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Abstract  

There is growing evidence that dysfunction of the mitochondrial respiratory chain and failure of the cellular 
protein degradation machinery, specifically the ubiquitin-proteasome system, play an important role in the 
pathogenesis of Parkinson's disease. We now show that the corresponding pathways of these two systems are 
linked at the transcriptomic level in Parkinsonian substantia nigra. We examined gene expression in medial and 
lateral substantia nigra (SN) as well as in frontal cortex using whole genome DNA oligonucleotide microarrays. 
In this study, we use a hypothesis-driven approach in analysing microarray data to describe the expression of 
mitochondrial and ubiquitin-proteasomal system (UPS) genes in Parkinson's disease (PD). Although a number of 
genes showed up-regulation, we found an overall decrease in expression affecting the majority of mitochondrial 
and UPS sequences. The down-regulated genes include genes that encode subunits of complex I and the 
Parkinson's-disease-linked UCHL1. The observed changes in expression were very similar for both medial and 
lateral SN and also affected the PD cerebral cortex. As revealed by "gene shaving" clustering analysis, there was 
a very significant correlation between the transcriptomic profiles of both systems including in control brains. 
Therefore, the mitochondria and the proteasome form a higher-order gene regulatory network that is severely 
perturbed in Parkinson's disease. Our quantitative results also suggest that Parkinson's disease is a disease of 
more than one cell class, i.e. that it goes beyond the catecholaminergic neuron and involves glia as well. 
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Introduction  

Parkinson's disease (PD) is the second most common neurodegenerative disorder after Alzheimer's disease and 
affects approximately 1 % of the population over 65 years of age [1]. PD is neuropathologically characterised by 
progressive loss of dopaminergic neurons within the substantia nigra (SN) and neurochemically related systems, 
the presence of Lewy bodies within surviving nigra neurons [2], and alpha-synuclein deposition in affected brain 
areas [3] (http://www.ICDNS.org). It is interesting that the pattern of cell death within the substantia nigra is not 
homogeneous. The lateral ventral tier of the SN (SN1) shows earlier and more severe loss of dopaminergic 
neurons than the medial dorsal tier of the SN (SNm) [4, 5]. The cause of this selective vulnerability is unknown. 

Two pieces of the Parkinson's disease puzzle that are repeatedly implicated in the pathological process are 
mitochondrial complex I inhibition and ubiquitin-proteasomal system (UPS) dysfunction. Gene mutations that 
cause familial PD have been found in nuclear genes encoding proteins localised to the mitochondria [6-8] and in 
mitochondrial encoded complex I genes [9, 10]. Mutations of genes encoding components of the UPS, parkin 
and UCHL1 also have been linked to familial PD [11, 12]. There is evidence of dysfunction in both of these 
systems in sporadic PD. Reduced mitochondrial complex I function has been shown in SN and in muscle cells of 
patients with sporadic PD [13-15]. Dysfunction of the proteasomal system has been demonstrated in the SN of 
idiopathic PD patients [16]. Furthermore, mitochondrial complex I inhibitors and proteasome inhibitors can lead 
to selective loss of dopaminergic neurons in experimental models [17-20]. Therefore, genetic and environmental 
factors that reduce the function of either of these systems can cause dopaminergic cell loss in the substantia 
nigra. 
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It is now commonly thought that a combination of environmental risk factors along with genetic susceptibility is 
important for PD aetiology. The key molecular interface where genetics and the environment converge resides at 
the level of gene expression. Mutations and polymorphisms affect which genes are expressed as do 
environmental factors that may lead to activation of various transcription factors. Another advantage of looking 
at gene expression is that the entire human genome has been sequenced so that it is possible to gain a 
comprehensive picture of gene expression. Therefore, global expression profiling can lead to a much more 
detailed and complete understanding of complex diseases that have an aetiology that is influenced by genetic and 
environmental factors, as is the case with sporadic PD. This type of expression profiling can be especially 
powerful when combined with detailed clinical data. 

