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Abstract

Parkinson's disease (PD) is thought to be caused by environmental and genetic factors. Mutations in four genes, a-synuclein, parkin, DJ-
1, and UCH-L1, have been identificd in autosomal inherited forms of PD. The pathogenetic cause for the loss of neuronal cells in PD patients,
however, remains to be determined. Due to the rarity of mutations in humans with PD, the analysis of animal models might help to further
gain insights into the pathogenesis of familial PD, For UCH-L1, deficiency has been described in gad mice leading to axonal degeneration
and formation of spheroid bodies in nerve terminals. Here, we investigated the gene expression pattem of the brain of 3-month-old Uch-11-
deficient gracile axonal dystrophy (gad) mice by microarray analysis. A total of 146 genes were differentially regulated by at least a 1.4-fold
change with 103 being up-regulated and 43 being down-regulated compared with age and sex matched wildtype littermate mice. The gene
products with altered expression are involved in protein degradation, cell cycle, vesicle transport, cellular structure, signal transduction, and
transcription regulation. Most of the genes were modestly regulated, which is in agreement that severe alteration of these pathways might be
lethal. Among the genes most significantly down-regulated is the brain-derived newrotrophic factor which might be one aspect of the
pathogenesis in gad mice. Interestingly, several subunits of the transcription factor CCAAT/enhancer binding protein are up-regulated, which

Plays a central role in most altered pathways.
© 2004 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
Topic: Genetic models
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1. Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder in humans afflicting 1-2% of
the population over 60 [6). The leading clinical symptoms are
mainly caused by loss of dopaminergic neurons of the SN.
The cause of the neuronal cell death is not known yet but it is
thought that genetic factors might be involved in a significant
portion of the patients. In agreement with this assertion,
increased concordance rates for PD were found in monozy-
gotic twins (75%}) vs. dizygotic twins (22%) [35]). Further-
more, numerous families with autosomal dominant

* Corresponding author. Tel.: +49-7071-29-76458; fax: +49-7071-29-
5171
E-mail address: olaf.riess@med.uni-tuebingen.de (0. Riess).
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doi:10.1016f.molbrainres.2004.03.025

inheritance of PD have been described [10,31,43]. Subse-
quently, mutations in the a-synuclein gene causing a rare
autosomal dominant form of PD [18,36] have been described.

a-Synuclein is degraded by the ubiquitin-proteasome
pathway [2,40]. Ubiquitin, a highly conserved 76 amino acid
protein, is ligated through its C-terminus to the lysine side
chains of proteins targeted for degradation by the 268
proteasome [4]. This process is catalyzed by a series of
enzymes, called El, E2, and E3. Mutations in one of the
several hundreds of E3 ubiquitin ligases, which has been
named parkin, cause an autosomal recessive form of early
onset PD [17,26]. Parkin serves also as an E3 ligase [38] fora
protein that interacts with a-synuclein and has been desig-
nated synphilin | {3]. Subsequently, we identified a mutation
in synphilin-1 in PD patients [28]. An saltered ubiquitin—
proteasomal protein degradation pathway might therefore be
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a key event in the pathogenesis of PD [19]. Efficient targeting
for degradation by the 268 proteasome requires polyubiqui-
tination. In addition to the isopeptide linkages made to
lysines, the ubiquitin C-terminus can also form peptide
bonds to a-linked polyubiquitin or ubiquitin followed by a
C-terminal peptide extension [34]. This step is catalyzed by a
family of Ubiquitin C-terminal hydrolases which are tissue-
specific and likely to target distinct substrates. Of these,
UCH-L1 is highly expressed in the brain [5,41] and has
recently been implicated in PD by the identification of a
missense mutation in autosomal dominant PD with reduced
penetrance [20]. This I93M mutation was shown to decrease
the hydrolytic activity in vitro significantly [20,32]. Al-
though other genetic studies did not find the 193M mutation
in further families, a SI8Y polymorphism in UCH-L1 was
found to be linked to a decreased susceptibility to PD
[27,42). Subsequently, Peter Lansbury’s group has shown
that the UCH-L1 gene encodes two opposing enzymatic
activities indicating that UCH-L1 has an ubiquitin—ubiquitin
ligase activity [23]. Inhibitors of the proteasomal pathway in
cultured neurons by ubiquitin aldehyde which is a UCH
inhibitor cause the formation of protein aggregates and cell
death [30]. Most interestingly, UCH-L1 is also part of the
Lewy bodies [25].

