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Abstract

We have used brain tissue from clinically well-do@nted and neuropathologically confirmed casepoifaslic
Parkinson's disease to establish the transcripterpcession profile of the medial and lateral saa nigra. In
addition, the superior frontal cortex was analyired subset of the same cases. DNA oligonucleotide
microarrays were employed, which provide whole haig@nome coverage. A total of 570 genes were foaind
be differentially regulated at a high level of sfgrance. A large number of differentially reguldtexpressed
sequence tags were also identified. Levels of mR&liences encoded by genes of key interest wedatedi
by means of quantitative realtime polymerase cheaiction (PCR). Comparing three different normaiara
procedures, results based on the recently publiSieed:Chip Robust Multi Array algorithm were foundoe
the most accurate predictor of realtime PCR resBiseral new candidate genes which map to PARKalec
reported. In addition, the DNAJ family of chapersiediscussed in the context of Parkinson's diseas
pathogenesis.

Keywords : GC-RMA algorithm ; Microarrays ; NeurodegeneratjdPathway definition ; Transcriptome
signature

Introduction

Parkinson's disease [PD; Online Mendelian Inhecgdn Man (OMIM) 168600] is the second most common
neurodegenerative disorder after Alzheimer's desdage to demographic ageing [World Health Orgaitna
(WHO) Health Report 1998], the incidence of thisaating neurological disorder is expected todase
severalfold over the next decades. A number of tims have been described which cause rare farfolials

of the disease [1-10], but the vast majority (>8%#all PD cases are considered sporadic. In tierla
"idiopathic" form of PD both genetic and environrnadriactors are expected to contribute to disease
development in keeping with the concept of PD beimpmplex genetic disorder. Current thinking atibat
pathogenesis of PD is increasingly focused on deseausing pathways, some of which have been faehin
connection with the rare familial forms of PD. Th@sgude the ubiquitin-proteasome system, the rhibocirial
respiratory chain and, notably, the alpha-synugbaithway and its associated genes. We are esfabliah
comprehensive molecular pathological databaseaslic PD to provide a basis for studies into thesother
functionally related "PD pathways".

We have studied a clinically well-documented andrapathologically confirmed cohort of idiopathic RBses.
All cases showed alpha-synuclein immunopathologyo Tases showed additional Alzheimer's disease
pathology (an expected frequency), one developatkd#a, allowing a diagnosis of Parkinson's disedtie
dementia (PDD) and one could be classified as deaeith Lewy bodies (DLB) based on clinical coursela
alpha-synuclein pathology.

The international neuropathological consensus di&fimbf sporadic PD includes an assessment of alpha
synuclein status of the whole brain (http://www.lIig8.0org). However, the human substantia nigra ($iN) s
represents a key anatomical region of interesDirbcause this is the brain area which exhibitsresive and
most consistent tissue damage in the disease. etamcteristic degeneration of dopaminergic neells is
easy to recognise. In addition, remaining nervis d¢gpically show Lewy bodies. Once more than hathe
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existing nerve cell population has died, parkinsommanifests itself clinically. It is well knownahthe lateral
SN shows the most pronounced degeneration [11 ].

We have determined the whole genome expressioilgpfodmplete transcriptome) of the adult SN inPIB
brain donors, in seven controls (brain donors witheeurological disease) and in one disease-spedifitrol (a
neuropathologically confirmed case of multiple sa$#s) with histologically intact nigra. In additipwe have
compared the expression profile of the lateralmedial SN to the frontal cerebral cortex in a stib§¢he same
cases.

Materials and methods
Case material

The human brain tissue for this study was obtaineah the UK Parkinson's Disease Society Tissue Bank a
Imperial College London and from the Laboratory @fukbpathology of the University of Liége. In additjo
one disease-specific control was obtained fromKeMultiple Sclerosis Society Tissue Bank at Impkria
College London. The basic clinical and neuropathicldgcharacteristics of the cases used in the sioely
shown in Table 1. A detailed description of theicihand histological findings in each case willgrevided
elsewhere (Moran et al., in preparation). In totdljndividual tissue samples were analyzed, besamples of
medial parkinsonian SN, nine samples of lateratipaonian SN, eight medial nigra control sampled s&ven
lateral nigra control samples. Lateral and medigtansamples were from the same cases. In additierirontal
cerebral cortex was analyzed in five of the PD sasel in three of the controls.

