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Abstract

There is growing evidence that dysfunction of theontiondrial respiratory chain and failure of théutar
protein degradation machinery, specifically thequiin-proteasome system, play an important rolégé
pathogenesis of Parkinson's disease. We now shaivthih corresponding pathways of these two syséeens
linked at the transcriptomic level in Parkinsongastantia nigra. We examined gene expression diatrend
lateral substantia nigra (SN) as well as in frootatex using whole genome DNA oligonucleotide mérays.
In this study, we use a hypothesis-driven appraaemalysing microarray data to describe the exgioesof
mitochondrial and ubiquitin-proteasomal system (U&&hes in Parkinson's disease (PD). Although abeurof
genes showed up-regulation, we found an overatiedse in expression affecting the majority of ntitmudrial
and UPS sequences. The down-regulated genes irgdugs that encode subunits of complex | and the
Parkinson's-disease-linked UCHL1. The observed adwmmgexpression were very similar for both medrad
lateral SN and also affected the PD cerebral coAexevealed by "gene shaving" clustering analybisre was
a very significant correlation between the transornic profiles of both systems including in cohtroains.
Therefore, the mitochondria and the proteasome &ohigher-order gene regulatory network that is sdye
perturbed in Parkinson's disease. Our quantitadiselts also suggest that Parkinson's diseaséisease of
more than one cell class, i.e. that it goes beybadatecholaminergic neuron and involves glia @ w
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Introduction

Parkinson's disease (PD) is the second most comeumodegenerative disorder after Alzheimer's dseasl

affects approximately 1 % of the population overy&ars of age [1]. PD is neuropathologically chaased by
progressive loss of dopaminergic neurons withinstigstantia nigra (SN) and neurochemically relatestems,
the presence of Lewy bodies within surviving nigeairons [2], and alpha-synuclein deposition in aéfédrain
areas [3] (http://www.ICDNS.org). It is interestitftpt the pattern of cell death within the substanigra is not
homogeneous. The lateral ventral tier of the SN (SKXbws earlier and more severe loss of dopaminergi

neurons than the medial dorsal tier of the SN (SNIm]. The cause of this selective vulnerabiigyinknown.

Two pieces of the Parkinson's disease puzzle tbakaeatedly implicated in the pathological pro@ess
mitochondrial complex | inhibition and ubiquitinggeasomal system (UPS) dysfunction. Gene mutattats
cause familial PD have been found in nuclear genesding proteins localised to the mitochondri&]&nd in
mitochondrial encoded complex | genes [9, 10]. Mates of genes encoding components of the UPSjmpark
and UCHL1 also have been linked to familial PD [12]. There is evidence of dysfunction in both st
systems in sporadic PD. Reduced mitochondrial cexnplunction has been shown in SN and in musdls oé
patients with sporadic PD [13-15]. Dysfunction loé oroteasomal system has been demonstrated 8i\tloé
idiopathic PD patients [16]. Furthermore, mitochigaldcomplex | inhibitors and proteasome inhibitoes lead
to selective loss of dopaminergic neurons in expenital models [17-20]. Therefore, genetic and envirental
factors that reduce the function of either of thegstiems can cause dopaminergic cell loss in thetantia
nigra.
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It is now commonly thought that a combination ofieonmental risk factors along with genetic susitglity is
important for PD aetiology. The key molecular ifésee where genetics and the environment convesjga® at
the level of gene expression. Mutations and polyrnisms affect which genes are expressed as do
environmental factors that may lead to activatibmasious transcription factors. Another advantafioking
at gene expression is that the entire human gehasibeen sequenced so that it is possible to gain a
comprehensive picture of gene expression. Thergftobal expression profiling can lead to a muchieno
detailed and complete understanding of complexadise that have an aetiology that is influenceddmetic and
environmental factors, as is the case with spo@BicThis type of expression profiling can be esdbc
powerful when combined with detailed clinical data.

