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Chapter 1
Introduction: The search for causal genes or genetic loci in psychiatric
disorders and behavioral traits through multi-generational pedigrees

In psychiatric and behavioral sciences, many scientists face complex
problems in trying to unveil the underlying mechanisms that brought about
psychiatric and behavioral phenotypes. Mendelian disorders or traits are
phenotypes, which are caused by one genotype at one genetic locus (i.e.
monogenic) and can be found to occur with high frequencies in large families.
They are contradictory to the non-Mendelian multifactorial disorders/traits,
otherwise known as complex disorders/traits, which are brought about by the
effect of multiple genotypes located at multiple genetic loci and the
environment (i.e. polygenic). Psychiatric and behavioral disorders/traits are
generally categorized as complex disorders/traits, similarly to that of many
other physiological disorders/traits

1

. However, until recently, efforts to

understand their genetic mechanisms have been lagging behind that of their
more physio-physical clinical counterparts, which may be due to the later
acknowledgement that psychiatric and behavioral disorders/traits should be
treated as any other genetic disorders/traits. Despite that, the field of
psychiatric and neurobehavioral genetics has progressed rapidly in recent
years with the extensive collaborations within various international consortia
that encompass research perspectives ranging from endophenotyping to the
classical linkage and association studies

2,3

. In this chapter, we will

contemplate the progress of molecular genetics, with special emphasis on the
pattern of Mendelian inheritance, in the general field of psychiatric and
behavioral disorders/traits.
From family, twin and adoption studies, many psychiatric and behavioral
disorders/traits are known to be heritable and are influenced by genetic
factors, albeit not totally (i.e. environmental factors and non-familial genetic
factors, which we will not be going into details here). Francis Galton (cousin of
Charles Darwin, founder of the evolution theory), who devoted much of his
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research passion on quantifying human traits variation (e.g. height, weight,
eye colour, arm length), recognized the value of twins for studying human
genetics and is the documented first to inquire into the concept of heritability
and environment

4

. Monozygotic (MZ) twins are genetically identical as

compared to dizygotic twins (DZ), who only share half of their genes. Hence, if
a trait has a large genetic component driving its expression, MZ twins will
display higher instances of the trait than DZ twins or other unrelated
individuals. If a trait has a larger genetic component than environmental
component, the MZ twins who were brought up apart (i.e. adopted into
different families, living in different environment) will nevertheless have the
same chances of expressing the trait. However, if the trait in question is
largely under environmental influences, the adopted MZ twins will have
different probabilities of expressing the trait. The earliest modern studies
showing heritability in psychiatric disorders through such family, twin and
adoption study designs were largely made with schizophrenic samples in the
1960s and 1970s, propelled by Gottesman and Shields, who went on to
establish the yardstick for many modern researches into the genetics of
behavior and psychopathy 5,6.
There are different camps of thought with regards to the genetic model of
most psychiatric/behavioral disorders/traits. The two main views by which the
phenotypes arise are via: 1) multiple common genetic variants, each of small
effect (i.e. polygenic), otherwise known as the common variant – common
disorder (CVCD) hypothesis 7; or 2) a single rare genetic variant of major
effect (rare variant occurs in different genes for different families or
individuals, who display the same phenotype), also known as the common
disease/rare variant (CD/RV) hypothesis 8. Genome-wide association studies
(GWAS) are carried out in the hypothesis-free (with no candidate genes
apparent in mind) search for genetic loci associated with a particular
psychiatric disorder or behavioral trait. The main assumption for GWAS is the
accumulative small effects of multiple genes, belonging to the CVCD camp,
which cause the phenotypic disorder/trait observed 9. In spite of the everincreasing sample sizes, which has recently reached over tens of thousands
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of subjects, replication of results across independent studies for any particular
trait/disorder proved difficult in many cases

10

. On the other spectrum, rare

genetic variants of major effects are considered in linkage studies using
extended pedigrees, with the CD/RV hypothesis in mind.
Under normal circumstances, psychiatric disorders or behavioral traits are
considered to be polygenic, involving several to many genes of both small and
large effect sizes, ultimately contributing to the phenotype. This is unlike
monogenic disorders/traits, which are due to the effect of a single gene.
However, the existence of multiplex families with numerous individuals
carrying a particular psychiatric disorder or behavioral trait, steer us towards a
Mendelian genetic exception in these families. The existence of large multigenerational pedigrees, comprising of multiple affected members, are present
for quite a number of psychiatric disorders or behavioral traits such as bipolar
disorder in the Amish extended pedigree
pedigrees

12

11

, autism in the Utah autistic

and schizophrenia in the Palau schizophrenic pedigrees

13

, just

to name a few. The revelation of singular rare variants in the respective
families cumulatively adds to the genetic databases for the disorder/trait,
which will in turn allow a larger picture of the genetic mechanism driving the
disorder/trait that affects others in the general population. Mitchell and
Porteous have recently written a review on understanding the genetic
architecture of psychiatric disorders through Mendelian cases occurring in
large pedigrees

14

. Using schizophrenia as an example, they argued that

despite only a small percentage of schizophrenic cases being explained by
highly penetrant mutation in a single gene each time, if these exceptional
cases (with their unique rare variant or mutation) appears frequently enough,
then it makes logical sense that one can assume that a significant portion of
the psychiatric disorder is accounted for by rare variants or mutations.
In the following paragraphs, we shall discuss how large families with many
individuals affected by psychiatric disorders can 1) be useful in understanding
genetic mechanisms of behavioral pathologies; 2) provide sample cases to
dissect overlapping genetic causes in cross-disorders of two or more
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psychiatric traits in comorbidity; 3) offer better insights in introducing clearer
subtyping of psychiatric diagnoses; and 4) give clues as to which
environmental factors may come into play in the disease manifestation.

(1) Mendelian patterns in large families affected by psychiatric disorders
In extended families with several generations, consisting of multiple affected
individuals in each generation, one can follow the transmission of the disorder
from parents to offspring. The first step is usually a genome-wide linkage
analysis in these families in search of chromosomal regions, which is highly
linked to the disorder being studied. After which, a segregation analysis
ensues to more accurately fine-map the chromosomal regions, which cosegregate with the disease status in the family. This is can be done by
analyzing genetic biomarkers, which are either the fragment size of
microsatellite repeats or the single nucleotide polymorphisms (SNPs), in the
genome of as many family members as possible. By doing so, it is possible to
construct haplotypes, which are certain sets of microsatellite fragment sizes or
SNPs in a region of the genome. Haplotypes can be traced from a ‘founder’
affected individual (usually the eldest in the pedigree with clinical diagnosis
and genotype known) down to his or her descendants. In the event that the
psychiatric trait has a Mendelian tendency in a particular family, a specific
haplotype is seen in all affected members in the family but not in the
unaffected members. In ideal situations as such, one has come across a fully
penetrant dominant psychiatric trait in that family, with a known causative
genetic locus.
Genetic mutations or variations in the genetic locus co-segregating with the
psychiatric disorder in the family can be further explored in an attempt to
better understand the genetic mechanisms underlying the disorder. Almost all
genetic variants or mutations uncovered via such approach in large pedigrees
are rare and private to the families being investigated. These rare and private
mutations or variants are believed to exert the majority of the effect resulting

	
  

6

	
  
	
  

Chapter 1

	
  
	
  

in the disorder. As they are rare, they will not likely show up in most
association studies utilizing the general population as sample base. It follows
that large-scale GWAS most probably has a very low/or no chance of picking
up these genetic loci signals. Therefore, multiplex families can play a very
important role to reveal genetic anomalies, which induce complex disorders or
traits 15.
Ultimately, many researchers and clinicians are interested in what causes the
disorder. Rare genetic mutations and variants give clues to which genetic
pathways and thus, the bio-chemical pathways when affected, give rise to the
disorder. In complex disorders, as most psychiatric disorders are believed to
be, many genes interact with each other in extensive webs of communication
and the malfunction of any one of the genes may result in the same disorder,
known as genetic heterogeneity. In other words, rare and private genetic
mutations/variants can provide insights into the pathophysiological pathways
of the disorder, which are also affecting other patients from the general
population. For many psychiatric disorders to date, their etiologies are still an
enigma in many aspects but extended pedigree studies can serve to add
more information to uncover the causation of the disorder.
More often than not, there are several exceptions, which one has to consider
while looking for Mendelian inheritance of psychiatric disorders in large familybased studies and they are chiefly, i) incomplete penetrance; ii) sporadic
cases; and iii) bilineality. i) Incomplete penetrance happens when an
unaffected individual carries the haplotype that all other affected individuals in
the family are carrying. Depending on the occurrence rate of such status in
the family, the penetrance level for the disorder at a particular genetic locus
can vary drastically. This is where one has to consider other non-familial
genetic factors and/or environmental factors exerting their influences, and
only having fulfilled the criteria of those factors, will the said haplotype cosegregating with the diseased trait lead to the expression of the phenotypic
trait

16

. ii) On the other hand, there may be instances when an affected

individual diagnosed with a psychiatric disorder, does not carry the same
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haplotype, which all other affected family members carry. Sporadic cases,
though rare in large pedigrees, can still be expected to appear at about the
same percentage rate as in the general population for the disorder being
investigated. iii) Apart from such problems, there is also bilineality in extensive
pedigrees to consider. As with many disorders, the reproductive fitness in
psychiatric individuals is lower than that of the general healthy population.
Unless it is an early on-set disease like autism, many people afflicted with
psychiatric disorders still manage to marry and start their own families

17-19

.

Thus, there are two possible lines of Mendelian alleles (either from the
paternal side or the maternal side of the family) being transmitted to their
descendants. This complicates matters as further down the family tree, one
will most probably come across several individuals who are affected but are
carrying different haplotypes (some from the paternal and others from
maternal line). Another usual occurrence is large pedigrees with multiple
generations involving more than one affected spouse/s can be found in
consanguine families in certain social cultures, which encourage close-ties
(e.g. between first cousins) marriages

20,21

. In large inbred pedigrees, rare

genetic variants of recessive psychiatric disorders can be detected very
easily.

(2) Cross-disorders among psychiatric traits – how multiplex families may
support the analyses
Shared heritability arises due to genetic pleiotropy, a situation where one
gene gives rise to different phenotypes. A recent example of shared
heritability was presented in a metal-analysis of genetic studies carried out on
attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder
(ASD)22. There is a high frequency of co-occurrence of ADHD and ASD in
children, hence the hypothesis that the two disorders share similar genetic
factors. In multiplex families consisting of individuals diagnosed with multiple
psychiatric problems, tracking differences in genetic sequences (which are
cost-realistic and do-able within an acceptable time-frame with the diving
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costs and improvements in the next-generation sequencing technologies) and
comparing among affected individuals with comorbidities, affected individuals
without comorbidities and unaffected individuals in the same family may be
easier to yield leads to the dissection of genetic components which give rise
to genetic pleiotropy. As many of the psychiatric disorders have one or more
criteria that may overlap, the differences in diagnosing these criteria may be
subtle. Since large families are powerful sample bases to detect genetic
anomalies of major effect sizes, it is more plausible to find hints to tease apart
the overlapping genetic mechanisms between disorders via their gene-gene
interaction network. This will in itself also allow better comprehension of the
etiologies of each disorder.
A recent success on psychiatric cross-disorders of schizophrenia and bipolar
disorder used information collected from families as a foundation for the
study. Lichtenstein et al. utilized more than two million nuclear families in
Sweden to assess the effects of genes and the environment in contributing
towards the two disorders

23

. They managed to show evidence that

schizophrenia and bipolar disorder share a common genetic cause to a
certain extent. Another genome-wide study by Huang and colleagues
attempted to investigate the cross-disorder of schizophrenia, bipolar disorder
and depression using large number of unrelated affected individuals but they
were not as successful 24.

(3) Subtyping of psychiatric disorders for improved diagnostic criteria with
multiplex pedigrees
Psychiatric genetics is quite unlike the other branches of human genetics. A
salient difference is the diagnostic tools used to determine the disorder –
usually a series of questionnaire tests and structured interviews of the
individuals in question, which may or may not include interviews of other nonaffected individuals in close contact with the clinical proband. ‘Non-physical’
methods of examination and categorization of psychiatric disorders as such
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are open to debate at times about their objectivity during diagnoses despite
much effort of the clinicians to standardize and coordinate across different
executers of the tests and interviews. Hence, psychiatric diagnoses have
been termed as ‘the weak component of modern research’

25

. Over the years,

there are constant improvements in the psychiatric testing tools but
contrasting to most other human disorders, which can be more easily
concluded via a physical test like blood testing of hormones or x-rays and
mammograms of body parts, such physical tests for use in psychiatry are still
in early stages of development. Many of the psychiatric labels are broad and
encompass several subtle phenotypes that can either be different categories
(e.g. DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, 4th
edition; and ICD-10, International Statistical Classification of Diseases and
Related Health Problems, 10th edition)

26,27

of the same disorder or a wholly

different disorder as in the cases of co-mobidities/cross-disorders. Perhaps
such broad definitions for psychiatric diagnoses are the main culprit for the
increased toughness in delving their genetics compared to other complex
diseases. Efforts to subtype each psychiatric disorder to provide a finer
diagnostic report are underway to combat these problems in many
laboratories and clinics presently. As discussed in the preceding paragraphs
on dichotomizing the subtleties between cross-disorders, multiplex families
offer a beautiful and effective sample set-up to discover genes of large effect
size, which may be hidden in the different sub-groups of a particular disorder
28,29

. These major effect genes may offer more options in defining a cleaner

cut between categories of a disorder through groupings by pathway-specific
gene malfunction; and may also serve as predicament of other onset of
psychiatric problems in the same patients in future via observations of the
causative genes in their possible gene-gene interaction network.
An example, periodic catatonia (OMIM: %605419), which belongs to a subcategory of schizophrenia with a bipolar course, is presented in chapter 3. A
polymorphism of the MLC1 gene, which was found to co-segregate with all
periodic catatonia-affected members in one of our large families, was
associated only to the periodic catatonia sub-group of schizophrenia
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chapter, we did further functional studies on this candidate gene of periodic
catatonia to investigate its role in relation to this sub-group of schizophrenia.

(4)

Clues

in

large

family-based

studies

to

possible

environmental

consequences in development of psychiatric symptoms or behavioral traits
Some may argue about certain behavioral phenotypes being the result of
nurture (environmental factors) as oppose to nature (genetics factors). In
eating disorder cases, there is a markedly increased recurrence risk in firstdegree relatives

31,32

. Despite so, it has only been recently (in the past two

decades) acknowledged that it is a psychiatric disorder with a genetic basis
33,34

. The genetic work on eating disorders is in the early stages but it is still

considered by many clinicians as having a strong familial behavioral influence
35

. As eating disorders have early onset at adolescence

35

, multiplex families

offer a good experimental setting in studying the environmental influence on
the genetic factors in such disorder with known high heritability rate.
Assuming the family members are still staying close to each other during the
discovery of onset of the disorder at each generation, the environmental
factors for most in the family members for that generation can be considered
uniform to a certain extent. By investigating large multi-generational pedigrees
of such disorders, one can elucidate the effect on the environment on the
genes by looking within each generation and also comparing them to that of
across the different generations and branches of the main families (which
have different environmental influences since one can assume that after
setting up a new family with their spouses, each nuclear family then live
separately). In other words, it is possible to compare several different
environment before/during onset of the disorder for one familial set of genes
with increased power to detect the disease heritability.
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Guide to the subsequent chapters
The special theme of this thesis is to investigate large pedigrees showing
Mendelian pattern for various psychiatric disorders (namely attentiondeficit/hyperactivity disorder (ADHD), schizophrenia and bipolar disorder), in
the bid to understand more about the genetic architecture of general
psychiatric/behavioral disorders/traits, which have a late start as compared to
many other physiological disorders/traits. Other problems mainly specific to
the psychiatric and behavioral sciences, like frequent cross-disorders and
sometimes quite subjective diagnostic tools used, further add to the difficulties
of psychiatric/behavioral genetics research.
The following chapters explore a series of experiments using the classical
genetic approach, as explained in the following figure (figure 3), on various
psychiatric disorders and behavioral traits. This classical two-stage genetic
approach is widely used by many human geneticists to study a wide range of
human physiological disorders in the past decades but is only recently being
applied to the field of psychiatric and behavioral sciences. One of the earlier
successful efforts to execute a large-scale international two-stage genetic
approach in psychiatry was carried out by Moises and et al. in schizophrenic
samples using large multi-generational pedigrees from an Icelandic population
isolate in the linkage step and they proceeded on to the association step with
independent population (i.e. non-pedigreed) samples from eight different
countries 36.
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Figure 3: Diagram of a classical two-stage genetic approach. Linkage stage is in green and
association stage is in purple.

