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ABSTRACT 
 
Functional genomics has become an important and established research discipline 
during the last 10 years, mainly as a consequence of the completion of large-scale 
genome sequencing projects. The human genome is now predicted to transcribe 20,000 
– 25,000 protein coding genes, which is only a quarter of the number suggested a few 
years ago. Instead, a dynamic RNA universe seems to provide diversity to mammalian 
cells. Around 60-70% of protein coding genes are predicted to generate two or more 
transcripts by alternative splicing, while non-protein coding RNA are also directly 
transcribed from the genome. One category of such non-protein coding RNA is cis-
transcribed natural antisense (NAT). Cis-NATs are transcribed from a gene’s antisense 
DNA strand and are suggested to have regulatory functions through direct interaction. 
The work described in this thesis includes functional genomics studies of the PINK1 
locus. 
 
We undertook a study to discover novel candidate genes associated with physical 
inactivity, a known risk factor for type 2 diabetes. Gene expression profiling of skeletal 
muscle from subjects before and after 5 weeks of inactivity by quantitative real-time 
PCR demonstrated a co-ordinated reduction in mitochondrial gene expression. We thus 
established a human in vivo model for mitochondrial dysfunction. Microarray analyses 
of the same sample-set suggested that PINK1, a novel mitochondrial kinase, was down 
regulated during inactivity. PINK1 is transcribed from a complex locus, alternatively 
spliced and with an annotated cis-NAT. Mutations at this locus had also been linked to 
Parkinson’s disease and we thus selected this locus for subsequent functional genomics 
studies. We utilized human in vivo models, gene expression and genomic association 
analysis and RNA interference (RNAi) to study the regulation of PINK1.  
 
We demonstrated dynamic expression from the PINK1 locus during modulation of 
mitochondria in vivo in human skeletal muscle. PINK1 was down regulated in our 
mitochondrial dysfunction model, while a shorter splice variant of PINK1 (svPINK1) 
and the NAT (naPINK1) were concordantly up regulated. The opposite expression 
pattern was obtained in a human in vivo model for increased mitochondrial activity, 
suggesting a direct association between svPINK1 and naPINK1. Knockdown of 
naPINK1 utilizing siRNAs targeting two different sites of naPINK1 reduced the level 
of svPINK1. This directly supports a role for naPINK1 in promoting the abundance of 
svPINK1, a novel mechanism for regulation by natural antisense. 
 
In contrast, all transcripts from the PINK1 locus were less abundant in muscle tissue 
from diabetics, compared to healthy controls. To investigate whether PINK1 transcript 
levels could affect metabolic fitness or if the lower expression rather was a secondary 
effect of diabetes, we measured PINK1 tagging single nucleotide polymorphisms 
(SNPs). Several SNPs associated with PINK1 transcripts levels. The genotypes 
associating with higher expression of PINK1 also associated with lower plasma levels 
of non-esterified fatty acid levels (NEFA) and glucose. Two sets of RNA interference 
studies provided support for these clinical associations. Firstly, knockdown of PINK1 
in human neuroblastoma cells resulted in impaired basal glucose uptake. Secondly, 
FABP4, a lipid transport protein, was selectively down regulated following PINK1 
knockdown in adipocytes. However, mitochondrial genes were not altered when 
PINK1 expression was ablated, despite the in vivo association between such genes. 
Taken together, our data suggest a role of PINK1 in lipid and glucose metabolism while 
PINK1 does not appear to be essential for mitochondrial biogenesis in mammalian 
cells. 
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1 INTRODUCTION 
 
1.1 THE MAMMALIAN TRANSCRIPTOME 

RNA molecules have the potential to act both as information carriers and catalysts and 
could thus catalyze their own synthesis. The “RNA world” hypothesis, which holds that 
RNA was the first life, is now a well established concept [1,2,3,4]. To date, RNA 
molecules still have a wide range of functions in the cell. Besides the coding messenger 
RNA (mRNA), the non coding ribosomal RNA (rRNA) and transfer RNA (tRNA) are 
crucial components of the protein synthesis machinery. Small nuclear RNA (snoRNA) 
take part in RNA processing while microRNAs [5,6] has been shown to regulate the 
abundance of mRNA. Recent efforts in transcriptome analysis indicate that the 
population of functional RNA in the cell may be even larger. The sequencing of the 
human genome revealed a surprisingly small number of protein coding genes, around 
30,000 [7,8,9], currently revised to 22,701 protein coding genes in humans and 24,118 
in mice [10]. In contrast, the mammalian transcriptome was shown to consist of more 
than 100,000 transcripts [11]. This discrepancy can be partly be explained by 
alternative splicing, currently predicted to occur for 60-70% of all genes, generating 
both protein coding and non-coding transcripts [12,13]. However, non-coding RNAs 
are also transcribed directly from the genome and to a much larger extent than 
previously realized [8,11,14]. The predicted amount of transcribed non-coding genes 
in humans is to date 8509, whereas 4613 in mice [10]. 
 
The FANTOM consortium has made a substantial contribution in annotating the mouse 
transcriptome [15,16,17]. By computational prediction, combined with manual 
annotation of physical poly-adenylated cDNA clones, they identified a wide variety of 
non-protein coding RNA transcripts in addition to the protein-coding transcripts. The 
most recent report from the FANTOM consortium describes a total of 103,000 
transcripts. Of these, 57,000 were functionally annotated as protein coding while the 
total number of distinct non-protein coding were determined to 34,000 [17]. The 
characterization of the mammalian genome is far from completed, thus the numbers 
given above should be regarded as approximate. Most likely there is much more yet to 
be discovered. With improved instruments and methods for sequence analysis, we may 
find out that the transcriptome is even more complex. 
 