To date, no other group has published an expregsadiing study of the Parkinsonian substantia aigsing a
whole-genome microarray set. Our group reporteditsiecomplete expression profile of the substanigra of
well-documented Parkinson's disease cases usimpi@issue approach [21]. It is increasingly beirantlear
that Parkinson's disease is not a disease of auifisgcell type (i.e. dopamine neurons) but a mondre
pervasive disorder that involves glial cells androas both within and beyond the nigra. This vieldsed on
evidence from human studies [22-27] as well as feagrerimental PD models [28-31]. Therefore, ithsious
that, if one limits their experimental design tadsting just one cell type, many important aspettb® disease
will be missed. We have accordingly chosen to labgene expression of PD brain tissue, insteathgfescell
groups, to identify genes involved in the pathogenef this disease. Using this approach, Morai.¢21]
identified a number of genes highly deregulatetheénPD brain. Among these were several genes amgodi
mitochondrial and ubiquitin-proteasomal componémthie PD substantia nigra.

In the present study, we used a hypothesis-dripenoach to determine the extent of the differergigiression
of mitochondrial and ubiquitin-proteasomal genethimsubstantia nigra and cortex of sporadic Plesas
Because both the mitochondria and the UPS appgédaya role in PD pathology, any transcriptionfibecof
PD must fully describe the expression of genegdeaélto these two systems. Therefore, in this sttidy,
differential expression of mitochondrial and UP®&egwas investigated in detail.

As dopaminergic cell death can be caused by eitfitechondrial complex | or proteasomal inhibitidthmay be
that a subset of our PD cases shows differenttession in proteasomal genes where another ssioes
differential expression in mitochondrial genes. rEfiere, the patterns of individual subject varigpiin gene
expression were studied using a cluster analysiseplure called gene shaving. Gene shaving clugterss
together based on patterns of a subject's expregaitability. These patterns were compared to cdihi
parameters, integrating expression profiling daith wlinical observations.

Materials and methods
Cases used for study

Brain tissue from 15 PD cases and 8 non-PD contvatsused for this study. Medial as well as latsudistantia
nigra and superior frontal gyrus were examined.cBfes and one control brain were provided by the UK
Parkinson's Disease Society Tissue Bank at Impgdlége London. Tissue from six control brains was
obtained from the Laboratory of Neuropathology, énsity of Liege, University Hospital, Belgium, andeo
multiple sclerosis (MS) case was provided by the Milltiple Sclerosis Tissue Bank at Imperial College
London. Age at death, onset, disease duration, mbgesentation, medication and presence of dyskingere
recorded. All PD diagnoses were made in line witernational neuropathological consensus criteria
(http://mww.ICDNS.org). Clinical features (autonana@nd cognitive) were graded in a semi-quantitefghion
from O to 3+ (absent to severe) and global scorre wstablished and used to assess differencegdpipn
cases. The average age of death for the PD case80nears (range 68-89 years), the average pdstmor
delay was 13.4 h (range 1.3-21.7) and the aversggetpH was 6.3 (range 6.0-6.7). Seven contraschad no
history of a neurological disorder and the disegsesific control case with multiple sclerosis dat show
pathology of the substantia nigra. The averageofdeath for the control cases was 70 years (rd6¢fl
years), the average post-mortem delay was 12 y€rar9-30.0) and the average tissue pH was 6.4€réud-
6.8). There were 47 tissue samples analysed, 15&dial nigra, 9 PD lateral nigra, 5 PD superionfab gyrus,
8 control medial nigra, 7 control lateral nigra @dontrol superior frontal gyrus.

Expression profiling

Affymetrix HG-U133 A & B oligonucleotide arrays weused. This array set contains approximately 33,000
well-substantiated human gene sequences. DetdilssoE processing, RNA extraction and runnindhefdrrays
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have been given elsewhere [21]. In brief, total RMa#s extracted using the RNeasy extraction kit {€a

Valencia, CA, USA) following the manufacturer's fmeol. RNA yields were determined using a
spectrophotometer (Gene QuantPro) and the qudlRNA was assessed using agarose gel electropboresi
Total RNA was used to generate cDNA by reverse triptgon using an oligo-dT cDNA synthesis kit
(Superscript Choice System, Life Technologies). Bitdbelled cRNA was prepared from the double-steand
cDNA by in vitro transcription using T7 RNA polynase and biotin-11-UTP (Enzo, NY, USA). cRNA was
purified using an RNeasy clean-up kit (Qiagen, Yaia, CA, USA) and fragmented and hybridised to the
arrays. Arrays were then stained with streptavidipcoerythrin (Molecular Probes), biotinylated anti
streptavidin IgG antibody (Molecular Probes) andhe. The arrays were scanned using an AffymetrneGe
Array scanner. All hybridisations met the followiggality control conditions: average backgroundG<ILQ
noise <5 U and 3"5' ratio of actin and GAPDH <BeValidation of this microarray data set using TaqrRT-
PCR has been conducted and some results have bielishpd [21].

