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Summary  
 
Schizophrenia is a severe psychiatric disorder with a lifetime prevalence of around 1 %. The 
disease is characterized by patients showing a false perception of reality with symptoms such 
as delusions, hallucinations and thought disturbances. The disease profile also often includes 
social dysfunction, lack of motivation and deficits in cognitive functions. Schizophrenia 
affects men and women to the same extent and often has its onset in early adulthood.  
Twin and adoption studies have been used for a long time to search for correlations between 
environment and genetics, and it is clear that the disease has a high heritability. The most 
accepted hypothesis today is that schizophrenia is a result of environmental stressors that can 
increase the vulnerability to develop the disease in combination with genetic factors. To 
understand the genetics behind this disease is of importance not only for improvement of 
treatment, but also for a better understanding of severe psychiatric disorders in the society in 
general.   
 
Human QKI (the quaking homolog, KH domain RNA binding (mouse)) is a gene whose 
downregulation might be a factor causing schizophrenia. QKI is likely to have a big 
importance for myelination of the brain and since dysfunction of myelination is suggested to 
contribute to schizophrenia, QKI is of great interest for further studies. The gene was found in 
a genome scan of  individuals from a large pedigree with a high incidence of schizophrenia 
and related disorders. Later studies also showed that some splice variants of the gene are 
downregulated in the brain of schizophrenic patients. Nevertheless, the reason and mechanism 
for this downregulation still is unknown.  
 
In this study, DNA methylation was investigated for its possible contribution to 
downregulation of the QKI gene in schizophrenic patients. DNA methylation is an epigenetic 
event that is linked to silencing of genes. During normal conditions this epigenetic mechanism 
is of great importance for normal development and silencing of invasive DNA. However, 
DNA methylation has been linked to diseases such as cancer, for example where it silences 
genes that should be active to protect against disease. Bisulfite sequencing is a method that 
can be used to detect methylated regions of the genome, and eight regions of QKI were 
selected for these studies. The aim was to see if there was a difference in methylation status of 
the gene in the brain of schizophrenic patients compared to healthy controls. I also wanted to 
investigate if there was a difference in methylation status of QKI due to age, sex or 
antipsychotic medication. The sequencing was successful for two of the eight selected regions, 
but there were no significant changes in methylation status that could explain the lower 
expression of QKI in the patients. Neither did the studies of age, sex or antipsychotic 
medication show any statistical significant differences. Still, some of the results in the study 
indicated that some of the regions that could not be sequenced actually could be methylated. 
Therefore, it can not be excluded that the downregulation of the gene is due to DNA 
methylation.  
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Introduction  
 
Schizophrenia  
 
Schizophrenia is a severe psychiatric disorder that often has a devastating impact on the life of 
the affected individuals. Schizophrenia is a complex disorder where several functions are 
affected, such as perception, thinking processes and cognitive functions. The symptoms are 
often divided into positive and negative symptoms. The positive symptoms might be the 
hallmarks of schizophrenia best known by people in general. These symptoms include 
hallucinations, delusions and thought disturbances (Schultz & Andreasen 1999). Negative 
symptoms include loss of the ability to interact with other people and social withdrawal as 
well as loss of motivation. Other examples of negative symptoms are deficits in cognitive 
functions and memory (Schultz & Andreasen 1999). The terms positive and negative have 
been used for a long time and refers to the gain and loss of functions. Positive symptoms 
refers to the gain or excess of functions that healthy individuals normally not have, such as 
hallucinations. Negative functions refers to the loss of, or deficits in functions that are 
normally present, such as the ability to socially interact with other people (Arndt et al. 1991).  
The lifetime prevalence of schizophrenia is usually said to be around 0.5-1 %, nevertheless 
recent meta-analyses indicates slightly lower prevalence values (Bhugra 2005). To illustrate 
the severity of the disease one can mention that suicide is the number one cause of premature 
death in these individuals, with a rate of 10-13% (Schultz & Andreasen 1999, Caldwell & 
Gottesman 1990).  
 
Neuroimaging techniques have made it possible to examine what distinguishes the brains of 
schizophrenic patients compared to healthy individuals. Structural brain imaging studies, for 
example, have shown that the brains of individuals diagnosed with schizophrenia have a  reduced
amount of gray matter, alterations in white matter and larger ventricles compared to the brains of 
healthy individuals. Neurochemical imaging studies also have shown changes in dopamine 
neurotransmission during psychosis that can be coupled to hallucinations and delusions 
(Van Os & Kapur 2009). The observed change in dopamine neurotransmission has made 
dopamine receptors the number one target for antipsychotic drugs (Carpenter & Koenig 2008, 
Seeman 2004).  
 
Diagnosis of schizophrenia  
 
Schizophrenia is diagnosed by two criterion-based systems called International Classification 
of Diseases (ICD-10) and Diagnostic Statistical Manual of Mental Disorders, fourth edition 
(DSM-IV) (World Health Organization 1994, American Psychiatric Association 1994). The 
DSM-IV criteria for schizophrenia include two or more of the positive symptoms mentioned 
above as well as social dysfunction (American Psychiatric Association 1994). At the time of 
diagnosis, other medical disorders or substance abuse should be ruled out and the symptoms 
should have been present for at least six months (American Psychiatric Association 1994). 
The ICD-10 criteria for diagnosis are basically the same as for the DSM-IV criteria, except 
that the symptoms should have been present for one month or longer (World Health 
Organization 1994).  
 
Treatment of schizophrenia  
 
Antipsychotic drugs for treatment of schizophrenia have been on the market since the 
beginning of the 1950s, when chlorpromazine was released. Chloropromazine belongs to the 
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first generation antipsychotics, also called neuroleptics or typical antipsychotics, that mainly 
target D2 dopamine receptors. The problems with the first generation antipsychotics are 
adverse side effects, and their use has declined since the second generation antipsychotic 
came out on the market (Carpenter & Koenig 2008). The newer antipsychotics such as 
clozapine and ziprazidone also target D2 dopamine receptors, but they bind more loosely to 
the receptor and cause less side effects, such as abnormal motor function (Seeman 2004). The 
newer drugs also target other receptors as a complement to the antagonistic effects on 
dopamine receptors. The additional targets differ from drug to drug, but many of them also 
binds serotonin receptors, which have shown to increase the antipsychotic effect and improve 
patients' cognitive functions as well as reducing anxiety (Meltzer 1999). Although medication 
is important, especially in the first phase of the disease, psychological and social support has 
been shown to be important to improve the life quality of affected individuals. In some 
countries, a model called “community-case management” has been implemented. In this 
model a team of professionals with different skills are available to support patients with health 
care, but also with social issues outside the hospital. This method, in combination with 
medication, has been shown to be very successful in approving the life quality of the patients 
(Van Os & Kapur 2009).  
 