RNA extraction

Total RNA was extracted from freshly dissected btaisue, snap-frozen and kept at -70°C until furtkse. For
nucleic acid extraction, the RNeasy Mini Kit (Qiag&alencia, CA, USA) was used according to the
manufacturer's protocols (http://www.giagen.com¥stlie samples were mechanically disrupted usintaayro
homogenizer, lysed in buffer containing guanidsmhiocyanate (GITC) and then further homogenized
(shredder tubes, Qiagen). The resulting homogenasepassed through the RNeasy mini column contathimg
RNeasy silica gel membrane that selectively bind&RTotal RNA was resuspended in RNAse-free water
(http://www.eppendorf.com). RNA yields were detered using a spectrophotometer (GeneQuantPro) hand t
quality was assessed using agarose gel electrapboRNA samples were stored at -80°C.

Preparation of target cRNA for microarrays

Target cRNA for microarray analysis was preparelbfzghg the manufacturer's protocol
(http://www.affymetrix.com) and, essentially, asdébed previously [12]. In brief, total RNA waseaadkfor
cDNA synthesis employing the Super-Script doubtarsted cDNA synthesis kit (Superscript Choice Syste
Life Technologies, Gaithersburg, MD) with the T7-(giIprimer. In vitro transcription was performed usthg
Enzo-IVT kit (Enzo BioArray High Yield RNA Transcrifiabelling Kit, Enzo Diagnostics, Farmingdale, New
York, USA). The resulting biotin-labelled cRNA wpsrified employing the RNeasy Mini Kit and then
fragmented in buffer (40 mM Tris-acetate pH 8.1, &M KOAc, and 30 mM MgOAc) at 95°C for 35 min. A
quality check using Affymetrix Test3 arrays was atout, and the fragmented biotinylated cRNA weent
hybridized to Affymetrix Human Genome U133A and BB3gene chips (Affymetrix, Santa Clara, CA, USA).
This array set contained 44,760 unique human pretserepresenting more than 39,000 transcripts and
approximately 6,000 expressed sequence tags (ESTesprfays were labelled with streptavidin-phycdesiipt
and then washed before scanning in a Gene ArraynscgAffymetrix).

Microarray data analysis

Analysis output (CHP) files were generated usinfydetrix Microarray Suite 5.0 software (MAS5.0). Thé
microarrays employed in this study were scaledhéosame target intensity. CHP and cell intensigl((files
of the microarrays were read using ArrayAssistvgalfe (versions 3.0 and 3.2, respectively; Stratagen
Interaction Explorer; http://www.stratagene.com) glepate intensity values were derived applying the
GeneChip Robust Multi Array (GC-RMA) algorithm [18hd the Probe Logarithmic Intensity Error (PLIER;
http://www.affymetrix.com), respectively. Transdgpvere defined as statistically significant (twass
unpaired significance analysis with unequal vagdnehen they met the criteria of @0.001 and (b) an
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absolute difference in expression of 1.0 log ubig (vith base 2) (Fig. 1a). For comparative purgose
significance analysis was carried out with or witherror stabilization (variance inflation whiclcieases
precision of the analysis for very low expressiatues) angb value correction for multiple testing [Bonferroni

or Benjamini-Hochberg false-discovery rate (FDRgEpectivelyp values corrected according to the Benjamini-
Hochberg method are given in the following text @mmor stabilization/variance inflation) except wie

explicitly indicated.

Table 1 Clinical and neuropathological characteristiobcases
Case number Gendel Ageat Duration Brain Tissue pd Postmortemr HU 133 A HU_133 A

