to more prominent behavioral and neurochemical alterations compared to the

lack of MAOB, both in humans and in transgenic mice90. Also, a more consistent support for the



presence of a functional DNA variant, which influences enzyme activity, was presented for the

MAOA gene62,37. And most importantly, some evidence suggests a functional role for the

VNTR polymorphisms at the MAOA promoter146,36,37. The MAOA gene has been studied for

its association with phenotypes such as alcoholism, mood disorders, panic attacks, and
obsessive-compulsive disorders (Figure 12). The majority of the studies investigating the MAOB
gene focused on the relationship of the gene to Parkison’s disease (Figure 13). As seen in the
figures, conflicting association findings were reported for almost all of the phenotypes studied.
For example, several different studies suggested a link between (CA)n polymorphism at the
MAOA gene and alcoholism (Figure 13). However, the longer alleles were associated with

alcoholism in a sample of Euro-American and Afro-American males187, but only a single

specific allele was linked to alcoholism in another cohort of Euro-Americans129 as well as in

Chinese64. Moreover, an investigation of the MAOA gene exon 14 variants among alcoholic

subjects living in Taiwan led to contradictory findings in different sub-populations studied64.

Figure 12. Summary of allelic association studies investigating the MAOA gene. Only phenotypes that have
been reported to be influenced by the MAOA gene variants are shown. The arrows indicate positive findings to the

analyzed phenotype, while the crossed arrows indicate lack of association. The numbers indicate the polymorphism

that yielded the results, and they correspond to the numbers listed in the Table 3. Different symbols represent
different type of DNA markers: “���“ indicates a VNTR, “��“ denotes dinucleotide polymorphism, “�“

represents single nucleotide polymorphism.
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Figure 13. Summary of allelic association studies investigating the MAOB gene. Only phenotypes that have

been reported to be influenced by the MAOB gene variants are shown. The arrows indicate positive findings to the
analyzed phenotype, while the crossed arrows indicate lack of association. The numbers indicate the polymorphism

that yielded the results, and they correspond to the numbers listed in the Table 4. Different symbols represent
different type of DNA markers: “��“ denotes dinucleotide polymorphism, “�“ represents single nucleotide

polymorphism.

Studies that investigated the relationship between the MAOA genetic variation and mood
disorders (bipolar and unipolar) have also provided conflicting observations. Most of the positive

association were observed for the (CA)n polymorphism in the MAOA94,73,145,51,95,136.

However, there were opposite reports as well33,123,113,130,179. A meta-analysis performed on a
combined sample of Caucasian and Japanese populations discovered significant differences in

the (CA)n allele distribution among bipolar cases compared to controls51. However, the two
populations showed different alleles associated with a higher risk of the disease.

The association of the VNTR polymorphism and panic disorder was proposed in one study36 but

not detected in another58. Similar discrepancies emerged between different studies investigating
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allelic association of polymorphisms at the MAOA gene with aggression186,103 and Parkinson’s

disease82,63,119,135,30.
Studies that analyzed the relationship between polymorphisms at the MAOB locus and

Parkinson’s disease have also reported antagonistic findings. Allelic association of susceptibility
to Parkinson disease with "A" allele at the polymorphic site in intron 13 of the MAOB gene was

suggested in a study performed among Caucasians82. However, it was not replicated in a

Japanese population nor in an Australian cohort110,107, and more surprisingly, the "G" allele was

related to Parkinson’s disease in another sample of Caucasians61,29. Another marker in the
MAOB gene, the (GT)n microsatellite in the MAOB intron 2, also resulted in opposite findings
concerning the association to the susceptibility to Parkinson disease in different populations

studied119,118,107,108. Similar controversies were reported for association of the MAOB

polymorphisms and alcoholism129,166.
A major statistical weakness for the association studies is that most of them do not adjust the
significance threshold for the number of statistical tests performed (Bonferroni correction). Most
likely, after correction for multiple testing, many of the reported association results would not be
significant. Moreover, the low statistical power in some of them may be due to small sample
size.
On the other hand, the contradictory association findings are not so surprising, if they are viewed
in the context of the differences in genetic composition of different populations, the age of the
polymorphisms and their frequencies in different populations. These are the factors determining
the success for allelic association studies as discussed earlier.
Dinucleotide repeat polymorphisms have been used in many association studies (Figure 12 and