1.1.1 Natural antisense 

Natural antisense transcripts (NATs) are a subset of the non-protein coding transcripts 
with sequence complementarities to coding sequences in the genome. These NATs can 
be transcribed from the antisense DNA strand (cis-NATs) or from separate loci (trans-
NATs) and have been suggested to regulate protein-coding RNA, influencing the 
transcriptional output of the genome [18,19].  Transcription from the antisense DNA 
strand has been addressed in a genome-wide manner by several groups [14,20,21,22] 
and the proportion of sense-antisense pairs in the genome has been predicted to be as 
high as 22-25% of all transcriptional clusters [21,22]. Chen and colleagues 
hypothesized that co-expression of sense-antisense pairs would indicate a regulatory 
role and demonstrated that this occurs more frequently than expected by chance. They 



 
further reported that antisense genes tended to be inversely expressed with their sense 
partners [23]. However, it has been suggested that standard reverse transcription can 
represent a source of natural antisense artifacts [24]. Genome wide screens based on 
cDNA data therefore should be followed up and the natural antisense transcripts 
investigated one by one.  
 
Some complex loci have been characterized in more detail at a functional level. Cis-
NATs have been suggested to regulate the expression of their target genes in several 
biological conditions, for example development [25], circadian clock function [26] and 
hypoxia [27]. Cis-NATs have also been shown to direct imprinting [28]. Although the 
mechanisms for regulation are still largely unknown, cis-NATs have been suggested to 
act through transcriptional interference, RNA masking, double-stranded RNA-
dependent mechanisms or chromatin remodeling [19,29] (Fig 1).  
 
The huge amount of information emerging from these genome-wide mapping projects 
has created a starting point for assigning functions to numerous, previously unknown 
protein coding and non-coding transcripts. This scientific discipline is called Functional 
genomics. 
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Figure 1. Mechanisms by which natural antisense transcripts may regulate gene expression (A-D). 
(A) Transcriptional interference. Simultaneous transcription from both strands may be inhibited by 
physical collision of transcription complexes (B) RNA masking, where the natural antisense masks a 
splice site and thereby promotes the abundance of one specific splice variant. (C) Double-stranded RNA-
dependent mechanisms such as RNA editing and RNA interference require simultaneous presence of 
sense and antisense transcripts for duplex formation. These mechanisms may therefore explain the 
numerous observed co-expressed sense-antisense pairs. (D) Chromatin remodelling. Transcription of 
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non-coding antisense transcripts is involved in monoallelic gene expression, including genomic 
imprinting, X-inactivation and clonal expression of lymphocyte genes. In these processes, antisense 
transcripts have been suggested to silence the expression of nearby gene clusters by chromatin 
remodelling, most likely through the recruitment of histone modifying enzymes.  
 
 
1.2 FUNCTIONAL GENOMICS 

There are several techniques to study gene function. All have advantages and 
limitations. Given the recently presented information about the frequent existence of 
complex loci, caution needs to be undertaken when choosing a model system to study 
gene function. The models used for this thesis studies includes RNA interference in cell 
lines and primary cultures as well as gene expression and genomic association analysis 
of human in vivo models. 
 
 
1.2.1 Cell culture models 

Cell lines offer a relatively homogenous biological model in which gene expression can 
be easily manipulated. It is common to choose a cell type emerging from the tissue of 
interest. However, in many cases it is questionable how much of the original tissue 
features remain conserved in a cell culture [30]. As cell lines most commonly are 
derived from tumors, several changes in the phenotype have occurred already prior to 
cell culture isolation. Primary cultures could be considered as physiologically closer to 
the parent tissue than cell lines as they are isolated directly from a normal tissue. One 
limitation of this model is that the cultures can be heterogeneous. Furthermore, these 
cells cannot divide indefinitely, entering senescence after a certain number of cell 
divisions [31,32], rendering them less flexible a model. Thus, the appropriate cell 
model to use varies depending on the particular question.  
 
1.2.2 RNA interference – mechanism 

Andrew Fire and Craig Mello discovered that long double-stranded RNA molecules 
could be used for gene silencing in C.Elegans [33]. This phenomenon was termed RNA 
interference. Unfortunately, long double-stranded RNA induces interferon response as 
a viral defence in mammalian cells [34]. However, Tuschl and colleagues discovered 
that by utilizing shorter double-stranded RNAs (~20 nucleotides), called short 
interfering RNAs (siRNAs) the interferon response in mammalian cells was avoided 
and gene silencing was obtained [35]. The principle of RNA interference is illustrated 
in figure 2. RNA molecules complementary to particular mRNAs will bind the mRNA 
through the RNA induced silencing complex (RISC), leading to cleavage and 
degradation of the mRNA. The efficiency of a particular siRNA is determined by its 
sequence and structure, as well as details of the target mRNA. Schwartz and colleagues 
demonstrated that there is an asymmetry dependent bias for which of the siRNA strands 
that will get incorporated into the RISC. The strand with the less tightly base-paired 5’-
end will usually end up in the RISC, whereas the other strand will be degraded [36]. 
The RISC mediated gene targeting mechanism is also utilized to regulate gene 
expression by endogenously expressed small non-coding hairpin RNA molecules, 
microRNAs, [37]. In yeast, siRNAs has also been shown to act through another 



 
complex – RITS (RNA induced initiation of transcriptional gene silencing). In this 
case, the siRNAs are used as probes by the protein complex to initiate heterochromatin 
assembly where there is a sequence match [38]. The advantages of utilizing siRNA in 
mammalian cell models are that it allows for post-transcriptional silencing, and thus the 
intervention does not need to integrate into the genome. However, in the light of the 
increasing knowledge about a functional transcriptome, it is easy to imagine that these 
siRNAs may have other effects than just knocking down their target gene. 
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Figure 2. A summary of the RNA interference pathway. Long double-stranded RNA and hairpin 
RNA gets cleaved into ~20 nucleotide short interfering RNAs (siRNAs) by Dicer. Following 5’ end 
phosphorylation, the siRNAs assembles RISC. The siRNA strand with the less tightly base paired 5’ end 
remains in the RISC complex. Target mRNA is recognized, cleaved and degraded. 
 