Environmental risk factors for schizophrenia  
 
A variety of environmental factors have been investigated for their contribution to 
schizophrenia. Several studies have shown that birth complications and factors during the 
pregnancy can predispose to the disease. Examples of such factors are maternal infection and 
stress, hypoxia and maternal malnutrition, as reviewed by van Oz and Kapur (2009) among 
others. Another interesting observation that has been known for a long time is that people 
with schizophrenia are more likely to be born in the winter and early spring than other times 
of the year. A possible explanation to this is that episodes of influenza often occur around the 
same time as the pregnant mothers go through the second trimester and that infections at that 
time can increase the risk (Torrey at al. 1997). Another factor that seems to increase the risk 
to develop the disease is parental age, where the risk increases with increasing paternal age. 
An increasing number of mutations in the male germ cell lines with increasing age may 
explain these findings (Brown et al. 2002). It has also been known for a long time that 
stressful events and life crises often precede the outbreak of the disease (Birley and Brown 
1970). Meta-analyses  have shown that also the use of cannabis, especially during adolescence, 
can contribute to the development of psychosis, schizophrenia and related disorders (Semple 
et al. 2005). The risk of developing the disease is equal for men and women, but men tend to 
develop the disease slightly earlier in life than women (Bhugra 2005). Schizophrenia affects 
people living in rural and urban areas to the same extent, however, the rate of the disease is 
higher among homeless and migrants. Schizophrenia also seems to be more common in 
highly developed countries compared to developing countries (Bhugra 2005). In summary, 
there are most likely several environmental stressors that in combination with genetic factors 
contribute to vulnerability to schizophrenia  
 
The genetics of schizophrenia  
 
Twin and adoption studies are valuable methods for studying the genetic basis of different 
diseases. These types of studies have been used to study if schizophrenia is influenced by 
genetics, environment or both, and to what extent. Family studies conducted over a long time 
have shown a high heritability. The risk of developing schizophrenia is about ten times higher 
in siblings and children of schizophrenics compared to the general population. The risk of 
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developing schizophrenia can not be estimated by simple Mendelian pattern of transmission. 
An example of this is that the risk increases with the number of affected family members, and 
that a dizygotic twin of an affected individual has a higher risk of developing the disease than 
other siblings (McGuffin et al. 1995). An overview of the average risk of developing 
schizophrenia if a family member is affected can be seen in figure 1.  
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Figure 1. Average lifetime risk of developing schizophrenia. The figure shows the average lifetime risk (in 
percent) of relatives to individuals diagnosed with schizophrenia to develop the disease. The average risk for the 
general population is also shown. Adapted from McGuffin et al. 1995.   
 
Several genes have been investigated for their possible contribution to schizophrenia, even if 
no particular gene has been linked distinctly to a dysfunction that can result in the disease. 
Today, the most accepted hypothesis is that there are many genes that contribute to increased 
susceptibility of schizophrenia (Schwab & Wildenauer 2009).  
 
The quaking homolog, KH domain RNA binding (QKI) and schizophrenia  
 
Human quaking homolog, KH domain RNA binding (QKI), where the downregulation of two 
splice variants of the gene may be a factor contributing to schizophrenia, was found in a genome  
scan using a 12 generation  schizophrenia pedigree consisting of a large number of individuals.   
Linkage analysis with microsatellite markers led to the finding of a candidate schizophrenia- 
susceptibility locus at 6q25 (Lindholm et al. 2001). In a later study, the same research group was 
able to  fine-map this region further and the only described gene found in this region was 
QKI  (Åberg et al. 2006). The gene is ~ 160 kb in length and consists of seven or eight exons,   
depending on splice-variant. Four splice variants of the gene have been identified so far and 
a schematic figure of human QKI and its splice-variants c an be seen in figure 2.   
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Figure 2. Structure of human QKI gene and its known splice variants. The figure shows QKI and the 
organization of UTR-regions and exons in the four different splice-variants QKI-5, QKI-6, QKI 7kb and QKI-
7kb-B. As seen in the figure, the splice-variants are identical from exon 1 to exon 6, whereas the sequence and 
length of exon 7 differs. Exon 8 is only present in QKI 5, and the length of the 3’UTR differs among the splice-
variants. The name of the different variants comes from the length of the 3’UTR, QKI has a 5 kb 3’UTR, QKI-6 
has a 6 kb 3’UTR and so on. The location of the eight sites investigated for methylation and location of the 
primers listed in table 6 are indicated with red stars (*). The figure was constructed based on sequence 
information and kindly provided by Eva Lindholm Carlström (unpublished work).  
 
 
To evaluate the possible involvement of QKI in schizophrenia, gene expression analyses have 
been performed. Brain autopsies have been used for mRNA expression studies using real-time 
reverse transcription polymerase chain reaction (qRT-PCR), which showed a decreased 
expression of two splice-variants of the gene in schizophrenic patients compared to controls 
(Åberg et al. 2006). The study also showed that the mRNA levels of all four known splice 
variants of QKI were higher in patients treated with typical antipsychotics than patients 
treated with atypical antipsychotics or untreated patients (Åberg et al. 2006). Human QKI is 
thought to have an important function in myelination that is produced by oligodendrocytes in 
the brain (Åberg et al. 2006, Chénard and Richard 2008). Interestingly, dysfunction of 
myelination and oligodendrocyte function is suggested to contribute to the development of 
schizophrenia, as reviewed by Chénard and Richard (2008). Still, the reason why QKI shows 
a decreased expression in patients compared to controls is unknown, but epigenetic 
mechanisms such as DNA methylation might be involved.  
 