The linkage study stage (in green) of the classical genetic approach is usually
carried out in large families with multiple members affected with a particular
disorder. Rare variants, and common variants as well, may be revealed at this
stage, which is especially useful under circumstances where there is limited
genetic knowledge about the disorder (as the case with many psychiatric and
behavioral disorders/traits). The association study stage (in purple) is usually
carried out in unrelated individuals of the general population when the first
linkage step done is successful.
Generally, after a large family with multiple individuals affected with a
psychiatric disorder or behavioral trait has been recruited, the first step is to
carry out a linkage analysis followed by fine-mapping of chromosomal regions
in all members of the family in search of genetic loci co-segregating among
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family members with the disorder/trait. The hypothesis for this particular step
is that causal genes or genes playing a major role in contributing to the
susceptibility of the disorder/trait are present within the co-segregating
chromosomal region. Chapter 2, ‘Fishing for afflicting chromosomal regions in
psychiatric/behavioral disorders/traits: Fine-mapping in ADHD large families’,
examines the fine-mapping of chromosomal regions from prior linkage
analysis done to search for narrowed down genomic regions, which has a
high probability in containing genes contributing to the said disorder.
The second step following a successful positional cloning effort (i.e. finemapping) is to identify interesting candidate genes within the narrowed down
chromosomal regions. Functional studies on the candidate genes are later
carried out to better understand if and how they may play a part in causing the
disorder/trait. In chapter 3, ‘Candidate genes within the afflicting chromosomal
regions: Functional studies of a selected candidate gene, MLC1, in
schizophrenic large families’, shows an example of a candidate gene within a
fine-mapped chromosomal region, which was selected for further functional
study to learn if, and how, the gene may contribute to the phenotype of the
disorder.
In parallel, the next step after successful positional cloning, is to investigate
whether the particular mutations or variations of the candidate genes
identified in the narrowed down chromosomal regions are also found in
unrelated individuals in the general population who are similarly affected by
the same disorder/trait. Chapter 4, ‘Extrapolating genetic results from large
families to the general population: Association study of SNPs in unrelated
bipolar and schizophrenic individuals from results of prior large family studies’,
completes the whole process of the classical two-stage genetic approach,
which brings the reader through linkage study in large families to association
study in the general population of two well-known psychiatric disorders.
Chapter 5, ‘Feasibility of replicating genetic results from large family studies in
general population of unrelated individuals for complex psychiatric disorders
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and behavioral traits: From eQTL linkage to association analyses in vervets’,
focuses on another genetic aspect, expression quantitative trait loci or eQTL
(not only on genes, but the expression level of genes), but still following the
classical two-stage genetic approach. This chapter also presents attempts to
answer three main questions relevant to the summation of the current thesis
and the possible future direction in psychiatric and behavioral genetics: 1)
does the classical genetic two-stage approach works as well when applied to
complex traits with a smaller but still suitably sized population of unrelated
individuals as compared to many of the large sample-sized experiments in
psychiatric and behavioral genetic association studies nowadays. This
question is paramount to today’s psychiatric genetics research since large
samples, amounting to tens of thousands of subjects, are necessary to detect
significant results in the association stage

37

; 2) aside from functional genes,

which is the original focus of many psychiatric/behavioral genetic studies, is it
possible for other genetic aspects to be involved, e.g. eQTL (genetic regions
which regulate the expression of genes); and 3) is it possible to set up an
accurate map of blood biomarkers to study the neuro-physical states of both
psychiatric disorders and behavioral traits. This is a pilot-study to create a
blood-brain correlated gene expression map that can used to study physical
brain changes for psychiatric/behavioral disorders/traits with just blood
samples alone. Future experimental successes may lead to plausible
definitive genetic markers (similarly to many clinical physiological disorders)
for psychiatric disorders or behavioral traits in the coming years and more
importantly, deeper insights into the web of gene interactions resulting in the
psychiatric/behavioral phenotypes.
Chapter 6, the concluding chapter of this thesis, will touch upon several
popular ideas that are driving recent psychiatric and behavioral genetics
studies, in which large pedigrees can be of good use.
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Chapter 2
Fishing for afflicting chromosomal regions in psychiatric/behavioral
disorders/traits: Fine-mapping in ADHD large families

This chapter is presented as a manuscript (under re-review by the European
Journal of Human Genetics as of 5th September 2011) entitled:
Haplotype co-segregation with ADHD in unrelated German multigeneration families
Michelle K. Lin1, Christine M. Freitag2, Haukur Pálmason1, Christiane Seitz3,
Tobias J. Renner4, Marcel Romanos4,8, Susanne Walitza4,7, Christian P.
Jacob5, Andreas Reif5, Andreas Warnke4, Rita M. Cantor6, Klaus-Peter
Lesch5 and Jobst Meyer1

1

Department of Neurobehavioral Genetics, Institute of Psychobiology, University of Trier,
Germany;
2

Department of Child and Adolescent Psychiatry, Goethe University Frankfurt am Main,
Germany;
3

Department of Child and Adolescent Psychiatry, Saarland University Hospital, Homburg,
Germany;
4

Department of Child and Adolescent Psychiatry and Psychotherapy, University of
Wuerzburg, Germany;
5

Department of Psychiatry, Psychosomatics and Psychotherapy, University of Wuerzburg,
Germany;
6

Department of Human Genetics, School of Medicine, University of California Los Angeles,
United States of America;
7

Department of Child and Adolescent Psychiatry and Psychotherapy, University of Zurich,
Switzerland;
8

Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy,
University Hospital of Munich, Germany.
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Abstract
Complex disorders proved to be elusive in the search for underlying genetic
causes. In the presence of large multi-generation pedigrees with multiple
affected individuals, a Mendelian dominant inheritance model can be
observed in those families by following the haplotypes being transmitted
predominantly to all the affected members in the families. Particular shared
haplotypes among all affected individuals can reveal the chromosomal
regions where the disease-related genes may be located and the critical
pathways involved can be exposed.
We have recruited eight large Attention-Deficit/Hyperactivity Disorder (ADHD)
families of German descent. Densely spaced informative microsatellite
markers with high heterozygosity rates were used to fine-map and haplotype
chromosomal regions of interest in these families. In three subsets of the eight
ADHD families, haplotypes co-segregating with ADHD-affected individuals
were identified at chromosomes 5q11 – 5q13, 9q31 – 9q32 and 18q11 –
18q21, which are supported by positive LOD scores.
The existence of haplotypes co-segregating among all affected individuals in
large ADHD pedigrees suggests the existence of Mendelian forms of the
disorder and that ADHD-related genes are located within these haplotypes.
New-generation sequencing tools will allow whole of these regions to be
sequenced more easily to identify causal genetic mechanisms, providing
further insights into the genetics of ADHD.
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Introduction
Genetic architecture of complex disorders is generally difficult to elucidate and
the search for causal gene or a set of causal genes, where multiple pathways
may be involved, is an uphill work. Unlike monogenic disorders, complex
disorders do not usually follow a Mendelian inheritance pattern. However, the
existence of large pedigrees with many related individuals affected with the
same complex illness, demonstrate the possibility of that complex disorder
segregating in a Mendelian dominant fashion. Examples of past results from
numerous large family-based studies of complex diseases for hypertension 38,
type II diabetes and Maturity Onset Diabetes of the Young (MODY)
inflammatory bowel disease
schizophrenia

43

40

, Parkinson’s disease

41

, bipolar disorder

42

39

,

, and

, to name a few, support the Mendelian model of inheritance

in these families. For a particular complex disorder, different families may
exhibit different causal genes, alleles or genetic loci, pointing to private rare
mutations in the different families. A probable explanation for such is that
among the intricacies of complex disorders lies genetic heterogeneity, where
different variants or mutations in the same gene, and/or different genes in the
same or related pathways, may lead to the manifestation of the same
disorder.
Large pedigrees with multiple individuals afflicted with a complex disease
permit the tracking of haplotype transmission among the affected family
members and the lack of transmission to those who are unaffected. The
recurrence of a particular haplotype among all the affected family members,
but not the unaffected, can provide valuable insights into the plausible
candidate genes in those regions, which may cause the disorder running in
the family. Despite the high probability of uncovering genetic variants or
mutations that are rare and usually private to the respective families, the
knowledge gleaned from this approach can ultimately be extrapolated into the
general affected population by providing clues about the pathophysiological
pathways causing the disease from these genes.
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(ADHD)

is

a

common

psychiatric disorder, which affects approximately 1 in 20 children
about a 50% probability of persisting into adulthood

45

44

neuro-

, and has

. This etiologically

complex and clinically heterogeneous condition is characterized by an early
onset (before 7 years) of age-inappropriate inattention, hyperactivity and
increased impulsivity observed in different settings (e.g. at school, at home
and/or at work), leading to impairment in social functioning. Previous twin and
adoption studies showed a strong heritability (70 – 80 %) of childhood ADHD
46,47

, which is comorbid with many other traits like anxiety disorder, affective

disorders, depression, oppositional defiant or conduct disorder and substance
abuse

48

. However, in a recent twin-family study, heritability of adult ADHD

was estimated to be about 30 % 49.
We have recruited eight large ADHD pedigrees of German origin. These
families comprised of a total of 191 individuals, of whom 95 are affected with
ADHD. From the family trees, ADHD appears to segregate in a dominant
manner. Hence, postulating a dominant Mendelian model of genetic
inheritance of ADHD in these pedigrees, we investigated densely spaced (~
0.5 Mb) microsatellite markers on all available family members in
chromosomal regions derived from our previous 50 K SNP chip-based study
on these families

50

. The previous 50 K SNP genome-wide linkage study was

done using a few selected individuals to represent each family, which did not
allow us to obtain enough information to examine the co-segregation of
haplotypes with the disorder. However, it provided us with important leads to
where we can apply our microsatellite markers in the vast genome. From our
haplotype segregation analysis in the present study, we were also able to
determine the borders of regions on the chromosomes that are shown to be
co-segregating with ADHD, which was not possible in the earlier study. The
present study allows us to identify chromosomal regions co-segregating with
ADHD in the respective families by the observation that these haplotypes are
predominant in the affected individuals in the families but not in the unaffected
members.
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We have investigated all reported linkage regions from our 50 K SNP study in
all available family members, in accordance as to which significant linkage
regions coincide with which large ADHD families

50

. Interestingly, most

genetic loci with significant linkage peaks in the previous SNP study did not
show co-segregation with ADHD but were shown to be present in a random
manner among the members of the families, maintaining the need for this
study. Through the present analysis, three chromosomal regions are
revealed, at chromosomes 5q11 – 5q13, 9q31 – 9q32 and 18q11 – 18q21, to
be co-segregating with the affected status in our different ADHD pedigrees.
Genetic mutations, variants or structural variants within these regions found to
co-segregate with ADHD may contribute to the better understanding of the
molecular mechanisms leading to ADHD.

Materials and methods

Family ascertainment/assessment and sample description
Families were recruited through index children referred to the three outpatient
clinics in Trier, Homburg and Wuerzburg and were of German origin. The
index children were aged 6 or above and met the criteria for the ADHD
combined type according to DSM-IV. Individuals exhibiting ADHD symptoms
without a typical childhood history and individuals with unclear etiology of
symptoms were considered as 'unknown' in the diagnosis. The families P1,
P2, P3 and P4 were recruited in Wuerzburg, and families P5, P6, P7 and P8
in Homburg and Trier. The eight families included in this study comprised of
191 individuals, of whom 95 were affected with ADHD. These families are 2 4 generation multiplex pedigrees, which were depicted in more details in
figure 1 of Romanos et al. 50. All participants and/or their legal guardians have
signed an informed written consent. Approval by the ethics committees at the
Julius-Maximilians University (Wuerzburg) and the Saarland Doctors’
Association (Saarbruecken) was granted.
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For a full description of the diagnostic procedure, please refer to Romanos et
al.

50

. In short, children and adolescents were assessed by semi-structured

interview (Kiddie-SADS-PL German version

51

or Kinder-DIPS

52

, the Child

Behavior Checklist

53

), by an ADHD diagnostic checklist applying DSM-IV

criteria (ADHD-DC)

54

53

, and teacher ratings (TRF

were assessed by SCID I

56

and SCID II

57

or FBB-HKS

adults

61

). All adults

, the ADHD diagnosis checklist

(ADHD-DC) and the Wender Utah Rating Scale
intelligence was by the non-verbal CFT1/20

55

59,60

58

. Measurement for

in children, and MWT in

. None of the participants display an IQ below 80. All participants

were assessed by at least two clinicians experienced in childhood and adult
ADHD diagnosis. Under circumstances that a complete assessment was not
possible, the individual’s ADHD status is taken to be ‘unknown’.

Genotyping and haplotype estimation
DNA was extracted from blood samples according to standard protocols.
Fine-mapping was done with microsatellite markers over the regions that
exhibited significant or suggestive linkage from the ~ 50 K SNP analysis done
previously

50

. A total of thirteen regions were tested out of the fifteen

previously reported, with each region having a MOD score of at least 2.56 to
4.17 in the ~ 50 K SNP study. Unlike the previous study, the present study
focuses on assessing alleles, which co-segregate particularly with ADHD in a
Mendelian model. All 155 individuals with available DNA, both affected and
unaffected, were genotyped in the present study. The microsatellite markers
were selected from the deCODE linkage maps and the genotyping was done
with a resolution of ~ 0.5 Mb. A total of ninety-nine microsatellite markers
were tested. Numbers of markers for each of the thirteen regions tested vary
according to the size of the region. In the cases where no microsatellite
markers in the region of interest were observed in the deCODE linkage map,
self-designed microsatellite markers were used (self-designed marker primers
can be made available on request). Linear extrapolation between the two
closest flanking markers at each end with known positions was used to
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calculate the genetic position of self-designed markers. Positions of markers
are defined according to the UCSC genome bioinformatics browser, human
genome assembly March 2006.

Polymerase chain reactions (PCRs) were done using primers specific for the
deCODE markers as stated in the UniSTS platform. Primers were dye-labeled
at the 5’-end with either BMN6 or Cy5 and were ordered from Biomers (Ulm,
Germany). The PCR products were then processed in the Beckman Coulter
CEQ 8000 Genetic Analyzer with the Beckman Coulter GenomeLabTM
fragment analysis protocol. The different fragments were analyzed and
recorded using the Beckman Coulter CEQ analysis system. The fragment
information was imported into SimWalk2
(version 5.02)

63

62

using the EasyLinkage bundle

to obtain haplotype information. Following which, the

Haplopainter software (version 1.043)

64

was used to draw the haplotypes for

each of the genotyped members of the families.

Linkage analysis
Parametric multi-point linkage analysis was conducted using SimWalk2

62

under a dominant model. Such a model was used in conjunction with our
hypothesis of a Mendelian model of ADHD in some sub-branches of the multigenerational pedigrees. The disease allele frequency was set to 0.001 and it
was assumed that there was no heterogeneity (alpha = 1.000) within an
individual family. A series of penetrance level between 80 % to 100 % was
used and those, which produced the best LOD scores, were recorded (fully
penetrant for families P1 and P3, and 0.80 for family P2). Generally, only
markers with above 0.70 heterogeneity according to the Marshfield genetic
maps

65

were used, and marker allele frequencies were estimated using all

individuals in the pedigrees. All runs were checked for non-Mendelian
genotyping errors using Merlin (version 1.1.2)

66

and markers with genotyping

errors were removed for those showing the genotyping error.
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Results
Haplotype segregation and LOD scores

Figure 1: Haplotype segregation (in red and boxed) at chromosome region 9q31 – 9q32 in a subset of Family P1

Figure 2: Haplotype segregation (in red and boxed) at chromosome region 18q11 – 18q21 in a subset of Family P2
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Figure 3: Haplotype segregation (in red and boxed) at chromosome region 5q11 – 5q13 in a subset of Family P3

Legend
Females are depicted as circles and males as squares in the pedigree trees. Individuals diagnosed with ADHD have
their gender symbols shaded black and family members not diagnosed with ADHD are unshaded.

All three segregating chromosomal regions in their respective family subsets
showed positive LOD scores greater than 1. Results are summarized in table
1.

Family

Chromosome

Upper border

Lower border

Region

LOD

Marker

Marker

Position

size

score

(Mb)

(Mb)

Position
(Mb)

P1

9q31 – 9q32

D9S938

105.0

D9S302

116.1

11.1

3.08

P2

18q11 – 18q21

D18S1107

20.4

D18S364

51.5

31.1

1.64

P3

5q11 – 5q13

D5S1968

53.3

D5S629

68.3

14.8

2.11

Table 1: Summary of chromosome regions co-segregating with ADHD and their corresponding LOD scores.
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For all of the above pedigrees, ADHD status is defined as either one of the
following: inattentive, hyperactive/impulsive, combined type (of inattentive and
hyperactivity/impulsive).
Out of the thirteen regions tested, only three showed haplotypes cosegregating with ADHD in the subsets of three different families. In a subset
of the extended family P1 (figure 1), a haplotype, which has been narrowed to
chromosome 9q31 – 9q32 (LOD score = 3.08), is found to be segregating in
all ADHD-diagnosed individuals except for individual F4-11, who is a
descendant of both parents (F3-7 and F3-8) affected by ADHD. This incident
of bilineality arises when F3-8, who belongs to another family and thus,
carrying a different line of ADHD genetic heritage from the rest of family P1,
married into the family. F4-11 most probably carries another set of ADHDrelated genes from her father’s (F3-8) side of family (not recruited for the
study), which is different from the rest of her ADHD-affected relatives in family
P1. An ADHD-related region at 18q11 – 18q21 in a Dutch ADHD population
isolate, previously reported by Amin and colleagues

67

, was also found to

segregate in all affected members of a branch of family P2 (figure 2) (LOD
score = 1.64). Similarly, a recent Dutch adult ADHD heritability and linkage
study carried out by Saviouk et al. showed significant evidence for inattention
at 18q21

68

. In another branch of family P3 (figure 3), a haplotype spanning

5q11 – 5q13 (LOD score = 2.11) segregates predominantly among the
ADHD-diagnosed individuals. This family faced the same problem of bilineality
as that of family P1, with more than one known lines of ADHD genetic
transmission possible. Modest LOD scores between 1 to 2, similar to that from
our subsets of these ADHD families, have been promising in identifying a
causative variant through sequence analysis in several pedigree-based
studies of dominant diseases (e.g. metachondromatosis

69

). These pedigrees

usually appear to follow a dominant model with a certain degree of incomplete
penetrance, which is also characteristic of our ADHD pedigrees. A fourth
region co-segregating with ADHD is found at chromosome 1q25 in family P8
(LOD score = 1.79) (data not shown). In this particular case, the haplotype
only co-segregates with ADHD in affected individuals with full clinical ADHD
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status but not in those who are diagnosed with subclinical ADHD. Such
difference between full clinical and subclinical groups in genetic susceptibility
to the disorder show the importance of subtyping phenotypes at the diagnostic
stage for genetic studies.