13), but as it was discussed in a previous section, this type of markers may be unfit to discover
an unknown functional variant because of their high mutation rate. Reports where association is
found to only a few markers out of several linked markers tested are also anticipated, given the
different ages of the polymorphims tested and the different physical distances in relationship to
the unknown functional variant. Moreover, studies reporting association of the same phenotype
to different alleles at a certain polymorphism are also possible (e.g. Parkinson’s disease and
intron 13 polymorphisms in MAOB gene) given that the polymorphism used is not functional,
and that the tested samples come from different populations that are likely to have distinct
pattern of linkage disequilibrium.



Aims

Part I. Hearing disabilities

� To genetically map gene(s) causing hereditary hearing loss in two large Swedish pedigrees.

� To perform a mutation screening of candidate genes for hearing disabilities that map within
the identified genomic location(s) for hearing loss in the Swedish families.

Part II. Monoamine oxidase activity

�  To identify a set of DNA polymorphisms in the genes for Monoamine Oxidases that are
frequent in the Swedish population.

�  To investigate the association between the characterized DNA polymorphisms and MAO
mRNA levels and /or protein activity in human brain.



Present investigations

Part I. Hearing disabilities

Family I. Results

A Swedish family I (Figure 14) with non-syndromic progressive bilateral sensorineural hearing

loss was ascertained. We observed that affected family members differed in the severity of
hearing impairment and age of onset for the disease. One group of individuals manifested a
severe hearing loss with onset in the first decade of life (Type I), while another group of
individuals expressed a mild hearing decrease with the onset in the second or third decades of
life (Type II). Meticulous description of the hearing loss in the family I was presented

elsewhere9.

Figure 14. A Swedish pedigree I with non-syndromic hearing loss.
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Paper I prensents the results of a linkage study, where 13 candidate loci for autosomal dominant
non-syndromic hearing loss (NSHL) have been tested for linkage to hearing loss in the family.
Surprisingly, we found significant linkage (Z>3) for markers at candidate locus DFNA12
(11q22-q24) and suggestive linkage (Z>2) for markers at locus DFNA2 (1p32). These results

suggested digenic inheritance of hearing loss in the family. For the chromosome 11 locus, we
narrowed down the reported candidate region for the DFNA12 locus from 36 to 12 cM. The
disease-associated haplotype on chromosome 1 spanned over 6 cM region and overlapped with
the candidate region delimited in some other families with hearing loss mapped to DFNA2.
Moreover, we observed that individuals with severe hearing loss inherited both disease-
associated haplotypes, on chromosome 1 and chromosome 11, while mildly affected individuals
possessed only one of the haplotypes. This finding suggests that two genes segregate together
with the hearing impairment in the family and the presence of both of them results in aggravated
hearing loss compared to the hearing loss caused by each of the genes separately.

DFNA12 locus

Paper II describes the results of a mutation screening in a candidate gene residing at one of the
candidate regions (DFNA12), reported for the Swedish family in the Paper I.
The human α-tectorin (TECTA) gene was cloned and mapped within the DFNA12 candidate

region at the same time as we were conducting our investigations66,188. α -Tectorin gene is

expressed only in the inner ear138. It encodes a noncollagenous protein of extracellular matrix
called tectorial membrane that participates in the mechano-transduction of a sound (Figure 11).
TECTA protein is very conserved among different species. Moreover, different domains of the
protein show strong homology to other known proteins: entactin G1, zonadhesin protein or D-

type repeats of the von Willebrand factor and zona pellucida protein (Figure15)143,87.
During our investigations, several missense mutations were reported by others to segregate with