Microarray data analysis

Basic data analysis was conducted as describéi]nAs a superior alternative to CHP/MAS-based
normalisation, the GeneChip Robust Multi Array aition was used [21]. Statistical analyses were notet!
using the Gen-0 software package (http://www.formeld.ic.ac.uk/Resources/ (E7F8A77A-7675-45BB-B1E5-
1863246FA9AL)/flyer.pdf>). Schematics of UPS antbetiondrial systems were obtained using GenMAPP
version 2 (http://www.Gen MAPP.org>). Details oéttata retrieval from Affymetrix GeneChip probesgs
can be found in the Affymetrix Statistical Algonitis Detection Document
(http://www.affymetrix.com/support/technical/whitgpers/sadd_white paper.pdf). After generating mean
expression values, Studertttest was used to compare the mean gene expresdies\of the PD group to
those of the control group. The false discovery (BERR) [32] criterion p<0.05) was used to correct for the
increased chance of false positives due to multiptaparisons. However, this test was not used axauasion
criterion. If some transcripts with similar funatior in similar pathways passed the FDR and socheati, then
both sets of transcripts were reported. This isbse the multiple-comparisons test provides at $teic
indiscriminate exclusion criterion. Genes with danfunctions that all show a similar expressi@ntt are less
likely to be false positives than random individgehes [33]. This approach is becoming increasingly
recognised and the strength of looking at micrgadata in terms of functional pathways insteadoafising on
individual genes is now well documented [33-36].

In the present report, we have chosen to focusemrdl$ in functional gene expression; thereforerepert all
genes that havemvalue ofp<0.01 as having differential expression. Howeueg, results of the multiple-
comparisons test are reported in all cases. Gematidms were ascertained based on information geavon the
Affymetrix website (http://www.affymetrix.com/indeaffx>), OMIM (http://www.ncbi.nlm.
nih.gov/entrez/query.fcgi?db=OMIM&itool=toolbar>ha literature searches using PubMed
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi>).

Examining the clinical and neuropathological featuréthe different cases in our study, we know thate is
within-group variability with respect to diseasegentation, clinical symptoms and pathology. Tieeefwe
expected that there might also be variation inchreesponding gene expression. This individual wagamay
be important for understanding which genes or maéegathways are involved in different disease\ques.
We consequently used a clustering procedure, 'sfeanvng’, which specifically extracts genes withhhi
variability across subjects [37]. Gene shavingamit statistically significant subsets of genes shaw high
covariance across individual subjects. For analysgsbuilt a library of "filters" consisting of gedists (~50-
200 genes), each coding for specific biologicatpsses or pathways based on annotated transdaphation
derived from the basic analysis results. To remspeious variability, we pre-processed the daextoact those
probes that were significant in theest,p<0.05. For each of these filters (pathways), oleevavas calculated
for each of the arrays indicating the "pathway espion" as follows: for each transcript, the exgi@svalues
of the corresponding probes in all the arrays westeacted, creating a data matrix; principal congraranalysis
[38] was then applied to the data matrix to idgmtife "eigenvector", i.e. the linear combinatiortted probes
that accounts for most of the variability in theadeatrix. As an eigenvector is a linear combimatiball gene
expression values, only the probes that contribsiguificantly to the eigenvector were of interastl were
selected on the basis of the "Gap" test [37]. Timeali combination of the probes surviving the test then used
as the expression value of the pathway for eatheoérrays. We then investigated the relationshipreen
these clusters and clinical severity ratings a$ agethe interrelationship between the clustermtsdves.
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Results
Mitochondrial gene expression

An analysis of nigral gene expression showed bptand down-regulation of gene expression in PD e
to control tissue. In the medial substantia nitrare were 26 up-regulated mitochondrial genes$it eifithese
passing the FDR correction (supplemental Table"Appendix"). In the lateral substantia nigra, 39
mitochondrial transcripts were up-regulated inFi® with none passing the multiple comparisons @sty
seven of these were up-regulated in both the SNIvBatl (supplemental Table 1 in "Appendix"). Gened th
were up-regulated transcribed proteins with a #aoé functions including mitochondrial electrommisport,
catecholamine and fatty acid metabolism, and @athl Supplemental Table 2 in "Appendix" shows teeg
that were up-regulated in the SN1 but not in thenSWhere were several transcripts encoding protevaved
in the oxidative stress response, glycine metatnodisd proliferation that were only up-regulatedhie SN1.