 
DNA methylation  
 
The term epigenetics refers to stable and heritable alterations of gene expression, that do not 
involve a change of the DNA sequence itself. One of the most extensively studied 
epigenetic phenomena is DNA methylation. In mammals, these alterations occurs when a 
methyl group is added to the 5th carbon of cytosine nucleotide bases (Jaenisch & Bird 2003).  
DNA methylation in mammalian cells mostly takes place at cytosines preceding guanines, so 
called  CpG dinucleotides. These sites are most often found in clusters called CpG islands  
located in the 5’ regulatory regions of many genes (Bird 1988).    
DNA methylation plays an essential role in governing gene expression during mammalian 
development, and is involved in processes such as X chromosome inactivation, genomic 
imprinting, chromatin modifications and silencing of invasive DNA (Okano et al. 1999).  
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An example of its importance in development is the fact that dysregulation of DNA 
methylation can give rise to several neurodevelopmental disorders, such as the Rett syndrome, 
which causes mental retardation (Amir et al. 1999).  
 
The DNA methylation process is catalyzed by DNA methyltransferases. These enzymes are 
divided into two classes where the first (Dnmt1) is responsible for maintaining the 
methylation pattern in proliferating cells. This means that the methylation mark is added to 
hemi-methylated CpG dinucleotides in the new DNA strand that arises after replication (Li 
2002). The other class (Dnmt3a and Dnmt3b) initiates de novo methylation, i.e. the 
establishment of new methylation patterns (Okano et al. 1999, Li 2002). De novo methylation 
is known to be changed during life, and new patterns of methylation might be established due 
to increasing age and to environmental and life-style factors such as diet, as reviewed by 
Jaenisch and Bird (2003).  
 
DNA methylation and gene expression  
 
Gene expression can be regulated by DNA-methylation by a number of mechanisms. The 
most obvious mechanism is that the added methyl groups directly block transcription factors 
from binding the target sequence, resulting in gene silencing. Nevertheless, the most common 
mechanism is the binding of methyl-CpG-binding proteins to the methylated DNA. The 
binding of these protein can further recruit chromatin-remodeling proteins and transcription-
regulatory complexes to the methylated DNA regions and thereby affect the expression of 
different genes (Li 2002). The establishment of DNA methylation in promoter sequences is 
mainly associated with suppression of transcription, but there is also work indicating that 
DNA methylation might lead to transcriptional activation. One example of this is the methyl-
CpG binding protein 2 (MeCP2) that can induce both transcriptional repression and 
activation upon binding to methylated DNA. MeCP2 is involved in the Rett syndrome mentioned 
above, and its suggested action is that it works both as an activator and repressor depending 
on the type of interaction with other molecular complexes (Charrour et al. 2008).  
 
DNA methylation and disease  
 
There are several human diseases, such as cancer, that have been shown to be associated with 
disturbed epigenetic information, as reviewed by Robertson (2005) among others. Loss of 
genomic methylation is often found early in tumorigenesis, and the genome of cancer cells is 
hypomethylated to a higher degree than normal cells. In tumor cells, methylation is often lost 
in repetitive regions of the genome which leads to genomic instability due to increased mitotic 
recombination. De novo hypermethylation of CpG islands that are normally hypomethylated  
is associated with suppression of gene transcription. This type of gene silencing can result, 
for example, in silencing of tumor suppressor and growth regulatory genes and thereby lead 
to tumor development (Robertson 2005). Figure 3 summarizes how methylation of cytosines 
by DNA methyltransferases can lead to suppression of gene expression.  
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Figure 3. DNA methylation as a suppressor of gene expression. The figure shows chromatin with the DNA 
wrapped around histone proteins forming the nucleosomes and the addition of a methyl group to cytosine by 
DNMT. Methylation of cytosines may result in silencing of gene expression by binding of methyl CpG binding 
proteins and recruitment of chromatin remodeling proteins such as histone deacetylases, creating an inactive 
chromatin. Modified from Luong (2009), picture free to use.  
 
When it comes to schizophrenia and epigenetics, there is evidence for epigenetic mechanisms 
for some candidate genes. One example is the finding of hypomethylation of the promoter of 
Reelin in the brain of schizophrenic patient. Reelin is a protein involved in the development 
of the central nervous system and has been found downregulated in analyses both at the 
mRNA and protein levels in postmortem brain of individuals diagnosed with schizophrenia 
and bipolar disorder (Grayson et al. 2005). There are also data indicating methylation 
abnormalities in schizophrenia candidate genes involved in the serotonergic and dopaminergic 
systems as reviewed by Roth et al. (2009).  
 
Understanding how epigenetic mechanisms contribute to disease is interesting when it comes 
to the development of new drugs to target different diseases. There are known demethylation 
agents that work as inhibitors of DNA methyltransferases and thereby can restore repressed 
gene expression by reversing abnormal hypermethylation. The agents 5-azacytidine (Vidaza) 
and 5-aza-2´-deoxycytidine (Decitabine) are two demethylation agents that have been 
approved as treatments against the blood cell disorders leukemia and myelodysplastic 
syndromes. Still, there are no demethylation agents that can be used to treat solid tumours 
(Esteller 2008).  
 
Methods for DNA methylation studies  
 
One method for detection of methylated cytosine is the bisulfite sequencing method. With this 
method, 5-methylcytosine residues can be identified by treating genomic DNA with sodium 
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bisulfite. This treatment converts cytosine residues to uracil by deamination, whereas 5-
methylcytosine remains intact. Regions of interest are further amplified with PCR and 
sequenced, where unmethylated cytosines converted to uracil will be displayed as thymine, 
and methylated cytosines as cytosine residues (Frommer et al. 1992).  
 
A sequencing method often used together with bisulfite sequencing is the pyrosequencing 
method, based on real time incorporation of nucleotides to a single stranded template 
(Ronaghi et al.1998). The advantage of this method in these type of studies is the possibility 
not only to detect methylation, but also to quantify the extent of methylation at each site from 
the ratio of T and C in the sequence (Tost & Gut 2007). When performing pyrosequencing, 
the single stranded DNA template and the sequencing primer are incubated together with  
DNA polymerase, substrate and different enzymes needed for the reaction. Nucletotides  
are added to the reaction in cycles, where incorporation of a nucleotide complementary to the 
template will result in release of pyrophosphatase. The released pyrophosphates will be  
quantitatively converted to ATP by the enzyme ATP sulfurylase in the presence of a  
substrate. The released ATP is further used as a fuel for the bioluminescent enzyme luciferase, 
that will produce a light signal proportional to the number of nucleotides incorporated into  
the synthesized DNA strand. Nucleotide-degrading enzymes degrades unincorporated  
nucleotides as well as remaining ATP between each cycle. The light signals are detected  
by a light-sensitive camera and will result in sequencing pyrograms (Ronaghi et al. 1998). 
 An example of a pyrogram can be seen in figure 4.  
 