deafness in some families188. We performed a mutation analysis of the TECTA gene in the
Swedish family I and identified four amino acid changes (Figure 15). One of the changes
resulted in a cysteine to serine (C1057S) replacement, in the zonadhesin domain of TECTA,
which segregated with the disease haplotype on chromosome 11 and was not present in a control
population. This results in the replacement of a cysteine that is conserved between the mouse and
the human proteins. Moreover, the replaced Cys was also conserved among four internal repeats
of the zonadhesin/von Willebrand factor domain of the TECTA protein. Based on findings from

functional biochemical studies of von Willebrand factor88,106,191, we hypothesize that the
replacement of the Cys in TECTA can  cause  a  change  in  the  cross-linking of the protein. The



Figure 15. Schematic structure of α-Tectorin protein. α-Tectorin protein consists of several domains that are

homologous to other known proteins. Locations of the reported amino acid are shown. The bold arrowheads indicate

substitutions that are associated to a hearing loss in the different families tested188,3,116, while the thin arrowheads
indicate possibly neutral amino acid changes.

identification of the mutation in the Swedish family provides additional evidence for the
involvement of TECTA in hearing disabilities.

DFNA2 locus

Two genes, KCNQ4 and GJB3, have been cloned and shown to be responsible for hearing loss in
some of the families linked to the DFNA2 locus. KCNQ4 is a member of the potassium channel

gene family81 and GJB3 is a gap junction protein ß-3 (connexin 31)205. A mutation in KCNQ4

was found in a family with autosomal dominant hearing loss. It was shown that the mutation

abolished the potassium currents and exerted a strong dominant-negative effect81. Later, more
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families with mutations in the KCNQ4 were reported32,170,184. Similarly, several families with

hearing loss have been found to harbor different mutations in the GJB3 gene205,98.
To find out whether GJB3 and/or KCNQ4 are responsible for hearing loss in the Swedish

pedigree, the coding regions of the genes were sequenced in two members (severely affected and
healthy) of the family (for KCNQ4: Kubisch et al., unpublished data; for GJB3: Balciuniene et
al., unpublished data). However, we did not find any mutations in the coding sequences of the
genes. Moreover, the KCNQ4  gene was later localized outside the region of linkage on
chromosome 1. Genes for two additional gap junction proteins, GJB4 and GJB5, were found to
be located in a vicinity of the GJB3 gene. However, sequence analysis of the coding regions for
these two genes did not reveal any mutation in the Swedish family. The possibility remains that
additional gene(s) involved in hearing disabilities are clustered in this region.

Figure 16. A Swedish pedigree II with non-syndromic hearing loss.
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Family II. Results

In parallel to the analysis of the family I, we have investigated another Swedish family (family
II, Figure 16) with sensorineural bilateral post-lingual hearing loss. Phenotypic examination
revealed three different types of hearing loss segregating among the affected family members: a
severe hearing loss over all frequencies (Figure 16, black filled symbols), a severe loss at
frequencies higher than 2 kHz (Figure 16, black filled symbols with white dots), a mild to severe
hearing loss most pronounced at higher frequencies (Figure 16, white filled symbols with black
dots). The onset of the disease was around 10 years of age.
We have also performed a linkage analysis for DNA markers residing at thirteen candidate

regions for autosomal dominant hearing impairment reported by then. However, none of the
genotyped markers showed linkage to the hearing loss in this family.

Discussion: three puzzles

I. Phenotypic variation

As it was mentioned earlier, hearing impairment is a very variable phenotype among different
human pedigrees. Moreover, a considerable phenotypic variation inside families can also be
observed, particularly for post-lingual hearing loss. The two Swedish families presented in this

work are good examples of such intra-familial variability. In addition, an Indonesian family was
also reported where some of the affected members displayed a severe hearing loss at all
frequencies, some of them manifested hearing loss only for high frequencies, while some of the

persons had hearing threshold decrease only for certain frequencies31. A similar pattern of

