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Fig. 7 TDP-43 dimer serves as a seed for promoting aggregation of
TDP-43 proteins. A The expression of TDP-43 tandem dimer
promotes an accumulation of high-molecular-mass TDP-43-immuno-
reactive proteins. The vectors of Halo-tagged GFP (lane 3), TDP-43
FL monomer (lane 4), or FL tandem dimer (lane 5) were transfected
or untransfected (lanes 1 and 2) in HEK293 cells with (lane 2) or
without (lanes 1, 3-5) a 24-h treatment of 1-uM MG-132. The protein
extract was processed for Western blot with anti-TDP43 antibody
(panel a), anti-Halo tag antibody (panel b), anti-PARP antibody

(panel c), anti-ubiquitin antibody (panel d), or anti-HSP60 antibody,
an internal control for protein loading (panel e). B Cell imaging
analysis. HEK293 cells expressing Halo-tagged TDP-43 monomer
(panels a and b) or tandem dimer (panels ¢ and d) were processed for
labeling with Oregon Green (panels a and c) merged with nuclear
labeling with DAPI (panels b and d). C The counting of the number of
the cells with nuclear accumulation of Halo-tagged proteins. The
average of cell counts of six random fields under the magnification of
%400 is shown with standard deviations

Fig. 8 The constitutive
expression of TDP-43 dimer in
human brain tissues. The
detergent-soluble protein extract
of human brain tissues of the
cerebrum (CBR) (lanes 1, 3, 4,
6, 8, 11-14) and the cerebellum
(CBL) (lanes 2, 5, 7, 9, 10, 15),
derived from PD#1 (lanes I and
2), ALS#1 (lane 3), ALS#2
(lanes 4 and 5), ALS#3 (lanes 6
and 7), ALS#4 (lanes 8 and 9),
MS#1 (lane 10), MS#2 (lane

(a) WB: TDP-43

86-kDa —

43-kDa

36-kDa
33-kDa

27-kDa

« ; LS

b

11), MS#3 (lane 12), SCH#1
(lane 13), and DEP#1 (lanes 14
and 15) was processed for

(b) WB: HSP60

Western blot with anti-TDP43

|
antibody (upper panels) or anti- 1
HSPG60 antibody, an internal §
control for protein loading -
(lower panels) Q

=
@ Springer

T4 T#Ad o —
"D STV o,
VLD THSTV 5 —
THD THSTIV ¢, —
"D S4STV o —
14D €4STTV < —
"D PHSTV & —
19D PHSIV o —|

1490 THSIN 2 —

HID TSI = —

"I €4S 5 —
¥40 I#HOS 53 —
VLD THAAA 3 —
14D THdAd & —

—156—



Cell Mol Neurobiol (2010) 30:641-652

651

transport of TDP-43 could disturb neuronal function by
deregulating gene expression. TDP-43 accumnulates in the
cytoplasm following inhibition of RNA polymerase II by
treatment with actinomycin D (Ayala et al. 2008). The C-
terminal domain is the most important part for maintenance
of solubility and cellular localization of TDP-43, while dis-
ruption of the RRM1 domain increases TDP-43 binding to
the chromatin and nuclear matrix (Ayala et al. 2008). The
TDP-43 mutant protein defective in the nuclear localization
signal (NLS) forms cytoplasmic . aggregates, while the
mutant defective in the nuclear export signal (NES) consti-
tutes nuclear aggregates (Winton et al. 2008). Inhibition of
proteasome function by MG-132 enhances the aggregate
formation in the NLS-defective mutant (Nonaka et al.
2009b). The overexpression of TDP-43 C-terminal fragment
is sufficient to generate hyperphosphorylated and ubiquiti-
nated cytoplasmic aggregates that could alter the exon
splicing pattern (Zhang et al. 2009). Although overexpres-
sion of the wild-type human TDP-43 protein is toxic to yeast
and rat cells (Johnson et al, 2008; Tatom et al. 2009), over-
expression of the tandem dimer of TDP-43 did not cause
acute cytotoxicity in HEK293 cells in this study.

In this study, the levels of expression of TDP-43 dimer
were unaltered in HEK293 cells by treatment with MG-132
or overexpression of ubiqulin-1 (UBQLN1). The ubiqulin
family proteins, composed of an N-terminus ubiquitin-like
(UBL) domain and a C-terminal ubiquitin-associated (UBA)
domain separated by a central Stil-like repeat, physically

interact with both proteasomes and ubiquitin ligases (Ford-

and Monteiro 2006). UBQLN]1, capable of forming a dimer
via the central region, promotes the formation of cytoplasmic
aggregates of TDP-43, and regulates the proteasome and
autophagosome targeting of TDP-43 aggregates (Kim et al.