death  ofillness weight (g) delay (h) and B array and B array

(years) (years) SN medial SN lateral
Parkinson's disease
1 F 87 12 975 6.7 - Yed Yes
2 M 83 9 1,182 6.5 - Yes Yes
3 M 68 3 1,422 6.6 15.0 Yed Yes
4 M 78 10 1,560 6.5 21.7 Yes Yes
5 F 86 15 1,299 6.4 55 Yes Yes
6 F 81 14 1,330 6.4 17.5 Yes Yes
7 F 85 18 1,286 6.2 13.5 Yes Yes
8 M 75 34 1,351 6.1 1.3 Yes ND
9 M 76 27 1,282 6.0 17.0 Yes ND
10 F 76 10 1,144 6.2 135 Yes Yes
11 M 82 18 1,251 6.2 135 Yes Yes
12 M 76 7 1,313 6.3 15.0 Yed ND
13 M 89 3 1,400 6.0 16.0 Yes ND
14 F 84 11 1,089 6.1 15 Yed ND
15 M 76 10 1,291 6.7 9.7 Yed ND
MeanxSD 80+5.7 13.4+8.3 1,278+142 6.3+0.23 13.445.2 - -
Range (68-89) (3-34) (975-1,560) (6.0-6.7) (1.3-21.7) - -
Ratio Mto F 9:6 - - - - - - -
Controls
16 M 76 NA 1,456 6.8 - Yes Yes
17 M 77 NA 1,484° 6.7 4 Yed Yes
18 M 81 NA 1,410 6.8 30 Yed ND
19 M 71 NA 1,430 6.3 4 Yes Yes
20 F 77 NA 1,052 6.0 9 Yes Yes
21° F 80 NA 1,029 6.0 13.0 Yes Yes
22 M 46 NA 1,160 6.6 NA Yes Yes
23 M 57 NA 1,458 6.0 5.0 Yed Yes
MeanzSD 70.6x£12.5 NA 1,309+194 6.4+0.37 10.8+10.0

Range (46-81) NA (1,029-1,484, (6.0-6.8) (4-30)
Ratio Mto F 6:2 - - - - -

F FemaleM male,NA not applicableND not determined, - information not available
*Both tissue pH and pH of cerebrospinal fluid (C&€)ye determined

PCerebral cortex was analyzed incases 1, 3, 128,417, 18 and 23
‘Neuropathological changes consistent with Alzheisndisease

“Fixed brain weight

*Disease control case

Real-time PCR assay

DNase-treated RNA was reverse-transcribed withoandecamers using a RetroScript kit (Ambion;
http://www. ambion.com) following the manufactusagprotocol and then stored at -20°C. Two interoatiols
were selected based on their consistent expressimormal human brain tissue [14] and as also cowfil in

our set of cases: beclin 1 [coiled-coil, myosirelBCL2-interacting protein (BECN1)] and glutaminylNR
synthetase (QARS). Primers for the above contiseces and alpha-synuclein (SNCA), orphan nuclear
receptor (NR4A2 or Nurrl), mitochondrial complesuibunit (NDUFA9) and ubiquitin carboxyl-terminal
esterase L1 (UCHL1) were designed using MacVectbe@itware (Accelrys, Cambridge, UK) and synthasise
by Sigma Genosys, Haverhill, UK (http://www.sigmangsys. com). Primer sequences are shown in Table 2
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Where possible, primers were designed to spamirgiegquences to detect any genomic contamination.

Real-time PCR was performed using Sybr Green | &task (Applied Biosystems, Foster City, CA, USA,
http://appliedbiosystems.com) using an ABI PRISNM0 Bequence Detection System. Each reaction was run
triplicate and contained 1 pl of cDNA template glawith 300 nM primer in a final reaction volume2§ pl.
Cycling parameters were 95°C for 10 min, 40 cyele85°C for 15 s, 60°C (annealing and extension} fimin,
with a final extension step at 78-84°C for 20 sltMg curves were determined using Dissociationvésrl.0
software (Applied Biosystems). In addition, samplese run on a 3% agarose gel to control for amapliion
product specificity.

Real-time PCR data were processed using SDS ltwasef(Applied Biosystems). Data were exported from
SDS 1.7, and a normalization factor was calculadedyed from the geometric mean of the internailtad
genes [15]. Fold differences (relative expressiniD samples compared to controls were determisety
Data Analysis software for Real-Time PCR (DART-PC&sion 1.0) [16].

Table 2 Primer sequences used for quantitative real-time PCR

Gene Target sequence Primer 5'-3' sequence Primer Amplicon T,

symbol length (bp) length (bp) (°C)

Control genes

BECN1 Beclin 1 (coiled-coil, TTCACTCTGATTGGGGAGGCATC 23 336 80
myosin-like BCL2- CACTATCTTGCGGTTCTTTTCCACG 25
interacting protein)

QARS Glutaminyl-tRNA CCATAATACTCTGCCTTCACCCTG 24 559 80
synthetase AAGATGTGGCTCCATTGTGGTTTG 24

Genes assayed

NURR1  Orphan nuclear GGCTATGGTCACAGAGAGACACGG 24 306 80
receptor CATTCCAGTTCCTTTGAAGTGCTTG 25