 
1.2.3 RNA interference – off-target effects  

Algorithms for designing a siRNA sequence that provides efficient knockdown are 
relatively well established, whereas approaches for avoiding off-target effects remains 
to be optimized. There are two broad types of off-target definitions: motif-dependent 
toxic effects and silencing of genes other than the target genes. A specific motif, 
UGUGU in siRNA sequences, has been shown to induce interferon response in vivo in 
mice and in vitro in human peripheral blood mononuclear cells [39]. Another motif, 
UGGC, was identified to cause a reduction in cell survival when present in the 
antisense strand of the siRNA [40]. Expression profiling using microarray, revealed 
that in some cases, 11 bases match between siRNA and mRNA was enough to cause an 
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off-target effect. [41]. This was further investigated in another study, demonstrating 
that off-targeting is associated with the hexamer or heptamer seed region (positions 2-7 
or 2-8) of the antisense strand of the siRNA perfectly matching with the 3’UTR of 
several target mRNAs [42]. This manner of silencing, similar to the gene expression 
regulation by the endogenously expressed miRNAs, was further confirmed in another 
study [43]. This is of major concern because single miRNAs can regulate large sets of 
genes. 
 
A chemical modification of the guide (antisense) strand, a 2’-O-methyl ribosyl 
substitution at position 2, has been shown to reduced the silencing of 3’UTR targeted 
transcripts while the silencing of perfectly matched mRNA transcripts were unaffected 
[44]. Clearly, although having a huge potential, siRNAs as a tool to study gene function 
still needs to be optimized and current data should be interpreted with caution. 
 
 
1.2.4 Human models 

Comparing gene expression between healthy controls and people with a disease is a 
way of finding candidate genes that may contribute to a disease. However, only limited 
conclusions can be drawn from these kinds of analyses.  For example, individual 
variations within the control group and disease group respectively, could mask putative 
candidate genes. In addition, the analysis cannot explain whether a change in gene 
expression is causing the disease or if it rather reflects a secondary effect. In particular, 
this can be an issue in microarray analyses where new hypotheses are formed based on 
the differential gene expression when testing >1000 of genes. One example of this kind 
of problem recently occurred within type 2 diabetes research [45]. A closer look at the 
subjects in this study reveals that they compared non-obese normal glucose tolerant 
people with a blend of non-obese and obese diabetics. Thus, the difference between 
their sample sets may be derived from the differences in obesity between the two 
groups rather than differences causing or being induced by diabetes. However, the way 
they compared sets of genes involved in the same pathways instead of comparing the 
genes one by one, was novel and elegant. Human in vivo intervention studies offer 
cleaner models, as material (i.e. blood samples and biopsies) can be collected before 
and after the intervention. The material collected before the intervention will serve as 
control for each individual and thus changes in the endogenous gene expression profile 
can be directly linked to the intervention excluding the background from genetic 
variations between individuals.       
 
 
1.2.5 Gene expression analysis – Quantitative real-time PCR 

Quantitative real-time PCR (qPCR) is a commonly used method to compare the relative 
gene expression between samples. The method utilizes fluorescent markers that are 
linked to the amplification so that each PCR cycle will result in an increase in 
fluorescence. This works by using a gene specific probe labeled in each end with 
fluorescent dyes – a reporter and a quencher (quenching the fluorescent spectra of the 
reporter). The probe binds to the DNA prior to the gene specific primers but is 
degraded by the polymerase during the amplification. The increased physical distance 
between the quencher and the reporter dye results in an increase in fluorescence, 
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detectable by the instrument. Another approach is to use SYBR Green instead of a 
probe. SYBR Green binds to all double-stranded DNA and the binding will increase its 
fluorescence. To assure specificity, a heating-dissociation step is added subsequently to 
the PCR amplification. By measuring the decrease in fluorescence (caused by 
dissociated PCR amplicons), it is possible to detect whether there is more than one 
temperature that will cause a decrease in fluorescence and thus whether there is more 
than one product. 
 
QPCR allows for sensitive comparison of the relative abundance of one gene in 
different samples. However, the fluorescence levels do not reflect an absolute amount 
of mRNA copies in each sample, as different PCR amplicons may vary in strength of 
their fluorescent signals. The raw data obtained from qPCR are cycle threshold (Ct) 
values. These values reflect the PCR cycle where the signal from a specific sample 
reaches the threshold set for the particular gene. The same amount of RNA is utilized 
for all samples in the cDNA synthesis, but to adjust for differences in reverse 
transcription efficiency, the gene expression of an endogenous control is measured in 
the same samples. Commonly used controls includes 18S and house-keeping genes 
such as GAPDH and β-actin, but should be assessed to ensure absence of 
systematically change by the experimental set-up [46]. Ct values of the endogenous 
control that varies largely between the samples may indicate problems with RNA 
integrity or purity. This can be assessed by running the RNA on an agarose gel or by 
using a bioanalyser, which demands substantially lower amounts of RNA and also 
provides a RIN-score. The RIN is an RNA integrity number, representing a 
standardized RNA quality control based on a large collection of microcapillary 
electrophoretic RNA measurements. An algoritm describing RNA integrity was 
extracted using multiple RNA separation signal measurements and constructing 
regression models based on a Bayesian learning technique [47]. In some cases, there 
can be PCR inhibiting factors remaining from the RNA isolation. This issue can usually 
be solved by diluting the cDNA (and thus also diluting the inhibitors) or optimizing the 
RNA isolation. 
 