2008). Polyubiquitinated TDP-43 interacts with the UBA .

domain of UBQLN1 (Kim et al. 2008). We found that fol-
lowing the expression of the tandem TDP-43 dimer, accu-
mulated high-molecular-mass TDP-43-immunoreactive
proteins are unlikely to be ubiquitinated. The 86-kDa TDP-
43 dimer constitutively expressed in cultured human cells
might not interact with UBQLN1, because it is unlikely to be
modified by polyubiquitination.

The present observations suggest that the 86-kDa TDP-43-
immunoreactive protein represents a very small amount of
dimerized TDP-43 expressed constitutively in normal cells
under physiological conditions. We suppose that this dimer-
ized TDP-43 might serve as a starting seed that triggers
aggregation of TDP-43 under pathological conditions of TDP-
43 proteinopathy. This hypothesis warrants further immuno-
histochemical and neurochemical investigations, inciuding
the establishment of TDP-43-dimer-specific antibodies.
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Aberrant microRNA expression in the brains of neurodegenerative diseases: miR-29a decreased in
Alzheimer disease brains targets neurone navigator 3

Aims: MicroRNAs (miRNAs) are small non-coding RNAs
that regulate translational repression of target mRNAs.
Accumulating evidence indicates that various miRNAs,
expressed in a spatially and temporally controlled that
manner in the brain plays a key role in neuronal develop-
ment. However, at present, the pathological implication of
aberrant miRNA expression in neurodegenerative events
remains largely unknown. To identify miRNAs closely
associated with neurodegeneration, we performed miRNA
expression profiling of brain tissues of various neurode-
generative diseases. Methods: We initially studied the
frontal cortex derived from three amyotrophic lateral scle-
rosis patients by using a microarray of 723 human
miRNAs. This was followed by enlargement of study popu-
lation with quantitative RT-PCR analysis (n = 21). Results:
By microarray analysis, we identified up-regulation of
miR-29a, miR-29b and miR-338-3p in amyotrophic

lateral sclerosis brains, but due to a great interindividual
variation, we could not validate these results by quantita-
tive RT-PCR. However, we found significant down-
regulation of miR-29a in Alzheimer disease (AD) brains.
The database search on TargetScan, PicTar and miRBase
Target identified neurone navigator 3 (NAV3), a regulator
of axon guidance, as a principal target of miR-29a, and
actually NAV3 mRNA levels were elevated in AD brains.
MiR-29a-mediated down-regulation of NAV3 was verified
by the luciferase reporter assay. By immunohistochemis-
try, NAV3 expression was most evidently enhanced in
degenerating pyramidal neurones in the cerebral cortex of
AD. Conclusions: These observations suggest the hypoth-
esis that underexpression of miR-29a affects neurodegen-
erative processes by enhancing neuronal NAV3 expression
in AD brains.

Keywords: Alzheimer disease, bioinformatics, microarray, miR-29a, neurone navigator 3, real-time RT-PCR

Introduction

MicroRNAs (miRNAs) constitute a class of endogenous
small non-coding RNAs conserved through the evolution
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[1]. miRNAs mediate post-transcriptional regulation of
protein-coding genes by binding to the 3’ untranslated
region (3'UTR) of target mRNAs, leading to translational
inhibition or mRNA degradation, depending on the degree
of sequence complementarity. The primary miRNAs are
transcribed from the intra- and inter-genetic regions of

_ the genome by RNA polymerase II, followed by processing

by the RNase III enzyme Drosha into pre-miRNAs. After
© 2010 Blackwell Publishing Ltd
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nuclear export, they are cleaved by the RNase III enzyme
Dicer into mature miRNAs consisting of approximately 22
nucleotides. Finally, a single-stranded miRNA is loaded on
to the RNA-induced silencing complex, where the seed
sequence located at positions 2—-8 from the 5’ end of the
miRNA plays a pivotal role in binding to the target mRNA.
The miRNAs in a whole cell regulate approximately 30%
of all protein-coding genes [2]. A single miRNA is capable
of reducing the production of hundreds of proteins [3].
Thus, by targeting multiple transcripts and affecting
expression of numerous proteins, miRNAs play a key role
in cellular development, differentiation, proliferation,
apoptosis and metabolism.