SNCA Alpha-synuclein TCAAAAAGGACCAGTTGGGCAAG 23 315 80

ACCGAAATGCTGAGTGGGGG 20

UCHL1  Ubiquitin carboxyl- TGGACGAATGCCTTTTCCG 19 372 82
terminal esterase L1 GGGGAGAATGCTTCACCATCTG 22

NDUFA9 Mitochondrial complexTCCTGATGCCAATGGGAAATCC 22 274 78
| subunit TTCCAGTGGTGTTGCCTGAATACC 24

Tm Melting temperature

Results

We have found that on average, 15,600 (35%) afaaikes in the SN received present calls. The diféeren
between PD nigra and control appeared to be predotly quantitative rather than qualitative, witbne than
85% of all genes being shared. A direct comparefdhe different normalization procedures (Fig. fdojealed
very significant differences in the number of idfed differentially regulated genes at low sigoénce levels.
Results obtained with the three different algorshaere more comparable@t0.001, although not all priority
genes detected using the different algorithms vekmatical. This demonstrates the need to assespittlity of
microarray algorithms through external validatiéig( 1c).

Validation of microarray-based results was achiay&dg quantitative real-time polymerase chaintieac
(gRT-PCR) analysis. Samples from the original RM&action used for running the gene chips and audit
RNA from independant extractions of the same hiiasue blocks were used, and a close match wasvelse
with excellent preservation of the original trefdly( 1¢). The overall best match was observedieiGC-RMA
algorithm. This was in keeping with recently pubédrstudies [13]. We therefore decided to use theRBAA
algorithm as the "gold standard"” for our analyBisrther validation of the results obtained in #tisgdy came
from another microarray project [17]. We compardidteaof genes (Table 3) for consistency of expi@ssup-
or down-regulation of the genes under study andgmvation of expression trends within each groubfaond a
perfect match of trend for every single probe cleelck= 0.864, Spearman). Accordingly, the list of genes
shown in Table 3 can be considered as confirmed$3Detated sequences or a first PD expression signat
Supplemental Figure 1 shows the pathway relatigusstif these genes (PathwayAssist programme).
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Fig. 1 a Volcano plot of differentially expressed genesuhstantia nigraThex axis shows differential expression (DE;
logarithmic scale), thg axis indicates the respective p value of each segud he sequences coloured in red show a diffetentpression
greater or smaller than one (logarithm with basee2pne log unit representing a 100% differerazgjp values smaller than 0.001. There
are 570 probe sets fulfilling these critetiaComparison of the number of "significant genestietected by GC-RMA-, PLIER- and
MASS5.0-based analysis proceduresp&0.05 (no variance inflation, no Bonferroni or Bamjni-Hochberg FDR correction) the PLIER
algorithm which takes into account Affymetrix pragary information on probe behaviour stands oupfmducing a very large number of
significantly regulated genes. The number of sigaiftly regulated genes as detected by the diffedgiorithms compares rather well at
p<0.001. This very stringent threshold leaves 5@@ificantly regulated genes according to the GC-RpM#écedure (Fig. 2). Fgrvalues
<0.05 and <0.01, a DE of 1 was also choseéralidation of microarray results. Predictions maafethe basis of microarray results obtained
following different normalization procedures wemdidated using qRT-PCR analysis. Values expecten f6C-RMA-based analysis match
gRT-PCR results most closely. Genes selected wergen on the basis of their relevance for Parkisstisease. GC-RMA-, PLIER- and
MAS5.0-based algorithms are compared

a P-Yalue vs. Differential Expression
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Fig. 1 (continued)
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Fig. 2 Comparison of the number of significant genesignrhedial and lateral substantia nigirr the two analysis
results on the left (medial and lateral nigra, eesipely) only medial and lateral samples (PD wstiaal) were compared (two-class unpaired
t test, unequal variance, variance inflation, Borfiei p value correction). It is interesting to @edhat the observation that some highly
significant genes appear to be "specific" to therk and medial nigra, respectively (235 and 86pectively), is paralleled by the fact that
the patterns of degeneration in the lateral contpaith the medial substantia nigra are known tfedif

Medial nigra Total nigra

a’a

Lateral nigra
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Table 3 Direct comparison of differentially regulated gerieshis and another published study (A chip only;