phenotypic variation was observed in a French family21.
What factors can contribute to this phenotypic variation?
Various environmental factors, such as ototoxic drugs, exposure to high noise and various
infections play a significant role in shaping individual hearing capabilities. On the other hand,
the phenotypic variation may have a genetic reason. The same gene may respond differently to a

different genetic background, or there may be an additional major genetic factor that interacts
with the causative gene. As we have shown, the Swedish family I probably exemplifies a case
where additive interaction of mutations in two genes produces the severe form of hearing loss.
The presence of more than one defective gene contributing to the phenotypic variation in the
same family would not be surprising, taking into account a large number of genes expected to be
involved in hearing process, and a high prevalence of the disorder among humans. Also,
assortative mating among deaf individuals in earlier generations leads to an enrichment of
defective genes in later generations.



A different gene interaction hypothesis has been proposed in a consanguineous Pakistanian
family with recessive deafness linked to 4q28. There were 15 individuals coming from different
branches of the pedigree that were homozygous for the disease haplotype. However, seven of
them did not manifest hearing impairment. Later it was found that these non-penetrant
individuals shared a haplotype on 1q23 and it was hypothesized that this region contains a

modifier gene that suppresses the hearing loss phenotype140.
Nevertheless, identification of the gene aggravating hearing loss in the Swedish family, and the
gene suppressing the deafness in the Pakistanian family, will help to resolve the puzzle of the
phenotypic variation in these families and encourage similar kind of detailed studies in others.

II. α-Tectorin

Identification of the Cysteine to Serine mutation in TECTA, that segregated with hearing loss in
the Swedish family, but not in a control population, provides good support for the association of
this gene to the disease. However, the proof that the mutation is causing the disease can be
achieved only if the functional effect of the mutation is demonstrated. α-Tectorin is a very

conserved protein among different species. It has been estimated that human and mouse α-

Tectorin share 95% identity at the amino acid sequence level188. This suggests that the gene has
a very conserved evolutionary function and similar changes may produce similar phenotypic
consequences among different species. Moreover, all mutations identified in several human
pedigrees result in a change of a conserved amino acid between mouse and human TECTA
proteins. Therefore, a transgenic mouse with a specific human mutation in the TECTA gene or
with the entire mutant human gene would be a very promising model to unravel the functional
effect of the TECTA mutations. It can also provide clues about why different TECTA mutations

result in different hearing loss phenotypes among humans188,116.

III. DFNA2

The DFNA2 locus contains two genes: KCNQ4 and GJB3 that have been implicated in hearing
impairment in some families, but none of them is mutated in the Swedish family. This suggests
that there may be a third gene present. The possibility of the third gene is also supported by the
presence of an Indonesian family with a hearing disability locus that maps to the same candidate

region as the Swedish family and does not harbor a mutation in any of the two genes183. In
addition, we have sequenced the coding regions of two other gap junction proteins, GJB4 and

GJB5, lying in a vicinity of the GJB3 gene, and failed to detect mutations in these genes. It may
be that the functional DNA mutation resides in the non-coding part of the GJB genes. We have
not investigated the non-coding regions of these genes.



Recently, a draft assembly over the clones sequenced by the Human genome project was

released and is constantly being updated75. The investigation of the genomic sequences
surrounding the DFNA2 region delimited in the Swedish family resulted in several findings. First
of all, I discovered that the GJB genes lie outside the delimited region. This fact, provided that

the order of the clones is correct, unequivocally excludes them as susceptibility candidates in the
Swedish family. Also, the region contains several known genes such as glutamate receptor 7
(GRIK3), nucleolar GTPase, axonemal dynein light chain (hP28), and some predicted gene-like
sequences. The region has several gaps, not yet sequenced, that may contain additional genes.

Future directions

Family I. The typing of additional individuals belonging to the family I would be extremely
helpful in clarifying the issue on the possible involvement of two genes in the hearing loss trait.
However, no additional members of the family are available to date. Therefore, the alternative
approach is to identify other genes that reside in the candidate region, and screen them for
mutations in the family I. However, the implication of the same gene in the Indonesian family
and/or other families would be necessary to substantiate the evidence for a third candidate gene
for hearing disabilities in the DFNA2 locus. In parallel, functional studies using animal models
defective for both genes: TECTA and the potential DFNA2 gene, may shed light on the
interaction mechanism.