 
Figure 4. Pyrogram from pyrosequencing for methylation studies. The figure shows a typical pyrogram with 
light intensity on the y-axis (arbitrary units) and reagents added along the x-axis. E and S on the x-axis stands for 
enzyme and substrate followed by the nucleotides added to the reaction. The height of the peaks corresponds to 
the number of bases of the same type following each other in the sequence. The grey bars represent predicted 
CpG sites (here G and A, since this sequencing reaction was performed with a reverse sequencing primer) and 
the blue boxes shows the % methylation at each site (G/A). The sequence above the blue bars is the predicted 
sequence, programmed into the instrument for proper nucleotide dispensing order. A2 is the identification 
number of the well of the 96-well plate in which sequencing is performed. A blue color of the % boxes indicates 
a high certainty whereas yellow and red boxes are more uncertain results.  
 
Aims 
 
The aim of this study was to investigate if the lower expression of QKI in the brain of 
schizophrenic patients compared to healthy individuals was a result of DNA methylation. 
Methylation patterns of QKI was also investigated for possible differences due to age and sex. 
Results from patients treated with antipsychotics was also compared with results from  
patients not treated at time of death to see if antipsychotic medication affected potential DNA 
methylation and thereby expression of the gene.  
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Results  
 
Polymerase chain reaction of bisulfite converted DNA  
 
To investigate QKI for methylation differences between schizophrenic patients and healthy 
controls, DNA was extracted from brain autopsies and blood samples and thereafter treated 
with sodium bisulfite. Based on CpG prediction using the Methylator software, eight regions 
of the gene predicted to be highly methylated were selected. These regions were amplified by 
using the bisulfite-treated DNA and bisulfite-specific primers, i.e. primers designed for the 
bisulfite-converted sequence.  
 
Standard polymerase chain reaction cycling conditions of 40 cycles with an annealing 
temperature of  55ºC gave rise to PCR products of expected size with all eight primer pairs 
tested when using brain and blood DNA treated with sodium bisulfite from healthy controls as 
PCR template. When it came to amplifying bisulfite-converted DNA from schizophrenic 
patient samples, it was more difficult. A program with three different annealing temperatures 
showed to be successful for some regions both with control and patient samples.  
 
The only patient templates that gave rise to PCR products from all regions of interests were 
templates 152.95 and 91.93. Figure 5 shows gel pictures from the PCR using template 152.95 
(A) and from 53.90 and 70.93 (B). One 224 bp long region of the 5’UTR and one 220 bp long 
region of Exon 1 were the only regions possible to analyze with pyrosequencing for all patient 
samples. Table 6 in the material and methods section shows the primer location in the QKI 
gene and primer sequences for all eight primer pairs.  
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 

 

 M  1  2  3   4  5  6 7  8  1  2  3  4   5  6  7  8  

B 

A 

 M    1    1     2    3     4    5    6     7    8  70.93                ׀                   53.90        
 
Figure 5. Amplification of bisulfite treated DNA from schizophrenic patients.  Gel picture A shows PCR 
products (15 µl/well) of  bisulfite treated patient DNA 152.95 amplified using all eight primer pairs. The wells 
contain from the left to the right M; 50 bp size marker (Fermentas), 1; 5UTRPyroPCR primers, 5 µl/well, 2; 
5UTR2.PyroPCR primers, 3: Ex1.PyroPCR primers, 4; Ex1.2 PyroPCR primers, 5; In4PyroPCR primers, 6; 
Ex8PyroPCR primers, 7; 9768.PyroPCR primers, 18; 9769.PyroPCR primers. The gel labeled B contains 5 µl of 
bisulfite treated patient DNA 53.90 and 70.93 amplified with the same eight primers loaded in the same manner. 
Well M contains a 50 bp marker and wells labeled 1-8 contains PCR products using  the same primer 
combinations and primer order as in A.  
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Pyrosequencing of blood and brain DNA from healthy individuals  
 
The sequencing and subsequent analysis were performed to detect possible differences in 
methylation status of eight regions of QKI in schizophrenic patients versus healthy controls. I 
was also interested in investigating if age, sex and medication could affect the methylation 
status of the gene. I also asked myself if there could be a difference in methylation of QKI 
between different tissues, in this case brain tissue and blood.  
 
Initially, the pyrosequencing method was tested by analyzing the eight regions of interests 
from six brain samples and five blood samples from healthy controls. PCR products from 
individual 91.93 mentioned above were also sequenced together with the four products of 
53.90 and 70.93 shown in figure 5B.  
 
From the sequencing data, some sites predicted to be methylated were found. Methylated 
CpGs could be found in the two regions of the 5’UTR and the two regions of exon 1. In intron 
4 no methylated CpGs could be found. The pyrogram from the sequencing of the two regions 
of 3’UTR were of poor quality and no conclusions could be drawn from the sequencing. In 
the initial sequencing the obtained signal was too low to quantify the degree of methylation in 
all samples. One of the blood samples showed an exceptionally high extent of methylation in 
exon 8, with 89 and 85 % methylation at two different sites. The pyrogram from the 
sequencing of this blood can be seen in figure 6.  
 

 
Figure 6. Sequencing of exon 8 of blood sample. The two first peaks represent the enzyme and substrate added 
to the sequencing reaction followed by peaks representing the actual sequence. The height of the peaks 
corresponds to the number of bases of the same type following each other in the sequence.. The grey bars show 
the predicted CpG site and the yellow boxes shows the methylation in percent, here 89 % and 85 % respectively.  
 
 
Unfortunately, the pyrosequencing of exon 8 in all samples except for this blood sample failed. 
Due to time and cost limitations, I decided to proceed with the sequencing of the 5’UTR and 
exon 1 from brain autopsies of patients and controls.   
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Pyrosequencing of brain DNA from patients and healthy controls 
 
In the next step, the two regions of exon 1 and the 5’UTR, were analyzed with 
pyrosequencing to detect possible differences of DNA methylation between patients and 
controls. In these sequencing reactions a larger volume of PCR product was used to ensure 
clear peaks in the pyrograms.  
 