In the cortex, eight mitochondrial genes were upitated in PD, these include monoamine oxidase AQM)
and dihydrolipoamide branched-chain transacylaaeviiere up-regulated in both SNm and SN1 and Asdna
anchor protein 10 that was also up-regulated irStié. The expression of solute carrier family 25mher 21,
acetyl-coenzyme A acyltransferase 2, mitochonditimlsomal protein 63, dimethylglycine dehydrogenase
precursor and surfeit 1 was increased only in dreex. Only five mitochondrial genes were down-faged in
the PD cortexg<0.01); of these, nipsnap homolog 1 and translocasger mitochondrial membrane 10
homolog were also down-regulated in the SNm. Theesgion of cytochrome b-561, translocase of inner
mitochondrial membrane 10 homolog and polymeraddd)Rnitochondrial (DNA directed) (POLRMT) was
decreased in the cortex but not in the nigra. POLRMi; be of special interest as it is essentiallferinitiation
of mitochondrial gene transcription [39]. It shoble mentioned that the transcripts differentiakpressed in
the cortex did not pass the multiple-comparisonmsection.

The expression of 86 transcripts encoding mitochahgroteins was down-regulated in the PD SNm, 28 0f
those down-regulated passed the FDR correctiomplso@ntal Table 3 in "Appendix"). There were 39
transcripts down-regulated in PD SN1; only fouthafse passed the FDR correction. Genes showingakasat
expression in the PD nigra include proteins thatiavolved in the mitochondrial electron transpsivain, the
Krebs/tricarboxylic acid cycle, glutamate metalmliand DNA maintenance as well as inner and outer
membrane proteins. Most of the genes down-regulatéte SN1 were also down-regulated in the SNm;
however, there were 12 transcripts exhibiting rediuexpression in the lateral but not in the metigda
(supplemental Table 4 in "Appendix").

There were a number of genes involved in the mitndhal electron transport chain that were diffeiadht
regulated in the Parkinsonian substantia nigraidiog genes that encode proteins of complex ndl & and
the ATP synthase complex (supplemental Fig. 1 ing&ulix"). Of particular interest are nuclear gethes
encode subunits of complex I, as reduced complerdtion has been implicated in PD pathogenesislH]3
and mutations of complex | genes in the mitoch@ldjgnome have also been described [10].

UPS gene expression

The expression of four UPS genes was increase@ iREhSNm; SMAD-specific E3 ubiquitin protein ligaae
(SMURF2), ubiquitin-specific protease 21, ubiquike, containing PHD and RING finger domains 1 (RIFL)
and homocysteine-inducible, endoplasmic reticultness-inducible, ubiquitin-like domain member 1
(HERPUDZ1). Only the stress-induced HERPUD1 passethtiigple-comparisons test and its pathway
relationship to the DNAJ family of chaperones isa@ed in greater detail in Moran et al. [21]. Rean UPS
transcripts were up-regulated in the PD SN1 (suppigal Table 5 in "Appendix”) but did not pass thdtiple-
comparisons test.

Thirty-eight transcripts encoding UPS transcriptsenggnificantly down-regulated in PD SNm, incluglitne
PD-linked gene, ubiquitin carboxyl-terminal esterad (UCHL1) (supplemental Table 6 in "Appendix").
Fourteen of these down-regulated genes pass thecbb&ction. Twenty-one UPS transcripts were down-
regulated in the PD SN1. The expression of 11 e¢hwas decreased in the SNm, while ten were aniynd
regulated in the SN1 (supplemental Table 7 in "Apipe. Numerous species of E2-ubiquitin-conjugating
enzymes and deubiquitinating enzymes were downkaggglin the PD nigra, including ubiquitin-specific
protease 14, a mutation of which causes an atédngtype in mice [40]. Supplemental Fig. 2 in "Apgix"
shows a schematic of genes encoding UPS compathattsere differentially expressed in PD.
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Three UPS genes were found to be down-regulatdeiPD cortex; ubiquitination factor E4B, ubiquitin-
conjugating enzyme E2M and ubiquitin C, with nonsgireg the multiple-comparisons test. No genes were
significantly up-regulatedpk0.01) in the PD cortex.