 
1.2.6 Gene expression analysis – Microarray 

Microarray analysis allows for a genome-wide comparison of differential gene 
expression between two conditions. Two main approaches for construction of 
microarrays exist: spotting of pre-synthesized materials and on-chip synthesis of DNA. 
Spotted materials are cDNA or oligos. The on-chip synthesis method was developed 
and first introduced by Affymetrix [48] and to date used by several other companies. In 
a pilot study included in this thesis, we used the Pegasus chip, a cDNA chip spotted 
with druggable gene targets to search for differentially expressed genes in human 
soleus muscle following inactivity (Paper III). Published microarray data are usually 
stored in publicly available databases, such as ArrayExpress and Gene Expression 
Omnibus (GEO), which allows for analyses across several data-sets. This is a new 
research tool and is a revolution in terms of gene expression profiling.   
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1.2.7 Single nucleotide polymorphisms 

Single nucleotide polymorphisms (SNPs) are 1 nucleotide genetic variations in a 
population where the minor allele by definition has a frequency of at least 1% in the 
population. On average, these SNPs occur at about one in every 1,200 bases and are by 
far the most common type of genetic variation in an otherwise, between humans, rather 
identical genome. Very recently, the diploid human genome of Craig Venter was 
presented [49]. Comparison of this genome and the National Center for Biotechnology 
Information human reference assembly revealed more than 4.1 million DNA variants, 
encompassing 12.3 Mb. These variants included 3,213,401 SNPs. Groups of SNPs 
mapped within same chromosomal region and inherited together are known as 
haplotypes. A haplotype block represents a discrete chromosome region of high 
linkage disequilibrium (LD), low haplotype diversity and low recombination. To 
compare these haplotype blocks between individuals, only a small number of 
representative characteristic “tagging” SNPs is needed [50,51]. 
 
The International HapMap Project is a consortium aiming to identifying common 
haplotypes in four populations from different parts of the world [52,53]. The 
consortium is characterizing patterns of LD in the human genome and a pilot study 
showed ‘haplotype blocks’ in 51 regions scattered throughout the genome. In parallel to 
this mapping, instruments and software are developed to allow for genome wide 
association analysis of haplotypes in complex diseases [54,55] to identify candidate 
genes for potential drug targets. Genome-wide haplotype association studies have for 
example been made for Parkinson’s disease [56], type 2 diabetes [57,58], ischemic 
stroke [59] and amyotrophic lateral sclerosis [60]. If a particular haplotype occurs more 
frequently in affected individuals compared with controls, a gene influencing the 
disease may be located within or near that haplotype. Similar to microarray data, the 
results are made publicly available for further data mining by other researchers.  
 
 
1.2.8 Allelic discrimination 

The genotypes for a specific SNP of an individual can be determined by utilizing a real-
time PCR based assay. This assay includes one set of primers and two probes, each 
labeled with different fluorescent markers and each recognizing a different genotype. 
The correct probe for the genotype will bind and get cleaved and the fluorescent signal 
will increase as described above for the qPCR assay. The melting temperature of the 
incorrect probe will be lower than the correct probe, due to the one base mismatch. 
Hence, the incorrect probe will be destabilized and not result in any signal. Thus, if 
only one probe is producing a signal for a particular sample, the individual is a 
homozygote for this SNP. If both probes results in a signal, the individual is a 
heterozygote. 
 
 
1.3 DISCOVERY OF THE PINK1 GENE 

An expressed sequence tag (EST) was induced in cancer cells over-expressing PTEN 
[61] and was cloned by 5’ rapid amplification of cDNA ends (RACE) and named 
PTEN Induced Putative Kinase 1 (PINK1) [62]. The PINK1 transcript consists of 2600 
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bp and encodes a 581 amino acid protein with a predicted molecular mass of 62.8 kD 
[62]. PINK1 gene expression decreased in tumors with mutated PTEN [62]. PINK1 
was later identified as a “novel gene” in another study, and was further characterized 
and given another name, BRPK [63]. In 2004, mutations in PINK1 were linked to 
hereditary early-onset Parkinson’s disease in a large Italian family [64]. This study was 
a break-through for the identification of the PARK6 locus. Other studies have later 
confirmed and expanded this link to other populations and mutations in PINK1 [65,66]. 
In addition, a parkinsonian patient had a PINK1 whole gene deletion and a 23 bp 
deletion causing a change in splice sites and several new transcripts was identified in 
her family [67].  
 
 
1.4 BIOCHEMISTRY OF PINK1 

At the beginning of the work for this thesis nothing was known about the characteristics 
or function of PINK1 protein. Since PINK1 was established as the candidate gene for 
the PARK6 locus in 2004, several studies have provided a number of new biochemical 
observations around PINK1 function. PINK1 is a serine threonine kinase that has been 
shown to be heavily ubiquitinated [68] and exhibit autophosphorylation capacity, 
assessed using GST-PINK1 fusion proteins [63,69]. Mutations in PINK1 affected the 
autophosphorylation activity [69]. One of the mutations, W437X, increased the 
autophosphorylation activity [69], while another, L347P, decreased activity by 
destabilizing the protein [70]. The increase in phosphorylation activity could be 
explained by the C-terminal part of the protein having a suppressing role of the 
phosphorylation activity. This assumption was further supported by an increase in 
autophosphorylation capacity when using a fusion protein of GST and the PINK1 
kinase domain only, compared to the GST-PINK1 whole protein [69]. Another group 
obtained opposite results, demonstrating that a recombinant PINK1 protein containing 
both the kinase domain and the C-terminal tail had a higher phosphorylation activity 
than a recombinant PINK1 protein with the kinase domain only [71]. In addition, C-
terminal truncation mutations decreased the phosphorylating activity of PINK1 [71].  
 