Increasing evidence indicated that various miRNAs,
expressed in a spatially and temporally controlled manner
in the brain, are involved in neuronal development, differ-
entiation and synaptic plasticity [4]). miR-134 localized to
the synaptodendritic compartment of hippocampal neu-
rones regulates synaptic plasticity by inhibiting transla-
tion of Lim-domain-containing protein kinase 1 [5].
miR-30a-5p, a miRNA enriched in layer III pyramidal
neurones in the human prefrontal cortex, decreases brain-
derived neurotrophic factor protein levels [6]. Because a
single miRNA has a great impact on the expression of
numerous downstream mRNA targets, deregulation of
miRNA function in the brain affects diverse cellular signal-
ling pathways essential for neuronal survival and protec-
tion against neurodegeneration | 7].

The transcription factor Pitx3 indispensable for differ-
enttation of dopaminergic neurones transcribes miR-
133b, which in turn suppresses Pitx3 expression [8]. The
levels of expression of miR-133b are substantially
reduced in dopaminergic neurones in Parkinson disease
(PD) brains [8). The expression of miR-107 that inhibits
the production of the B-site amyloid precursor protein
cleaving enzyme 1 (BACE1) is reduced in the cerebral
cortex of the patients with Alzheimer disease (AD) in the
earliest stage [9]. BACEL is also a target gene for miR-29,
and the expression of miR-29a/b-1 cluster is reduced,
inversely correlated with BACEl protein levels, in the
anterior temporal cortex of a subgroup of AD patients
[10]. The levels of miR-298 and miR-328, both of which
decrease the expression of mouse BACE] protein, are
reduced in the hippocampus of aged APPSwe/PS1 trans-
genic mice [11]. The expression of miR-106b that targets
amyloid precursor protein is decreased in the anterior
temporal cortex of AD patients [12]. Up-regulation of the
nuclear factor NFxB-responsive miR-146a induces down-

regulation of complement factor H, an anti-inflammatory
mediator in AD brains [13]. Although approximately 70%
of presently identified miRNAs are expressed in the brain,
physiological and pathogenetic roles of most of these
remain unknown [14].

In the present study, to identify miRNAs aberrantly
expressed in the brains of human neurodegenerative dis-
eases, we initially studied miRNA expression profiles of the
frontal cortex of three amyotrophic lateral sclerosis (ALS)
patients on a miRNA microarray. Following enlargement
of the study population, we found significant down-
regulation of miR-29a in AD brains, being consistent with
the previous observations [10]. We identified neurone
navigator 3 (NAV3) as a principal target of miR-29a by
bioinformatics database search and luciferase reporter
assay. NAV3 expression was most evidently enhanced in
degenerating pyramidal neurones in the cerebral cortex of
AD. These results suggest that the interaction between
miR-29a and NAV3 might play a role in neurodegenera-
tive processes of AD.

Materials and methods

Human brain tissues

All the brain tissues of the frontal cortex were obtained
from Research Resource Network, Japan. Written
informed consent was obtained at autopsy form all the
cases examined. The Ethics Committee of both National
Center of Neurology and Psychiatry and International
Medical Center of Japan approved the present study. The
present study includes seven AD patients composed of
four men and three women with the mean age of
69.1 = 9.2 years, and 14 non-AD patients composed
of eight men and six women with the mean age of
73.1 = 10.1 years. The latter include four patients with
PD, six patients with ALS and four subjects who died of
non-neurological causes. The neuropsychiatric disease
patients were clinically diagnosed as AD, PD or ALS by
board-certified neurologists and psychiatrists, and the
clinical diagnosis was verified by comprehensive examina-
tion of autopsied brains by three certified neuropatholo-
gists (KA, YS. TI). All AD cases were satisfied with the
Consortium to Establish a Registry for Alzheimer's Disease
criteria for diagnosis of definite AD [15], and were catego-
rized into the stage C or B of amyloid deposition and the
stage VI or IV of neurofibrillary degeneration, {ollowing
the Braak staging system [16]. The post mortem interval of

© 2010 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 36, 320-330
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the cases ranges from 1.1 to 14 h with the average inter-
val of 5.5 + 4.1 h before freezing the brain tissues for
storage at —8()°C. Although a recent study showed limited
stability of specific brain-enriched miRNAs [17], we found
that the quality of RNA of frozen brain tissues with post
mortem interval longer than 10 h is still sufiicient for
microarray analysis (data not shown). The characteristics
of the study population are summarized in Table S1
online,