[17])
Gene Probe set name GenBank Description Our data Zhang et al.
symbol number (fold 2005'[17]
change) (fold change)
NFASC 214799 at AlB21777 Brain expressed, X-linked 1 1.236 2.15
PTDSR 212723 at AK021780 Phosphatidylserine receptor 1.179 241
HSPB1 201841 s at NM_001540 Heat-shock 27 kDa protein 1 1.502 1.69
MKNK2 218205 s at NM_017572  MAP kinase interacting serine/threonine 1.239 1.75
kinase 2
TF 214064 _at Al073407 Transferrin 1.053 1.90
AMPH 205257_s_at NM_001635 Amphiphysin (Stiff-Man syndrome with -2.189 -3.20
breast cancer 128 kDa auto-antigen)
BEX1 218332_at NM_018476  Brain expressed, X-linked 1 -1.023 -1.96
CDC42  214230_at R37664 Cell division cycle 42 (GTP binding -1.796 -3.20
protein, 25 kDa)
CHGB 204260_at NM_001819.1 Chromogranin B (secretogranin 1) -2.167 -2.60
FGF13 205110 s _at NM_004114  Fibroblast growth factor 13 -2.708 -3.90
MDH1 200978_at NM_005917 Malate dehydrogenase 1, NAD (soluble -1.000 -2.37
NEFL 221805 _at AL537457 Neurofilament, light polypeptide 68 kDa -1.920 -2.78
NSF 202395 _at NM_006178  N-ethylmaleimide-sensitive factor -1.389 -2.62
PC4 221727 _at AA456973 Activated RNA polymerase Il transcripti -1.381 -2.06
cofactor 4
PRKAR2B 203680_at NM_002736  Protein kinase, cAMP-dependant, -1.777 -2.07
regulatory, type Il, beta
SV2B 20555|_at NM_014848  Synaptic vesicle glycoprotein 2B -2.030 -2.29
SYT1 203999 at AV731490 Synaptotagmin | -2.296 -3.01
SNAP25 202508 s at NM_003081 Synaptosomal-associated protein, 25 kI -1.339 -1.98
STMN2  203000_at BF967657 Stathmin-like 2 -1.761 -2.60
SNX10  218404_at NM_013322  Sorting nexin 10 -1.171 -2.28
RGS4 204337_at AL514445 Regulator of G-protein signalling 4 -2.120 -4.16

NAD Nicotinamide adenine dinucleotid®dMP cyclic adenosine monophosphate
#The paper by Zhang et al. (2005) [17] lists altéueaprobe set names for NEFL (221916_at) and SNARR2507_s_at). Unlike the
present study, the manuscript by Zhang et al. mpprts results obtained using the Affymetrix HG3AZhip

We identified 570 sequences ("priority genes") wtpassed the FDR correction and which were upoamnd
regulated at least twofold in the parkinsonian aig¥ig. 1a). The ratio between up- and down-regdlate
messages was 1:6. The gene exhibiting the strofagssof activity was tyrosine hydroxylase (prol@8291 s
at,p = 5.29384e-06, DE = -3.88). The highest up-regulatibserved was at three log units (800%) pith
7.14996e-05. The highest significance for diffeldmegulation was obtained pt= 4.151 48e-08 for one EST
at DE = -1.7. Using<0.001 as the significance threshold and 0.1 ldts {approximately 7% difference in
expression) as the cut-off for differentially expsed mRNA sequences, 3,224 differentially regulatedsages
were identified.

The Venn diagram in Fig. 2 shows the intersectiohigiily significant genes detected in the lateral medial
nigra compared with the total number of nigra gefiége medial and lateral nigra showed significaffecences
in expression for some genes (86 and 235, resphotiihe 466 genes at the intersection of all tigreeips
form the focus of our current analysis. Containétthiw this group of significant genes are a langember of
ESTs, suggesting that new pathways exist that hafer smt been studied in relation to PD pathogenesi
However, it is clear that our list of 570 priorignes is a "working" list and will have to be camsly checked
and amended if justified.