Gene shaving cluster analysis

‘Gene filters' were obtained by compiling listsxifochondrial and UPS genes that were significadiffigrent
(p<0.05) between PD and control in the SNm. Thisltedun four filters: (1) up-regulated mitochondrignes,
(2) up-regulated UPS genes, (3) down-regulatedainitodrial genes and (4) down-regulated UPS gepes (f
complete gene filters and gene clusters, see suppkal Table 8 in "Appendix"). Gene shaving analyss
also conducted on a gene filter comprised of thedone marker genes tyrosine hydroxylase (TH) and
dopamine transporter (DAT). Both of these genesgmficantly down-regulated in the SN<(0.001). This
analysis was conducted to compare individual exqiwasatterns derived from the above-mentionedr§ltvith
this 'dopamine' filter to determine if the pattegen is the result of a reduction in dopamine meuvdgthin the
nigra.

Gene shaving analysis of the 73 mitochondrial tapts that were up-regulated in PD SNm extractetlister
that consisted of six probes encoding three gehespdoxin interacting protein (TXNIP), monoamioeidase
A and pyruvate dehydrogenase kinase, isoenzym®HK4P Supplemental Fig. 3 in "Appendix" shows that
there is a clear up-regulation of expression a¢hgenes in the PD cases; however, based onukteclfour
PD cases appear to have expression profiles nk@edintrols. A significantly earlier age at ongetq.01) and
a significantly longerg=0.01) duration of disease was found in the PD<esgembling the control group
compared to other PD cases.

Gene shaving analysis of the 24 UPS transcriptsitbee up-regulated in PD SNm reveals a clusténraie
probes encoding two genes: SMAD-specific E3 ubigutiotein ligase 2 and ubiquitin-like, containinig [P
and RING finger domains 1. Supplemental Fig. 3Apgendix" shows that this analysis reveals a diffier
pattern of individual variation, with half of thédRyroup having very high expression of this gemstelr and
half looking more like the controls. None of theessed clinical parameters corresponded to thisrpat

Gene shaving analysis of the 167 down-regulatedamitndrial transcripts showed that 143 of them &xfra
similarly coherent gene cluster (Fig. 1a). All A&quitin-proteasome transcripts also formed a eluttat varied
coherently across subjects (Fig. 1b). Figure 1 shitwat there is a definitive overall decrease pression in the
PD groups for both of these clusters of genes laaidthe pattern of individual variability is similéor the UPS
and the mitochondrial transcripts. The pathway eggion values produced from the gene shaving asalses
highly correlatedrf=0. 0.935p<0.0001). This is also true when the group effe¢aken out by looking at the
correlation of only the pathway expression valuethe PD grouprf=0.804,p<0.0001) (Fig. 2).

The similarity in expression pattern between theahibndrial and UPS genes in both controls and Resca
strongly suggests that these systems are hightggalated on the transcriptional level also intbemal state.
The same analysis was conducted on the SN1 datg aisiientical set of gene filters. This analysdoced
very similar patterns of individual variation ofrgeexpression (Fig. 3) and also revealed a coiwalaetween
the patterns of individual expression for down-fated mitochondrial and UPS gene clustefsq.921,
p<0.0001).

It is interesting to note that when gene shaving eanducted on the cortex data, it demonstratedahe
pattern of intra-individual co-correlation as thigral data. There was general down-regulation ofi bot
mitochondrial and UPS gene clusters within the Riug. This shows that there is a trend toward dsecka
mitochondrial and UPS gene expression in the PE2x@s well as in the PD nigra. There was agatnoag
correlation between the pathway expression valoiesiitochondrial and UPS gene clusters derived filoen
cortex datarf=0.986,p<0.0001) (Fig. 4).