MiRNA expression profiling

Total RNA enriched in miRNA was isolated from frozen
brain tissues by using mirVana miRNA isolation kit
(Ambion, Austin, TX, USA). We initially studied RNA
samples isolated from the frontal cortex of three ALS
patients. They were individually processed for miRNA
expression profiling on a human miRNA microarray
version 2 (Agilent Technologies, Palo Alto, CA, USA). The
array includes 723 human miRNAs based on the miRBase
release 10.1 (http://microrna.sanger.ac.uk). The human
frontal cortex total RNA of a 79-year-old Caucasian man
who died of bladder cancer (AM6810, Ambion) was uti-
lized as a universal reference. The quality of RNA was
validated by identification of 188 rRNA and 28S rRNA
peaks on Agilent 2100 DBioanalyzer with a RNA
6000 nano kit (Agilent Technologies). Microarray
analysis was performed according to the manufacturer’s
instruction. In brief, 100 nanogram of total RNA was
dephosphorylated by calf intestine alkaline phosphatase
(Takara Bio, Shiga, Japan). Three prime end of dephos-
phorylated RNA was labelled with Cyanine 3-cytidine bis-
phosphate by T4 RNA ligase. The microarray was
hybridized with labelled RNA at 55°C for 20 h, washed,
and processed for scanning on an Agilent microarray
scanner. The signal intensity was quantified by using
Feature Extraction Software version 9.9.3.1 (Agilent
Technologies).

Quantitative real-time RT-PCR

To quantify miRNA expression levels, TagMan microRNA
assay-based quantitative RT-PCR (qRT-PCR) was per-
formed on the 7500 Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA), following the Delta-
Delta Ct method. RNU6B was utilized for an endogenous

reference to standardize miRNA expression levels. All the

data were calibrated by the universal reference data.

DNase-treated total RNA was processed for cDNA syn-
thesis using oligo(dT);o primers and SuperScript H reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). To quantify
mRNA expression levels, cDNA was amplified by qRT-PCR
on the LightCycler ST300 (Roche Diagnostics, Tokyo,
Japan) using SYBR Green I and the NAV 3 primer sets con-
sisting of 5°tgacccagagttgtggtctccaag3’ and 5'gtccagtitg
getateccatgtge3’. The expression levels of target genes
were standardized against those of the glyceraldehyde-3-
phosphate dehydrogenase gene detected in identical cDNA
samples. All the assays were performed in triplicate.

MiRNA target prediction

The target mRNAs that have the potential binding sites for
individual miRNAs were identified by searching them on
public databases endowed with prediction algorithms,
such as TargetScan (http://targetscan.org), PicTar
(http://pictar.mdc-berlin.de) and miRBase Target (http://
www,mirbase.org) [18].

Reporter assay

The precursor of hsa-miR-29a (GeneBank Accession No.
AF017104) was amplified by PCR with PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA, USA) and a set of
sense and antisense primers composed of 5’cgggatc
ccgetggatttagtaagatttgggeect3” and S5'cccaagettgggaacg
gtcaccaatacatttcetc3’. Then, it was cloned in the expres-
sion vector pBApo-CMV-Neo (Takara Bio) at the BamHI/
HindIII cloning site. The 3’UTR sequence of the human
NAV3 gene spanning the nucleotide position 379727-
380353 that surrounds a conserved miR-29a target
sequence 5’aggaacatttcctatggtgetg3’ (GenBank Accession
No. NC_000012) was amplified by PCR with a set of sense
and antisense primers composed of 5’ctaggcgatcgcaca
aatccaagaggccagtectc3” and 5’ctaggtttaaacctctttcactta
gaactggatgg3’. Then, it was cloned in the dual luciferase
reporter vector psiCHECK2 (Promega, Madison, W1, USA)
at the Sgfl/Pmel cloning site. In this construct, a 6-bp
deletion was introduced in the miR-29a seed sequence
S’atggtgctg3’ of the NAV3 3’UTR by using QuikChange II
XL site-directed mutagenesis kit (Stratagene). The
psiCHECK 2 vector contains the Renilla luciferase gene to
monitor expression changes of the target gene in addition
to the firefly luciferase gene controlled by a HSV-TX pro-
moter to normalize the transfection efficacy. At 24 h after
cotransfection of the miR-29a expression vector and the

© 2010 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 36, 320-330
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luciferase reporter vector in HEK293 cells, cell lysate
was processed for dual luciferase assay on a 20/20 Lumi-
nometer (Promega). All the assays were performed in
triplicate.