Discussion
ADHD is widely believed to be a multifactorial disorder, which arises from the
overall contribution of many genes, each with a small phenotypic effect, as
well as environmental influences. Association studies are usually applied to
identify genes with small genetic influences

70

in cases like this. However,

large-scale association analyses of many different complex disorders in the
psychiatric field are difficult to replicate in independent samples. Up to now,
genome-wide association studies (GWAS) in ADHD did not yield as many
significant results across the different studies as expected

71

. Additionally,

prior to association studies, various linkage analyses of relatively small sib
pair families with ADHD did not replicate as consistently as hoped, saved for
one region on chromosome 16 so far 72.
Given these inconsistencies, we have come to view the genetics of ADHD
from a different perspective – that perhaps, in large multi-generation
pedigrees, one may have a better chance to pick out single genes of large
effect. This approach has been effective for some complex common
disorders, with the classic example being the Maturity Onset Diabetes of the
Young (MODY; OMIM #606391) where pedigrees were identified among
individuals affected with type II diabetes

39

. It was discovered that although

the causal genes for the different MODY families were different, they still led
to similar phenotype. From such information, the pathways leading to the
disorder was more efficiently dissected and the pathology of the disease
better understood.
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We have been fortunate to identify large pedigrees in which ADHD appears to
be segregating in a Mendelian dominant manner. As has been done in many
pedigree studies with traits believed to be the result of a single gene of large
effect, a haplotype segregation analytical approach was applied to these
ADHD families. This enabled us to uncover haplotypes that co-segregate with
ADHD, resulting in specific chromosomal regions, which are shown to be
jointly inherited by the affected members in the families. A recent copy
number variation (CNV) screening carried out in a separate study, showing
co-segregation of a duplication on chromosome 7p15 with the ADHD status in
a branch of our multi-generational ADHD family (family P3), further supports
monogenic dominant inheritance of ADHD in parts of our large pedigrees 73.
Here, we present three subsets of our initial eight large ADHD pedigrees,
which displayed haplotypes that are co-segregating predominantly among the
affected individuals. Several of these eight pedigrees contain episodes of
bilineality through assortative matings (when two affected individuals marry
and have descendants), which introduces more than one line of possible
ADHD genetic heritage. Hence, a certain branch of a large pedigree may
exhibit a particular haplotype co-segregating with ADHD but not another
branch of the same pedigree due to multiple founder ancestors who are
affected by the disorder in just one pedigree. The remaining branch of the
said pedigree will most probably have another haplotype co-segregating with
ADHD, which is not explored by the set of microsatellite markers in the
present study. Only subsets, or branches, of the extended pedigrees with
haplotype and ADHD status co-segregation were shown to avoid confusion
even though we genotyped all available family members of the whole large
pedigrees. The size of our subsets are comparable to that of a recent study of
Dutch multi-generational ADHD family by Vegt and colleagues, which
revealed similar co-segregation patterns of haplotypes with ADHD in
chromosomal regions on 7p15 and 14q11 74.
In another study, Arcos-Burgos and colleagues have also recruited ADHD
families in a large population isolate of Colombian Paisa lineage and similarly,
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carried out a fine-mapping study in an attempt to find chromosomal regions,
which co-segregate with ADHD in those families 75. They were successful with
this approach, leading to the identification of the latrophilin 3 gene (LPHN3) as
an ADHD susceptibility gene, which was statistically confirmed in an
association study in a worldwide ADHD cohort of 2627 ADHD cases and 2531
controls

76

. Population isolates such as theirs have large advantages in

mapping complex traits genes due to the larger effect of genetic and
environmental homogeneity than outbred populations

77

. However, in our

study, we collected ADHD families of German descent, which are not of a
population isolate and are unrelated in terms of known recent common
ancestors. Although this may give us a more representative genetic pool for
ADHD in the German population, we are limited by the usually smaller size of
the families, and more heterogeneity in the genetic make-up and
environmental factors. ADHD is also known to develop under certain
environmental

conditions,

and

gene

x

environment

interactions

78

.

Furthermore, we cannot exclude the possibility that some of the ADHD cases,
which are present may be due to chance, given that the prevalence for the
disorder is about 5 % in the general population 44. In line with this thought, our
study design was not apt to control for possible comorbid disorders that may
segregate within the respective families as well. Still, the data garnered from
this study can bring us a little step towards comprehending the genetics of
ADHD by directing our attention on several chromosomal regions of these
families, which most probably contain ADHD-related genes, variants,
mutations or even non-coding mutations and structural variants.
Our previous 50 K SNP study reported fifteen suggestive and significant
linkage regions, most of which we were unable to replicate when we
genotyped more family members of the respective families with more densely
spaced microsatellite markers if we only accept a Mendelian co-segregation
of the haplotype with ADHD status. As there is currently no sole reigning
genetic model for ADHD, we also accept that there exist other possibilities,
aside from the Mendelian model, as observed from the discrepancies
between the non-Mendelian specified model of our previous 50 K SNP and
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the present haplotype-based study. On the other hand, familial haplotype
segregations, predominantly among the ADHD individuals in subsets of the
presented large pedigrees, point to a probable Mendelian dominant model in
these families. Using a Mendelian approach in large pedigrees for a complex
disorder like ADHD may reveal rare familial forms that can provide insight into
critical pathways that may not be previously known to be associated with
ADHD. With the availability of the next-generation sequencing technology,
whole-region sequencing is feasible in the narrowed chromosomal regions.
Genes, as well as non-coding mutations, in these regions that may be
contributing to ADHD in these families can thus be identified. Such a
Mendelian strategy in the study of complex disorders remains one of the most
powerful and successful methods to date for gaining valuable genetic and
molecular information in complex diseases such as ADHD 15.
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Chapter 3
Candidate genes within the afflicting chromosomal regions: Functional
studies of a selected candidate gene, MLC1, in schizophrenic large
families

This chapter is presented as a manuscript entitled (accepted by Journal of
Nucleic Acids Investigation):
Unusual 5'-regulatory structure and regulation of the murine Mlc1 gene:
Lack of promoter-specific functional elements
Darja Henseler1, Jonathan D. Turner2, Matthias Eckhardt3, Maaike van der
Mark4, Yanina Revsin4, Michelle K. Lin1, Thorsten Kranz1, Claude Muller2 and
Jobst Meyer1
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Germany;
2

Institute of Immunology, Centre de Recherche Public-Santé, Laboratoire National de Santé,
Luxembourg;
3

Institute of Biochemistry and Molecular Biology, University of Bonn, Germany;
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Division of Medical Pharmacology, LACDR/LUMC, Leiden University, The Netherlands.
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Abstract
The MLC1 gene is involved in an autosomal recessive neurological disorder,
megalencephalic leucoencephalopathy with subcortical cysts (MLC), which is
characterized by macrocephaly during the first year of life and swollen white
matter (leucoencephaly). Variants of MLC1 have also been associated with
psychiatric disorders such as schizophrenia, major depression and bipolar
disorder. Currently, little is known about the encoded protein (MLC1). Judging
from its similarity to other known proteins, it may serve as a trans-membrane
transporter. However, the function of the encoded protein and its gene
regulation has not been investigated successfully so far. We investigated the
5’ region of the murine Mlc1 with respect to regulatory elements for gene
expression. A promoter search and an in silico analysis were conducted.
Luciferase reporter gene constructs with potential promoter regions were
created to study promoter activity in vitro. We found two alternative first exons
for the murine Mlc1 but were not able to detect any promoter activity for the
investigated reporter gene constructs in different cell lines, thus pointing to the
presence of essential cis-acting elements far outside of the region. In silico
analysis indicated an uncommon promoter structure for Mlc1, with CCAATboxes representing the only noticeable elements.

N.B. MLC1/MLC1 refers to the human gene/protein and Mlc1/Mlc1 refers
to the murine gene/protein.
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Introduction
Autosomal

recessive

mutations,

either

homozygous

or

compound

heterozygous, of MLC1 cause megalencephalic leucoencephalopathy with
subcortical cysts (MLC). This disease was first described in 1995 by van der
Knaap and colleagues as a neurological disorder characterized by
macrocephaly and leucoencephalopathy. Onset occurs during the first year of
life and subsequently leads to deterioration of motor functions and mental
decline. Magnetic resonance imaging (MRI) showed swollen white matter of
the cerebral hemisphere and subcortical cysts in the anterior-temporal and
frontoparietal regions

79

. Furthermore, several reports point to an association

of MLC1 variants with several psychiatric disorders. Meyer and co-workers
described a Leu309Met mutation of MLC1, co-segregating with schizophrenia
in a large family

80

. Similarly, a Leu308Gln mutation co-segregated with

bipolar disorder in a single affected family, and single nucleotide
polymorphisms of MLC1 have been associated with schizophrenia and bipolar
disorder

81

. Rubie and colleagues found the Leu309Met mutation in a single

schizophrenic patient and his father

82

, and Selch and co-workers confirmed

association of MLC1 polymorphisms with schizophrenia

30

. Additionally,

Spijker and colleagues described a change in MLC1 gene expression level in
patients suffering from major depression

83

. The MLC1 gene (OMIM *605908)

is mainly expressed in astrocytes, as well as in ependymal cells, Bergman glia
and leucocytes
neurons

87

84-86

. In mice, Mlc1 expression has also been detected in

. Immunostaining and electron microscopy demonstrated the

localization of Mlc1 in perivascular astrocytic end-feet and astrocyte-astrocyte
contact regions. Mlc1 is concentrated at brain barriers like pia mater and
ependymal

84,86

. However, the actual function of Mlc1 is still unknown. It has

been reported that Mlc1 is a protein with most probably eight trans-membrane
domains and a marginal sequence identity to ABC2 transporters and the
potassium channel Kv1.1

80,84,88

. Since most of the proteins containing eight

trans-membrane domains have transporter or channel function 84, the function
of Mlc1 as trans-membrane transport protein seems to be probable, even if no
ion transport activity could be demonstrated and no ligand of Mlc1 has been
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. The murine Mlc1 is located on chromosome 15E3. It

consists of 12 exons, whereby the translation start site (TLSS) is located in
exon 2. The gene encodes a 382 amino acid protein, which shows 87 %
sequence identity to the human protein. To date, nothing is known about the
regulation of Mlc1, however, whilst determining the genomic structure, Steinke
et al. suggested a putative promoter region. Several transcription start sites
were found in a 5’ region of approximately 70 bp, with the putative TSS being
deposited in the GenBank database under accession no. BG297871 89, in line
with the transcriptional start site provided by Ensembl version 56. In this
study, the 5’ region of Mlc1 was analyzed in more detail to achieve further
information about the structure of the regulatory region and the regulation of
Mlc1. Several putative promoter regions have been investigated by luciferase
reporter gene assays. Mlc1 was also studied with respect to four potential
alternative first exons, and in silico analyses of the upstream region of Mlc1
were conducted.

Design and methods
Expression studies
Whole brain, testis, amygdalae, hippocampi, hypothalami, cortex and
cerebella of Mus musculus domesticus Black 6 (C57BL/6) were used for
mRNA isolation. Reverse transcription into cDNA was performed with the
RevertAid First Strand cDNA Synthesis Kit (Fermentas) using oligodTprimers. Primers used for expression analysis of the alternative first Mlc1
exons are shown in table 1. Primers were optimized on genomic DNA. The
PCR for Mlc1 exon1A was performed using 10 pmol of each primer, 200 µM
dNTPs, 2.0 mM MgCl2, 50 mM KCl, 10 mM TrisHCl (pH 8.3), 0.0025 mg/ml
BSA, 0.025 % Tween20 and 1 U Taq-Polymerase. PCR for Mlc1 exon1B,
exon1C and exon1E were performed using 10 pmol of each primer, 200 µM
dNTPs, 1.5 mM MgCl2, 50 mM KCl, 10 mM TrisHCl (pH 8.3), 0.0025 mg/ml
BSA, 0.025 % Tween20 and 1 U Taq-Polymerase. The following thermocycler
protocol was used: initial denaturation step (4 min, 94 °C), followed by 39
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cycles of denaturation (30 sec, 94 °C), annealing (30 sec at appropriate
temperature) and extension (30 - 60 sec, 72 °C), ending with a final extension
(10 min, 72 °C) and cooling down to 4°C. PCR for Mlc1 expression was
conducted with an annealing temperature of 63 °C. Purity of cDNA was
controlled by taking intron spanning Beta-actin (ActB) primers (for: 5’AGGCTGTGCTGTCCCTGTAT-3’; rev: 5’-GTTTGCTCCAACCAACTGCT-3’)
using an annealing temperature of 60 °C. Primers for detection of Pomp
pseudogene expression (for: 5’-GGCTGTGCTAGAGGTCCTTG-3’; rev: 5’AGAGCTCCGCAACTGGAATA-3’) worked at an annealing temperature of
57 °C.

Assembly of luciferase reporter gene constructs
Reporter gene constructs were assembled by cloning putative promoter
sequences into the pGL3-Basic vector (Promega). The putative promoter
sequences were originated from the 5’ region of Mlc1 (ENSMUSG
00000035805; Ensembl version 56) and amplified by PCR. High Fidelity Taq
Polymerase from Fermentas was used for amplification. The primers used
contained MluI- and XhoI-specific restriction sites for subsequent cloning into
the pGL3-Basic vector. Primer sequences, sizes and positions of the
investigated putative promoter sequences are shown in table 2. Restriction
sites and nucleotide overhang of 3 bp, which were used for a better restriction
efficiency, are underlined.

Cell culture
Experiments were performed in two Mlc1-expressing cell types, U373 MG
glioblastoma-astrocytoma cells (ECACC 89081403), and a murine astrocyte
cell line generated by transfecting primary astrocytes with an expression
plasmid encoding the SV40 large T-antigen. Both cell types were grown in DMEM High Glucose, supplemented with 10 % fetal calf serum (FCS), 2 mM Lglutamine and 1 % penicillin/streptomycin (Pen/Strep) at 37 °C in a humidified
atmosphere of 5 % CO2. Cells were passaged at around 80 % confluency.
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Transfection and stimulation
Cells were seeded at a density of 8 x 104 cells/ml in 24-well plates 24 hours
prior to transfection. Transfection was done with Superfect (Qiagen) in a v/w
ration of 10:1 (µl Superfect: µg DNA). 1 µg DNA contained 0.96 µg pGL3luciferase constructs and 0.04 µg pGL4-74 (HRLUC/TK, Renilla luciferase;
Promega). After 24 hours of incubation, cells were treated with one of the
following: 50 µM dexamethasone, 50 µM Forskolin (For), 2 µM phorbol 12myristate acetate for 24 hours, or with lipopolysaccharide (LPS) for
30 minutes.

Luciferase Assay
Cells were harvested in 50 µl Passive Lysis Buffer (PLB; Promega) 48 hours
after transfection. Firefly and Renilla luciferase activities were measured
sequentially with 10 µl of total cell lysates and 50 µl of luciferase assay
reagent (LAR), followed by the addition of 50 µl of Stop & Glo reagent. The
activity was determined by luminescence measurement for 10 sec in a liquid
scintillation spectrophotometer (Berthold). The luminescence was given in
Relative Light Units (RLU). Experiments were done in triplicates or
quadruplicates from three independent trials. Promoter activities are given as
ratio of firefly luciferase activity (RLU) divided by the activity of Renilla
luciferase (RLU). While the firely luciferase activity indicates promoter activity,
activity of Renilla luciferase is used as a control for transfection efficiency.

In silico analysis
PROSCAN Version 1.7 (http://www-bimas.cit.nih.gov/molbio/proscan/) was
used for in silico analysis of the 5’ region of Mlc1. Further in silico analysis
was conducted for the region between 350 bp upstream of the first exon of
Mlc1 released in the ensembl database and the beginning of the TLSS in
exon 2. Search for common promoter elements like TATA-, CCAAT- and GCboxes was done according to the consensus sequences described by Suzuki
and colleagues
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showed ≥ 80 % identity to the given consensus sequences and fit 100 % to
the core sequence (table 3). Consensus sequences for CCAAT- and GCboxes were checked in both directions (forward and reverse complementary).
The ratio of observed CpG to received CpG was calculated to identify CpGislands. The used formula: CpG(O/R) = (CpG/(Cs*Gs))*N was taken from
Gardiner and Garden

91

. CpG(O/R) means ratio of observed and received

CpGs, N is the number of nucleotides investigated. Moving averages of %
G+C content and ratio of observed CpG to received CpG were calculated with
CpGPlot from EMBL-EBI (http://www.ebi.ac.uk/Tools/emboss/cpgplot/) using
a 200 bp window (N = 200) moving across the sequence at 1 bp intervals. In
addition, a search by TRANSFAC Version 2009.1 was accomplished to
search for potential transcription factor binding sites. The UCSC database
(UCSC version, February 2009) was used to check for regions conserved
between mouse and human of the Mlc1/MLC1 5’ region up to the next 5’ gene
Mov10l1/MOV10L1.