The PINK1 protein includes an N-terminal mitochondrial signal sequence. 
Mitochondrial localization has been experimentally confirmed by subcellular 
fractionation followed by western blot [69,72] or immunocyto- or histochemistry 
[64,70,73]. The signal sequence is cleaved off upon mitochondrial import, but the 
mature protein has also been observed in the cytosol [70]. In the mitochondria, PINK1 
localizes to the mitochondrial inner membrane (as shown with sodium carbonate 
treatment of the mitochondrial fraction followed by ultracentrifugation and western 
blot) [72]. PINK1 is ubiquitously expressed in most tissues with a higher abundance in 
mitochondrial rich tissues such as heart, skeletal muscle and testis [62]. No differences 
between brain regions were observed when comparing expression of the mouse and rat 
homologoue to PINK1 in cortex, striatum, thalamus, brainstem and cerebellum [74]. 
PINK1 localized to Lewy bodies in post-mortem sporadic Parkinson’s disease patients’ 
brains [72].  
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1.5 FUNCTIONAL STUDIES OF PINK1 
1.5.1 PINK1 and mitochondrial integrity in Drosophila 

In Drosophila, PINK1 homolog mutants demonstrated degenerated mitochondria in the 
oxidative flight muscle, together with abnormal wing posture [75,76,77]. There was 
also a higher frequency of enlarged mitochondria [76], fragmentation of mitochondrial 
cristae [75] and mitochondrial defects in spermatids [75]. In some, but not all of the 
studies, there was a modest decrease in the amount of dopaminergic [76,77,78] and 
ommatidia neurons [78]. In addition, a reduction in cranial dopamine content was 
observed in the aging (18-30 days old) fly, whereas there was no difference in the 2-3 
days old fly [76,77]. This indicates that loss of PINK1 causes an accumulative damage 
to cells. 
 
 
1.5.2 PINK1 in oxidative stress and apoptosis 

PINK1 was identified as a survival kinase in a RNA interference screen in HeLa cells 
of the 650 known and putative kinases [79]. Stimulation with MPP+, the neurotoxic 
byproduct of MPTP metabolic oxidation, resulted in a decreased viability of stably 
transfected L399P mutant PINK1 SH-SY5Y neuroblastoma cells, compared to wild 
type cells [68]. In line with this, it was recently demonstrated that over expression of 
several different mutated PINK1 constructs failed to protect HEK293 cells from 
apoptosis induced by proteasome inhibitor MG132 [80]. This was in comparison to the 
over expression of wild type PINK1. Further, stable expression of PINK1 in the human 
neuroblastoma cell line SH-SY5Y, resulted in a decrease in the number of both basal 
and staurosporine-stimulated TUNEL-positive SH-SY5Y cells and a reduction in 
cytochrome c translocation. PINK1 over expression also reduced staurosporine-induced 
caspase-9, -3, and -7 and PARP activation. Transiently over expressing PINK1 
decreased basal caspase-3 activity; an effect abolished when over expressing PINK1 
constructs that included the PINK1 mutations E240K, L489P and K219M [81].  
 
Human neuroblastoma SH-SY5Y cells treated with MPP+, were sensitized for 
apoptosis induction by PINK1 knockdown [82]. Importantly, this study only utilized 
one siRNA sequence and off-target effects can thus not be excluded. PINK1 was 
further claimed to protect against oxidative stress by phosphorylating and inactivating 
the mitochondrial chaperone TRAP1 [83]. Using the rat pheocytochroma cell line PC12 
as a model, the authors found that PINK1 phosphorylated TRAP1 in response to H2O2 
stimulation. This event seemed to protect the cells from apoptosis in terms of decreased 
cytochrome c release. PINK1 has also recently been shown to phosphorylate HtrpA2, a 
susceptibility factor in Parkinson’s disease (PARK13 locus). PINK1 phosphorylation of 
HtrpA2 was increased on activation of p38 stress-sensing pathway [84]. 
 
Taken together the studies above imply that PINK1 in some way promotes cell 
survival. However, the majority of this data is generated from cell culture over 
expression models or, in some cases, in vitro phosphorylation assays. Due to supra-
physiological expression levels, the models become very rough and it is difficult to 
judge the accuracy. In reality, the effect of PINK1 ablation is most likely more subtle. 
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1.5.3 Loss of Pink1 in mice reduces evoked dopamine release  

Following the mitochondria linked phenotypes found in Drosophila, and given the link 
to Parkinson’s disease in humans, ablation of Pink1 could be expected to cause death of 
dopaminergic neurons in mouse. However, silencing of Pink1 by conditional RNA 
interference had no effect on dopaminergic neuron survival, the levels of 
neurotransmitter dopamine or its metabolites DOPAC and HV, and neither on motor 
activity of 6 months old mice [85]. The same conclusions were reached in a study of a 
Pink1 knockout mouse. This may be due to alternative pathways and compensatory 
mechanisms existing in higher mammals, as well as variations in metabolic control 
between the species. However, the Pink1 knockout mouse did have a reduction in the 
evoked release of dopamine and catecholamine following stimulation. This suggests a 
role of PINK1 in dopamine release in the nigrostriatal pathway [86].  
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2 AIMS OF THE THESIS 
 
Mitochondrial dysfunction has a complex relationship with physical inactivity, genetic 
inherited aerobic capacity and degenerative diseases such as Diabetes and Parkinson’s 
disease. Mitochondrial capacity has been linked to insulin resistance [87] and PGC-1α, 
a master regulator of mitochondrial gene expression, has been suggested to be a 
candidate gene for type 2 diabetes [88]. In a search for other candidate genes in a model 
for mitochondrial dysfunction (characterized in paper I), we identified PINK1, a 
mitochondrial gene previously linked to Parkinson’s disease. Thus, the aims in this 
thesis were to: 
 

1. Study the genomic locus of PINK1 (Paper II) 
 
2. Characterize the role of PINK1 in metabolic and mitochondrial biogenesis 

models (Paper III and IV) 
 
3. Investigate whether PINK1 could represent a candidate gene for type 2 diabetes 

(Paper III and IV). 
 