To date, no other group has published an expression profiling study of the Parkinsonian substantia nigra using a 
whole-genome microarray set. Our group reported the first complete expression profile of the substantia nigra of 
well-documented Parkinson's disease cases using a whole-tissue approach [21]. It is increasingly becoming clear 
that Parkinson's disease is not a disease of one specific cell type (i.e. dopamine neurons) but a much more 
pervasive disorder that involves glial cells and neurons both within and beyond the nigra. This view is based on 
evidence from human studies [22-27] as well as from experimental PD models [28-31]. Therefore, it is obvious 
that, if one limits their experimental design to studying just one cell type, many important aspects of the disease 
will be missed. We have accordingly chosen to look at gene expression of PD brain tissue, instead of single cell 
groups, to identify genes involved in the pathogenesis of this disease. Using this approach, Moran et al. [21] 
identified a number of genes highly deregulated in the PD brain. Among these were several genes encoding 
mitochondrial and ubiquitin-proteasomal components in the PD substantia nigra. 

In the present study, we used a hypothesis-driven approach to determine the extent of the differential expression 
of mitochondrial and ubiquitin-proteasomal genes in the substantia nigra and cortex of sporadic PD cases. 
Because both the mitochondria and the UPS appear to play a role in PD pathology, any transcription profile of 
PD must fully describe the expression of genes related to these two systems. Therefore, in this study, the 
differential expression of mitochondrial and UPS genes was investigated in detail. 

As dopaminergic cell death can be caused by either mitochondrial complex I or proteasomal inhibition, it may be 
that a subset of our PD cases shows differential expression in proteasomal genes where another subset shows 
differential expression in mitochondrial genes. Therefore, the patterns of individual subject variability in gene 
expression were studied using a cluster analysis procedure called gene shaving. Gene shaving clusters genes 
together based on patterns of a subject's expression variability. These patterns were compared to clinical 
parameters, integrating expression profiling data with clinical observations. 

Materials and methods 

Cases used for study 

Brain tissue from 15 PD cases and 8 non-PD controls was used for this study. Medial as well as lateral substantia 
nigra and superior frontal gyrus were examined. PD cases and one control brain were provided by the UK 
Parkinson's Disease Society Tissue Bank at Imperial College London. Tissue from six control brains was 
obtained from the Laboratory of Neuropathology, University of Liège, University Hospital, Belgium, and one 
multiple sclerosis (MS) case was provided by the UK Multiple Sclerosis Tissue Bank at Imperial College 
London. Age at death, onset, disease duration, mode of presentation, medication and presence of dyskinesia were 
recorded. All PD diagnoses were made in line with international neuropathological consensus criteria 
(http://www.ICDNS.org). Clinical features (autonomic and cognitive) were graded in a semi-quantitative fashion 
from 0 to 3+ (absent to severe) and global scores were established and used to assess differences among PD 
cases. The average age of death for the PD cases was 80 years (range 68-89 years), the average postmortem 
delay was 13.4 h (range 1.3-21.7) and the average tissue pH was 6.3 (range 6.0-6.7). Seven control cases had no 
history of a neurological disorder and the disease-specific control case with multiple sclerosis did not show 
pathology of the substantia nigra. The average age of death for the control cases was 70 years (range 46-81 
years), the average post-mortem delay was 12 h (range 4.0-30.0) and the average tissue pH was 6.4 (range 6.0-
6.8). There were 47 tissue samples analysed, 15 PD medial nigra, 9 PD lateral nigra, 5 PD superior frontal gyrus, 
8 control medial nigra, 7 control lateral nigra and 3 control superior frontal gyrus. 