Table 1: Primer pairs for expression analysis of putative first Mlc1 exons

primer sequence

expected size for
cDNA

Mlc1

gDNA

detected
size

exon

1A

for: 5'-CAGCAGTTCAAGGGCCAGC-3'

603 bp

1103 bp

not detected

161 bp

661 bp

143 bp

177 bp

550 bp

not detected

172 bp

480 bp

480 bp

rev: 5'-TGTAGCTGCCTGGGTCCTGC-3'
Mlc1

exon

1B

for: 5'-GAGGCCAGCTTTCCCAAC-3'
rev: 5'-TGTAGCTGCCTGGGTCCTGC-3'

Mlc1

exon

1C

for: 5'-AGAAGCTCACCTCTGTTTGG-3'
rev: 5'-TGTAGCTGCCTGGGTCCTGC-3'

Mlc1
1E

exon
for: 5'-AGATGAAGGCTGAGTGTGCT-3'
rev: 5'-TGTAGCTGCCTGGGTCCTGC-3'
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Table 2: Primers for creating pGL3-luciferase constructs

Mus
musculus

primer sequence

primer position

for: 5’-ATAACGCGTAAGCTTCCAAAGGCCTG-3’

-4183 bp to -4167

pGL3-K1

bp

pGL3-K2
pGL3-K2rev
pGL3-mB
pGL3-mE

rev: 5’-ATTCTCGAGATTACTTGACGAAAATCTCC-3’

+77 bp to +96 bp

for: 5’-ATTACGCGTGTCAGTTGAGAGCCTAGAGG-3’

-871 bp to -852 bp

rev: 5’-ATTCTCGAGGTTCTTGATTTTGGCAAAGC-3’

+32 bp to +51 bp

for: 5’-ATTCTCGAGGTCAGTTGAGAGCCTAGAGG-3’

-871 bp to -852 bp

rev: 5’-ATTACGCGTGTTCTTGATTTTGGCAAAGC-3’

+32 bp to +51 bp

for: 5’-ATAACGCGTTTCAAGGGCCAGCTTTGC-3’

+21 bp to +38 bp

rev: 5’-ATTCTCGAGCTGGCCTCTGGGTGATG-3’

+448 bp to +464 bp

for: 5’-ATAACGCGTCTCACCTCTGTTTGGGAC-3’

+573 bp to +590 bp

rev: 5’-ATTCTCGAGCACACTCAGCCTTCATCT-3’

+638 bp to +655 bp

Homo
sapiens
pGL3-hB
pGL3-hE

primer sequence

primer position

for: 5’-ATAACGCGTCCACACAGCTAAGCCGA-3’

+101 bp to +117 bp

rev: 5’-ATTCTCGAGAAGAAGTATTCACAAATG-3’

+495 bp to +512 bp

for: 5’-ATAACGCGTCAGCGGGGGAGGTAAGT-3’

+557 bp to +573 bp

rev: 5’-ATTCTCGAGCCTCCAGGTGCAACAC-3’

+706 bp to +721 bp

Table 3: Consensus sequence of TATA-, GC- and CCAAT-Box

preferental
binding

binding

site

position

consensus sequence

core

in M.

in H.

sequence

musculus

sapiens

TATAA

-

-

-

-

TATABox

-40 bp to -23 bp

STATAAAWRN*

GC-Box

-55 bp to +56 bp NRGGGGCGGGGCNK* GGCGG

position -27
bp;
CCAAT-

-105 bp to -70

Box

bp

position NNRRCCAATSA*

CCAAT

114 bp

-

90

* N=A,G,C or T; R=A or G; S=C or G; W=A or T; K=G or T (consensus sequences are taken from Suzuki et al. )
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Results
Structural characterization of the 5’ region of Mlc1
As a first step to find any regulatory regions for Mlc1, an analysis with the
promoter search PROSCAN Version 1.7 software was conducted. The closest
putative promoter predicted by PROSCAN was located 4.3 kb upstream of
Mlc1. Interestingly, this predicted promoter region of 345 bp seemed to work
in a bi-directional modus. The sequence is flanked by Mov10l1, the adjacent
annotated gene on the opposite strand with respect to Mlc1, and BB614475,
located on the same strand as Mlc1. A database search for ESTs between
Mov10l1 and Mlc1 provided two sequences, GenBank accession numbers
BB614475 and AV253704, both being located on the same strand as Mlc1
and part of the same cDNA clone (clone ID: 921504G13) (figure 1A). The
expressed sequence of clone ID: 921504G13 AV253704 has already been
reported by Steinke and colleagues

89

. They described a high sequence

similarity to the Homo sapiens voltage-gated K channel beta subunit 4.1
mRNA (Hspc014), which is officially named proteasome maturation protein
gene (Pomp). Additionally, they described an Alu-J-like element being located
between AV253704 and Mlc1 (figure 1). As the expression of BB614475 and
AV253704 were known for testis (according to the RIKEN gene bank entry),
we wanted to test whether 1) the whole sequence between BB614475 and
AV253704 is transcribed; and 2) BB614475 and AV253704 were also
expressed in the murine brain. Therefore, PCRs with murine testis and murine
brain cDNA were conducted. The forward primer was located in BB614475
and the reverse primer in AV253704. The result showed that there is no
expression in murine brain. For murine testis, the result showed one small
PCR product of ~700 bp and one larger of 2015 bp. Direct sequencing of the
smaller amplicon revealed two different splice variants of the Pomp
pseudogene, showing the same size of 675 bp. Splicing occurred at repetitive
sequences; therefore, it is not possible to provide the exact splicing positions.
Sequencing of the 2015 bp amplicon confirmed the expected size and
sequence of the murine genomic DNA. The last 707 bp of the larger amplicon
show a 87 % identity to Pomp, but there was no similarity for the first 1308 bp.
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Due to the partial similarity to Pomp, we have consequently termed this the
Pomp pseudogene. As far as a contamination of the PCR with gDNA could be
excluded, this experiment showed that there are at least three different Pomp
mRNAs transcribed. Expression levels and sequences of the Pomp
pseudogene splice variants are shown in figures 1B + 1C. Even if the Pomp
pseudogene may have no influence on Mlc1 expression, as it is not
expressed in brain, this transcript seems to be an interesting finding because
of its unconventional splicing.
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A
predicted bidirectional
promoter
Mov10l1

5‘

Exon 1

Mlc1
BB614475

Pomp -pseudogene
pseudogene

AV253704

Alu-J

Exon 1

3‘

B

C
Different splice variants of the Pomp pseudogene
1)

GGCTGTGCTAGAGGTCCTTGCGCACTTAATATCCCTACCACAAAACTACATCCC
AAAGTTTGGTTTTGTTTTGCTCGCTGTTTTTAAGACAGCATTTACAAGCTATAG
ATTTCTCTTTAAATTTTGGTTAAGGTGCATCCTATACAATTTGAATCGCAATTT
CATATTTGTCTTGTGGTTTGAGTTTTATTTTGCTGTTCCCCCACCCCAGTCCAC
ACAGGCATGTTGTCAGTATACGACTATTTAGAGAGTTTCGGCTACTGATGTTAG
TCAGTCTTAGAGAGTAAAATTTGGATGACTTCTGTTCTTAAAACTTGTCAGGGC
CTAGTGATATGCACCTTTAATAGGACTTAGGAGGAAGAGGCAGGCAGATTTCTG
TGACTTCCAGGTCAGTTTGGTCTTCATAGTTCTAGGCCTGCCAGGGCTACATAG
TG[…………]CATTTCCCCCTCCAAAACAAAAAACAAAAACAAAAAAACACAGAGC
CAGGTGGTGGTGGTGCATGCATTTAATCCCAGCACTTGGGAGGCAGAGGCAGGC
AGATCTCTGAGTTCAAAGCCAGCCTGGTCTACAGAGCAAGTTGCAAGACATTTA
GGAATACACAGAAAAACCATGTCTCAAAAAAGCAAAAAAACAAAAACAAAAACA
AAAAACCCAAACAAACAACAAAAAGAGAGAGAGAGAAAACACAGGCGAGGGGGG
AGGTGTCTTGGCCCCGGAAACAGAAGTGAGTGGTTTGGTCAGCCGACTCAAGCA
GGTTCGGAGGATCTCACAGAGCTGTTTCCAAGATGAACGCCAGAGGCCTTGGGT
CGGAGCTGAAGGACAGTATTCCAGTTGCGGAGCTCT
2)

GGCTGTGCTAGAGGTCCTTGCGCACTTAATATCCCTACCACAAAACTACATCCC
AAAGTTTGGTTTTGTTTTGCTCGCTGTTTTTAAGACAGCATTTACAAGCTATAG
ATTTCTCTTTAAATTTTGGTTAAGGTGCATCCTATACAATTTGAATCGCAATTT
CATATTTGTCTTGTGGTTTGAGTTTTATTTTGCTGTTCCCCCACCCCAGTCCAC
ACAGGCATGTTGTCAGTATACGACTATTTAGAGAGTTTCGGCTACTGATGTTAG
TCAGTCTTAGAGAGTAAAATTTGGATGACTTCTGTTCTTAAAACTTGTCAGGGC
CTAGTGATATGCACCTTTAATAGGACTTAGGAGGAAGAGGCAGGCAGATTTCTG
TGACTTCCAGGTCAGTTTGGTCTTCATAGTTCTAGGCCTGCCAGGGCTACATAG
TG[…………]CATTTCCCCCTCCAAAACAAAAAACAAAAACAAAAAAACACAGAGC
CAGGTGGTGGTGGTGCATGCATTTAATCCCAGCACTTGGGAGGCAGAGGCAGGC
AGATCTCTGAGTTCAAAGCCAGCCTGGTCTACAGAGCAAGTTGCAAGACATTTA
GGAATACACAGAAAAACCATGTCTCAAAAAAGCAAAAAAACAAAAACAAAAACA
AAAAACCCAAACAAACAACAAAAAGAGAGAGAGAGAAAACACAGGCGAGGGGGG
AGGTGTCTTGGCCCCGGAAACAGAAGTGAGTGGTTTGGTCAGCCGACTCAAGCA
GGTTCGGAGGATCTCACAGAGCTGTTTCCAAGATGAACGCCAGAGGCCTTGGGT
CGGAGCTGAAGGACAGTATTCCAGTTGCGGAGCTCT

Figure 1:
Figure 1A shows a schemic overview of the 5’ region of the murine Mlc1 gene. The 5’ region of Mlc1 consists of an
Alu-J-like element and a Pomp pseudogene. The sole promoter predicted by PROSCAN software is a bidirectional
promoter 4.3 kb upstream of Mlc1, evidently acting for Mov10l1 and the Pomp pseudogene. The grey arrow bars
display the orientation of the genes and the black arrow bars display the position of the primers which were used to
check for the Pomp pseudogene expression. Figure 1B shows the expression of the Pomp pseudogene in murine
testis and brain. Expression of Pomp pseudogene was shown in testis (lane 1). Beside the expected fragment of
2015 bp, a smaller fragment of 675 bp was detected. No expression for the Pomp pseudogene was detected in brain
tissue (lane 2). As positive control, ActB was used (lane 4: testis, lane 5: brain tissue). As negative controls, water
was used instead of cDNA (lane 3 and 6). Figure 1C shows the different splice variants of the Pomp pseudogene in
testis. Splicing occurred at certain repeats (bold and underlined). Bold letters represent the position of the primer pair
for expression analysis. Italicized letters represent the sequence which was spliced out. Portion of unshown
sequence is replaced by dots.
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Expression studies
For the human MLC1, several alternative first exons are known, which are
described in the database of transcriptional start sites (DBTSS). To
investigate if alternative first exons of Mlc1 in mice exist, we compared the
sequence of the human MLC1 first exons with the orthologous murine Mlc1
sequence. Several MLC1 first exons were released in the DBTSS, but only
first exons with common acceptor- and donor-sites (GT/AG) were examined
for sequence similarity to the murine Mlc1 in the present study. Sequences of
the first exons fulfilling this condition (exon 1A, exon 1B, exon 1C and
exon 1E) were used for alignments with the orthologous murine sequence.
Sequence identity varied from 47.8 % (exon 1E) to 76.7 % (exon 1B). To test
the expression of the alternative first exons in mice, PCRs with cDNA from
different murine brain regions and a murine astrocyte cell line were
conducted. For this, the forward primer was located in the orthologous first
exon sequence and the reverse primer was located in exon 2, downstream of
the translation start site (TLSS). Used primers and expected amplicon sizes
are shown in table 1. Expression was detected for Mlc1 exon 1B and exon 1E
only (figures 2A + 2B). Real time PCR experiments were conducted to
compare the expression rate of both exons. The experiment failed to quantify
the expression rate of exon1E, so no conclusion of the relationship between
expression of exon1B and exon1E can be drawn. Expression for both first
exons could be detected in amygdala, hippocampus, hypothalamus,
cerebellum, cortex and the murine astrocyte cell line. Sequencing of exon 1B
resulted in a 143 bp sequence with a splice position at +492 bp/+1010 bp.
This diverged from the data provided by Ensembl, where the exon 2 of Mlc1
starts at position +993 bp. All positions are according to the Mlc1 exon 1
released in the Ensembl database version 56 (ENSMUSG 00000035805),
where +1 is representing the transcriptional start site of exon 1. The murine
exon 1E showed a size of 480 bp, which was assumed to be the identical size
of the related genomic DNA sequence. The sequencing of exon 1E confirmed
this assumption as the same sequence as the genomic DNA is shown.
Sequencing data are available on request.

	
  

41

	
  
	
  

	
  
	
  

Chapter 3
C

A
1 2 3 4 5 6

1 2 3 4 5 6

Alternative first exons in human (grey) and
putative first exons in mice (black)

kb

Exon 1A

Exon 1B
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0.5 –
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►

0.1 –

+421 +492

1B

1 2 3 4 5 6

Exon 1C
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Exon
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Exon
Exon 11
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Figure 2:
A) Expression analysis of the alternative first exons for murine Mlc1 in amygdalae (lane 1), hypothalamus (lane 2),
hippocampus (lane 3), cerebellum (lane 4) and cortex (lane 5). Water instead of DNA was used as negative control
(lane 6). Expression was detected in all tissues of exon 1B (143 bp band) and 1E (480 bp band). Expression of exon
1A and 1C could not be detected. B) Expression analysis of the alternative first exons for murine Mlc1 in the
astrocyte cell line shows expression of exon 1B and 1E (see arrows). Lanes 1 to 3 contain three independent
preparations of cDNA from the same astrocyte cell line. Water instead of DNA was used as negative control (lane 4).
C) Schematic overview of the alternative first exons of the MLC1 gene in human (in grey) and the putative first Mlc1
exons in mice (in black). Positions of the alternative first exons of human MLC1 were taken from the database for
transcriptional start sites (DBTSS version 4.0) and all positions are referring to the transcriptional start site (+1) of
MLC1 exon 1 released in the Ensembl database version 56. Putative first exons of the murine Mlc1 were chosen by
sequence similarity to the human sequences. Figures are not to scale.
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Luciferase reporter gene assay
In order to investigate the regulatory activity of the region upstream of the
TSS of Mlc1, reporter gene plasmids based on pGL3-Basic (Promega) were
constructed. Initially, two fragments, from position -4183 bp to +96 bp (pGL3K1) and from position -871 bp to +51 bp (pGL3-K2) were inserted into pGL3Basic. The positions are corresponding to the Mlc1 exon 1 released in the
Ensembl database (version 56). The aim was to find out whether the sole
predicted promoter region 4.3 kb upstream of Mlc1 shows any effect on gene
expression, or if there is any regulatory element present downstream of the
Pomp pseudogene, which was not predicted by the applied software.
Measurement of luciferase activity of pGL3-K1 and pGL3-K2 did not show any
promoter activity compared to pGL3-Basic (data not shown). The expression
analysis of putative alternative first exons revealed only expression for exon
1B and exon 1E, hence further pGL3-luciferase constructs were assembled
with the regions immediately upstream of the first exon 1B and 1E.
Additionally, pGL3-luciferase constructs with the putative promoter regions of
the human exons 1B and 1E were created (figure 3). All pGL3-luciferase
constructs revealed lower activity levels compared to pGL3-Basic, which
served as negative control (figures 3A + 3B). PGL3-K2, where no expression
could be detected for the corresponding exon 1A, has been used as a further
negative control. For these experiments, pGL3-Control was used as positive
control. All cells were co-transfected with pGL4 to check for transfection
efficiency. To investigate whether the promoter reacts under certain
stimulations, activity was measured under treatment with dexamethasone,
forskolin, PMA, or LPS. The results showed no sensitivity of the putative
promoter regions to any of the tested stimulants under the applied conditions
(data not shown).
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Figure 3:
Figure 3A shows the reporter gene constructs used and the relative promoter activity in the murine astrocyte cell line.
All positions are referring to the transcriptional start site (+1) of Mlc1 exon 1 released in the Ensembl database
version 56. Ratio of Luciferase activity (RLU)/Renilla activity (RLU) was used to calculate for promoter activity. Data
represent the mean ± SD of three independent triplicates under basal conditions. Murine pGL3-promoter constructs
(pGL3-mB, pGL3-mE and pGL3-K2) and human pGL3-promoter constructs (pGL3-hB and pGL3-hE) showed lower
activity than the negative control (pGL3-Basic), which contains no promoter. pGL3-Control contains a strong SV40
promoter and was used as positive control. Figure 3B shows the used reporter gene constructs and the relative
promoter activity in the human astrocytoma cell line U373 MG. All positions are referring to the transcriptional start
site (+1) of MLC1 exon 1 released in the Ensembl database version 56. Ratio of Luciferase activity (RLU)/Renilla
activity (RLU) was used to calculate for promoter activity. Data represent the mean ± SD of three independent
triplicates under basal conditions. Murine pGL3-promoter constructs (pGL3-mB, pGL3-mE and pGL3-K2) and human
pGL3-promoter constructs (pGL3-hB and pGL3-hE) showed lower activity than the negative control (pGL3-Basic),
which contains no promoter. pGL3-Control contains a strong SV40 promoter and was used as positive control.
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In silico study
For in silico analysis of the murine and the human putative Mlc1 promoters,
the whole sequence from position -350 bp to the TLSS was investigated. The
human MLC1 TLSS is located at position +1020 bp, whereas the murine
TLSS is located at +1015 bp. Positions are according to Mlc1 exon 1 from
Ensembl database version 57. Consensus sequences were taken from Suzuki
and colleagues, who studied over 1000 promoter regions

90

. They described

GC-boxes for 97 %, CCAAT-boxes for 64 % and TATA-boxes for 32 % of the
investigated promoter regions. In our study, we did not detect any GC-boxes
or TATA-boxes consistent with the consensus sequences provided by Suzuki
and colleagues (see table 3). The analysis revealed no CCAAT-boxes for
human and only two putative CCAAT-boxes for mice, which had previously
been described by Steinke and colleagues

89

. The CCAAT-boxes are located

at positions -119 to -109 and -32 to -22. Additionally, a sequence analysis with
TRANSFAC Version 2009.1 was performed for human and mouse to search
for potential nuclear factor 1 (NF-1), specificity protein 1 (SP-1) and activating
proteins (AP-1, AP-2) binding sites. Two NF-1 binding sites were found for the
mouse. As NF-1 is known for binding at CCAAT-boxes, the first putative NF-1
binding site was identical to the CCAAT-box at position -119 to -109. The
second putative NF-1 binding site was at position +279 to +289. The match to
the consensus core sequence was 1.000, and the overall matrix sequence
was 0.773 for the first NF-1 binding site and 0.911 and 0.754 for the second
one. There were no predicted binding sites for AP-1, AP-2 and SP-1. Since
the preferred regions of CCAAT-boxes involved in transcription are generally
located -105 to -70 from the TSS, and the fact that Mlc1 expression could not
be detected for exon 1A but only for exon 1B and exon 1E in this study, the
CCAAT-boxes are seemingly located somewhat further away from the
identified TSS.
Next, the regions -350 to +1015 (for mouse) and -350 to +1020 (for human)
were screened for CpG-islands. CpG-islands are known to occur often in
promoter regions, especially of brain- specific genes, and may influence gene
transcription
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. Our results showed a GC-content of 46.5 % in human and
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mouse. Ratios of observed CpGs to received CpGs (CpG(O/R)) were 0.2 for
mouse and 0.5 for human Mlc1, respectively. As CpG-islands are
conventionally defined as sequences (> 200 bp) with a high GC-content (>
50 %) and a CpG (O/R) ratio > 0.6

91

, the regions which have been

investigated contained no CpG-island.
The comparison between the human and the murine Mlc1 5’ region up to the
next annotated gene Mov10l1 revealed four blocks of conserved regions. The
first block overlaps with the first exon of Mlc1 and contains around 130 bp of
the upstream adjacent Alu-J-like element, which has been described by
Steinke et al.