Regarding differential regulation of PD-associagedes in the cerebral cortex, we found that sonre a@
regulated with genes that were differentially esgesl in the SN, but we also observed a numberpairaptly
unique transcriptomic profiles which will need te tonfirmed. Importantly, it appears that the nundfeyenes
showing co-regulation was too high (several obgema made, work in progress) to be explained anck
alone, suggesting that at least at the level obth#, PD may be considered a "systemic" dis€dse.would

be in keeping with the widespread pathology rewkbiealpha-synuclein immunocytochemistry.
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'‘Gene ontology' (GO) [18] represents a controlledabulary to describe gene and gene product agsbo an
organism (http://www.geneontology.org). The thregamizing principles of GO are molecular function,
biological process and cellular component. Thefeégulated sequences were grouped according to their
corresponding annotations (Fig. 3). It is interggthat for each of the above GO categories, ajpairly half
of the priority sequences could not be assigndshéavn GO categories (48.2, 54.8 and 50.8%, respdy}i Of
the priority sequences concerned, 51.8% possesgkmmlecular functions (Fig. 3 a). The most highly
represented transcripts in this group are involaedetal ion binding or act as receptors and enzyiités
notable that a large number of sequences alscaplale in DNA and nucleic acid binding. This is pEsial
interest considering that fragmentation of nucl@BA is an established finding in parkinsonian nigi8, 20].
Transcripts representative of established cellanponents (Fig. 3b) and known biological proce¢B&s 3c)
accounted for slightly less than half (45.2 an®%®.respectively) of all regulated transcriptstHa cellular
component group, genes and functions related tadbkeus, plasma membrane and the membrane fraction
represent more than half of all priority transaigtor the known biological processes, the highestentage of
transcripts were protein synthesis and breakdowt?4y, signalling (7.9%), cell cycle, growth and depment
(9.5%) and transport (10.7%). Examining the distitn of highly regulated messages across pathvesyg.a
small minority (11%) could be assigned to establismetabolic cascades (GenMAPP/KEGG). The mostyighl
represented include amino acid metabolism, traosldctors, cellular signalling and cell adhes{big. 3d).

Interestingly, a number of our priority messageg meaPARK loci, which are likely to harbour as yet
unidentified PD-causing genes (Table 4). In additmthe gene mapping most closely to the Park1@sl¢21],
our full list includes all transcripts (priority ges only) derived from chromosome 1p, in view oé@ent
publication linking this region to risk and age@rfset in PD [22]. However, overall and based on @@y
approximately 50% of these transcripts locatedhdve known molecular functions or form part of
established biological processes or cellular cormpts(data not shown). Three of the probes mappitigetp
region, which identify two proteins, i.e. cell dion cycle 42 (CDC42) and vav 3 oncogene (VAV3®, ar
involved in the integrin-mediated cell adhesiorhpaty (GenMAPP). Furthermore, looking at the lispabrity
genes in greater detail, several up-regulateddrigots were found to be members of the DNAJ farofiheat-
shock proteins. These include DnaJ (Hsp40) homelesgbfamily B, member 1 (DNAJB1) and DnaJ (Hsp40)
homologue, subfamily B, member 6 (DNAJB6). The DNahily provides important molecular chaperones
which have been implicated in the assembly andsdéesably of protein complexes, pro-tein folding,atemation
of denatured proteins, prevention of protein agatieg and protein export (http://www.ncbi.nIm.nibwvg
entrez/query.fcgi?b=0OMIM). Observed values for thgenes werp = 0.000212164 and DE=1.4 for DNAJB6
(209015_s_atp =0.007720513 and DE = 1.1 for DNAJB1 (200666_saatip = 8.08917e-05 and DE=0.9 for
DNAJB2 (202500 at), respectively.
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Fig. 3 Percentage of established genes (non-EST transcsetsing a known molecular function, representing

an established cellular component, participatinckivown biological processes and forming pathwayses are
grouped according to their annotations as define@éne Ontology (GO; [18]). In the case of very Brgup sizes, summary headings
were created for functionally related groups. Kieygesolving each summary group are given in Saipehtary Table Ja Per cent of non-
EST transcripts (51.8% of 570) serving a known mal@ function. The insefpie chart)shows that almost half (48.2%) of the "prioritised
genes" do not have a known molecular functmPRer cent of differentially expressed non-EST trapss (45.2% of 570) categorized
according to the cellular component to which thelphg. Thensert (pie chark shows that the majority of the “prioritised gehés not

have a known cellular function.Per cent of non-EST transcripts (49.2% of 570yiagra known biological process. Genes were grouped
according to the known biological process in whitdy are involved; the majority of transcripts @) cannot be assigned to Gene
Ontology categoriesl Per cent of highly significant non-EST sequenbtes are members of established pathways.plénehartshows that
only 11% (63/570) of the regulated transcripts bamassigned to known pathways (GenMAPP/ KEGG). 8fbeg, the vast majority (89%)
of the "prioritised genes" are not part of a knayeme regulatory network
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Table4 Gene sequences (priority genes only) that mapdimns of established PD linkage