Expression profiling 

Affymetrix HG-U133 A & B oligonucleotide arrays were used. This array set contains approximately 33,000 
well-substantiated human gene sequences. Details of tissue processing, RNA extraction and running of the arrays 
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have been given elsewhere [21]. In brief, total RNA was extracted using the RNeasy extraction kit (Qiagen, 

Valencia, CA, USA) following the manufacturer's protocol. RNA yields were determined using a 
spectrophotometer (Gene QuantPro) and the quality of RNA was assessed using agarose gel electrophoresis. 
Total RNA was used to generate cDNA by reverse transcription using an oligo-dT cDNA synthesis kit 
(Superscript Choice System, Life Technologies). Biotin-labelled cRNA was prepared from the double-stranded 
cDNA by in vitro transcription using T7 RNA polymerase and biotin-11-UTP (Enzo, NY, USA). cRNA was 
purified using an RNeasy clean-up kit (Qiagen, Valencia, CA, USA) and fragmented and hybridised to the 
arrays. Arrays were then stained with streptavidin phycoerythrin (Molecular Probes), biotinylated anti-
streptavidin IgG antibody (Molecular Probes) and washed. The arrays were scanned using an Affymetrix Gene 
Array scanner. All hybridisations met the following quality control conditions: average background <100 U, 
noise <5 U and 3':5' ratio of actin and GAPDH <3. The validation of this microarray data set using Taqman RT-
PCR has been conducted and some results have been published [21]. 

Microarray data analysis 

Basic data analysis was conducted as described in [21]. As a superior alternative to CHP/MAS-based 
normalisation, the GeneChip Robust Multi Array algorithm was used [21]. Statistical analyses were conducted 
using the Gen-0 software package (http://www.fom.sk.med.ic.ac.uk/Resources/ (E7F8A77A-7675-45BB-B1E5-
1863246FA9A5)/flyer.pdf>). Schematics of UPS and mitochondrial systems were obtained using GenMAPP 
version 2 (http://www.Gen MAPP.org>). Details of the data retrieval from Affymetrix GeneChip probe arrays 
can be found in the Affymetrix Statistical Algorithms Detection Document                                                   
(http://www.affymetrix.com/support/technical/whitepapers/sadd_white paper.pdf). After generating mean 
expression values, Student's t test was used to compare the mean gene expression values of the PD group to 
those of the control group. The false discovery rate (FDR) [32] criterion (p<0.05) was used to correct for the 
increased chance of false positives due to multiple comparisons. However, this test was not used as an exclusion 
criterion. If some transcripts with similar function or in similar pathways passed the FDR and some did not, then 
both sets of transcripts were reported. This is because the multiple-comparisons test provides a strict yet 
indiscriminate exclusion criterion. Genes with similar functions that all show a similar expression trend are less 
likely to be false positives than random individual genes [33]. This approach is becoming increasingly 
recognised and the strength of looking at microarray data in terms of functional pathways instead of focusing on 
individual genes is now well documented [33-36]. 

In the present report, we have chosen to focus on trends in functional gene expression; therefore, we report all 
genes that have a p-value of p<0.01 as having differential expression. However, the results of the multiple-
comparisons test are reported in all cases. Gene functions were ascertained based on information provided on the 
Affymetrix website (http://www.affymetrix.com/index.affx>), OMIM (http://www.ncbi.nlm. 
nih.gov/entrez/query.fcgi?db=OMIM&itool=toolbar>) and literature searches using PubMed 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi>). 