89

. The second block (~160 bp) covers the space between the

Pomp pseudogene and the Alu-J-like element, overlapping 15 bp of the Alu-Jlike element. The third block contains around 780 bp and is located in the
middle of the Pomp pseudogene as part of the intron. The fourth block
showing conservation covers the promoter region of Mov10l1, including the
flanking sequences of Mov10l1 and around 200 bp of the flanking Pomp
pseudogene. A schematic overview is given in figure 4.

Pomp pseudogene
Mov10l1

block 4

Alu-J

block 3

block 2

Mlc1

block 1

265 bp

Figure 4:
Schematic overview of the murine Mlc1 5’ region up to the adjacent gene Mov10l1 and the regions showing
conservation compared to the human sequence. The hatched box represents the promoter region of Mov10l1 and
the Pomp pseudogene. The Pomp pseudogene is marked in grey. The light grey coloured box represents the intron
of the Pomp pseudogene. Black bars mark the different conserved blocks (block 1 to block 4).
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Discussion
The brain-specific expression of the megalencephalic leucoencephalopathy
with subcortical cysts gene MLC1, and its involvement in neurological
disorders like MLC as well as mental disorders like schizophrenia and bipolar
disorder, supports the importance of the role of MLC1 for brain development
and physiological brain function. A certain homology to ABC2-transporters,
which are known to play a role in drug resistance
88

Leegwater and colleagues

93

, has been reported by

. As the membrane spanning MLC1 is

predominantly located at astrocytic end-feet at the blood brain barrier and
glial-limiting membrane, a functional role as a selective transport protein, most
probably as an exporter, could be presumed. Furthermore, Ambrosini and
colleagues described an association between the dystrophin-glycoprotein
complex (DGC) and MLC1

94

. DGC is essential to anchor the cell membrane

to the extra cellular matrix and its need for the stability of the blood brain
barrier

95

. Defects in MLC1 may affect stability of the DGC, causing instability

and dysfunction of the blood brain barrier; the latter has been found in
schizophrenic and depressive patients

96-98

. So far, neither the real function of

the protein, nor the gene regulation of MLC1 is known. Here, we studied the
upstream region of the murine Mlc1 to find regulatory elements and define a
promoter region. As no promoter could be identified by promoter prediction
software, Mlc1 was investigated for promoter elements known to be essential
for initiation of transcription. Suzuki and colleagues described binding sites for
transcription factors appearing in most of the promoter regions they
investigated

90

. They mentioned an appearance of GC-boxes for 97 %,

CCAAT-boxes for 64 % and TATA-boxes for 32 % of the investigated
promoter regions. Here, we detected three CCAAT-boxes in the mouse, which
may act as NF-1 binding site. Beside NF-1, CCAAT-boxes are potential
binding sites for the nuclear factor NF-Y, which requires a high conservation
of the five core nucleotides

99

. NF-1 and NF-Y are known to be ubiquitous

transcription factors acting on a variety of genes. While NF-1- mediated gene
expression might be influenced by the organization of DNA into chromatin
leading to a ~100 fold change in gene activity 100, NF-Y seems to be acting as
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a switch between gene activation and repression by influencing deposition of
positive and negative histone methyl marks

101,102

. Nevertheless, the CCAAT-

boxes we found were not located within the usual region of about -105 to 70 bp from the TSS. TATA-boxes and GC-boxes were absent in the human
and murine Mlc1 promoter region. Carninci and colleagues mentioned that
roughly 90 % of TATA-independent transcription initiation occurs within a CpG
island

103

. Roider and colleagues also showed that for genes which are

predominantly expressed in brain it is common to have CpG islands in their
promoter region

92

. Beside the lack of TATA-boxes and GC-boxes, our study

did not show any CpG-island within the promoter region, therefore, the
promoter region of Mlc1 is quite uncommon. Additionally, reporter gene
assays with pGL3-luciferase-constructs showed no promoter activity, further
supporting the lack of promoter-specific functional elements. Measurements
of pGL3-mB, pGL3-mE, pGL3-hB and pGL3-hE revealed no significant
differences in activity, independent of the presence or absence of CCAATboxes. Although no transcription for first exons of MLC1/Mlc1 genes could be
demonstrated by this method, neither under basal nor under stimulated
conditions, Mlc1 expression was detectable in the cells by polymerase chain
reaction. It is known that there are post-transcriptional regulating processes,
like miRNAs, which are able to bind at AUGs of the 5’UTR and inhibits
translation of the mRNA

104

. This may be one explanation for finding no

activity of our reporter gene. However, it has been published that MLC1
protein is expressed in astrocyte membranes and we had verified the gene
expression

87

. Thus, it can be assumed that there is a translation process.

Furthermore, we tested several promoter constructs, containing different parts
of the 5’UTR and hence, sequences with different ATGs. It would be highly
improbable if every construct would contain such a repressive ATGs.
Therefore, a more probable assumption is that either a distal enhancer
element or an activating co-factor is crucial for Mlc1 expression, which is not
included in the investigated promoter region. It was shown that other genes,
like the Keratin 19 gene (K19), have an upstream promoter, which needs an
enhancer element to be active. As an example, Hu and colleagues conducted
a CAT-reporter gene assay showing the same low CAT-activity for the
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plasmid with and without the K19 promoter, with the plasmid containing the
K19 promoter and the 3’ flanking sequence of the K19 revealing a 10-fold
increase in expression level

105

. Other reports also found crucial enhancer

elements for promoter activity, as shown for the importance of the 5’UTR
intron of the Ubiquitin C gene for its expression

106

. Interestingly, there are

also some reports on MLC1 supporting the assumption that there might be a
crucial enhancer element or an activating co-factor. Despite MLC being
considered as an autosomal recessive disorder, Boor and colleagues
described patients suffering from MLC but containing only one or no mutated
MLC1 allele. In these patients, linkage analysis revealed linkage to the MLC1locus. 5’-UTR and 3’-UTR had been screened for mutations with a negative
result.

Boor

and

colleagues

investigated

expression

of

MLC1

in

lymphoblastoid cell lines of affected versus non-affected patients. The result
showed that MLC1 expression of patients with only one or no mutated MLC1
allele compared to patients with homozygous MLC1 mutations revealed a
reduced expression level of MLC1, leading to the assumption that there must
be a second mutation somewhere near the MLC1 gene which affects
expression of MLC

107

. Leegwater and colleagues found a few MLC-affected

patients with no mutated MLC1 allele showing no linkage to the MLC1 locus
on chromosome 22qtel

88,108

, which indicates a second gene locus for the

disease. Lopez-Hernandez and colleagues recently found the second gene
locus causing MLC

109

. They describe mutations in HEPCAM, encoding for an

IgG-like cell adhesion molecule that interacts with MLC1. If there is still
another important gene locus affecting MLC1 expression remains still unclear.
However, we found no regulatory element upstream of Mlc1, which was
capable of activating the gene’s transcription. Furthermore, the predicted
promoter 4.3 kb upstream of Mlc1 does not influence activity of the
investigated pGL3-K1. Since this predicted promoter fills the whole intergenic
spacer between Mov1l and the Pomp pseudogene, and both genes are
demonstrably expressed in testis, it is rather likely that this bi-directional
promoter is specific for both genes but not for Mlc1. It is quite striking that a
pseudogene, which obviously originated from retrotransposition because it
lacks intronic regions, and an Alu-J-like element, that belongs to a family of

	
  

49

	
  
	
  

Chapter 3

	
  
	
  

transposable elements, are located in the 5’ prime region of the murine Mlc1.
It can be assumed that the 5’ region of Mlc1 was a subject of repeated
transposon integration events in former times. Therefore, it would make sense
that this region is somehow repressed as a kind of protection. Even if there is
no Pomp pseudogene or Alu-J-like element in the 5’ prime region of human
MLC1, there are two blocks showing conservation, which contains flanking
parts of the Alu-J-like element described in mice. Interestingly, the 5’ region of
exon1A and 1B shows a low CpG content and contains no CpG-islands. A
high CpG content correlates with repressed gene activity via methylation 110. It
was further observed that 70 % of all genes expressed in the brain contain
CpG-islands 92. Although Mlc1 is expressed in brain, it does not harbour CpGislands. In summary, the promoters of both human and murine MLC1/Mlc1
genes display unusual structural and functional features, with yet undetected
cis-acting elements and trans-acting co-factors likely playing a crucial role for
Mlc1 gene expression.
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Chapter 4
Extrapolating genetic results from large families to the general
population: Association study of SNPs in unrelated bipolar and
schizophrenic individuals from results of prior large family studies

This chapter has been adapted from the manuscript (in preparation as of 5th
September 2011) entitled:
The chromosome 15q14 locus for bipolar disorder and schizophrenia:
Is C15orf53 a major candidate gene?
Thorsten Kranz1*, Savira Ekawardhani1*, Michelle K. Lin1, Simone R. Alt2,
Fabian Streit3, Ulrike Schuelter1, Hans Bauer1, Darja Henseler1, Jonathan D.
Turner2, Claude P. Muller2, Andreas Reif4, Andrea B. Schote1 and Jobst
Meyer1
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Abstract
Family and twin studies revealed a high heritability for psychiatric conditions
like bipolar disorder and schizophrenia. Both are complexly inherited
disorders with currently unknown etiologies. Recently, two independent
genome-wide association studies for bipolar disorder identified a small region
on chromosome 15q14, containing the C15orf53 gene

111,112

. Previously, this

genomic region was also found to co-segregate with periodic catatonia
(SCZD10, OMIM %605419), an unsystematic schizophrenia according to
Leonhard’s classification, in several of our multiplex SCZD10 families, thus
pointing to overlapping etiologies of both conditions. Here, we narrowed down
the susceptibility locus to a 4.5 Mb region on chromosome 15q14-15.1
between the genomic markers D15S1042 (centromeric) and D15S968
(telomeric) in seven unrelated German multiplex SCZD10 families. Mutation
and segregation analyses of C15orf53 in these families were accomplished.
We further conducted an association analysis of C15orf53 in 274 unrelated
individuals affected by BD and SCZD10 and 230 controls (case-control
sample were recruited in the same geographical region in Germany as all the
multiplex SCZD10 pedigrees) as well as expression analysis in post mortem
human brain tissues.
C15orf53 revealed no mutations in our SCZD10 family members but a
segregation of two common haplotypes of C15orf53 in our multiplex SCZD10
families were found. Further association analysis of these C15orf53
haplotypes with BD and/or SCZD10 was carried out in our case-control
samples but no significant association signal was detected. Expression of
C15orf53 could be demonstrated for immune system-derived cells but not for
the post mortem human limbic brain tissues. We concluded that C15orf53 is
probably not causative for the etiologies of BD and SCZD10 in our samples.
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Introduction
Psychiatric disorders such as schizophrenia and bipolar disorder (BD) are
typically heterogeneous with respect to their etiologies and pathophysiologies,
and show a significant genetic component 113,114. The lifetime prevalence to
develop schizophrenia or BD is about ~1 % across the world’s populations
115,116

. The high heritability (71 % - 90 %) has been demonstrated in

numerous twin and family studies, but only a small portion of that heritability
could be linked to known genetic variations and explicit causative genetic
variants remain unknown

117,118

. Similarly to the majority of physiological

disorders, psychiatric and behavioural traits are usually of polygenic nature,
where the effect of many genes comes about together to cause a particular
phenotype to manifest. Dissecting the numerous layers of genetic pathways of
complex disorders is never easy as compared to monogenic disorders,
whereby only one gene of major effect is able to cause a particular
phenotype.

Interestingly,

there

exist

many

exceptions

for

such

a

straightforward polygenic versus monogenic categorization of genetic traits,
where a seemingly polygenic trait may be a monogenic trait in multigenerational pedigrees comprising of multiple members affected with the
particular trait being studied. Therefore, despite psychiatric diseases being
commonly considered to be complexly inherited, rare Mendelian instances
have also been described as in our schizophrenic (periodic catatonia,
SCZD10, OMIM %605419) multi-generational pedigrees 119.
SCZD10, a condition phenotypically similar to BD, is a clinical subtype of
unsystematic schizophrenias according to Leonhard’s classification system
120

. Patients diagnosed with SCZD10 are most likely to be diagnosed with

bipolar I disorder by the application of DSM-IV criteria

121

. SCZD10 patients

exhibit subtle derangements of facial expression and gestures, so-called
psychomotor disturbances. They express a highly variable phenotype
comprising of hyperkinesia with stereotypies and parakinetic movements,
increased anxiety, impulsivity and aggressiveness as well as akinetic
negativism, immobility and mutism. In most cases, hallucinations and
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delusions occur during the acute psychotic episodes. In the remission phase,
there remains a catatonic residual state with psychomotorical weakness of
mimics. SCZD10 is highly heritable with a morbidity risk of ~27 % among firstdegree relatives 122.
The results of genetics and heritability studies in human disorders rest heavily
on the experimental sample, with issues like ethnicities and environmental
influences having the power to shift the experimental results in misleading
directions (i.e. false-negative and/or false-positive results). The point of a
homogenous population in the basic genetic approach is to try to ensure that
in the event of a significant finding, it is due to linkage or association of
particular genetic loci to the disorder being studied but not because of interethnic genomic differences (i.e. variations in parts of the human genome due
to difference in ethnicities). In our attempt to ensure a homogeneous ethnic
study sample throughout the study, the case-control population of our
unrelated individuals stems from the same geographical region (around
Wuerzburg) in Germany, hence ethnically homogeneous, as with our
multiplex SCZD10 families

123

. We therefore reasoned that despite being

unrelated to the multiplex SCZD10 families, all involved study subjects (both
from the case-control population and the multiplex families) share closer
recent common ancestors than across other European populations. Hence,
rare genetic variations or mutations that exert a major effect in the causation
of the disorder specific to the families may have a higher probability in
showing up in the general population of the case-control sample group. Here,
we executed the classical two-stage genetic approach, from linkage analysis
in the large SCZD10 families to association analysis of the candidate gene,
C15orf53, in the general population of unrelated case-control subjects.
Previously, through a genome-wide linkage analysis in twelve of our unrelated
SCZD10 families of German descent, we found significant linkage on
chromosome 15q15 to SCZD10

124

. In the present study, we carried out fine-

mapping of the 15q15 region in our twelve SCZD10 families and a 4.5 Mb
region on chromosome 15q14 – 15q15.1 was found to be co-segregating with
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the SCZD10 status in seven of the SZCD10 multi-generational families. Within
this region lie several candidate genes and one of these genes, C15orf53,
was chosen for further mutation analysis. No mutation of the C15orf53 gene
was found in the SCZD10-affected members who were analysed. We
continued with the genotyping of three SNPs, rs7171233, rs7165988 and
rs2172835, which appeared in our mutation analysis effort of our candidate
gene C15orf53, in the SCZD10 pedigrees. Two haplotypes of C15orf53, A-GT and T-C-C, were revealed to be co-segregating among all SCZD10 subjects
in our SCZD10 multiplex families. We proceeded on with association analyses
of these SNPs in 203 BD and 71 SCZD10 subjects, who were matched with
230 healthy subjects in a case-control study design. However, no significant
association was reached for these two C15orf53 haplotypes in the BD and
SCZD10 case-control study of unrelated individuals. We also carried out a
gene expression analysis of C15orf53 in various post mortem human brain
tissues and several immune cell lines but were only able to detect C15orf53
expression in the immune cell lines. Taking these findings into account, we
concluded that C15orf53 is highly unlikely to play a major role in the genetic
pathway of BD and SCZD10 in our samples.

Material & Methods
Clinical samples
Members of large SCZD10 families were recruited around Wuerzburg,
Germany, as previously described in detail

125

. From all patients, genomic

DNA was isolated and used for further analysis. From twelve multiplex
pedigrees, 57 SCZD10 patients from the first genome-wide scan study

119

were included in the fine-mapping. Extensive clinical evaluation confirmed the
diagnosis according to Leonhard’s classification system and the ICD-10.
Additional information was collected from different sources, including case
history, medical records and/or family informants.
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In addition, 203 BD affected patients, previously described by us

123

and 71

patients diagnosed with SCZD10 were included in the present study. None of
the subjects showed neurological comorbidities, epilepsy, mental retardation,
or a history of substance abuse. The control sample consisted of 230 healthy
subjects without any history of psychiatric disorder and from the same
geographic region (Wuerzburg, Germany) as the patient group. Mean age of
patients was 46±15 years, of controls 32±10.5 years. Only patients and
healthy volunteers who have given written informed consent after oral and
written explanation about the aim and scope of the investigation were enrolled
in this study. The ethics committee of the University of Wuerzburg, Germany,
approved the study.