PARK Chromosomal  Gene symbol Probe set GenBank Description Fold
location name number changé
(BE)
PARKS3 chr2p13 GFPT1 202722_s_arNM_002056 Glutamine-fructose-6-phosphate -1.192
transaminase 1
chr2p13.3 MDH1 200978_at NM_005917 Malate dehydrogenase 1, NAD  -1.000
(soluble)
PARKS®  chr4dpl4 HIP2 225179 at AA161140 Huntington interacting protein 2 -1.254
PARK10 chrlp12-p11.2 MAGI-3 226770_at Al692181 Membrane-associated guanylate -1.004
regiorf kinase-related (MAGI-3)
chrip13.3 VAV3 218807_at NM_006113 Vav 3 oncogene -1.383
chrlp13.3 FLJ30525 225841 _at BE502436 Hypothetical protein FLJ30525  -1.093
chrip13.3 LOC284611 226568_at Al478747  Hypothetical protein LOC284611 -1.602
chrlp21.3 LPPR4 213496_at AW592563 Plasticity-related gene 1 -1.258
chrlp31.2 DKFZp761D22 223672_at AL136561 Hypothetical protein -1.140
1 DKFZp761D221
chrlp31.3 LOC163782 229125 at AA456955 Hypothetical protein LOC163782 -1.615
chrip32.8 SSBP3 222482 at AA102468 Single stranded DNA binding -1.365
protein 3
chrlp34.2 HPCAL4 219671_at AL136591 Hippocalcin-like 4 -1.052
chrlp34.3 NCDN 209556_at ABO011179 Neurochondrin -1.018
chrlp35 MAN1C1 218918 at NM_020379 Mannosidase, alpha, class 1C, -1.094
member 1
chrlp35.3-p33 DSCR1L2 226272_at N25986 Down syndrome critical region -1.096
gene-1-like 2
chrlp36 HSA9947 218608 _at NM_022089 Putative ATPase -1.085
chrlp36.1 CDC42 210232_at M35543 Cell division cycle 42 (GTP bindin(-1.946
protein, 25 kDa)
chrlp36.1 CDC42 214230 _at R37664 Cell division cycle 42 (GTP bindin(-1.796
protein, 25 kDa)
chrlp36.1-p35 RAP1GA1l 203911 _at NM_002885 RAP1, GTPase activating protein -1.020
chrlp36.31- p36.1: BACH 208002_s_a'NM_007274 Brain acyl-CoA hydrolase -1.696
chrlpter-p22.2 RIMS3 204730_at NM_014747 Regulating synaptic membrane  -1.417
exocytosis 3
PARK11 chr2g36.3 FLJ20701 219093 _at NM_017933 Hypothetical protein FLJ20701  -1.002
chr2q36.3 SLC16A14 238029 _s_alR15072 Solute carrier family 16 -1.096
(monocarboxylic acid transporters
member 14
chr2q37.3 BOK 223349 s _aiBE614255 BCL2-related ovarian killer 1.202
chr2g37.3 LRRFIP1 223492_s_aiBC004958 Leucine-rich repeat (in FLII) -1.155

interacting protein 1

ATPaseAdenosinetriphosphatase

All probes listed were tested using the Benjamimd blochberg FDR model

PUCHL1 is also a member of the list of priority gene

‘Some genes associated with risk and age-of-ongdiare localised to chromosome 1p [22]
dLocated within the linkage interval encompassindRRAO [21]
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Fig. 4 Identification of novel PD-associated genes belogginthe DnaJ family of heat-shock proteins which
have been implicated in protein folding and proteimplex dissociation (OMIMrhe pathway schematic illustrates
that binding of HERPUD1 (homocysteine-inducibledeplasmic reticulum stress-inducible, ubiquitinelidomain member 1) with the
proteasome [28, 29] has a negative effect on tipela&on and expression of DnaJ (Hsp40) homolobfasuily B, member 1 (DNAJB1)
[30] and DnaJ (Hsp40) homolog, subfamily B, menth@NAJIB6) [31]. N, nucleus