The sequencing of the 5’UTR region and exon 1 gave rise to pyrograms from which 
methylation could be quantified at each predicted methylation site.  
The pyrograms from sequencing of the 5’UTR region showed two predicted CpG sites in all 
samples, both in controls and patients. Figure 7 and 8 show two of the obtained pyrograms, 
one from a patient and one from a control. In the analysis of the results, only results with no 
technical problems have been used.  
 

Figure 7. Sequencing pyrogram of 5’UTR region of QKI in a schizophrenic patient.  The grey bars show the 
predicted CpG site and the blue boxes shows the methylation in percent, here 11% and 21 % respectively. The 
color of the boxes showing the methylation percentage is an indicator of the certainty of the results. A blue color 
shows a high certainty. 

 
Figure 8. Sequencing pyrogram of 5’UTR region of QKI in a healthy control. The figure shows the same 
sequence as in figure 2, but from an healthy control individual. The percent methylation of the two sites has here 
been estimated to 12 % and 20 %.  
 
A summary of the results of the sequencing of the 5'UTR is shown in table 1 and 2.  
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Table 1. Methylation at two CpG sites in the 5’UTR of QKI in healthy controls 
Sample 
numbera

Site 1  
methylation (%) 

Site 2  
methylation (%) 

   
1 10 15 
2 8 15 
3 12 12 
4 12b 17b

5 NAc NAc

6 35 73b

7 11 21 
8 12b 16b

9 20 38 
10 0b 0b

11 6 11 
12 15 26 
13 8 13 
14 5 8 
15 13 22 
16 10 19 
17 10 12 
18 12 19 
19 8 12 
20 9 14 
21 12 22 
22 12 21 
23 13 24 
24 13 20 

   
a Sample numbers have been changed for sake of simplicity; original numbers of previously discussed samples 
are shown in parentheses 
b Low certainty of estimate due to technical problems  
c NA, no data  
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Table 2. Methylation at two CpG sites in the 5’UTR of QKI in schizophrenic patients  
Sample 
numbera

 

Site 1  
methylation (%) 

Site 2  
methylation (%) 

1 9 13 
2 11 21 
3 11 24 
4 8 15 

5 (152.95) 7 12 
6 0b 0b

7 10 18 
8 8 12 
9 8 14 

10 12 22 
11 11 23 

12 (186.93) 16 38 
13 14 25 
14 9 19 
15 12 27 
16 6 9 
17 14 23 
18 13 22 
19 11 23 
20 11b 26b

21 0b 10b

22 12 19 
23 7 10 
24 0 10 

a Sample numbers have been changed for sake of simplicity; original numbers of previously discussed samples 
are shown in parentheses 
b Low certainty of estimate due to technical problems  
 
The data in table 1 and 2 was further analyzed to search for differences between the patient 
and the control group. 
 
In the 220 bp long fragment of exon 1, nine CpG sites had been predicted. The sequencing 
showed large variation of methylation status at different sites and among individuals. 
Methylation could be found in six  out of nine predicted sites, but it was generally low. A 
table  showing the percentage methylation of all sites in all samples can be seen in appendix 1. 
Only one individual showed methylated CpGs in all nine regions. The pyrogram from the 
sequencing of that DNA can be seen in figure 9. This pyrogram has been divided into two 
parts to give a clearer picture.  
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Figure 9. Sequencing of QKI exon 1 in a schizophrenic patient. The pyrogram shows the sequencing of 9 
predicted CpGs located in exon 1. The y-axis shows the light intensity and the x-axis the reagents added to the 
reaction. The % methylation has estimated to 16, 23, 22, 23, 12, 19, 29,16 and 20 % is indicated in the yellow 
and red boxes.  
 
Interestingly, this sample was the earlier mentioned 53.90. The brain autopsy used came from 
the oldest patient included in the study, an 87 year old woman who was not given any 
antipsychotic medication at time of death. Unfortunately, the sequencing of the 5’UTR of the 
same individual failed.  
 
 
Analysis of results – patients and controls  
 
The results from the pyrosequencing showed no significant differences in the methylation 
status of QKI between patients and healthy controls. The mean % methylation in the 5’UTR 
was 9.95 % in schizophrenic patients and 12.1 % in healthy controls (p= 0.18). In the second 
site of the 5ÙTR it was 19 % in patients and 18 % in controls (p= 0.68).  
 
The sequencing of exon 1 showed that site 2 in the sequence was more methylated in 
schizophrenic patients compared to controls (p= 0.02). The rest of the sites showed no 
significant differences between patients and controls. Methylation at site 4, 5 and 9 were  
detected only in the earlier mentioned patient 53.90.  
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QKI methylation, sex and age   
 
Next, I looked for differences in methylation status due to sex or age. Table 3 shows the 
average percent methylation in men and women of the two sites found in the 5’UTR.  
 
Table 3. Methylation of the 5’UTR of QKI in men and women 

 
                        Percent methylation (mean ± SDa) of QKI  

                      in females and males  
 
 
Site  

Females (n=20) Males (n=29) Pb

 
5’UTR, site 1  
 
5’UTR, site 2 

 
9.7 ± 3.9 
 
18.1 ± 7.9  

 
11.8 ± 5.6  
 
18.8 ± 6.3 

 
0.19 
 
0.74  
 

 
a SD, standard deviation  
b two tailed t tests, female versus males  
 

 
As seen in table 3, the mean  methylation was somewhat higher in men at both sites, but the 
statistical analysis showed that the difference was not significant. The same analysis was done 
with the data from the sequencing of exon 1, where no statistical differences were found 
between men and women.  
 
The samples were also divided into two groups to test if there was any change in methylation 
of QKI with age. Individuals were divided into one group of individuals younger than the 
mean age of 61 years for both patients and controls and one group with individuals older than 
61. There were no significant differences at the sites for these two groups, neither in the 
5’UTR nor in exon 1. The only remarkable thing was that site 2 of exon 1 was found to be 
methylated only in younger individuals, with the exception that it was also found in sample 
53.90.  
 