Selection of SNPs, microsatellite markers and primer design
Microsatellite markers, single nucleotide polymorphisms (SNPs) markers and
primer selections for C15orf53 were based on annotations derived from
Ensembl (May 2009) and UCSC (May 2004). Primer pairs were designed
using the software Primer3 126.

Fine-mapping of chromosome 15 in multiplex SCZD10 families
Twenty-five microsatellite markers were chosen for the fine-mapping of
chromosome 15q11.2-15q15. A 17 Mb genomic area was covered,
encompassed by the microsatellite markers D15S1035 (chr15: 22 908578-22
908827) and D15S1044 (chr15: 39 668975-39 669161). Marker amplifications
were accomplished on GeneAmp 9700 thermal cyclers (PerkinElmer, USA)
and fragment analysis was done on ABI Prism® 310 Genetic Analyzer
(supplementary information (SI) 1A).

Linkage analysis in multiplex SCZD10 families
Nonparametric, model-free multipoint linkage analyses were performed for
chromosome 15-linked pedigrees (seven pedigrees) using the SIMWALK
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with the easyLinkage program as the interface

128

. Statistical

significance was estimated based on shared allele’s identical-by-descent
(IBD) of all affected persons.

Mutation analysis of C15orf53
The segregating region contains four genes (SPRED1, FAM98B, RASGRP1
and C15orf53), of which C15orf53 was further investigated. Primers
encompassing the proximal promoter region, 5´-UTR, coding regions and
intron-exon boundaries of C15orf53 were used for genomic DNA amplification
from seven SCZD10-affected patients. DNA was amplified by polymerase
chain reaction (PCR) and subsequently sequenced (SI 1B and 1C).

Genotyping of C15orf53 in SCZD10 multiplex families, and bipolar disorder
and SCZD10 case-control samples
Genomic regions encompassing the SNPs rs7171233, rs7165988 and
rs2172835 were amplified by PCR (SI 1D). The subsequent genotypes of the
SNPs rs7171233 and rs7165988 were determined by restriction digestion with
RsaI and those of SNP rs2172835 with Hin1II, all incubated at 37 °C for 4
hours. Restriction products were separated and visualized on 2 % agarose
gels.

Association analysis in bipolar disorder and SCZD10 case-control samples
Linkage disequilibrium among the three SNPs was determined and
haplotypes were estimated using Haploview 4.2 129. Only haplotypes with a
frequency of over two percent were included in the analyses. We tested the
haplotypes for association in a case-control design for the following groups: a)
BD-affected (203 subjects) versus controls (230 subjects), b) SCZD10affected (71 subjects) versus controls, and c) pooled sample of BD-affected
and SCZD10-affected versus controls.
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cDNA from human brain post mortem tissues, human cell lines and immune
cells
Post mortem limbic brain tissues (amygdala, hippocampus, inferior gyrus,
cingulate gyrus and nucleus accumbens) from six donors free of central
nervous system (CNS) diseases and without a history of longterm
psychotropic medication were obtained from the Dutch Brain Bank
(Netherlands Institute of Neuroscience). All patients have provided pre
mortem consent for brain autopsy and use of brain material for research
purposes as previously reported 130.
Isolation of CD4+, CD8+, CD14+, CD19+ cells and peripheral blood
mononuclear cells (PBMCs) from fresh blood of a healthy donor was
performed using the appropriate MACS® MicroBeads Kits (Miltenyi Biotech,
Germany) according to the manufacturer’s protocol. Total RNA was purified
with the High Pure RNA Isolation Kit (Roche, Germany) by following the
manufacturer’s instructions. cDNA synthesis was realised using standard
protocols.

C15orf53 expression analysis
For expression analysis of C15orf53, quantitative PCR (qPCR) was performed
in duplicates (SI 1E). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression was included as an internal control. The qPCR products were
separated and visualized on 2 % agarose gel. The amplicons were directly
sequenced and confirmed.
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Results
Fine-mapping of chromosome 15 in multiplex SCZD10 families
Twelve German large families with SCZD10-affected individuals were
investigated. For further comparison, the data of family F30 was taken from
literature

131

. Figure 1a shows the genomic region on chromosome 15 of the

seven large SCZD10 families (F5, F9, F11, F13, F17, F19, and F24), which
was segregating in SCZD10-affected individuals. After refinement, the
segregating region (15q14-15q15.1) was found to span 4.5 Mb and is defined
by the polymorphic markers D15S1042 (centromeric border) and D15S968
(telomeric border). Within this region, the candidate gene C15orf53 is located.
Non-parametric linkage (NPL) scores for the regions surrounding these two
bordering markers were 2.45 and 1.99 respectively (figure 1b).
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Figure 1a: Overlapping intervals on chromosome 15 that segregate with psychosis in German families with SCZD10.
Black bars represent chromosomal regions segregating with SCZD10 in each family, and the ends of the bars
represent markers defining the boundaries of the linked haplotypes. Arrows indicate that the susceptibility region is
extending further to proximal or distal. Numbers of affected family members are depicted in brackets.
**Data for F30 was taken from the literature
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Figure 1b: Non-parametric linkage analysis results for seven SCZD10 pedigrees with confirmed linkage to
chromosome 15. The X-axis shows the position on chromosome 15 in centiMorgan and the Y-axis shows the NPL
linkage score.

The gene, C15orf53, which lies in the segregating region, was selected for
further mutation analysis.

Mutation analysis of C15orf53
None of the patients affected by SCZD10 showed any mutations in exons or
splice donor and acceptor sites in C15orf53. Apart from this, only already
described SNPs were detected in all sequenced patients (data not shown).
We were next interested if there was any segregation of the three SNPs
(rs7171233 (T/A), rs7165988 (C/G) and rs2172835 (C/T)), which were
identified in our mutation analysis, with the disease status among the affected
members in our multiplex SCZD10 families, thus proceeded on with
segregation analysis of SNPs in the candidate gene, C15orf53.

Genotyping of candidate gene C15orf53 in multiplex SCZD10 families
Genotyping of the three SNPs, rs7171233 (T/A), rs7165988 (C/G) and
rs2172835 (C/T), in our candidate gene C15orf53 in multiplex family members
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with SCZD10 revealed two haplotypes, T-C-C and A-G-T, while no other
haplotypes were observed (table 1). The common haplotype T-C-C
segregated with the SCZD10 status in three families (F13, F19, F24). The
rare haplotype A-G-T segregated with the SCZD10 status in the other four
(F5, F9, F11, and F17).

Family

* non-affected /
affected

segregating haplotype in
SCZD10 affected
individuals

F5
F9
F11
F17

3/4
8/5
14 / 7
10 / 4

A-G-T
A-G-T
A-G-T
A-G-T

F13
F19
F24

6/3
4/3
11 / 4

T-C-C
T-C-C
T-C-C

* All mentioned individuals (non-affected / affected) were available at the date of DNA sampling

Table 1: Genotyping of candidate gene C15orf53 (consisting of SNPs rs7171233 (T/A), rs7165988 (C/G) and
rs2172835 (C/T)) in SCZD10-affected large families. The common haplotype (T-C-C) segregated with the SCZD10
status in three (F13, F19, F24), and the rare haplotype (A-G-T) in four (F5, F9, F11, F17) of the families.

Genotyping of candidate gene C15orf53 and association analysis in BD and
SCZD10 case-control samples
The three investigated SNPs, rs7171233 (T/A), rs7165988 (C/G) and
rs2172835 (C/T) of C15orf53 were in high linkage disequilibrium in each
investigated cohort (BD & SCZD10 patients) and the combined samples (data
not shown). Within all three cohorts, the common haplotype T-C-C was
prevalent with more than 61 % occurrence and the rare haplotype A-G-T
showed a prevalence of about 32 % (table 2). The T variant of rs7171233 and
the C variants of rs7165988 and rs2172835 represent the major alleles
according to the most recent HapMap-CEU data (HapMap Public Release
#28, August 2010). We tested C15orf53 haplotypes for association in 203
patients diagnosed with BD and 71 patients diagnosed with SCZD10 and the
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pooled SCZD10 and BD samples (n = 274) versus 230 controls without any
psychiatric history. None of the haplotypes found fulfilled the criteria for
statistical significance (p < 0.05) with respect to association. The HardyWeinberg equilibrium was confirmed for all three variants in the patient groups
and the control group. None of the single markers showed significant
association with BD, SCZD10 or the combination of both phenotypes (data
not shown).

(a) BD versus controls
Haplotypes
Block 1
T-C-C
A-G-T

Haplotype
frequencies

Frequencies Cases, Controls

Chi Square

p-value

0.640
0.329

268.0 : 134.0, 288.0 : 172.0
124.9 : 277.1, 158.9 : 301.1

1,546
1,164

0.2137
0.2806

Haplotype
frequencies

Frequencies Cases, Controls

Chi Square

p-value

0.614
0.350

82.0 : 60.0, 287.9 : 172.1
52.0 : 90.0, 158.9 : 301.1

1,077
0.206

0.2993
0.6502

(b) SCZD10 versus controls
Haplotypes
Block 1
T-C-C
A-G-T

(c) Combined samples versus controls
Haplotypes
Block 1
T-C-C
A-G-T

Haplotype
frequencies

Frequencies Cases, Controls

Chi Square

p-value

0.633
0.334

349.0 : 195.0, 286.9 : 173.1
176.9 : 367.1, 158.9 : 301.1

0.337
0.456

0.5616
0.4997

Table 2: Association analysis of C15orf53 SNPs, rs7171233 (T/A), rs7165988 (C/G) and rs2172835 (C/T) in a) BD, b)
SCZD10 and c) combined BD and SCZD10 sample versus control sample.
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Among all investigated samples, the haplotype frequency was very similar.
Haplotypes with an abundance of less than 2 % were not depicted. All three
haplotypes showed a similar distribution within the BD and SCZD10 samples
and the combination of both. None of them was associated with BD or with
SCZD10.

C15orf53 is expressed in immune cells but not in human brain tissues
Since nothing was known about the physiological role of C15orf53, we carried
out an expression analysis in a variety of post mortem human brain tissues,
and human brain and immune cell lines. C15orf53 was exclusively expressed
in the human immune cell lines tested but not in the human brain cell lines
(data not shown). C15orf53 was expressed in the following immune cells:
PBMCs, CD4+ and CD14+ cells. The post mortem human brain regions
amygdala, hippocampus, inferior prefrontal gyrus, cingulate gyrus and
nucleus accumbens tested did not show any detectable expression of
C15orf53 (figure 2).

Figure 2: Expression of C15orf53 in different immune cells and brain areas. C15orf53 is expressed in peripheral
+

+

blood mononuclear cells (PBMCs), CD4 and CD14 cells. In none of the examined post mortem human brain areas
could we detect expression. GAPDH was used as a housekeeping gene to control DNA quality, quantity and the
validity of the method.
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Discussion
A genome-wide linkage analysis followed by fine-mapping with microsatellite
markers revealed a 4.5 Mb region on chromosome 15q14 that is cosegregating with the SCZD10-affected members in seven of our multiplex
SCZD10 families. Coincidentally, the chromosomal region 15q11-14 has been
the focus of numerous studies investigating a variety of neuropsychiatric
disorders like schizophrenia, bipolar disorder, autism and mental retardation
131-133

. Chromosome 15q11-13 also happens to be a major susceptibility locus

for the Prader-Willi/Angelman imprinting syndrome, which was found to
overlap with schizophrenia and other psychoses in a recent large-scale study
134

. On our part, we have previously demonstrated that rare variants of the

potassium chloride co-transporter 3 gene (KCC3), located on chromosome
15q14, which co-segregate with SCZD10 in our multiplex SCZD10 families,
are significantly associated with BD

123

. Chromosome 15q14 as a

susceptibility region for BD is further supported by a recent BD genome-wide
association study (GWAS) on European American and African American
samples

111

. Another recently published GWAS on 4387 BD and 6209 control

subjects by Ferreira et al. showed a strong association with BD on
chromosome 15q14, with the highest association signal (p = 7.5 x 10-7) by a
SNP (rs 2172835) on C15orf53

112

. Taking into account unpublished results

on functional studies carried out by Ekici and colleagues on the other SCZD10
candidate genes located in the chromosome 15q14 region and Ferreira’s
work, we have decided to select C15orf53 as a BD/SCZD10 candidate gene
for further study.
With the ever-enlarging sample sizes in the majority of psychiatric genetic
studies (amounting to even tens of thousands of test subjects), which usually
involve heterogeneous population samples consisting of mixed ethnicities, we
tried to use a suitably yet moderately sized study sample to replicate a
significant signal in our BD/SCZD10 study. In order to do so, instead of using
a larger and more genetically heterogeneous European population in our
case-control sample, we used a much smaller but more genetically
homogeneous study sample from the same geographical region (around
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Wuerzburg) in Germany as with our multiplex SCZD10 families

123

. In doing

so, rare genetic variants or mutations that exert a major effect in the causation
of the BD/SCZD10, specific to the families, may have a higher probability of
showing up in the general population of the case-control sample group.
Here, we report that mutation and segregation analyses for C15orf53 revealed
neither a mutation nor a rare haplotype of our candidate gene C15orf53 in our
SCZD10 families. In the subsequent case-control study, possible association
of C15orf53 with either SCZD10 or BD in separate and combined patient
samples were investigated. We showed that all three SNPs, rs7171233,
rs7165988 and rs2172835 of C15orf53 identified by mutation analysis, were in
high linkage disequilibrium. We tested the respective haplotypes for
association with SCZD10 or BD but found no association of C15orf53, neither
in the separate BD/SCZD10 samples nor in the combined samples in
comparison to our control group. Since there is currently no information about
C15orf53, except that the databases revealed its expression in human spleen
tissue, we decided to carry out an expression analysis of C15orf53 in various
human immune and brain cell lines and human post mortem brain tissues. In
our study, we showed for the first time that C15orf53 is expressed in the
human immune system but not in the brain.
The reported results indicate a high probability of excluding C15orf53 in
playing a major role causing BD/SCZD10 in our sample. Despite our well
selected (in terms of ethic-group homogeneity) pedigreed and case-control
samples, we were unable to detect any association signal of our proposed
candidate gene. Several other explanations may be plausible aside from the
exclusion of C15orf53 as BD/SCZD10 causative gene: 1) Even though we
have taken care to include genetically well matched samples, we did not
consider the effect of environment influences on genes in the current study.
Factors such as epigenetics and incomplete penetrance may also influence
the probability of the manifestation of the disorder; 2) the sample size in our
case-control may indeed be insufficient as the minor allele frequency (MAF) of
the alleles being studied is exceptionally low, hence the next probable step
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would be to execute a power calculation in predicting a statistically more
suitable case-control sample size; and 3) we have so far focused on genes as
plausible candidates for the causation of BD/SCZD10 but recent psychiatric
genetic studies showed that structural variations in the genome, affecting
more than 50 bp of sequence, not necessarily involving genes (i.e. may occur
over gene deserts in the genome)

135,136

, and gene expression trait loci

(eQTL), which influence the expression of genes located a distance away on
the genome

137,138

, may also affect the regulation and expression of causative

genes.

	
  

67

	
  
	
  

Chapter 4

	
  
	
  

Supplementary information (SI)
SI 1A:

Genetic marker analysis

Marker amplifications were performed using either FAMTM or HEXTM labeled
primers (MWG Biotech, Germany). Depending on the amplification products’
intensity, 3 µl were mixed with 0.5 µl of 500 ROXTM standard (Applied
Biosystems, USA) and 12 µl Hi-Di formamide (Applied Biosystems, USA). The
mixes were heated to 94 oC for 2 min and subsequently separated on an ABI
PrismTM 310 Genetic Analyzer according to the amplification products’ sizes
(Applied Biosystems, USA). Allele size calling was performed using the
GeneScan® analysis software (Applied Biosystems, USA) and checked by
operational procedures by an operator blinded to phenotype. Alleles of all
genetic markers were appropriately assembled to haplotypes, which were
used for segregation analysis of the SCZD10-affected multiplex families.

SI 1B: Sequencing primer pairs for C15orf53

SI 1C: Mutation analysis
For mutation analysis of C15orf53, a 50 µl PCR reaction containing 100 ng of
SCZD10 affected patient’s genomic DNA, 10 pmol gene-specific primers
(MWG Biotech, Germany), 200 µM dNTPs (MBI Fermentas, Germany), 0.75
to 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 8.3 at 25 °C), 0.0025
mg/ml BSA, 0.025 % Tween-20 and 1 U of Taq Polymerase (MBI Fermentas,
Germany) was conducted. Amplicons were separated on 2% agarose gel,
purified using a gel purification kit (PeqLab, Germany) and directly
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sequenced. Sequencing reactions were performed for both DNA strands with
the sequencing primers depicted in supplementary information 1B using the
CEQ DTCS Quick Start Kit (Beckman Coulter, Germany) according to the
manufacturer’s protocol and analyzed using the ChromasLite program
(Technelysium Ltd) and the reference sequence from the Ensembl genome
browser (May 2009).

SI 1D:

PCR conditions for genotyping of C15orf53

PCR reactions were carried out in a total volume of 50 µl with 100 ng of
genomic DNA, 10 pmol of each primer, 200 µM dNTPs, 2.0 or 2.5 mM MgCl2,
50 mM KCl, 10 mM Tris-HCl (pH 8.3 at 25 °C), 0.0025 mg/ml BSA, 0.025 %
Tween-20 and 2.5 U High-Fidelity Taq Polymerase (MBI Fermentas,
Germany) and 5 % (v/v) dimethylsulfoxide (DMSO). PCR reaction 1
(rs7171233 and rs7165988) was performed with forward primer 5’TGTGGTTGAGAACCCATCA-’3

and

reverse

primer

5’-

CAGGCTGGAGGTGTCTGAAT-3’. The SNP rs2172835 was amplified using
forward primer 5’-AGAGCTGCCACCAAGGAAC-3’ and reverse primer 5’CCTCAGCTTTCCTCCCTGTA-3’. All PCR reactions were performed in a
MultigeneThermocylerTM TC9600 (Labnet, USA). Conditions for PCR
reactions were: 5 min at 94 °C followed by 40 cycles of 45 s at 94 °C, 45 s at
56 °C or 58 °C, 45 s at 72 °C and a final extension for 7 min at 72 °C. PCR
products were separated and visualized on 1.5 % agarose gel.