All human studies were performed according to the declaration of Helsinki and 
received appropriate local ethics approval. 
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3 RESULTS 
 
3.1 FINDING PINK1 

Physical inactivity is known to contribute to a decline in metabolic fitness, most likely 
generated by mitochondrial dysfunction. We thus hypothesized that a human in vivo 
model for mitochondrial dysfunction would be able to identify novel candidate genes 
involved in metabolic disease. A microarray analysis of mRNA levels in skeletal 
muscle from individuals before and after five weeks of one leg unloading [89], revealed 
differentially expressed genes (Paper I and III). We performed an expression profiling 
analysis of this inactivity model, using qPCR, and demonstrated a coordinated down-
regulation of mitochondrial genes including PGC-1α but not PGC-1β (Paper I). PGC-
1α is a regulator of multiple aspects of mitochondrial gene expression and has been 
suggested to play a central role in metabolic homeostasis [90]. PINK1 was one of the 
down-regulated genes in our microarray study, while the Wood research team 
published a link between mutations in PINK1 and Parkinson’s [64], a disease 
associated with mitochondrial dysfunction. Thus, already implied to produce a 
mitochondria-linked disease phenotype in humans, and also down-regulated in our 
mitochondrial dysfunction model, we selected PINK1 for further functional genomics 
studies.  
 
 
3.2 CHARACTERIZATION OF THE PINK1 LOCUS 

When we examined the annotation of the PINK1 gene we made a number of 
observations. Firstly, there were two transcripts annotated as potentially protein coding. 
In addition, there appeared to be a cis-transcribed natural antisense (cis-NAT) that did 
not appear to code for any protein. Interestingly, this cis-NAT was not conserved in the 
murine NAT databases [14,17] further supporting that it should be a non-coding RNA. 
We utilized Northern blot and observed bands corresponding to the sizes of PINK1 (2.6 
kb), its shorter splice variant that we named svPINK1 (1.6 kb) and the cis-NAT, that we 
named naPINK1 (4.4 kb) (Paper II). SvPINK1 was expressed at a low level, but 
became cleaner when polyadenylated RNA was isolated and loaded on the gel. This 
suggest although not prove that svPINK1 is a fully processed transcript and not an 
artifact. To further verify the existence of svPINK1 we utilized Rapid-amplification of 
cDNA ends (RACE), and cloned and sequenced svPINK1. 
 
The 5’-end of naPINK1 was annotated to overlap with the 3’UTR of the Dolichyl-
diphosphooligosaccharide-protein glycosyltransferase (DDOST) gene. DDOST 
encodes the scavenger receptor AGE-R1 enhancing removal of advanced glycation 
end-products (AGE). AGE accumulate in ageing, diabetes and neurodegeneration 
[91,92] and the receptor for AGE (RAGE) promotes oxidative-stress dependent NF-κB 
activation and inflammatory gene expression. AGE-R1 has been shown to negatively 
regulate RAGE [93] and thus counteract AGE at two levels. Interestingly, type 1 
diabetes patients with diabetic complications failed to up-regulate AGE-R1 when 
challenged with AGE, indicating de-regulation of AGE-R1 in diabetes [94]. Given our 
finding that PINK1 was a novel candidate inactivity gene, a condition that strongly 
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relates to diabetes, and as the adjacent DDOST also relates to diabetes, these initial 
observations were to direct our further investigations of the PINK1 locus (Fig 3) in 
metabolic disease. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DDOST

naPINK1

PINK1

svPINK1

 
Figure 3. The PINK1 locus includes full-length PINK1 and svPINK1 (a transcript predicted to be protein 
coding). On the opposite DNA strand, a natural antisense, naPINK1 is transcribed, partly complementary 
to PINK1 and svPINK1 and over-lapping with the 3’UTR of the neighboring gene DDOST. The 10 
tagging SNPs analyzed in Paper IV are annotated. 
 
 
3.3 THE PINK1 LOCUS IS REGULATED BY A CIS-TRANSCRIBED NAT 

We utilized two different human in vivo models for physiological changes of 
mitochondrial content/activity. Using qPCR, we found an opposing expression pattern 
in skeletal muscle of the full-length PINK1 as compared to svPINK1 and naPINK1 
(Paper II and III). Whereas PINK1 was down-regulated following 5 weeks of inactivity 
and up-regulated following 6 weeks of endurance training, svPINK1 and naPINK1 
demonstrated the opposite net expression levels. Linear regression models 
demonstrated a strong concordant correlation between svPINK1 and naPINK1 
expression in these two models. In contrast, the expression of PINK1 did not correlate 
with either svPINK1 or naPINK1. We observed the same relationships in a cell model, 
where siRNA knockdown of naPINK1 resulted in a down regulation of svPINK1, 
indicating that naPINK1 was somehow promoting the abundance of svPINK1. PINK1 
was not significantly changed by this manipulation. The abundance of DDOST was not 
altered by inactivity, activity or knockdown of naPINK. This demonstrates that under 
physiological conditions these genes do not interact. 
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3.4 PINK1 HAS A ROLE IN OXIDATIVE METABOLISM IN HUMANS 

We extended our investigation of the PINK1 locus to a sample-set of non-obese and 
obese type 2 diabetics and normal glucose tolerant controls (Paper III). Here we 
observed a lower expression in skeletal muscle of PINK1, naPINK1 and DDOST in 
type 2 diabetes compared to normal glucose tolerant controls. There was also a 
discordant non-linear correlation between fasting glucose levels and HbA1c and PINK1 
RNA levels in skeletal muscle. In contrast, PGC-1α did not correlate with HbA1c or 
fasting glucose (Paper III).  
 
To investigate whether genetic variation at the PINK1 locus could contribute to the 
progression of diabetes, we used single nucleotide polymorphism (SNP) analysis. We 
mapped two different cohorts for 10 non-coding and coding tagging SNPs dispersed 
over the PINK1 gene (Fig 3). PINK1 mRNA levels associated with 6 of the 10 SNPs 
(located both in the intergenic and the coding regions) in the smaller cohort (208 
subjects) (Paper IV). These SNPs further associated to biomarkers of oxidative 
metabolism in a larger cohort (1701 subjects). In other words, an allele linked to a 
higher PINK1 gene expression had in general lower levels of plasma glucose and non-
esterified fatty acids (NEFA). This indicates that low levels of PINK1 could contribute 
to the progression of type 2 diabetes. An observation confirmed by examination of the 
publicly available data from the Diabetes Genetics Initiative cohort (cases: n=1464, 
controls: n=1467) [58]. In addition, our data indicate that the PINK1 locus deregulation 
associates with obesity. 
 