Binding

Negative effect

onexpression ¢ Negative effect

on regulation

Discussion

The goal of this research programme is to answequlstion of which differences in gene expressien a
responsible for the preferential susceptibilitydopaminergic nerve cells of the SN to dysfunctind aventual
cell death. We present for the first time a whaag@mne expression analysis of the SN of 15 cases of
neuropathologically confirmed PD and 8 controls. Ndge observed a number of highly significant esgian
differences in this study, and it is important &mbin mind that we have analyzed RNA extractethfwchole-
tissue rather than individual cell types, and thatression differences are likely to be a reflectbbdisease
affecting nerve cells as well as glia. We have tbtivat less than 50% of the sequences interrodptéite gene
chips were detectable in the SN. Therefore, appratéty half of all human genes may be excluded fitoen
search for genes that are of relevance in Parkinslisease. At the same time we find that the rdiffee
between the parkinsonian nigra and control tissuernarkably quantitative rather than predominantly
qualitative.

Only a few publications have so far detailed traipsamic information on the parkinsonian nigra, andhose
studies, genome coverage was restricted to eithall &ffymetrix HG Focus arrays [23] or the HG 133#ay
only [17, 24]. We compared the published gene Gt three studies and checked for overlap (sbascy),
examining in detail all genes that are shared batves least two of the data sets. While the stydjlduser et

al. 2005 [24] provides limited published informatjand none of the top candidates of Grunblatt @084 [23]
could be confirmed in our data set (matching resuith seven down-regulated transcripts only,GBE1,

ALDH 1A1, TRIM36, SLC18A2P, TMEM4, HIP2, and NR4A2), wbserved excellent agreement between the
A chip gene list published by Zhang et al. 2005 [@7d our own data (their study only used the HGA133

chip).

A potentially very important finding of this studpncerns a series of 25 sequences which are highly
differentially regulated in PD and which map to iWwmPARK loci. Accordingly, these sequences may play
role in sporadic PD and represent candidates fgetsnidentified disease-causing genes. Detailbexfe
candidate genes are given in Table 4.
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We and others believe that dysfunction in the ultitproteasome system and cellular stress reptesen
mechanisms behind the irreversible loss of dopamio@eurones in PD (Duke et al., submitted). Dgsfion

of the endoplasmic reticulum (ER) has also beengseg. In this study, we report increased levels of
HERPUD1 mRNA in parkinsonian SN, which is the prddeica gene that encodes an ER resident proteiohwhi
is up-regulated in response to ER stress. It is kvedivn that the accumulation of misfolded protemgR
triggers an "unfolded protein response” (UPR), Whitreases transcription of genes encoding for ER
chaperones and enzymes associated with ER pratgnadiation [25]. In the normal brain HERPUD1 hasbee
localised to neurones, and it is found in activatecroglia in senile plaques in the brains of Alirher's disease
patients [26]. A microarray study of a 6-hydroxydapne (6-OHDA)-treated dopaminergic cell line atbows
that the neurotoxin stimulates pathways associatttdcellular stress and the UPR accompanied by the
expression of HERPUDL1 [27]. The schematic pathwayvshia Fig. 4 illustrates the interaction between
homocys teine-inducible, ER stress-inducible, ulligtike domain member 1 (HERPUD1; 217168 _spat,
0.00 2316407, DE= 0.53) and the proteasome [28v@8h is known to negatively influence expressién
DNAJBL1 [30] and downstream DNAJB6 [31]. DNAJB1iwolved in biological processes (GO) associatel wit
chaperone-cofactor-dependant protein folding &ssisting in the covalent and non-covalent assenflppst-
translational proteins and single-chain polypemtidemulti-subunit complexes into the correct &t

structure) and has a known molecular function adtng selectively with unfolded protein.

Future work will focus on the detailed and indivédiged expression profile of the priority sequendescribed
here as well as additional members of this datageiss various PD brain regions, their cellulaalisation in
different cell types and a study of their biolodiftanction in pathways in vitro and in vivo. Furtiheore, a
detailed analysis of individual genome usage by €42 case in relation to neuropathological andadin
features will be performed. Finally, we are plamgnia link our transcriptomic data to additionalal&yers
(proteomics, metabonomics and morphonomics) taimbtanore holistic and refined picture of PD in the
context of what we have termed multidimensionalugsanalysis (http://www.neurogenetics.net/
Multidimensional.html).
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