SI 1E:

Expression analysis of C15orf53

Quantitative PCR reactions were conducted in a total volume of 25 µl
containing 50 mM KCl, 200 mM dNTPs, 20 mM Tris-HCl (pH 8.3 at 25 °C), 2.5
U Platinum Taq Polymerase (Invitrogen, USA) and 1x concentrated SYBR®
green I (Cambrex, Belgium). The exon- spanning primers used for the
amplification

of

C15orf53

GCGTCTGTTTGGATGGCTGGAGG-3’

were
and

forward
reverse

primer
primer

5’5’-

GGAAGTGGTGAACGGCGGGG-3’. For GAPDH amplification we used
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forward primer 5'-GAAGGTGAAGGTCGGAGTC-3' and reverse primer 5'GAAGATGGTGATGGGATTTC-3'. The thermal cycling was carried out in
DNA Engine Opticon® 2 (Biorad, USA).
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Chapter 5
Feasibility of replicating genetic results from large family studies in
general population of unrelated individuals for complex psychiatric
disorders and behavioral traits: From eQTL linkage to association
analyses in vervets

This chapter is presented as an adaptation of the manuscript (in preparation
as of 5th September 2011) entitled:
A non-human primate system for large-scale genetic studies of complex
traits
Anna J. Jasinska 1, Michelle K. Lin 1,2, Susan Service 1, Oi-Wa Choi 1, Joseph
DeYoung 1, Olivera Grujic 1, Sit-yee Kong 1, Matthew J. Jorgensen 2, Lynn A.
Fairbanks 1, Trudy Turner 3, J. David Jentsch 4 and Nelson B. Freimer 1.

1

Center for Neurobehavioral Genetics, University of California Los Angeles, United States of
America;
2

Department of Neurobehavioral Genetics, Institute of Psychobiology, University of Trier,
Germany;
3

Department of Pathology, Section on Comparative Medicine, Wake Forest University Health
Sciences, Winston-Salem, NC, United States of America;
4

	
  

Department of Psychology, University of California Los Angeles, United States of America.
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Abstract
A classical two-stage genetic approach utilizing both pedigree and population
samples of non-human primate species, on which strategies that are
infeasible in human studies can be applied, can provide powerful means for
genetically dissecting complex traits. We describe here a proof of concept of
an approach for genetically dissecting transcriptomic variation in tissues that
are largely inaccessible in humans (i.e. brain tissues), using their more readily
available counterparts (i.e. blood tissues) as substitutes. We have access to
347 related vervet monkeys (Chlorocebus aethiops sabaeus) from the
UCLA/Wake Forest University Vervet Research Colony (VRC) and 299
unrelated vervets from the feral vervet population from St. Kitts, Carribean.
Through linkage and association analyses of gene expression patterns in
peripheral blood from vervet monkeys, we have genetically mapped a
candidate regulatory locus for B3GALTL expression in the brain. We have
hereby proven our concept that 1) the classical multistage genetic approach is
applicable in mapping expression quantitative trait loci (eQTL), which regulate
gene expression; and 2) gene expression patterns in inaccessible tissues can
possibly be studied using those of accessible tissues as substitutes.
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Introduction
Non-human primates (NHP) fill a critical need for biomedical models that 1)
are more directly relevant to human biology and disease than rodents or other
commonly employed model systems and 2) permit longitudinal or invasive
investigations that are infeasible in humans 139. The advent of next generation
sequencing has raised interest in genetic and genomic investigations of NHP
as a means of illuminating diverse human traits including HIV/AIDS,
cardiometabolic diseases, and disorders of brain and behavior. Yet, the
perceived lack of suitably sized NHP samples has thus far inhibited the
implementation of such investigations. Here, we describe a strategy for largescale genetic mapping studies utilizing genetically homogeneous populations
of feral vervet monkeys (also termed African green monkeys, Chlorocebus
aethiops sabaeus) inhabiting the Caribbean islands of St. Kitts and Nevis,
together with pedigreed monkeys descended from these populations, in the
UCLA/Wake Forest University Vervet Research Colony (VRC).
During the early colonial era (16th-17th centuries), very small numbers of West
African vervets were introduced to the Caribbean islands of St. Kitts, Nevis,
and Barbados, and they rapidly established feral populations (figure 1). In the
absence of predators, these populations expanded dramatically, reaching
estimates as high as 100,000 for the total vervet population on the three
islands. The multi-generational VRC pedigree, founded in the 1970s with 57
monkeys from St. Kitts and Nevis, is presumed to be broadly representative of
the populations of St. Kitts and Nevis from which it derives. We therefore
reasoned that variants implicated in quantitative traits within the VRC would
likely be associated with the same traits in the feral population of these
islands, but would be contained in much shorter genome segments of shared
identity by descent (IBD) among feral monkeys compared to pedigree
monkeys.
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Figure 1: Geographical location of the different sub-species of vervets in Africa. This study utilized the Chlorocebus
aethiops sabaeus (geographical location in red), which were brought to the Caribbean islands (e.g. St. Kitts). The
VRC’s Chlorocebus aethiops sabaeus is derived from the Caribbean populations.

We have conducted a proof of concept study, demonstrating the feasibility of
1) a multistage approach to genetically map loci regulating the level of
expression in blood of transcripts identified by genome-wide microarray
analysis, i.e. expression quantitative trait loci (eQTL), which are segments of
the genome that regulate the expression of genes; and 2) the use of readily
accessible tissues as substitutes for less accessible tissues for gene
expression studies. We have previously described a series of analyses in the
VRC animals which enabled us to identify transcripts for which gene
expression patterns in blood are stable, heritable and correlate particularly
strongly with gene expression patterns in the brain

140

. In the current study,

we present the genetic mapping by linkage analysis in the pedigreed animals
of the VRC of a cis eQTL for one of these transcripts – B3GALTL, a
glycosyltransferase which, when recessively mutated results in Peters plus
syndrome (OMIM #261540), a developmental delay disorder

141

– and our

subsequent use of association analysis in independently ascertained feral
animals from St. Kitts to localize the B3GALTL expression quantitative trait
variant (QTV) to a region of about 170 kb on the vervet chromosome 3.
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Materials and Methods
Study samples
Two groups of vervet monkeys were investigated: related members of the
large inbred pedigree that constitutes the VRC; and apparently unrelated
individuals from the vervet population of St. Kitts. Pedigree samples consisted
of 347 individuals two years and older at the time of sample collection
(December 2007 - January 2008) and were described in Jasinska et al.

140

.

The St. Kitts population sample consisted of 299 Caribbean vervets sampled
at the Saint Kitts Biomedical Research Foundation, SKBRF, (273 females and
26 males with mean (sd) ages of 11.95 (4.5) and 11.62 (4.8) years,
respectively), 279 of whom passed SNP genotyping quality control metrics
and provided high quality gene expression measurements using real timequantitative polymerase chain reaction (RT-qPCR).

Biological material
Genomic DNA samples were obtained from peripheral blood preserved in
ACD (acid-citrate-dextrose) anticoagulant or PaxGene DNA tubes using an
automated Gentra Autopure LS system (Qiagen, USA) and Gentra Puregene
chemistry (Qiagen, USA) or a standard phenol/chloroform extraction
procedure.
The PaxGene RNA system (PreAnalyticX) was used to preserve blood for
RNA extraction, which was subsequently performed using a PAXgene Blood
RNA Kit (Qiagen, USA) or PAXgene 96 Blood RNA Kit (Qiagen, USA). RNA
quality was determined with a Bioanalyzer 2100 (Agilent, USA) and RNA
quantity was determined using Nanodrop 8000 (Thermo Scientific, USA) or
PicoGreen (Invitrogen, USA).
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Expression microarray analysis
Microarray gene expression measurements for eQTL mapping were
performed using an Illumina HumanRef-8 v2 chip in 347 individuals from the
VRC pedigree, as described previously 140.

Filtering criteria for selecting the best eQTL candidates
A detailed description of the strategy to identify the most promising candidate
transcripts for eQTL mapping was presented in Jasinska et al.

140

. Briefly, to

identify eQTL for which expression patterns in blood are highly correlated with
expression patterns in the brain, we created two datasets: 1) a set of matched
tissues from eight brain regions and peripheral blood from 12 individuals
(figure 2a); and 2) a set of duplicate blood samples from 18 individuals, all of
whom were sampled at two different time points (figure 2b). We developed
three criteria based on Spearman rank correlation (SRC) and variance
components analysis: 1) correlation between at least one brain region and
blood expression profiles SRC > 0.55; 2) the proportion of variability (PV) of
expression attributable to inter-individual differences, as compared to between
tissues within individual, for at least one brain-blood comparison > 0.55; and
3) the PV of expression attributable to inter-individual differences, as
compared to between replicate samples within individual > 0.55. Finally, we
focused only on probes, which were detected in all samples from both data
sets.
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a)

b)

Figure 2: a) Expression of probe ILMN1764813 signal, representing B3GALTL gene expression, in different brain
tissues and blood of 12 VRC animals; and b) a set of duplicate blood samples from 18 VRC animals, whom were
sampled at two different time points.

eQTL linkage mapping in pedigreed VRC samples
Microarray probe intensities were analyzed for linkage to 261 genome-wide
STR (microsatellite) markers

142

using SOLAR

143

. As in Jasinska et al.

140

,

covariates of age, sex, and batch were considered in each analysis and those
significant at p=0.10 were retained.
Correction for multiple testing of expression traits was calculated in the same
manner as a correction for multiple models based on the formula 3+log10(N),
where N is the number of tested gene expression traits. 29 tested transcripts
with genome-wide significance threshold were determined at the level of 4.46.
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A total of seven cis and one trans eQTL passed this threshold (supplementary
table 1). In total, twelve eQTL had significant linkage of LOD score > 3 (data
not shown).

Assay design
Vervet-specific RT-qPCR assays and single nucleotide polymorphism (SNP)
genotyping were designed using vervet sequences available from wholegenome sequencing of a member of the VRC pedigree (ID: 1994-021). For
this purpose, we used sequence from the 454 short reads (~4x coverage) of
the individual 1994-021, sequenced by 454 Life Sciences (USA), mapped to
the human reference genomic assembly, as the vervet assembly is not yet
completed. Given the Caribbean origin of the VRC founders, we expected that
the sequence variation discovered from this single individual would be present
in both the VRC and population samples from Caribbean. Candidate SNPs
were selected based on a minimum of two reads indicating each of two alleles
in heterozygous loci.

Validation of the microarray experiment with RT-qPCR
The most robust expression traits for eQTL analyses were selected by
performing RT-qPCR validation of microarray results for a group of nine
transcripts (B3GALTL, STOM, TMEM14C, SMOX, TMED3, CDNKA1A,
TUBA1B, CDKN1A and TSPAN14) out of twelve showing significant eQTL
linkage scores (LOD > 3) and which more complete vervet genome sequence
was available around the transcript region. The validation sample set for each
transcript included individuals with extreme expression values from the
microarray experiment. RT-qPCR expression levels were measured for twenty
individuals for each transcript; ten with the highest and ten with the lowest
transcript expression levels from the microarray data were selected for each
transcript being tested.
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For RT-qPCR experiments, 500 ng of blood-isolated RNA was converted into
cDNA using the High Capacity RNA-to-cDNA kit (Applied Biosystems, USA)
according to the manufacturer’s protocol. RT-qPCR reactions were prepared
using the SYBR PCR Master Mix from Applied Biosystems (USA) and oligos
®

from Invitrogen (USA), and analyzed with the 7900HT Fast Real Time PCR
System (Applied Biosystems, USA), according to the manufacturers’
protocols. Amplicons used ranged from 80 to 120 bp in size. For cDNA
amplification, 25-50 ng of cDNA and 300 nM primers were used per sample
reaction and each sample was analyzed in triplicates. The amount of cDNA
used was according to optimized conditions per transcript; all average Ct
values were less than 30 cycles. Expression changes for each transcript were
quantified relative to GAPDH, selected as an endogenous control, using the
Pfaffl method

144

. The medians of expression from the bottom tail and top tail

as defined by microarray results were compared with RT-qPCR quantification
results using a non-parametric Wilcoxon test.

SNP genotyping in the St. Kitts population samples
For fine-mapping the selected eQTL, we focused on the regions centered on
a target gene and approximately 100 kb flanks. A total of 92 candidate SNPs
localized in target genes (B3GALTL, STOM and SMOX) and their flanks were
genotyped in these population samples (table 2). SNP genotyping was
performed with the Sequenom iPLEX system technology (Sequenom, USA).
Three multiplex PCR assays (36-, 33-, 23-plex) consisting a total of 92 SNPs
were designed using the MassARRAY software (v3.1), with default settings of
the software and no-masking of repeats. Oligos for the PCR reactions and
mass-extend reactions were ordered from Integrated DNA Technologies,
USA. Reactions for the SNP genotyping were prepared according to the
MassARRAY iPLEX Gold SNP Genotyping protocol from Sequenom, USA.
®

®

Multiple positive, negative and non-amplification controls were included. The
success rate of SNP discovery was 45.6% (42 out of 92 genotyped SNPs
showed common polymorphism in Hardy-Weinberg equilibrium and were
used for association analysis).
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Association fine-mapping
Correlation between blood expression levels of three transcripts B3GALTL,
STOM and SMOX measured by RT-qPCR and local SNPs were measured in
a population of St. Kitts vervets. We tested for association between SNP
genotypes and overall gene expression (from both alleles) at a given locus
using regression analysis. Each genotype was coded as 0, 1 or 2 copies of
the minor allele, and expression levels regressed on this variable, assuming
an additive model of action of the minor allele.
Bonferroni correction was used to adjust for multiple testing in association
analysis. Taking into consideration the correction for 42 informative SNPs,
which were used for association studies, the genome-wide significance
threshold was determined as 0.05/42=0.0012.

Results
Using 347 animals from the VRC, we conducted genome-wide linkage
mapping of 29 gene expression traits. The animals had been genotyped for
the 261 microsatellite markers that constitute the first generation vervet
genetic map

142

and gene expression in peripheral blood was assayed in

these monkeys using the Illumina HumanRef-8 v2 chip. As previously
described in Jasinska et al.

140

, these 29 expression measures showed

significant heritability in the VRC, and represented transcripts whose
expression pattern in blood was stable across at least two time points and
was highly correlated with their expression pattern in brain tissues in twelve
VRC animals. Twelve significant eQTL (LOD > 3) were identified from the 29
transcripts; ten cis and two trans in the eQTL linkage mapping. Out of the
twelve transcripts, we selected nine with the most robust expression for eQTL
analyses for validation using RT-qPCR. Six transcripts – B3GALTL, STOM,
TMEM14C, SMOX, TMED3 and CDNKA1A – were validated successfully
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(non-parametric Wilcoxon test p-value less than 0.05), providing experimental
evidence indicating that the expression levels measured using the microarray
accurately reflected inter-individual variation in expression of these genes
within the VRC (table 1).

Table 1: Characteristics of RT-qPCR assay design and validation of microarray results with RT-qPCR

Validation
Gene

Primer sequence

2

Slope

Efficiency

p-value*

0.99

-3.34

0.993

1.08E-05

0.95

-3.39

0.971

1.08E-05

0.95

-3.43

0.955

0.0015

1

-3.54

0.917

1

0.99

-3.51

0.927

4.33E-05

0.98

-3.34

0.991

1.08E-05

1

-3.29

1.011

0.00013

1

-3.39

0.971

0.063

1

-3.41

0.966

0.0789

1

-3.47

0.945

R

(Forward 5’ to 3’;
Reverse 5’ to 3’)
AGCTGTCTCAGGATCCAAGG
TMEM14C

GCAGGCATGAATTTTCCAGA
CTTTCAAGTGGGTGATGAGC

B3GALTL

AATGCGTCTGGGAGTCAATC
CTTTCAAGTGGGTGATGAGC

TMED3

AATGCGTCTGGGAGTCAATC
AGCTCATCACAGGCAAGGAA

TUBA1B

GCTGTGGAAAACCAAGAAG
AGCGTGTGGAAATCAAGGAT

STOM

ATGGAGGCTTCTTTCAGA
CTCTTCCAAGTGCCCAGAAC

SMOX

CTGCTGGAAGAGGTCTCG
TGGAGACTCTCAGGGTCGAA

CDKN1A

TAGGGCTTCCTCTTGGAGAA
CTCCCGCGCAACATTTAC

TSPAN14

CCCTCAACTCTGCTCCTCAG
AGCAGATGACGGGAGCAG

TMEM111

CCATGAGCTCTTCTTCGAC
CAGGTGGTCTCCTCTGACTTCAA

GAPDH**

GTTGCTGTAGCCAAATTCGTTGT

* p-value for non-parametric Wilcoxon test
** reference gene
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A particularly strong linkage (peak LOD score of 8.65) was detected for a
transcript within B3GALTL to the marker D13S1233 (supplementary table 1,
supplementary figure 1 and 5a) in the eQTL linkage analytical stage, which
expression was also validated. Hence, using this transcript from B3GALTL as
an example, we continued on to the second stage of the classical two-stage
genetic approach where we further tested the utility of the feral vervet
population samples to refine the QTL findings from the pedigreed VRC. SNPs
in the region of B3GALTL were obtained from the Vervet Genome
Sequencing Project (VGSP). The VGSP generates a reference assembly by
combining short-read whole-genome sequencing of a VRC animal (ID: 1994021) previously used to create a vervet BAC library (CHORI-252). Given the
Caribbean origin of the VRC, we expected that sequence variation discovered
from this single individual would be present both in the VRC pedigree and in
the natural Caribbean population. We identified 26 putative SNPs over an
interval

that

incorporated

the

entire

extent

of

B3GALTL,

including

approximately 100 kb at both the 5’ and 3’ flanks in a SNP discovery effort
specific to the vervet genome (supplementary figure 2). We used 15 SNPs
that were polymorphic in this sample to genotype 279 feral-born and
presumably unrelated animals from St. Kitts, all of whom had been assayed
for B3GALTL gene expression using the same vervet-specific RT-qPCR
assay previously employed in the VRC (table 2, supplementary figure 3). Four
of B3GALTL SNPs displayed significant association at p <0.0001. Twenty
vervet SNPs of STOM and seven SNPs of SMOX were also tested for
association in the Caribbean population but no significant association of these
two eQTL was found (table 2).
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Table 2: Association fine-mapping of three eQTL in the Caribbean population*

	
  

Vervet

Human

Position

Chr.