Examining the clinical and neuropathological features of the different cases in our study, we know that there is 
within-group variability with respect to disease presentation, clinical symptoms and pathology. Therefore, we 
expected that there might also be variation in the corresponding gene expression. This individual variance may 
be important for understanding which genes or molecular pathways are involved in different disease subtypes. 
We consequently used a clustering procedure, 'gene shaving', which specifically extracts genes with high 
variability across subjects [37]. Gene shaving extracts statistically significant subsets of genes that show high 
covariance across individual subjects. For analysis, we built a library of "filters" consisting of gene lists (~50-
200 genes), each coding for specific biological processes or pathways based on annotated transcript information 
derived from the basic analysis results. To remove spurious variability, we pre-processed the data to extract those 
probes that were significant in the t test, p<0.05. For each of these filters (pathways), one value was calculated 
for each of the arrays indicating the "pathway expression" as follows: for each transcript, the expression values 
of the corresponding probes in all the arrays were extracted, creating a data matrix; principal component analysis 
[38] was then applied to the data matrix to identify the "eigenvector", i.e. the linear combination of the probes 
that accounts for most of the variability in the data matrix. As an eigenvector is a linear combination of all gene 
expression values, only the probes that contributed significantly to the eigenvector were of interest and were 
selected on the basis of the "Gap" test [37]. The linear combination of the probes surviving the test was then used 
as the expression value of the pathway for each of the arrays. We then investigated the relationship between 
these clusters and clinical severity ratings as well as the interrelationship between the clusters themselves. 
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Results 

Mitochondrial gene expression 

An analysis of nigral gene expression showed both up-and down-regulation of gene expression in PD compared 
to control tissue. In the medial substantia nigra, there were 26 up-regulated mitochondrial genes, eight of these 
passing the FDR correction (supplemental Table 1 in "Appendix"). In the lateral substantia nigra, 39 
mitochondrial transcripts were up-regulated in the PD, with none passing the multiple comparisons test. Only 
seven of these were up-regulated in both the SNm and SN1 (supplemental Table 1 in "Appendix"). Genes that 
were up-regulated transcribed proteins with a variety of functions including mitochondrial electron transport, 
catecholamine and fatty acid metabolism, and cell death. Supplemental Table 2 in "Appendix" shows the genes 
that were up-regulated in the SN1 but not in the SNm. There were several transcripts encoding proteins involved 
in the oxidative stress response, glycine metabolism and proliferation that were only up-regulated in the SN1. 

In the cortex, eight mitochondrial genes were up-regulated in PD, these include monoamine oxidase A (MAOA) 
and dihydrolipoamide branched-chain transacylase that were up-regulated in both SNm and SN1 and A kinase 
anchor protein 10 that was also up-regulated in the SN1. The expression of solute carrier family 25 member 21, 
acetyl-coenzyme A acyltransferase 2, mitochondrial ribosomal protein 63, dimethylglycine dehydrogenase 
precursor and surfeit 1 was increased only in the cortex. Only five mitochondrial genes were down-regulated in 
the PD cortex (p<0.01); of these, nipsnap homolog 1 and translocase of inner mitochondrial membrane 10 
homolog were also down-regulated in the SNm. The expression of cytochrome b-561, translocase of inner 
mitochondrial membrane 10 homolog and polymerase (RNA) mitochondrial (DNA directed) (POLRMT) was 
decreased in the cortex but not in the nigra. POLRMT may be of special interest as it is essential for the initiation 
of mitochondrial gene transcription [39]. It should be mentioned that the transcripts differentially expressed in 
the cortex did not pass the multiple-comparisons correction. 

The expression of 86 transcripts encoding mitochondrial proteins was down-regulated in the PD SNm, and 38 of 
those down-regulated passed the FDR correction (supplemental Table 3 in "Appendix"). There were 39 
transcripts down-regulated in PD SN1; only four of these passed the FDR correction. Genes showing decreased 
expression in the PD nigra include proteins that are involved in the mitochondrial electron transport chain, the 
Krebs/tricarboxylic acid cycle, glutamate metabolism and DNA maintenance as well as inner and outer 
membrane proteins. Most of the genes down-regulated in the SN1 were also down-regulated in the SNm; 
however, there were 12 transcripts exhibiting reduced expression in the lateral but not in the medial nigra 
(supplemental Table 4 in "Appendix"). 