To further examine the role of PINK1 in metabolism, we knocked down PINK1 in cell 
models using siRNA. In cultures of brown pre-adipocytes, the lipid transporter FABP4 
was subsequently down regulated, while basal glucose uptake was impaired in 
neuroblastoma cell lines (Paper II and IV). Furthermore, PINK1 increased during 
mitochondrial biogenesis in differentiating brown adipocytes, yet ablation of PINK1 
had no effect on the expression of mitochondria related genes, such as mtnd5, citrate 
synthase, tfam, ucp1 or parkin. Neither did it have any apparent importance for cell 
viability (Paper III and IV). Taken together, our experiments support our human in vivo 
findings that PINK1 may play an important role in oxidative metabolism. In contrast, 
PINK1 does not seem to have a role in mammalian mitochondrial biogenesis. 
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4 DISCUSSION 
 
4.1 A NATURAL ANTISENSE REGULATES THE PINK1 LOCUS 

The mechanisms for the actions of NATs are largely unclear. We demonstrate that a 
NAT regulates the PINK1 locus (Paper II and III), and we suggest that it functions by 
promoting alternative splicing of PINK1. NATs have previously been suggested to 
control alternative splicing. Cis-transcribed natural antisense RNA are predicted to be 
more commonly expressed at loci where there are also splice variants [18]. RevErb is 
an example of a natural antisense thought to be involved in splicing. RevErb has been 
suggested to regulate the ratio of ErbA isoforms by masking interaction sites for 
splicing regulatory factors. ErbA encodes the thyroid receptor and the mRNA is spliced 
into ErbAα1 and ErbAα2 which are translated into proteins with opposite functions 
[95,96].  
 
In our study, the shorter PINK1 splice variant, svPINK1, has a concordant expression 
with naPINK1 during physiological conditions in humans in vivo or during 
manipulation of naPINK1 expression in cell culture systems. This indicates that rather 
than masking a splice site, naPINK1 may promote the splicing of PINK1 pre-mRNA 
into svPINK1 (Fig 4), a mechanism for natural antisense action not previously 
elucidated. One suggested but not yet proven function of natural antisense is to guide 
the RNA editing machinery [29]. RNA editing and splicing have been shown to act 
coordinately and editing was shown to create alternative splice sites [97,98,99]. Thus, 
one possibility is that naPINK1 act as a guiding strand to accomplish RNA editing and 
promote alternative splicing of PINK1, resulting in a higher abundance of svPINK1. 
Another possibility is that naPINK1 is not involved in the splicing but rather physically 
stabilizes svPINK1. The exact mechanism of how naPINK1 regulates svPINK1 in a 
concordant manner remains to be investigated. 
 
Although PINK1 had an opposing expression pattern to naPINK1 and svPINK1, we did 
not see a negative correlation between PINK1 and naPINK1 in the human in vivo 
models. Neither was PINK1 significantly up regulated when naPINK1 was knocked 
down in cell culture using siRNA. This could indicate that the expression of PINK1 is 
regulated at several levels and that the natural antisense regulation only represents a 
fine-tuning mechanism for alternative splicing. Alternatively, it could reflect the 
difficulties of detecting relative changes in the higher abundant PINK1 versus the lower 
abundant svPINK1.  
 
Over expression of aHIF, a NAT suggested to destabilize HIF1α, a splice variant of 
HIF1, has previously been linked to disease [100]. We therefore preliminary 
hypothesized that naPINK1 and svPINK1 would be up regulated in metabolic disease. 
However, the dynamic expression pattern of the PINK1 locus observed during 
physiological inactivity or activity was absent in obesity and type 2 diabetes samples 
(Paper III). Indeed, all transcripts from the locus were suppressed. As both DNA 
strands are affected, we speculate that this reflects epigenetic changes suppressing the 
PINK1 locus, generated by chronically impaired metabolic homeostasis. It may be that 
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DDOST, encoding AGER1, represents the primarily target for gene silencing due to 
deregulation induced by chronic exposure of AGEs.  
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Figure 4. The PINK1 locus is regulated by a natural antisense (naPINK1) following physical activity and 
inactivity. A possible mechanism for this is that naPINK1 in some way directs alternative splicing of the 
PINK1 pre-mRNA (A-C). (A-B) Differences in gene expression before and after activity/inactivity were 
tested by paired t-tests comparing to the expression of the particular gene before the intervention. (A) 
PINK1 is increased (P<0.001) whereas naPINK1 (P<0.05) and svPINK1 (P<0.02) are decreased 
following physical activity (n=23-24). The graph is modified from Paper II. (B) PINK1 is decreased 
(P<0.03) whereas naPINK1 and svPINK1 are increased (P<0.08 and P<0.05, respectively) following 
physical inactivity, possibly by primarily increased levels of naPINK1, directing alternative splicing of 
the PINK1 pre-mRNA (n=6). The graph is modified from Paper III. (C) Knockdown of naPINK1 in SH-
SY5Y cells using two siRNAs (red) targeting different sites on naPINK1, results in a significant down 
regulation of svPINK1 (n=5-6). 18S adjusted mRNA levels of siRNA transfected cells were compared to 
the mRNA levels in control siRNA transfected cells. The graph is modified from Paper II. Statistical 
significance was assessed by Anova one-way analysis followed by Tukey post-hoc tests generating P-
values. For naPINK1 and svPINK1 expression and both siRNAs the P-value was <0.001, while the 
expression of PINK1 was not significantly changed compared to the control siRNA (not shown). 
 