Family II. As we discussed earlier, there is a considerable amount of phenotypic variation among
the affected members of the family. Also, some individuals married into the family (Figure 16,
individuals III:8, IV:10 and III:4) have a decreased hearing sensitivity. This poses the risk that
their genes could underlie the hearing loss in their children, and therefore, their children might
not be suitable subjects for linkage analysis. Considering all these limitations, we concluded that
the currently available family material is not sufficient to obtain significant results in a genome-
wide scan. On the other hand, the material may be sufficient to follow-up already reported
candidate regions, or regions that will be identified in the future.

Part II. Monoamine oxidase activity

The goal was to investigate whether genes encoding MAOA and MAOB have an effect on the
variation of MAO mRNA levels and/or enzyme activities observed in humans. We identified
DNA polymorphisms in the MAO genes and investigated their association with MAO mRNA
and/or enzyme activity levels.



Results

Paper III describes novel DNA variants in the MAOA and MAOB genes. Furthermore, the
newly identified variants provide new information on the evolutionary history of modern
humans.
The sequences of exonic and flanking intronic regions of these two genes were determined in a
group of Swedish males. The sequence analysis revealed several novel bi-allelic polymorphisms
in the MAO genes. Since both of the genes reside on the X chromosome, and only males were
studied, we were able to define the haplotypic relationship between the identified allelic variants.
We investigated the diversity and geographical distribution of haplotypes that contained five

closely located and very frequent MAOA polymorphisms, in a sample of Caucasians, Asians,
and Africans. We found only two common haplotypes with similar frequencies in Caucasian and
Asian populations. However, only one of the two haplotypes was also the most frequent in
Africans, while the other haplotype was present in only one African male. In general, Africans
showed greater diversity of haplotypes and displayed 5 of 6 possible non-recombinant
haplotypes for these 5 positions. This profound change in haplotype number and frequencies
from African to non-African populations supports a possible bottleneck during the dispersion of
modern humans from Africa.

Paper IV reports a study investigating the involvement of MAO genes in the regulation of MAO
mRNA expression levels and enzyme activity in human brain.

Three polymorphic variants were investigated: a VNTR located in the MAOA promoter, and two
neutral single nucleotide polymorphisms located in the exon 8 of the MAOA (A-SNP8) and in
the intron 13 of the MAOB (B-SNP13). mRNA expression levels and enzymatic activities of the
MAO were measured in post-mortem human brain samples. We studied whether the presence of
a certain allele, or a certain haplotype, correlated with different mRNA expression levels and/or
protein activities of the MAO found in these brain samples. In addition, we studied the link
between MAOB alleles and MAOB protein activity in platelets. We found a significant
association (p=0.02) between B-SNP13 alleles and MAOB protein activity in human brain but
not in blood. These results suggested a different MAOB control in brain compared to blood.
Also, we show that MAOB activity is significantly higher (p=0.006) in the brain of patients with
Alzheimer’s disease compared to a control population. Moreover, we provide evidence for a

functional DNA variant that lies on a specific MAOA haplotype, and that is likely to have an
inhibitory effect on the MAOA protein activity in human brain.