There were a number of genes involved in the mitochondrial electron transport chain that were differentially 
regulated in the Parkinsonian substantia nigra including genes that encode proteins of complex I, II and III and 
the ATP synthase complex (supplemental Fig. 1 in "Appendix"). Of particular interest are nuclear genes that 
encode subunits of complex I, as reduced complex I function has been implicated in PD pathogenesis [13-15] 
and mutations of complex I genes in the mitochondrial genome have also been described [10]. 

UPS gene expression 

The expression of four UPS genes was increased in the PD SNm; SMAD-specific E3 ubiquitin protein ligase 2 
(SMURF2), ubiquitin-specific protease 21, ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1) 
and homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 
(HERPUD1). Only the stress-induced HERPUD1 passed the multiple-comparisons test and its pathway 
relationship to the DNAJ family of chaperones is described in greater detail in Moran et al. [21]. Fourteen UPS 
transcripts were up-regulated in the PD SN1 (supplemental Table 5 in "Appendix") but did not pass the multiple-
comparisons test. 

Thirty-eight transcripts encoding UPS transcripts were significantly down-regulated in PD SNm, including the 
PD-linked gene, ubiquitin carboxyl-terminal esterase L1 (UCHL1) (supplemental Table 6 in "Appendix"). 
Fourteen of these down-regulated genes pass the FDR correction. Twenty-one UPS transcripts were down-
regulated in the PD SN1. The expression of 11 of these was decreased in the SNm, while ten were only down-
regulated in the SN1 (supplemental Table 7 in "Appendix"). Numerous species of E2-ubiquitin-conjugating 
enzymes and deubiquitinating enzymes were down-regulated in the PD nigra, including ubiquitin-specific 
protease 14, a mutation of which causes an ataxic phenotype in mice [40]. Supplemental Fig. 2 in "Appendix" 
shows a schematic of genes encoding UPS components that were differentially expressed in PD. 
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Three UPS genes were found to be down-regulated in the PD cortex; ubiquitination factor E4B, ubiquitin-
conjugating enzyme E2M and ubiquitin C, with none passing the multiple-comparisons test. No genes were 
significantly up-regulated (p<0.01) in the PD cortex. 

Gene shaving cluster analysis 

'Gene filters' were obtained by compiling lists of mitochondrial and UPS genes that were significantly different 
(p<0.05) between PD and control in the SNm. This resulted in four filters: (1) up-regulated mitochondrial genes, 
(2) up-regulated UPS genes, (3) down-regulated mitochondrial genes and (4) down-regulated UPS genes (for 
complete gene filters and gene clusters, see supplemental Table 8 in "Appendix"). Gene shaving analysis was 
also conducted on a gene filter comprised of the dopamine marker genes tyrosine hydroxylase (TH) and 
dopamine transporter (DAT). Both of these genes are significantly down-regulated in the SN (p<0.001). This 
analysis was conducted to compare individual expression patterns derived from the above-mentioned filters with 
this 'dopamine' filter to determine if the pattern seen is the result of a reduction in dopamine neurons within the 
nigra. 

Gene shaving analysis of the 73 mitochondrial transcripts that were up-regulated in PD SNm extracted a cluster 
that consisted of six probes encoding three genes; thioredoxin interacting protein (TXNIP), monoamine oxidase 
A and pyruvate dehydrogenase kinase, isoenzyme 4 (PDK4). Supplemental Fig. 3 in "Appendix" shows that 
there is a clear up-regulation of expression of these genes in the PD cases; however, based on this cluster, four 
PD cases appear to have expression profiles more like controls. A significantly earlier age at onset (p=0.01) and 
a significantly longer (p=0.01) duration of disease was found in the PD cases resembling the control group 
compared to other PD cases. 