 
4.2 PINK1 HAS A ROLE IN MITOCHONDRIAL OXIDATIVE METABOLISM  

During the time of our studies other research groups, mainly focusing on untangling the 
link between PINK1 and Parkinson’s disease, published several reports on functional 
studies of PINK1. In these studies, PINK1 is suggested to protect against apoptosis 
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induced by oxidative stress. Numerous studies have assessed the effects of challenging 
mutated PINK1 over expressing cells with apoptotic stimuli [68,80,81]. One such study 
identified TRAP1, a mitochondrial chaperone as a substrate for PINK1 [83]. Another 
study suggested that PINK1 was phosphorylating the mitochondrial protease HtrA2 
[84]. Both these studies describe an involvement in stress-sensing pathways. This could 
be interpreted as a PINK1 inhibition of stress-induced apoptotic response. However, it 
could also reflect that a cell with impaired energy homeostasis (i.e. with a defect 
PINK1) becomes sensitized to exogenous stress stimulation. It is plausible that PINK1 
can influence cell viability at multiple levels. For example one study in Drosophila 
suggested that PINK1 protected cells from oxidative stress. Here, Pink1 mutants were 
rescued from degeneration of ommiditial and dopaminergic neurons by treatment with 
the antioxidants SOD and vitamin E. [78]. 
 
Our results provide a novel perspective on PINK1. The human in vivo intervention and 
epidemiological studies together with the cell culture RNA interference studies imply a 
role for PINK1 in the regulation of fatty acid and glucose metabolism. Intracellular 
accumulation of fatty acid metabolites can contribute to the production of ROS. Thus, 
we hypothesize that PINK1 dysfunction may increase the production of ROS due to 
impaired metabolic homeostasis, rather than by directly protecting cells from ROS. 
This idea is supported by the changes in peroxidation and glutathione metabolism in 
cultured fibroblasts obtained from skin samples of hetero- or homozygotes for the 
PINK1 mutation G309D compared to healthy controls [73]. Levels of malondialdehyde 
(MDA), an indicator of lipid oxidation was significantly higher in the homozygotes, 
compared to heterozygotes and controls. In addition, MnSOD protein was significantly 
higher expressed in the homozygotes compared to controls and both glutathione 
reductase and glutathione-S-transferase activities were higher in fibroblasts from 
homozygotes compared to controls. This indicates that PINK1 ablation leads to an 
increased lipid oxidation and production of reactive oxygen species with a subsequent 
increase in antioxidant activity. 
 
 
4.3 PINK1 AND PARKIN MAY ACT THROUGH PARALLEL PATHWAYS  

Several Drosophila reports have suggested that Parkin, also associated with 
Parkinson’s, acts downstream to Pink1 in a common pathway. The basis for this 
assumption is that the Pink1-mutant Drosophila demonstrate a similar mitochondrial 
degenerative phenotype to the Parkin-mutant Drosophila and transgene flies over-
expressing human Parkin was rescued from the Pink- mutant phenotype in muscle 
[75,76,77], dopaminergic [76,77] and spermatid [75]. However, there is no description 
on whether endogenous levels of Parkin are affected by Pink1 ablation in Drosophila. 
Another possible scenario is that Parkin is acting through a parallel pathway and that 
the high levels obtained by exogenous over expression are able to compensate for the 
loss of Pink1. Parkin has been demonstrated to enhance mitochondrial biogenesis in 
mammalian cell culture [101] and thus we assessed the role of PINK1 in mitochondrial 
biogenesis to evaluate whether there is a linear link between PINK1 and Parkin with 
regard to mitochondrial status. We demonstrated that both PINK1 and Parkin gene 
expression were increased in our model. However, siRNA knockdown of Pink1 in 
primary cultures of the mitochondrial rich murine brown adipocytes did not affect 
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Parkin gene or protein expression (Paper III and IV). This suggests that in mammals, 
PINK1 and Parkin act through parallel pathways. This is despite of both playing 
important roles in mitochondrial metabolism and Parkinson’s disease [102]. One can 
argue that if Parkin was acting through a parallel pathway it should have been up 
regulated in our cell model, to compensate for the loss of PINK1. This may happen 
when the cells are challenged with any mitochondrial stress agent, but remains to be 
investigated. 
 
 
4.4 IS PINK1 A CANDIDATE GENE FOR MITOCHONDRIAL DISEASE? 

PINK1 clearly has an important role in cell function and especially in tissues with high-
energy turnover. Diabetes and Parkinson’s are complex diseases more common in older 
people and both are related to mitochondrial dysfunction and oxidative stress. This 
implies pathophysiological mechanisms that include accumulating damage and 
suggests that diabetes and Parkinson’s disease should demonstrate some degree of 
epidemiological association. Indeed, type 2 diabetes appear as risk factors for 
Parkinsons’s disease [103]. In addition, up to 80% of Parkinson’s patients have been 
suggested to suffer from glucose intolerance [104]. Reactive oxygen species (ROS) 
have been suggested to cause an accumulating damage to cells. The highest production 
of endogenous ROS occurs in the mitochondria as a by-product of energy production. 
Previous functional genomics studies focused on explaining the link between PINK1 
and Parkinson’s disease. The present investigation extends this perspective to include 
other conditions with impaired mitochondrial function. 
 
Collectively, our data implies that a higher expression of PINK1 results in a higher 
metabolic fitness. It is hard to imagine that this would occur only by neutralising ROS 
and preventing the cell from entering apoptosis [83,84]. Rather, a regulatory role in 
energy utilization or uptake would be able to explain the PINK1 link between 
Parkinson’s [64], the subtle phenotype in knockout/knockdown mice [85,86] and our 
data on metabolic fitness and diabetes in humans and in cell models (Paper II, III and 
IV). On one hand, our data indicates that mutations in PINK1 could be a risk factor not 
only for developing Parkinson’s disease, but also for type 2 diabetes. On the other 
hand, our results emphasize and provide molecular support for the action of exercise to 
inhibit disease and promote health. 
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