 
Methylation of QKI and antipsychotic medication 
 
For some of the brain autopsies from the Maudsley Brain Bank, medication with 
antipsychotics of the individuals at time of death was known. To see if there was any 
difference in methylation status of QKI due to medication, individuals treated with 
antipsychotics were compared to individuals who did not receive any medication against 
schizophrenia at the time of death. The group that had received medication was also further 
divided into those having received high potency antipsychotics and those having received low 
potency antipsychotics to evaluate if there were any differences. The results are summarized 
in table 4.  
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Table 4. Antipsychotic medication and QKI methylation  

 
                        Percent methylation (mean ± SDa) of QKI in patients treated with 

 
 
Site  

High potency 
antipsychoticsb (n=3) 

Low potency 
antipsychoticsc (n=4) 

No medication 
(n=3) 

Pd

 
5’UTR, site 1  
 
5’UTR, site 2 
 
Exon 1, site 3  

 
10.3 ± 1.5 
 
17.7 ± 4.5 
 
0  

 
9.2 ± 2.0  
 
17.7 ± 5.1  
 
4 ± 4.6  

 
11.7 ± 4.0  
 
24.7 ± 13.0 
 
12.3 ± 8.4 

 
0.62, 0.34 
 
0.42, 0.36  
 
0.14, 0.15 

 

a  SD, standard deviation 
 b Stelazine, Disipal, Trifluoperazine 

c Promazine, Chlorpromazine, Benzodiazepine, Thioridazine, Fluphenazine 
d two-tailed t tests; first value for high potency medication versus no medication, second value for low potency 
medication versus no medication 
 
 
Although the mean  methylation in percent was higher in non-treated individuals compared to 
patients receiving medical treatment at the time of death, there were no significant differences 
between the different groups. In exon 1, only the three first predicted CpG sites were found to 
be methylated in the patients where information about treatment was available. Only site 3 of 
exon 1 showed some difference in mean degree of methylation, while methylation at site 1 
and 2 were very similar in all groups.  
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Discussion  
 
Polymerase chain reaction using bisulfite treated DNA  
 
In order to sequence and perform DNA methylation studies on the eight regions of QKI with 
predicted CpGs, PCR amplification of these regions was necessary. The fact that only two 
regions out of these eight were successfully amplified when using brain DNA from 
schizophrenic patients made it impossible to sequence all selected regions.  
The failure in amplifying these regions from patient samples but not from healthy controls and 
two samples from individuals treated with high potency antipsychotics is still an interesting 
result in itself. My hypothesis is that at least some of the six regions that were not sequenced 
in the second successful trial are more heavily methylated in patients than predicted. Since the 
primer design for bisulfite sequencing is based on an hypothetical sequence, a prediction, the 
primers will not bind to the DNA sequence if it is different than predicted. One way to 
overcome this problem could be to try to amplify the same regions with degenerate primers 
containing of a mixture of thymine and cytosine at unknown positions.  
 
The fact that it was possible to amplify DNA from all regions of two patients (152.95 and 
91.93)  treated with high potency antipsychotics but not from untreated patients (53.90 and 
70.93) is interesting since the high potency and typical antipsychotic drug haloperidol is 
known to increase QKI expression in human astrocytoma cells (Jiang et al. 2009). Since the 
information about medication was only available for some of the samples it is difficult to 
draw any conclusions from these results, even if I find it tempting to believe that some 
antipsychotics can work as activators of genes silenced by DNA methylation. One study from 
2006 has actually shown that haloperidol can cause changes in DNA methylation in the brain 
of rats (Shimabukuro et al. 2006).  
 
QKI methylation analysis  
 
The initial sequencing showed indications of methylation in some of the eight regions 
sequenced. I successfully sequenced two regions in the 5’UTR and exon 1 from both patient 
and control samples, and the extent of methylation was quantified. The sequencing showed 
that there were no significant differences between the two groups in the 5’UTR.  
Site 2 in exon 1 showed a higher extent of methylation in the patient group; nevertheless, this 
site alone is unlikely to play any role in the downregulation of QKI. Downregulation of genes 
often is associated with hypermethylation at promoters, and even if there was a difference at 
this site, the degree of methylation generally was low. The methylation status of the 5’UTR 
and exon 1 of QKI have been studied earlier using brain autopsies from suicide victims 
diagnosed with major depressive disorder with a similar result (Klempan et al. 2009). In this 
study, they could not find any differences in methylation status in a 281 bp region covering the     
3´-end of the QKI promoter and the first part of exon 1 between the suicide victims and healthy   
individuals (Klempan et al. 2009). However, it is important to remember that only a small 
part of the gene has been investigated for differences in DNA methylation. For example, the 
5’UTR fragment that could be sequenced in this study was only 224 bp long, while the entire 
5’UTR is ~ 1.5 kb in length. Furthermore, only one DNA strand was sequenced, either the 
sense or the antisense, using strand-specific primers. As a summary, this study can not rule 
out that the methylation status of QKI differs between schizophrenic patients and healthy 
individuals at other sites of the gene.  
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One of the samples that showed different methylation patterns than other samples was patient 
sample number 53.90. Methylation could be detected at all predicted sites of exon 1 only in 
this individual, and the extent of methylation was generally higher than in other samples. This
brain autopsy came from the oldest patient involved in the study, a woman who was  not given 
any antipsychotics at the time of death. A second untreated schizophrenic woman of almost   
the same age (186.93) also showed a higher extent of methylation in the 5’UTR than the rest   
of the patient group. It is possible that this is due to the high age and the absence of medication,  
but without further testing using a larger number of individuals it is impossible to say.  
 
When analyzing the possible impact of sex, age and medication for DNA methylation patterns 
of QKI, no significant differences could be found in the screened regions. The mean values of   
percent methylation were somewhat higher in patients not treated with antipsychotics, but the 
differences were not statistically significant. Having information about medication for a larger 
number of the individuals would have been valuable to make a more statistically relevant 
evaluation.  
 