Gene shaving analysis of the 'dopamine' filter adaek that both TH and DAT cluster together anddlieia
general down-regulation of expression seen in iIhi&Rm compared to control (supplemental Fig. 4 in
"Appendix"). However, this individual expressionttean is different from the patterns derived frdme t
mitochondrial and UPS analysis. There is no caticicbetween the pathway expression values genkfiates
this dopamine cluster with those derived from eithe mitochondrial or UPS clusters for the PD s&dg&0.05,
n.s.;r’=0.14, n.s., respectively). This analysis was regzkfor the SN1 and similar results were obtairtzdg
not shown). This indicates that the correlation leetmvmitochondrial and UPS pathway expression véduest
simply due to a lack of dopamine neuron-relatecegetpression.
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The correlation of clinical data with microarrayulkks of down-regulated mitochondrial and UPS gdasters
revealed that, for those PD cases with resultsnileg the control group (PD3, PD6, PD10 and PDit®re
was a significantly younger mean age at degt.02).

Fig. 1 The first 15 subjects are PD cases; the follovaigt are controls. The Y-axis indicates the pathwa
expression values, which represents the individgalstribution to gene expression variability withthe
cluster. a Gene shaving analysis of the down-ragdlanitochondrial transcripts showed they formesinailarly
coherent gene cluster (cf. supplemental Table"&ppendix"). b All ubiquitin-proteasome transcriptiso
formed a cluster that varied coherently across satyj (supplemental Table 8 in "Appendix"). Theimnis
overall decrease in expression in the PD SNm fan béthese clusters of genes and, furthermorepétiern of
individual variability is similar for the UPS anddtmitochondrial transcripts. For both of these ¢éus PD3,
PD6, PD10 and PD15 have higher expression levelkaxfe genes compared to other PD subjects
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Fig. 3 The first nine subjects are PD cases; the lastsespresent controls. The Y-axis indicates the\path
expression values, which represents the individealstribution to gene expression variability withthe

cluster. a Gene shaving analysis of the down-ragdlanitochondrial transcripts using the SN1 gergression
data. b Gene shaving analysis of the down-regulatgduitin-proteasome transcripts using the SNladahis
analysis revealed a similar pattern of individuakiability for both gene clusters. As with the Shlrsters,

PD3 and PD6 have higher expression levels of thesegicompared to other PD subjects. SN1 was nqgiledm
for PD10 and PD15. This shows that the pattern dividual variation seen in the SNm is also seeth&SN1
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Discussion
Regulation of mitochondrial and ubiquitin-proteasogene expression

Our data demonstrate that there is both up-regul@ind down-regulation of transcripts encoding afitmdrial
and UPS-related proteins in the PD brain. Howetere are many more mitochondrial and UPS trantscifiyat
are down-regulated in the PD nigra than are uptadgd. This is consistent with previous studies kzate
found reduced mitochondrial [13-15] and UPS [16jwity in the Parkinsonian brain. Our findings aiso in
line with studies of familial PD [41-43] and work @animal models of PD [44-46], which have indepetige
implicated both metabolic systems in PD. For th&t fime, it is shown here that the two systems are
functionally linked in the human brain.

Of particular interest is the down-regulation afianber of transcripts encoding complex | subultficits in
complex | have been repeatedly implicated in Pglagy [13-15]. There is also a down-regulatiorty@HL1,
and a loss of function mutation in this gene hanlimked to familial PD [6]. Furthermore, there @ number
of proteasome subunits that are down-regulatedimiBra. This is consistent with studies that havam
levels of the PA700 proteasome activator are radiicéhe SN in PD [16, 47].

Interrelationship between mitochondria and UPS gexgression

A particularly important finding in this study iselation between UPS and mitochondrial gene esgiva
patterns. This is in agreement with recent in v@sowvell as animal studies that have provided éxmatal
evidence for the interaction of the ubiquitin-pasteme and mitochondrial systems [19, 48-50]. Howetlaes
interdependency between mitochondria and UPS hidseem reported in human disease and, furtherrhaee,
not been demonstrated at the level of gene expresBased on these findings, the functional weakoésne
linked system is expected to have a knock-on effadhe other. In turn, therapeutic support fdnasitone of the
two components of a higher-order gene regulatotyord would be predicted to have a stabilising effen
both. In fact, preventative measures targetedeatiman substantia nigra of presymptomatic indafisiu
become an attractive option, and new interestirgags for effective neuroprotection of the sub&anrigra in
PD are conceivable.