Gene shaving analysis of the 24 UPS transcripts that were up-regulated in PD SNm reveals a cluster of three 
probes encoding two genes: SMAD-specific E3 ubiquitin protein ligase 2 and ubiquitin-like, containing PHD 
and RING finger domains 1. Supplemental Fig. 3 in "Appendix" shows that this analysis reveals a different 
pattern of individual variation, with half of the PD group having very high expression of this gene cluster and 
half looking more like the controls. None of the assessed clinical parameters corresponded to this pattern. 

Gene shaving analysis of the 167 down-regulated mitochondrial transcripts showed that 143 of them formed a 
similarly coherent gene cluster (Fig. 1a). All 75 ubiquitin-proteasome transcripts also formed a cluster that varied 
coherently across subjects (Fig. 1b). Figure 1 shows that there is a definitive overall decrease in expression in the 
PD groups for both of these clusters of genes and that the pattern of individual variability is similar for the UPS 
and the mitochondrial transcripts. The pathway expression values produced from the gene shaving analysis are 
highly correlated (r2=0. 0.935, p<0.0001). This is also true when the group effect is taken out by looking at the 
correlation of only the pathway expression values of the PD group (r2=0.804, p<0.0001) (Fig. 2). 

The similarity in expression pattern between the mitochondrial and UPS genes in both controls and PD cases 
strongly suggests that these systems are highly co-regulated on the transcriptional level also in the normal state. 
The same analysis was conducted on the SN1 data using an identical set of gene filters. This analysis produced 
very similar patterns of individual variation of gene expression (Fig. 3) and also revealed a correlation between 
the patterns of individual expression for down-regulated mitochondrial and UPS gene clusters (r2=0.921, 
p<0.0001). 

It is interesting to note that when gene shaving was conducted on the cortex data, it demonstrated the same 
pattern of intra-individual co-correlation as the nigral data. There was general down-regulation of both 
mitochondrial and UPS gene clusters within the PD group. This shows that there is a trend toward decreased 
mitochondrial and UPS gene expression in the PD cortex as well as in the PD nigra. There was again a strong 
correlation between the pathway expression values for mitochondrial and UPS gene clusters derived from the 
cortex data (r2=0.986, p<0.0001) (Fig. 4). 

Gene shaving analysis of the 'dopamine' filter revealed that both TH and DAT cluster together and there is a 
general down-regulation of expression seen in the PD SNm compared to control (supplemental Fig. 4 in 
"Appendix"). However, this individual expression pattern is different from the patterns derived from the 
mitochondrial and UPS analysis. There is no correlation between the pathway expression values generated from 
this dopamine cluster with those derived from either the mitochondrial or UPS clusters for the PD cases (r2=0.05, 
n.s.; r2=0.14, n.s., respectively). This analysis was repeated for the SN1 and similar results were obtained (data 
not shown). This indicates that the correlation between mitochondrial and UPS pathway expression values is not 
simply due to a lack of dopamine neuron-related gene expression. 
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The correlation of clinical data with microarray results of down-regulated mitochondrial and UPS gene clusters 
revealed that, for those PD cases with results resembling the control group (PD3, PD6, PD10 and PD15), there 
was a significantly younger mean age at death (p=0.02). 

Fig. 1  The first 15 subjects are PD cases; the following eight are controls. The Y-axis indicates the pathway 
expression values, which represents the individuals' contribution to gene expression variability within the 
cluster. a Gene shaving analysis of the down-regulated mitochondrial transcripts showed they formed a similarly 
coherent gene cluster (cf. supplemental Table 8 in "Appendix"). b All ubiquitin-proteasome transcripts also 
formed a cluster that varied coherently across subjects (supplemental Table 8 in "Appendix"). There is an 
overall decrease in expression in the PD SNm for both of these clusters of genes and, furthermore, the pattern of 
individual variability is similar for the UPS and the mitochondrial transcripts. For both of these clusters PD3, 
PD6, PD10 and PD15 have higher expression levels of these genes compared to other PD subjects 

 

 