Future prospects  
 
For further studies of DNA methylation in QKI, I would suggest to design degenerate primers 
for the six regions that could not be properly amplified in this study. I would also suggest  
studies of other parts of the 5´and 3´UTRs. As a start, I think it might be a good idea to 
sequence the PCR products obtained from bisulfite-treated DNA with some other sequencing 
method, such as Sanger sequencing, before the pyrosequencing. With this strategy, also 
unpredicted methylated cytosines could be detected. The pyrosequencing method is good for 
quantification, but it requires that you know the sequence, and methylated cytosines can only 
be detected and quantified if they have been predicted in advance. I also think that it would be 
very interesting to follow up how antipsychotic medication can affect the epigenetics not only 
for QKI, but also other candidate genes for schizophrenia.  
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Materials and methods  
 
Brain autopsies  
 
The brain autopsies used in this study were collected from two different brain banks, the 
Maudsley Brain Bank (Institute of Psychiatry, Department of Neuropathology, London) and 
the Harvard Brain tissue resource center (Massachusetts General Hospital, Massachusetts). 
The Maudsley Brain Bank contributed 24 control and 24 schizophrenia samples, whereas 16 
control and an equal number of schizophrenia samples were collected from the Harvard Brain 
Bank. Out of these 80 samples, the result of the final pyrosequencing study is based on 
methylation studies of 49 individuals. Distribution of gender, age at time of death and 
information about medication (when known) is shown in table 5. The use of these samples has 
been approved by an ethical committee according to Swedish regulations.  
 
Table 5. Brain autopsies used in the study 
Gender, age and medication  
 

Patient samples Control samples 

   
Females 11 (44%) 9 (37.5%) 
Males 14 (56%) 15 (62.5%) 
Total number of autopsies  
 

25 24 

Age (mean ± SD) 59.48 ± 18.2 62.75 ± 17.7 
Age (youngest, oldest individual) 26, 87 24, 96 
   
Known antipsychotic medication 8  
No  3  
Unknown antipsychotic  14  
 
Blood samples  
 
The blood samples from healthy individuals used in the study originated from a pedigree 
earlier used for QKI linkage studies (Lindholm et al. 2001). The use of these samples has 
been approved for by an ethical committee and all individuals agreed that the samples could 
be used for research purposes.  
 
DNA methylation prediction and primer design  
 
The complete genomic DNA sequence of human QKI (ref seq. NM_006775) was retrieved 
from the UCSC Genome Browser Database using the GRCh37/hg19 assembly 
(http://genome.ucsc.edu/). The entire sequence was scanned for possible methylation sites 
using the CpG prediction software Methylator  with a threshold of -0.3 
(http://bio.dfci.harvard.edu/Methylator/index.html). Lower thresholds were also tested, but  
-0.3 gave a manageable number of sites to work with.  
Eight regions predicted to be methylated were selected for further studies. PCR primers for 
amplification of these regions were designed in Primer3 using the predicted sequence of QKI 
after bisulfite conversion. Oligonucleotides for PCR amplification of regions of interests as 
well as the sequencing primers are listed in table 6. When designing the primers, cytosines 
predicted to be methylated were avoided within the primer sequence itself to avoid problems 
with primer annealing. All primers were ordered from Invitrogen with the addition of biotin to 
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either the forward or reverse primer to enable purification before sequencing. Sequencing 
primers were designed using the Pyro Q-CpG software from Qiagen that automatically 
predicts CpG. The primer pair named In4.PyroPCR was also designed in this software and all 
primers designed in Primer3 were also re-examined using Pyro Q-CpG to validate primer 
design. The primers named 9768.PyroPCR and 9769.PyroPCR were retrieved from the 
supplementary information of the article by Eckhardt et al. 2006.  
 
Table 6. Oligonucleotides for amplification of bisulfite treated DNA and sequencing 
primers for the amplified regions. 

 

Primer namea Sequence (5´-3`)b QKI position  Amplicon 
size (bp) 

    
5UTR.PyroPCR_F TTGTTTGGTGAGTGTAAGGTTTTT  5’UTR region  
5UTR.PyroPCR_R BIO-AAAACTAATAAACTTTCCTTAACC  304 
Pyro5UTR TTTTTTTAGTAGTGTTGTTTTT   
    
5UTR2.PyroPCR_F BIO-ATCGTGTGTTTGTGGGGTTT  5’UTR region  
5UTR2.PyroPCR_R CGCCTCACCTCCCATTACTA   224 
Pyro5UTR2  ACACCTAACCCTAAAACTCCAAAAC   
    
Ex1.PyroPCR_ F GTTGAGTGTTGTAGTTTGTTA Exon 1   
Ex1.PyroPCR_ R BIO-CAAAACCACACAAAACAACCATTA  226 
PyroEx1  GGGGAGGAGGGTAGTAG   
    
Ex1.2PyroPCR_F TGTTGTTGTTGTTGTTGGTAGTGT  Exon 1   
Ex1.2PyroPCR_ R BIO-TCACTCAACTAATCAAACCCACTC  220 
PyroEx1.2  GTTAAGTGAGTGAGGAG   
    
In4.PyroPCR_F GGGAAATGAAAAATAAATTATTGGTT Intron 4   
In4PyroPCR_R BIO-AACCAAACTAAACTCAAACTCCTAAC  202 
PyroIn4  TAATTTTTTTTTTTTATATTA    
    
Ex8.PyroPCR_F GTTTGTTTGTTGTTAGTGTAGTGAGT Exon 8  
Ex8.PyroPCR_R BIO-TCAATACAATTTCTAAAACCACTTTCA   152 
PyroEx8  AGTGTAGAGAGTTGAGGT    
    
9768.PyroPCR_F TTTTAGAAGGGTGAAGTGGG 3’UTR region 
9768.PyroPCR_R BIO-AATTTTAACAAAAACCAAACCT  333 
Pyro9768 AAGGGTGAAGTGGGA    
    
9769.PyroPCR_ F BIO-TTTAATTTTTAGAGGAATGAGATTATG  3’UTR region 
9769.PyroPCR_ R CTACCTCCCTACCAACCC  187 
Pyro9769 ATCCACCAACACTATC   

a  Oligonucelotides named PyroPCR means were used for amplification of bisulfite treated DNA, whereas 
oligonucleotides named Pyro are sequencing primers. 
b BIO stands for biotin that was added to the oligonucleotides in order to enable purification of PCR products.  
 