Although evidence for an altered ubiquitin—proteasomal
protein degradation pathway as the cause of PD is striking,
the cause of the selective degeneration of dopaminergic
neurons in PD patients has not been elucidated. We thought
to gain insight into the complex metabolic pattern of
neurons by investigating UCH-L1-deficient gracile axonal
dystrophy (gad) mice using microarray expression analyses,
The gad mouse is an autosomal recessive spontaneous
neurological mutant that was identified in 1984 [37). Qur
positional cloning approach successfully identified that the
gad mutation is caused by an intragenic deletion of the Uch-
11 gene including exons 7 and 8 [37]. Subsequent studies
have shown that the mutant lacks the expression of UCH-L1
protein [33,37). Pathologically, the gad mouse displays
dying-back type of axonal degeneration of the gracile tract.
Most interestingly, gad mice develop accumulation of
amyloid precursor protein (APP) in form of ubiquitin-
positive deposits along the sensory and motor nervous
systems staining [13], another indication that the gad
mutation affects protein turnover. Therefore, direct involve-
ment of an altered ubiquitin system in neurodegeneration
has been indicated by this model.

2. Methods
2.1. Mice

Three-month-old male homozygous Uch-11 deficient
(gad) mice and their age and sex matched wildtype littermate

mice (CBA/RFM) were analyzed in the microarray analysis.
Mice were maintained and propagated at National Institute of

Neuroscience, National Center of Neurology and Psychiatry
(Japan). Experiments using these mice were approved by the
Animal Investigation Committee of the Institute.

2.2. Brain tissue preparation and RNA analysis

Mice were killed by cervical dislocation, brains were
quickly removed, immersed briefly in ice-cold saline, and
whole brains were frozen on dry ice and stored at — 80 °C,
Total RNA was extracted from mouse whole brain including
olfactory bulb, cerebellum and brain stemn by using RNeasy
kits (Qiagen). The RNA quality was controlled by Lab-on-
Chip-System Bioanalyser 2100 (Agilent).

2.3. Microarray analysis

Double-stranded cDNA was synthesized from the total
RNA of one whole brain using a Superscript choice kit
(Invitrogen) with a T7-(dT)24 primer incorporating a T7
RNA polymerase promoter (Metabion). cRNA was prepared
and biotin labeled by in vitro transcription (Enzo Biochem-
ical). Labeled RNA was fragmented by incubation at 94 °C
for 35 min in the presence of 40 mM Tris-OAc (pH 8.1), 100
mM KOAc, and 30 mM MgOAc. Labeled, fragmented cRNA
(15 pg) was hybridized for 16 h at 45 °C to a MG-U74A
mouse genome array (Affymetrix). After hybridization, gene
chips were automatically washed and stained with streptavi-
din—phycoerythrin using a fluidics station. The probe arrays
were scanned at 3-pm resolution using a Genechip System
confocal scanner made for Affymetrix by Agilent.

Affymetrix Microarray Suite software (version 5.0),
MicroDB and Data Mining Tool were used to scan and
analyze the relative abundance of each gene based on the
intensity of the signal from each probe set. Analysis
parameters used by the software were set to values
corresponding to moderate stringency (statistical difference
threshold =30, statistical ratio threshold =1.5). Output from
the microarray analysis was merged with the Unigene or
GenBank descriptor and saved as an Excel data spreadsheet.

Each cRNA generated from a brain was hybridized on
one microarray scparately. We ran three arrays analyzing
three gad mice vs. two controls allowing a total of six
comparisons (3 X2 matrix). For each comparison, the
analysis using the Affymetrix software generates a “differ-
ence call” of no change, marginal increase/decrease, or
increase/decrease, respectively. Only those genes which
were found in at least six of six comparisons similarly
adjusted were defined as stringent differentially expressed
genes. Genes which were found in five of six comparisons
similarly adjusted were defined as moderate differentially
expressed genes, The magnitude and direction of expression
changes were estimated as Signal Log Ratio (SLR). The log
scale used is base 2, making it intuitive to interpret the
Signal Log Ratios in terms of multiples of two., Thus, an
SLR of 1.0 indicates an increase of the transcript level by
two-fold and — 1.0 indicates a two-fold decrease. An SLR
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Table 1a
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List of stringent differentially regulated genes

GenBank ID slr—Average sir—S.D. Gene-information

RNA-metabolism (3)
AATIL742 109

AA690583 0.87

AlB43586 0.72

0.28

0.34

021

Vesicle-transport-proteins (3)

U60150 0.8

AB025218 0.71
D12713 0.68

0.24

0.11
0.15

Cellular structure proteins (4)

AF057180 1
ABO023656 0.6
M21041 0.73
MI18775 - 0.69
Charnel-proteins (4)
X78874 0.81
X16645 0.74
Ul4419 0.67
Ul6959 0.65
Defense (2)

X06454 0.73
X66295 0.53

Ca-metabolism (2)
X87142 0.83

AlIB42328 0.82

Growth factors (1)
X55573 -0.73

Chaperones (1)
M20567 0.97

Signal transduction (13)