Discussion: MAO genetic variation

I. Implications for human evolution and linkage disequilibrium studies

We identified five frequent polymorphic loci at the coding and flanking intronic regions of the
MAO genes. These variants spanned over a relatively short distance (approximately 12 kb) and
were present in all major human populations tested. Recombination events within short stretches
of DNA are less likely to occur, thus the evolutionary relationship among such DNA sequences
can be determined more reliably than for long DNA sequences reshuffled by recombination. A

distinct distribution of the non-recombinant haplotypes among the three major populations was
observed. The African population presented several non-recombinant haplotypes, including a
putative ancestral haplotype, while Asians and Caucasians displayed only two types of
haplotypes. This haplotype distribution pattern supports earlier suggestions that the oldest human

population originated in Africa (for a review, see ref70). In addition, we observed that the
frequency of the two non-recombinant haplotypes found in Asians and Caucasians was similar
between these two populations, while it differed dramatically in Africans. This implies that
Asian and Caucasian populations originated from the same ancestor, and probably suffered a
population bottleneck soon after the split from the ancestral African population. However, our
data do not allow to distinguish between the types of bottleneck that could have occurred. Two

possible types are demographic or selective27. Demographic bottlenecks, such as epidemics,
famines, migration etc., would leave imprints on many loci of the genome. In contrast, a
bottleneck caused by selection for the tested loci or closely linked loci would be restricted to a
small genomic region. Some of genetic loci may have undergone both types of bottlenecks, and
this would make the inference about their evolutionary history even more difficult. The
possibility of demographic events shaping the genetic diversity of the MAOA locus is also
supported by another study that investigated the DNA variation of a non–coding 10 kb sequence

on Xq13.371. Similar to the MAOA gene, this region is also close to the X chromosome
centromere, but lies on the opposite arm than the MAOA locus. Representatives from all major

linguistic groups were sequenced. The authors also reported a higher genetic diversity in
Africans than in other populations. Moreover, they observed one haplotype that was specific to
Asians, and they speculated that this haplotype could be due to some past demographic events.
However, their findings can also be explained by the action of natural selection.
The description of haplotype variation existing among different populations can also reveal
important information for the proper design of allelic association studies. For example, the
distinct population distribution of the non-recombinant haplotypes observed in the MAOA locus
indicates a different linkage disequilibrium pattern among the three populations. Consequently, it



Figure 17. Evolutionary relationship among current non-recombinant African haplotypes for five MAOA
polymorphisms. The horizontal bars represent 5 different haplotypes for five variable positions in the MAOA gene
(No. 6, 7, 9, 10, and 11, in Table 3). “T”,”G”,”A”,”C” denote nucleotides found in the variable positions, “ins” and

“del” are abbreviations for “insertion” and “deletion” of an AACAT sequence, respectively. The haplotype 1 is the
putative ancestral haplotype. The two most frequent haplotypes among Africans are framed in bold. The asterisk “*”

denotes the two main haplotypes found in Asians and Caucasians. A part of the “T,ins,G,A,T” chromosomes carry a

putative functional variant indicated as solid triangle “�”.

suggests that alleles of the same closely located polymorphisms would not yield similar
association findings in different populations.
In Figure 17, the possible evolutionary relationship among identified African non-recombinant
haplotypes is indicated. Let's assume that a hypothetical functional variant occurred on one of the
chromosomes carrying haplotype 2. In this case, a case-control study performed on Caucasians
and Asians would show clear allelic association of the functional polymorphism with any of the
five polymorphic loci. However, among Africans, the allelic association would strongly depend
on the sample size selected for the study and the variant tested. Moreover, the presence of
recombinant haplotypes will make the association picture even more blurred.
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The power of association studies may be improved by analyzing haplotypes comprising several
closely located polymorphic markers. However, the number of DNA variants described for the
MAO genes is relatively small, and some of the variants are rare and restricted to a specific
population. This suggests that some populations will contain only few and most probably
infrequent haplotypes for the given polymorphisms. Therefore, a panel of new DNA

polymorphisms, that are common in the studied populations, would be advantageous. Also, large
sets of samples should be investigated to increase the chance to detect smaller effects of the
MAO in complex human phenotypes.