Fig. 2 There is a strong correlation between pathway expression values derived from the gene shaving analysis 
of down-regulated mitochondrial gene and the pathway expression values derived from the gene shaving 
analysis of down-regulated UPS genes. Pathway expression values represent the individual subjects' 
contribution to variability of gene expression within a cluster. Therefore, this correlation indicates that subjects 
with the lowest expression of mitochondrial genes also had the lowest expression of UPS genes 
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Fig. 3  The first nine subjects are PD cases; the last seven represent controls. The Y-axis indicates the pathway 
expression values, which represents the individuals' contribution to gene expression variability within the 
cluster. a Gene shaving analysis of the down-regulated mitochondrial transcripts using the SN1 gene expression 
data. b Gene shaving analysis of the down-regulated ubiquitin-proteasome transcripts using the SN1 data. This 
analysis revealed a similar pattern of individual variability for both gene clusters. As with the SNm clusters, 
PD3 and PD6 have higher expression levels of these genes compared to other PD subjects. SN1 was not sampled 
for PD10 and PD15. This shows that the pattern of individual variation seen in the SNm is also seen in the SN1 

 

Fig. 4  The first five subjects are PD cases; the following three are controls. The Y-axis indicates the pathway 
expression values, which represents the individuals' contribution to gene expression variability within the 
cluster. a Gene shaving analysis of the down-regulated mitochondrial transcripts using the cortical gene 
expression data. b Gene shaving analysis of the down-regulated ubiquitin-proteasome transcripts using the 
cortex data. This analysis revealed a similar pattern of individual variability for both gene clusters. For both of 
these clusters. PD3 and PD15 have higher expression levels of these genes compared to other PD subjects. 
Cortex was not sampled for PD6 and PD 10. This shows that the pattern of individual variation seen in the SNm 
and in the SN1 is also seen in the cortex 
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Discussion 

Regulation of mitochondrial and ubiquitin-proteasome gene expression 

Our data demonstrate that there is both up-regulation and down-regulation of transcripts encoding mitochondrial 
and UPS-related proteins in the PD brain. However, there are many more mitochondrial and UPS transcripts that 
are down-regulated in the PD nigra than are up-regulated. This is consistent with previous studies that have 
found reduced mitochondrial [13-15] and UPS [16] activity in the Parkinsonian brain. Our findings are also in 
line with studies of familial PD [41-43] and work on animal models of PD [44-46], which have independently 
implicated both metabolic systems in PD. For the first time, it is shown here that the two systems are 
functionally linked in the human brain. 

Of particular interest is the down-regulation of a number of transcripts encoding complex I subunits. Deficits in 
complex I have been repeatedly implicated in PD pathology [13-15]. There is also a down-regulation of UCHL1, 
and a loss of function mutation in this gene has been linked to familial PD [6]. Furthermore, there are a number 
of proteasome subunits that are down-regulated in PD nigra. This is consistent with studies that have shown 
levels of the PA700 proteasome activator are reduced in the SN in PD [16, 47]. 

Interrelationship between mitochondria and UPS gene expression 

A particularly important finding in this study is correlation between UPS and mitochondrial gene expression 
patterns. This is in agreement with recent in vitro as well as animal studies that have provided experimental 
evidence for the interaction of the ubiquitin-proteasome and mitochondrial systems [19, 48-50]. However, this 
interdependency between mitochondria and UPS has not been reported in human disease and, furthermore, has 
not been demonstrated at the level of gene expression. Based on these findings, the functional weakness of one 
linked system is expected to have a knock-on effect on the other. In turn, therapeutic support for either one of the 
two components of a higher-order gene regulatory network would be predicted to have a stabilising effect on 
both. In fact, preventative measures targeted at the human substantia nigra of presymptomatic individuals 
become an attractive option, and new interesting avenues for effective neuroprotection of the substantia nigra in 
PD are conceivable. 