The evidence obtained in the present study indigdtiat normal functions of mitochondria and thequiitin-
proteasome system are linked on the transcripterred tleserves special consideration. A very sicguifi
correlation between the gene expression patterhstbfsystems was found using gene shaving claggysis.
In addition, gene expression of mitochondrial afRSlyenes was co-regulated irrespective of PD supgro
showing that these systems are functionally linketh in disease and in the normal state. Impostantl
dysfunction of this higher-order pathway likelyickss at the core of the pathological process upiherl
common sporadic PD. This is in agreement with reirenitro as well as Parkinson's disease animalehod
studies that have provided experimental evidencehfointeraction of the ubiquitin-proteasome and
mitochondrial systems [19, 48-50]. Finding a simiklationship between mitochondria and UPS inwell
documented Parkinson's disease cases strongly rssifip® validity of these model systems. Whiledh&a from
the present study suggest that this interaction lnesgt the level of gene expression, we cannot tieip rule
out the possibility that the biochemical link beemethe mitochondria and UPS may be indirect andféitéors
such as oxidative stress or alpha-synuclein agtjicegiself may interfere with the normal functiohone or
both of these systems [51, 52].

Patterns of mitochondria and UPS gene expressiaghdarPD cortex

Another important finding of this study is thatjngsgene shaving analysis, the cerebral cortexfaasd to
show a similar pattern of individual variation iarge expression as the SN. Therefore, the traniscribt
changes reported here are not exclusive to theantizsnigra. This strongly suggests that PD isteyic”, at
least at the organ level, rather than represeitidigease of the substantia nigra. This is suppbstedvery
recent study that found evidence for impaired nhitowrial function in PD visual cortex [22]. The féleat there
were fewer cortical transcripts that reached diediksignificance is likely due to the small numioé cortical
samples in this study. Our results suggest thadr@ mwomprehensive study describing gene expregsiomin
areas that are not traditionally associated with IRB cerebral cortex, may lead to a better urtdeding of this
disease. This view is in keeping with recent higaal studies that have described pathological siéipa of
alpha-synuclein in PD in many brain regions, ingtgdrontal cortex [27, 53] (see http://www.ICDN&).
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Integration of clinical observation with gene exgs®n data

Clinical records are often not available for tissised in human post-mortem disease studies. Werdneate to
have access to not only high-quality tissue bud alsical histories accompanying this tissue. Ef@re, our
laboratory is in a position to integrate these aspects of the disease. Using gene shaving analysi®und
clusters of genes that showed similar variabildgoas our subjects. These patterns of individuaatdity were
then compared to clinical parameters. It is intiémgshat a cluster of three mitochondrial genes there up-
regulated in our data set, TXNIP, MAOA and PDK4autterised four PD cases that had expressionsralue
more like controls and also had a significantly yoer age of onset. The main risk factor for sporadic
Parkinsonism is increasing age and, thus, it great interest that a group of our PD cohort witfpanger age
at onset had a different gene expression profitean® end of the clinical spectrum, one sees yaurgyen
juvenile onset familial cases with identified geoetetiologies, while with advancing age, one emters
"senile" Parkinsonism and incidental Lewy body désegresent in up to a third or half of those Livinto their
tenth decade and which much more likely reflectepighenomena of aging in the human brain. In thtzlia
stand those 'classical' cases, as described by Ramkinson himself, with onset typically in thigidis or sixties,
likely owing to a combination of genetic and enwinzental factors. In the present study, we showdhatcan
find patterns of gene expression that can correspmulinical parameters. This methodological applomay
lead to a greater understanding of disease subg&ypksariation in the clinical presentation of PD.

In conclusion, the transcriptomic data reporteclsdrongly support previous protein-based studiiashave
independently implicated both mitochondrial and WSfunction in PD. In addition, we describe whertyw
likely represents a crucial gene regulatory pathlivikybetween mitochondrial and UPS gene expressidiD.
Therefore, any hypothesis addressing the pathohiaisky of PD has to incorporate both of these systand
their interrelationship.
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