II. Implications for functional variation

The lack of clear evidence for functional variants influencing MAOA and MAOB activity in
human brain is the main caveat for allelic association studies attempting to decipher the
contribution of the MAO genes to complex behavioral and neuropsychiatric human traits. We

investigated the functional effect of MAO polymorphims in human brain by examining a set of
post-mortem male brain samples. We studied the relationship of the variation in MAO genes to
two phenotypes: mRNA levels and enzyme activity. Theoretically, this strategy can provide
clues on two questions: are there functional DNA variants that control the MAO gene function?
If so, do they act at the transcriptional or post-transcriptional level? DNA variants showing
association to mRNA expression levels, but not to protein activity, may seem less important for
the variability of candidate human phenotypes. Indeed, proteins are the final determinants for the
expression of most phenotypes. However, it has been reported that different pharmacological,
physiological or other non-genetic agents can influence substantially MAO activity in

humans199. For instance, a 20-40% reduction of both MAO activities was reported in the brain of

living smokers compared to non-smokers or ex-smokers10,48,49. This would suggest that MAO
activity measured at a certain time point may not reflect the regulatory effects exerted on the
genes. Consequently, the association between enzymatic activity and DNA polymorphisms
would be missed. Similarly, an allelic association to protein activity, but not mRNA expression
levels, may indicate the presence of a functional DNA variant influencing post-transcriptional
regulation of the genes.
The most important finding presented in our study is the association between the neutral
polymorphism in the intron 13 of the MAOB gene and MAOB activity in brain but not in blood.
However, the information on smoking habits was not available for the individuals that were the
donors of the brain autopsies. Therefore, we could not correct our association findings for the

effect of smoking. On the other hand, the difference between the MAOB activity levels found in
individuals with different alleles is unlikely to be greatly affected by smoking, unless the
susceptibility to smoking is associated to the tested intron 13 polymorphism.



The positive association between the MAOB polymorphism and MAOB activity in brain, but not
in platelets, suggest the presence of a DNA variant that has functional importance in brain. This
is not unexpected, given a distinct regulation of the MAOB activity in platelets and in brain as it

was proposed earlier202,206,42. Moreover, it stresses the importance to investigate the functional

effect of a given DNA variant in the relevant tissue for the phenotype of interest.
A functional effect of the VNTR in the MAOA promoter was clearly demonstrated in cell
cultures with transfected reporter constructs. However, our study performed on human brain
samples, together with another study that investigated the link between MAOA polymorphisms

and MAO metabolite levels in CSF could not detect the same effect69. Several explanations are
possible. It may be that the VNTR does not have such a profound effect on MAOA activity in
human brain and an additional functional variant is present in this gene as we have suggested
(Paper IV). An alternative is that the MAOA activity measurements in these two studies
performed in brain autopsies and in cerebrospinal fluid do not reflect the activity in the living
brain. Another explanation may be that due to a small sample size, the two studies did not have

enough power to reach statistically significant results for small changes in activity.
In any case, for more definitive conclusions about the presence of the functional MAO variations
in human brain, additional investigations performed on larger sample sets and in different human
populations are needed. A specific sampling strategy that would decrease the effect of non-
genetic factors on MAO variability would be an advantage.

Future directions

The experimental evidence supports the presence of at least one functional polymorphism
affecting MAO activities in brain, but the sequence and position of this variant is not yet known.
A large sequencing enterprise can be launched to find DNA differences between individuals with
extreme values in the levels of brain MAO activity. Depending on the length of the sequenced
fragments, many polymorphic variants will be found. As functional MAO variants are likely to
be located in non-coding regions of the genes, the next difficult task will be to prove the
functional effect of any of them. In vitro experimental approaches such as DNase footprinting
and gel retardation assays can be used to investigate the possibility that the tested polymorphism
is located within a protein-binding site. Northern blots would reveal the presence of alternative

transcripts that may be caused by the polymorphism. Gene fusion experiments performed in cell
cultures may be useful to investigate the involvement of the given polymorphism in
transcriptional regulation of the gene. Transgenic animal models may also complement the
evaluation of the phenotypic effect of the candidate functional polymorphism at the whole
organism level. Finally, allelic association studies between a given polymorphism and altered
protein expression levels are necessary to evaluate the functional significance of the tested
polymorphism(s) in human tissues.
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