The evidence obtained in the present study indicating that normal functions of mitochondria and the ubiquitin-
proteasome system are linked on the transcriptome level deserves special consideration. A very significant 
correlation between the gene expression patterns of both systems was found using gene shaving cluster analysis. 
In addition, gene expression of mitochondrial and UPS genes was co-regulated irrespective of PD subgroup, 
showing that these systems are functionally linked both in disease and in the normal state. Importantly, 
dysfunction of this higher-order pathway likely resides at the core of the pathological process underlying 
common sporadic PD. This is in agreement with recent in vitro as well as Parkinson's disease animal model 
studies that have provided experimental evidence for the interaction of the ubiquitin-proteasome and 
mitochondrial systems [19, 48-50]. Finding a similar relationship between mitochondria and UPS in well-
documented Parkinson's disease cases strongly supports the validity of these model systems. While the data from 
the present study suggest that this interaction may be at the level of gene expression, we cannot completely rule 
out the possibility that the biochemical link between the mitochondria and UPS may be indirect and that factors 
such as oxidative stress or alpha-synuclein aggregation itself may interfere with the normal function of one or 
both of these systems [51, 52]. 

Patterns of mitochondria and UPS gene expression in the PD cortex 

Another important finding of this study is that, using gene shaving analysis, the cerebral cortex was found to 
show a similar pattern of individual variation in gene expression as the SN. Therefore, the transcriptional 
changes reported here are not exclusive to the substantia nigra. This strongly suggests that PD is "systemic", at 
least at the organ level, rather than representing a disease of the substantia nigra. This is supported by a very 
recent study that found evidence for impaired mitochondrial function in PD visual cortex [22]. The fact that there 
were fewer cortical transcripts that reached statistical significance is likely due to the small number of cortical 
samples in this study. Our results suggest that a more comprehensive study describing gene expression in brain 
areas that are not traditionally associated with PD, like cerebral cortex, may lead to a better understanding of this 
disease. This view is in keeping with recent histological studies that have described pathological deposition of 
alpha-synuclein in PD in many brain regions, including frontal cortex [27, 53] (see http://www.ICDNS.org). 
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Integration of clinical observation with gene expression data 

Clinical records are often not available for tissue used in human post-mortem disease studies. We are fortunate to 
have access to not only high-quality tissue but also clinical histories accompanying this tissue. Therefore, our 
laboratory is in a position to integrate these two aspects of the disease. Using gene shaving analysis, we found 
clusters of genes that showed similar variability across our subjects. These patterns of individual variability were 
then compared to clinical parameters. It is interesting that a cluster of three mitochondrial genes that were up-
regulated in our data set, TXNIP, MAOA and PDK4, characterised four PD cases that had expression values 
more like controls and also had a significantly younger age of onset. The main risk factor for sporadic 
Parkinsonism is increasing age and, thus, it is of great interest that a group of our PD cohort with a younger age 
at onset had a different gene expression profile. At one end of the clinical spectrum, one sees young or even 
juvenile onset familial cases with identified genetic aetiologies, while with advancing age, one encounters 
"senile" Parkinsonism and incidental Lewy body disease, present in up to a third or half of those living into their 
tenth decade and which much more likely reflect the epiphenomena of aging in the human brain. In the middle 
stand those 'classical' cases, as described by James Parkinson himself, with onset typically in the fifties or sixties, 
likely owing to a combination of genetic and environmental factors. In the present study, we show that one can 
find patterns of gene expression that can correspond to clinical parameters. This methodological approach may 
lead to a greater understanding of disease subtypes and variation in the clinical presentation of PD. 

In conclusion, the transcriptomic data reported here strongly support previous protein-based studies that have 
independently implicated both mitochondrial and UPS dysfunction in PD. In addition, we describe what very 
likely represents a crucial gene regulatory pathway link between mitochondrial and UPS gene expression in PD. 
Therefore, any hypothesis addressing the pathobiochemistry of PD has to incorporate both of these systems and 
their interrelationship. 
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