Chr.

hg19 [bp]

12

9

12

in

SNP ID

BETA

SE

R

124,001,931

STOM_0

-0.02514

0.1436

9

124,002,158

STOM_0.1

-0.1316

12

9

124,007,325

STOM_1

12

9

124,010,003

12

9

12

2

T

p-value

0.000111

-0.1751

0.8611

0.1637

0.00233

-0.8043

0.4219

-0.1151

0.1633

0.001812

-0.7052

0.4813

STOM_2

-0.1316

0.1637

0.00233

-0.8043

0.4219

124,041,231

STOM_4

-0.1279

0.1733

0.00197

-0.7381

0.4611

9

124,043,835

STOM_5

-0.05244

0.1406

0.000511

-0.373

0.7095

12

9

124,046,606

STOM_7

0.1291

0.1178

0.004377

1.096

0.2743

12

9

124,051,514

STOM_8

0.0849

0.1145

0.001989

0.7416

0.4589

12

9

124,071,275

STOM_10

0.08046

0.1183

0.001668

0.6802

0.4969

12

9

124,084,428

STOM_11

-0.00062

0.1385

7.31E-08

-0.0045

0.9964

12

9

124,089,662

STOM_12

-0.155

0.1099

0.007131

-1.411

0.1595

12

9

124,118,313

STOM_15

-0.1064

0.1535

0.001731

-0.693

0.4889

12

9

124,121,411

STOM_16

-0.1064

0.1535

0.001731

-0.693

0.4889

12

9

124,121,753

STOM_17

-0.1064

0.1535

0.001731

-0.693

0.4889

12

9

124,123,227

STOM_18

-0.1415

0.1784

0.002275

-0.7933

0.4283

12

9

124,171,428

STOM_22

-0.02877

0.1167

0.00022

-0.2465

0.8055

12

9

124,204,897

STOM_23

-0.02382

0.1183

0.000147

-0.2014

0.8405

12

9

124,206,767

STOM_24

-0.02217

0.1192

0.000128

-0.186

0.8526

12

9

124,219,342

STOM_25

-0.01244

0.1175

4.05E-05

-0.1059

0.9158

12

9

124,224,081

STOM_26

-0.00987

0.1165

2.64E-05

-0.08474

0.9325

3

13

31,676,914

B3GALTL_0

-0.1438

0.0592

0.02086

-2.429

0.01576

3

13

31,689,187

B3GALTL_2

0.2865

0.06264

0.07092

4.573

3

13

31,758,316

B3GALTL_3

-0.1159

0.05773

0.01445

-2.008

3

13

31,758,727

B3GALTL_4

0.2773

0.0629

0.06558

4.409

3

13

31,761,667

B3GALTL_5

-0.09483

0.1279

0.001988

-0.7415

0.459

3

13

31,834,058

B3GALTL_11

0.1201

0.07922

0.008235

1.517

0.1305

3

13

31,836,303

B3GALTL_12

0.2623

0.0602

0.06416

4.358

3

13

31,837,552

B3GALTL_13

-0.03341

0.08569

0.000551

-0.3899

0.6969

3

13

31,855,094

B3GALTL_15

0.1059

0.06451

0.009813

1.642

0.1018

3

13

31,860,398

B3GALTL_16

0.2342

0.05671

0.05918

4.129

3

13

31,906,160

B3GALTL_19

-0.0279

0.1278

0.000172

-0.2184

7.28E06
0.04565
1.49E05

1.85E05

4.86E05
0.8273
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3

13

31,932,565

B3GALTL_20.1

-0.0279

0.1278

0.000172

-0.2184

0.8273

3

13

31,948,748

B3GALTL_21

-0.02533

0.13

0.000138

-0.1949

0.8456

3

13

31,953,645

B3GALTL_22

-0.04565

0.06007

0.00208

-0.7599

0.448

3

13

32,005,195

B3GALTL_24

-0.1161

0.06103

0.01293

-1.902

0.05827

2

20

4,116,864

SMOX_2

-0.1264

0.1107

0.004681

-1.141

0.2547

2

20

4,180,580

SMOX_26

-0.09028

0.102

0.00284

-0.8851

0.3769

2

20

4,192,067

SMOX_32.1

-0.00697

0.07669

2.99E-05

-0.09094

0.9276

2

20

4,203,943

SMOX_35

-0.1223

0.1105

0.004417

-1.107

0.2695

2

20

4,214,861

SMOX_36

-0.06741

0.0668

0.00369

-1.009

0.3138

2

20

4,226,923

SMOX_37

0.00616

0.05588

4.39E-05

0.1102

0.9123

2

20

4,230,806

SMOX_38

-0.07791

0.07023

0.004423

-1.109

0.2682

* shown association p-values were calculated for regression of expression on SNP genotype, assuming an additive
2

model. Beta is the regression coefficient, SE is the standard error of beta, R is the coefficient of determination from
the regression model, and T is the t-statistic testing the null hypothesis that Beta = 0. Genomic regions investigated
are chromosome 12: STOM, chromosome 3: B3GALTL and chromosome 2: SMOX. Significant association p-values
(p<0.0012) are shown in boldface.

The peak association (p = 7.28x10-6) observed at B3GALTL_SNP_2 (table 2),
corresponds to position 31,689,187 bp on the human chromosome 13,
located ~85 kb upstream of B3GALTL [hg19] (supplementary figure 4).
This gene is located ~15 kb downstream of an additional significantlyassociated SNP and also contains two significantly-associated intronic SNPs
(p<0.00005) (supplementary figure 5b). Information on the linkage and
association mapping of B3GALTL can be found in the supplementary
materials section (supplementary figure 5).

	
  

84

	
  
	
  

Chapter 5

	
  
	
  

Discussion
The overall workflow of this study’s
concept is summarized in figure 3
(on the left) – from selection of
candidate eQTL with good brainblood gene expression correlation,
to linkage analysis of these eQTL in
347 related animals, to association
analysis in 279 unrelated animals
from the feral vervet population.
	
  
	
  
	
  
	
  
Figure 3: Proposed concept of a classical
two-stage

genetic

approach

(from

linkage

to

association) using tissues substitution to dissect
complex genetics.

	
  

The results described represent a proof of concept for large-scale genomic
investigations in the vervet system, illustrating several potential advantages of
this system, and similar non-human primate (NHP) systems, for genetic
dissection of complex traits, particularly those relevant to brain and behavior.
Although it has long been established that QTL analysis in pedigrees is a
powerful means for initial localization of variants contributing to complex
phenotypes, pinpointing the signal identified through such analyses has
proven to be a major challenge. The availability of large vervet pedigree and
population samples descended from the same genetically-isolated Caribbean
population offers the possibility of conducting both linkage and association
analyses for a given set of phenotypes in a setting of minimal genetic
heterogeneity. This opportunity for combining closely related pedigree and
population samples also exists for other NHP systems, including the
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cynomolgous macaques from the island of Mauritius

145

and vervets of the

pygerytherus subspecies in the Western Cape Province of South Africa 146.
Traditionally, genetic investigations of NHP have been limited to relatively
small samples that could be maintained in primate colonies. The development
of technologies for tracking and repeat identification of wild or feral NHP
populations now enables a wide range of longitudinal investigations of various
biomedically important traits. Given the size of such populations, the vervet
population in sub-Saharan Africa likely includes several million monkeys, and
even large-scale genetic investigations in such systems may be relatively
inexpensive compared to human research.
Such investigations are now possible given the rapid development of tools for
NHP genomic research. The current study was conducted with relatively
rudimentary genomic information; it required the utilization of human genomic
information

and

reagents,

including

the

genome

assembly,

sparse

microsatellite sets, and gene expression arrays, which diminished the
opportunities for identifying both linkage and association signals. The
imminent availability of the vervet reference genome assembly, genome-wide
genetic variants, and tissue-specific transcriptome databases will greatly
expand the scope of genetic investigation in this system. In particular, the
vervet will permit large-scale implementation of a strategy for systematic
functional genomic characterization of inaccessible tissues, which is largely
infeasible in humans.
The combination of genome-wide gene expression and genetic variation data
has proven invaluable in the genetic dissection of a wide range of complex
traits

147

. eQTL mapping provides a link to specific genetic markers that are

associated with the trait being studied and the expression of specific gene/s.
For example, SNPs that represent eQTL are more likely than other SNPs to
identify significant association in GWAS

148

. The study of eQTL can

complement GWAS data in picking out unobvious candidate genes. A
successful example was shown in an asthma study, which initial strong
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association signal spanning over 200 kb on chromosome 17q23 containing 19
genes but no obvious candidate for asthma pathology

149

. Subsequent eQTL

study was carried out and the eQTL data was used with the association data,
which indicated that the genetic variants regulating ORMDL3 gene expression
determine the susceptibility to childhood asthma. Another successful example
is a GWAS carried out for Crohn’s disease, in which results showed genetic
markers with strong association signals located in a gene desert on
chromosome 5p13.1

150

. However, a comparison with eQTL database

revealed that this associated region modulates the gene expression of
PTGER4, which is located 270 kb away.
In human, gene expression studies is generally limited to readily accessible
tissues, particularly blood and lymphoblastoid cell lines (LCLs), and the use of
such tissues has enabled insights into the functional impact of genetic
variation for several genes implicated in complex brain-specific phenotypes.
Yet, many phenotypes depend on functional variation that is distinctive to – or
in some cases limited to – particular tissues, for example, the effects of a
substantial proportion of eQTL may be cell-type dependent

151

. The possibility

of assaying virtually all tissue types with the vervet samples that are also
suitable for large-scale genetic investigations offers a unique opportunity to
initiate primate systems biology.
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Supplementary Materials
Supplementary table 1: Microsatellite eQTL mapping results with significant linkage evidence (LOD > 4.46) in the
VRC.

Gene

Max

H2r pval

H2r

H2q1

TMEM14C

6.80E-22

0.7

0.43

6.18

D6S1653

B3GALTL

7.30E-13

0.73

0.51

8.65

D13S1233

TMED3

2.20E-13

0.64

0.43

7.62

D15S206

BAT1

2.50E-12

0.6

0.61

21.82

D6S273

TMEM111

2.60E-13

0.76

0.58

20.55

D3S3589

TUBA1B

2.80E-10

0.62

0.64

20.24

D12S1701

CDKN1A

2.10E-08

0.46

0.38

5

D6S273

TSPAN14

1.40E-04

0.39

0.38

9.05

D10S1677

Symbol

LOD

Marker

H2r pval: heritability p-value; H2r: total heritability; H2q1: locus specific heritability; Max LOD: maximum LOD score
for eQTL linkage mapping in the pedigree using microsatellite genome scan data; Marker: microsatellite marker with
maximum LOD score.

Supplementary figure 1: a) Microsatellite whole-genome linkage scan for a B3GALTL regulatory locus. Each blue bar
on the plot represents the linkage signal between genome-wide microstallite markers and the microarray signal from
probe ILMN1764813 representing B3GALTL gene. The linkage signal in LOD score units is presented on the Y-axis.
The position of each marker is plotted on the X-axis according to genetic distances (from the vervet genomic map) for
all vervet autosomes. Numbers above the plot indicate each chromosome; black bars separate distinct
chromosomes.
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Supplementary figure 2: SNP discovery around B3GALTL gene in the vervet genome. 26 putative SNPs were
discovered (numbered).

Supplementary figure 3: The linkage disequilibrium (LD) pattern in the B3GALTL gene region. The Haploview LD plot
shows LD estimates between the 15 B3GALTL SNPs in the St. Kitts vervet population. The color scheme for the
figure is: LOD<2 & D’<1 (white), LOD<2 & D’=1 (blue), LOD>2 & D’<1 (various shades of pink) and LOD>2 & D’=1.
The LOD here evaluates the significance of the estimate of D’. The numeric value within a cell is the estimate of D’,
estimates of D’=1 are left blank for clarity.
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http://www.genomequebec.mcgill.ca/compgen/submit_db/vervet_project/vervet_vs_human_hg19.

mapped BAC ends, red – discordantly mapped BAC ends. The view of the vervet genome data is available from the website

genomic sequence in custom tracks: gray – 4x coverage of the 454 reads from the reference vervet animal from the VRC (animal ID: 1994-021), green – concordantly

Chapter 5

markers D13S1244 and D13S1493, where we have complete BAC level synteny. Snapshot of the UCSC human genome browser [hg19] shows alignment of the vervet

Supplementary figure 4: Synteny between vervet and human in the B3GALTL region. The 500 kb of human chromosome 13 is embedded in larger 6 Mb region flanked by
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Supplementary figure 5: a) Linkage mapping on vervet chromosome 3. Linkage LOD score is shown on the Y-axis
and microsatellite marker position in cM is shown on the X-axis. Black squares depict the linkage signal of each
probe tested; b) Association mapping on vervet chromosome 3. Association p-value is shown on the Y-axis and
microsatellite marker position in kb on the human genome assembly is shown on the X-axis. Black squares depict the
association signal of each SNP tested.
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Chapter 6
Tip of the iceberg --- What’s next?

From linkage mapping in large families with Mendelian pattern of inheritance
to association studies in the general population, the earlier chapters, 2 to 4,
attempt to cover the classical genetic approach in search for genes or genetic
variations, which are qualitative factors, influencing psychiatric diseases.
Rounding up the bulk of the previous chapters, chapter 5 not only investigates
the feasibility of applying the classical two-stage genetic approach to
psychiatric and behavioral disorders/traits, it also introduces another genetic
perspective, which is expression quantitative trait loci (eQTL), a quantitative
factor, to consider aside from the traditional candidate gene studies. eQTL are
segments of the genome which regulate gene expression, found to be usually
located a distance away from the gene that they are regulating 152.
Aside from the typical gene mutations, variants and expression profiling
presented in the previous chapters, there are other genetic aspects one can
consider in elucidating the genetic architecture of psychiatric and behavioral
phenotypes, in which large families can endow the experimental power more
than non-familial-based setups. Some popular genetic aspects in recent
psychiatric and behavioral studies, in which large family-based investigation
can be useful, are briefly introduced below:

1)

Genome structural variations

Structural variants are genomic rearrangements that affect more than 50 bp of
sequence, which include deletions, insertions, inversions, duplications,
transpositions and translocations

153

. Copy number variations (CNVs) are

defined as structural variants resulting in varying numbers of base pairs in the
genome. A recent Nature Genetics review on genome structural variation has
summarized from a number of studies that human genomes differ more as a
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consequence of structural variations than single base-pair differences; and
that rare CNVs are collectively quite common in the general population, with
significant differences in neurocognitive and neuropsychiatric diseases

154

. As

described in chapter 1, rare genetic occurrences (e.g. genetic mutations and
variants), which can also include structural variations, can be more easily
discovered from large family-based studies. An example of such has been
reported in one of our attention-deficit/hyperactivity disorder (ADHD) families
in chapter 2, where a seemingly monogenic CNV is revealed to be cosegregating with ADHD by our collaborators’ efforts 155.

2)

Endophenotypes

According to Gottesman, an endophenotype should be a heritable factor that
co-segregates with a psychiatric disorder and can be found in non-affected
family members at a higher frequency than in the general population 156. It has
been proposed that it is easier to analyze the genetic basis of
endophenotypes than the very psychiatric disorders themselves because of
the belief that endophenotypes provide more definite biological components
compared to that of the diagnostic criteria used, hence the attractiveness of
endophenotyping large families in psychiatric genetics research. However, a
review compiled by Flint and Munafo about the endophenotype concept in
psychiatric genetics showed that the genetic architecture of endophenotypes
is not necessary easier to dissect than all other psychiatric disorders

157

.

Nevertheless, endophenotyping large families can better aid in garnering
more information about psychiatric disorders such as their disease
susceptibility and discovering possible biomarkers correlating to the disorders.

3)

Phenomics

An emerging field in neuropsychiatric research is phenomics, which is the
systematic study of phenotypes on a genome-wide scale

	
  

158
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characterization of phenotypes will facilitate genetic studies of the
phenotypes. It can allow better insights to how genomic variants can affect
phenotypes, how one gene may affect more than one phenotype (pleiotropy),
and help decipher complex disorders and traits

159

. Large families can assist

phenomics by enabling the Mendelian randomization approach, which allows
studies of both the genomes and phenomes of individuals in separate familial
populations

160

. Mendelian randomization refers to the natural genetic setting

whereby the genetic segregation within families and the variation in
environmental exposures among the individuals during their lives can be
studied to understand how the genes segregating in certain populations can
contribute to understanding the environment factors that cause complex
disorders/traits

161

. A more detailed categorization of phenotypes from

phenomics can provide sharper diagnostic criteria, which will aid in many
psychiatric and behavioral studies as discussed in the sections on crossdisorders and subtyping of disorders in chapter 1.

The previous chapters all explore the theme on large family studies and how
they can benefit psychiatric and behavioral research. However, even if large
families are recruited, there is still no guarantee that one will be fortunate
enough to sample the families for which a major genetic determinant is cosegregating with the disorder or trait being investigated. Despite this, they still
offer a higher probability in detecting rare genetic factors of disorders/traits.
Past successes in many physiological disorders and traits have proven that
studying multiplex families allow geneticists to delve into the complexities of
multifactorial disorders/traits and unfold the genetic architecture, through
piecing together the missing puzzles of the genetic mechanism, rare variant
by rare variant 15.
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