DNA extraction and bisulfite conversion 
 
DNA was extracted from 80 brain autopsies and eight blood samples using the Qiagen 
Dneasy blood and tissue kit according to the manufacturer's recommendations. Approximately 
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25 mg of brain tissue or 100 µl of blood was used for the extractions. The DNA concentration 
and purity was examined by measuring the absorbance at 260 nm using a NanoDrop (ND-
1000, NanoDrop Technologies). Of each DNA sample, 500 ng was used for the bisulfite 
conversion using the EZ DNA methylation Kit from ZYMO Research according to the 
manufacturer's manual. The CT conversion reagent was incubated with the DNA for 16 hours 
before desulphonation and purification. The concentration of the bisulfite treated DNA was 
examined with the NanoDrop before using it as a template for the PCR.  
 
 Amplification of bisulfite treated DNA by polymerase chain reaction 
 
50 µl PCR reactions were carried out with 30-50 ng of bisulfite treated samples using 
AmpliTaq Gold DNA polymerase (Applied Biosystems) according to the standard protocol of 
this enzyme with a MgCl2 concentration of 1.5 mM.  
The PCR conditions were optimized by testing a variety of cycling conditions and different 
MgCl2 concentrations. An optimized PCR program, that worked for both control samples and 
patient samples was developed with the following conditions: Initial denaturation was for 5 
min at 95 ºC, followed by 10 cycles of 95 ºC for 40 sec, 52 ºC for 40 sec and 72 ºC for 1 min. 
These 10 cycles were followed by 10 cycles with annealing temperature 55 ºC and 20 cycles 
with annealing temperature 58 ºC  before the final extension at 72 ºC for 10 min.  
A volume of 5 µl of the PCR products was loaded on a 2 % agarose gel containing ethidium 
bromide (0.5 µg/ml) and separated with electrophoresis in Tris-acetate-EDTA (TAE) buffer, 
to ensure the quality of the PCR products before sequencing.  
 
Pyrosequencing   
 
The pyrosequencing was performed at the KIGene sequencing facility at the Center of 
molecular medicine, Karolinska University Hospital in Solna. The instrument used for 
sequencing was a PSQ(TM)96MA with the software Pyro Q-CpG (Qiagen) for methylation 
detection and quantification. PyroMark Gold Q96 reagents from Qiagen were used for the 
sequencing. In each sequencing reaction 20 µl or 40 µl of the PCR product was used together 
with 0.5 mM sequencing primer. Prior to analysis, the biotinylated PCR products were 
purified by binding to Sepharose beads coated with strepavidin (GE Healthcare) as 
recommended by the manufacturer. The purified DNA was treated with pyrosequencing  
denaturation solution from Qiagen produce a single stranded DNA for sequencing analysis, as 
described previously by others (Royo et al. 2007).  
  
The dispersing order of nucleotides to be added to the sequencing reaction were programmed 
into the software of the Pyrosequencing instrument and was based on the sequence 
information, containing predicted methylation sites. In cases where a forward sequencing 
primer was to be used, the methylation was quantified from the ratio of T and C, whereas a 
methylation site detected by the use of a reverse sequencing primer was estimated from the 
ratio of G and A.   
 
Analysis of sequencing data 
 
The data from the sequencing reactions, and the extent of methylation at each predicted CpG 
site was evaluated with two-tailed t tests. 
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APPENDIX  
 
Data from sequencing of exon 1.  
 
Sequencing of exon 1 in healthy controls 
Sample 
numbera 

 

Site 1  
Methylation 
 (%) 
 

Site 2  
Methylation 
 (%) 
 

Site 3  
Methylation 
 (%) 
 

Site 6  
Methylation 
 (%) 
 

Site 7  
methylation 
(%) 
 

Site 8  
methylation 
 (%) 
 

       
1 0 0 0 0 0 0 
2 6 0 0 0 0 0 
3 0 0 b 0 b 0 0 b 0 b 
4 0 0 9 0 0 0 
5 0b 0 b 24 b 0 0 b 0 b 
6 0 b 0 b 0 b 16 b 0 b 0 b 
7 5 0 10 0 0 0 
8 0 0 13 0 0 0 
9 0 b 0 b 0 b 0 b 0 b 0 b 

10 0 b 0 b 0 b 0 b 0 b 0 b 
11 6 0 6 0 0 0 
12 0 0 5 0 0 0 
13 0 0 6 0 0 0 
14 0 0 5 0 5 0 
15 0 0 8 0 11 0 
16 0 0 6 0 b 0 b 0 b 
17 0 0 6 0 7 0 
18 0 0 9 0 0 0 
19 0 4 6 0 0 0 
20 0 0 0 b 0 0 0 
21 0 0 6 0 0 0 
22 0 0 5 0 6 0 
23 0 0 0 b 0 b 0 b 0 b 
24 0 0 0 b 0 0 0 

 
 

a Sample numbers have been changed for sake of simplicity; original numbers of previously discussed samples 
are shown in parentheses 
b Low certainty of estimate due to technical problems  
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Sequencing of exon 1 in schizophrenic patients  
Sample 
numbera 

 

Site 1  
Methylation 
 (%) 
 

Site 2  
Methylation 
 (%) 
 

Site 3  
Methylation 
 (%) 
 

Site 6  
Methylation 
 (%) 
 

Site 7  
methylation 
(%) 
 

Site 8  
methylation 
 (%) 
 

       
1 0 0 0 0 b 0 b 0 b 
2 4 5 8 0 0 7 
3 0 0 7 0 0 0 
4 0 0 0 0 0 0 

5 (152.95) 0 8 8 0 0 0 
6 8 14 0 0 0 0 
7 0 10 b 0 0 0 0 
8 0 0 8 0 0 0 
9 0 0 0 0 0 0 

10 32 b 52 b 37 b 14 b 19 b 0 b 
11 0 0 0 0 0 0 
12 0 b 0 b 0 b 0 b 0 b 0 b 
13 0 0 0 0 b 0 b 23 b 
14 5 0 6 0 0 8 
15 0 5 9 0 9 0 
16 0 0 7 0 0 0 
17 0 0 8 0 0 0 
18 5 0 0 0 0 0 
19 5 5 6 7 0 0 
20 0 b 0 b 15 b 0 b 20 b 0 b 
21 5 5 6 6 0 0 
22 0 b 0 b 0 b 0 b 0 b 0 b 
23 0 0 0 0 0 0 
24 0 0 6 0 0 0 

25 (53.90) 16 23 22 19 29 16 b 
 

 
a Sample numbers have been changed for sake of simplicity; original numbers of previously discussed samples 
are shown in parentheses 
b Low certainty of estimate due to technical problems  
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