Us50413 1.53

AF022992 1.04
AIB38022 0.89
AlB49333 0.75
X84239 0.74
AWI125157 0.7
AB005654 0.7

M57516 0.69
AARI2412 0.68

0.16
0.21
0.21
022

0.19
0.28

0.14°

0.15

0.24

0.11

0.33

0.58

0.23

0.31

092

0.13
031
0.17
0.14
0.1

0.14

0.11
0.27

ARP2 actin-related protein 2
hormolog (yeast)

splicing factor proline/glutamine
rich (polypyrimidine tract binding
protein associated)

splicing factor, arginine/serine rich
9 (25 kDa)

vesicle-associated membrane
protein 2

coated vesicle membrane protein
SEC23A (S. cerevisiae)

kinesin family member 5C
kinesin heavy chain member 1B
microtubule-associated protein 2
microtubule-associated protein tau

chloride channel 3

ATPase, Na+/K+ transporting,

beta 2 polypeptide
gamma-aminobutyric acid
(GABA-A) receptor, subunit beta 2
FK506 binding protein 5 (51 kDa)

complement component 4
{within H-25)

complement component 1,

q subcomponent, ¢ polypeptide

calcium/calmodulin-dependent
protein kinase II alpha
calmodulin 3

brain-derived neurotrophic factor

heat shock protein, 70 kDa 2

phosphatidylinositol 3-kinase,
regulatory subunit, polypeptide

1 (p85 alpha)

period homolog | (Drosophila)
ADP-ribosylation factor 3
cerebellar postnatal development
protein 1

RABS5B, member RAS oncogene
family

F-box and WD-40 domain
protein 1B

mitogen-activated protein kinase
kinase 7

RIKEN cDNA 2610313E07 gene

Table 1a (continued)

GenBank [D slr—Avemage slc—S.D. Gene-information

Signal transduction (13)

AF001871 0.66

Dg7902 0.62
AI840130 =056

AV280750 -0.56

Protein degradation (10}

AW125800 1.18

L21768 0.83
X57349 0.65
AW050342 0.5

Al349361 -0.54
AIRIBR53 =059
AlI839363 —0.65
AIB46787 —0.67

AlB42835 -0.7
Alg39225 -0.86

Membrane-transport (d)

AF064748 1.56

M22998 1.13

M75135 0.89

AlR43448 0.84

0.13

0.17
0.15

0.14

0.35

0.13
0.11
0.09
0.12
0.08
0.17
0.22
0.09
0.17
0.7

027
0.32

0.36

Transeription-regulation (12)

M36514 1.19
AB021491 0.92

M61007 0.96
M62362 0.81
AIB50638 0.65
U47543 0.62
X61800 0.51
UL6322 —0.56
AF034745 -0.63
267747 -0.65
AlB43959 -~ 0.66
X94127 ~0.94

0.2
6.32

0.23

0.04

0.13
023
0.14

0.1

0.17
0.13
0.25
0.14

Others and non-classified (21)

AIRS1703 131
AW227650 125
AIB77157 121

AF058799 1.14

0.47
0.26
0.41

0.31

pleckstrin homology, Sec7 and
coiled/coil domains 3
ADP-ribosylation factor 5

Src activating and signaling
molecule

mitogen-activated protein kinase 10

ESTs, weakly similar to ubiquitin
specific protease 8; putative
deubiquitinating enzyme

[Mus musculus] [M. musulus)
epidermal growth factor receptor
pathway substrate 15

transfertin receptor

ubiquitin specific protease 21
RIKEN cDNA 1700056017 gene
ubiquitin carboxyl-terminal
esterase LS

cukaryotic translation initiation
factor 3, subunit 6 48-kDa
Vhih-interacting deubiquitinating
enzyme 1

RIKEN cDNA 1500004006 gene
leucine aminopeptidase 3

plasma membrane associated
protein, S3-12

solute carrier family 2 (facilitated
glucose transporter), member 1
solute carrier family 2 (facilitated
glucose transporter), member 3
microsomal glutathione
S-transferase 3

zine finger protein 26
staphylococcal nuclease domain
containing 1

CCAAT/enhancer binding protein
{C/EBP), beta

CCAAT/enhancer binding protein
(C/EBP), alpha

thyrotroph embryonic factor
Ngfi-A binding protein 2
CCAAT/enhancer binding protein
(C/EBP), delta

transceription factor 4

ligand of numb-protein x 1

zine finger protein 62

RIKEN cDNA 5730403B10 gene
SRY-box containing gene 2

expressed sequence AW049671
RIKEN cDNA 0610038P07 gene
transmembrane 4 superfamily
member 9
3-moncoxgenase/tryptophan
5-monooxgenase activation protein,
gamma polypeptide