Western blot analysis

To prepare total protein extract, frozen brain tissues were
homogenized in RIPA lysis buffer composed of a cocktail of
protease inhibitors (Sigma, St. Louis, MO, USA), followed
by centrifugation at 13 400 g for 5 min at room tem-
perature (RT). The supernatant was collected for separa-
tion on a 12% SDS-PAGE gel. The protein concentration
was determined by a Bradford assay kit (Bio-Rad, Her-
cules, CA, USA). After gel electrophoresis, the protein was
transferred onto nitrocellulose membranes, which were
immunolabelled at RT overnight with rabbit anti-NAV3
antibody (ab69868; Abcam Japan, Tokyo, Japan). We vali-
dated the specificity of the ab69868 antibody by Western
blot of a truncated NAV3 protein spanning amino acid
residues 1366-1688 (data not shown). The membranes
were incubated at RT for 30 min with horseradish
peroxidase-conjugated anti-rabbit or goat IgG (Santa Cruz
Biotechnology). The specific reaction was visualized by
using a chemiluminescent substrate (Pierce, Rockford, IL,
USA). After the antibodies were stripped by incubating the
membranes at 50°C for 30 min in stripping buffer com-
posed of 62.5 mM Tris-HC], pH 6.7, 2% SDS and 100 mM
2-mercaptoethanol, they were processed for relabeling
with rabbit antibody against 14-3-3 protein (sc-629;
Santa Cruz Biotechnology), an internal control for protein
loading.

Immunochistochemistry

After deparaffination, tissue sections were heated in
10 mM citrate sodium buffer, pH 6.0 by autoclave at
125°C for 30s in a temperature-controlled pressure
chamber (Dako, Tokyo, Japan). They were exposed to 3%
hydrogen peroxide-containing methanol at RT for 15 min
to block the endogenous peroxidase activity, The tissue
sections were then incubated with phosphate-buffered
saline containing 10% normal goat serum at RT for
15 min to block non-specific staining. The tissue sections
were incubated in a moist chamber at 4°C overnight with
rabbit anti-NAV3 antibody (ab69868). After washing
with phosphate-buffered saline, they were labelled at RT
for 30 min with a horseradish peroxidase-conjugated

secondary antibody (Nichirei, Tokyo, Japan), followed by
incubation with a colorizing solution containing diami-
nobenzidine tetrahydrochloride. For double immunolabel-
ling, after inactivating all the antibodies by autoclaving
the sections in the citrate sodium buffer, the tissue sections
were incubated with mouse anti-amyloid-beta (AP)
11-28 peptide antibody (12B2; Immuno-Biological.
Laboratories, Gunma, Japan) or rabbit anti-tan antibody
(paired 356; AnaSpec, San Jose, CA, USA) at 4°C over-
night, followed by incubation with alkaline phosphatase-
conjugated secondary antibody (Nichirei), and colorized
with New Fuchsin substrate. All the sections were exposed
to a counterstain with haematoxylin, For negative con-
trols, the step of incubation with primary antibodies was
omitted.

Results

The expression of miR-29a is reduced in the
frontal cortex of AD

To identify miRNAs aberrantly expressed in the brains ol
human neurodegenerative diseases, we initially con-
ducted miRNA expression profiling of frozen brain tissues
derived from the frontal cortex of three ALS patients on a
microarray. All microarray data are shown in Table S2
online. They were filtered through the following stringent
criteria, i.e. the detection of all signals above the thresh-
old, the reference signal value exceeding 100, and the fold
change expressed as the signal of ALS divided by the signal
of the universal reference greater than 5. After filtration,
we identified only three miRNAs, including miR-29a,
miR-29b and miR-338-3p, as a group of miRNAs whose
expression is substantially up-regulated in all three ALS
brains (Table 1). Importantly, rodent cortical neurones
express both miR-29a and miR-338-3p [19]. Because
miR-29a and miR-29b are located on the identical
MIRN29B/MIRN29A gene cluster on chromosome
7932.3, their putative biological functions are similar
[10]. Thereafter, we focused our attention solely on miR-
29a and miR-338-3p.

Next, we increased the number of the cases to validate
microarray data by gRT-PCR. They include four non-
neurological controls (NC), six patients with ALS, seven
with AD and four with PD. All gPCR data of individual
subjects -are shown in Table S3 online. Although we
observed a trend for up-regulation in the levels of miR-
29a expression in ALS vs. NC, the difference did not reach
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Table 1. Three microRNAs up-regulated in ALS brains identified by microarray analysis

Fold change

Fold change

Fold change

Chromosome
location

in ALS-case 2 in ALS-case 4

in ALS-case 1

Genome context

Mature miR sequence

Accession no.

MicroRNA name

11.7

7.5
26.5

AC0O16831.7; intron 2

7q32.3

DAGCACCAUCUGAAAUCGGUUA

MIMAT0000086

hsa-miR-29a
hsa-miR-29b

41.3

AC016831.7; iniron 2

7q932.3

UAGCACCAUUUGAAAUCAGUGUT

UCCAGCAL

MIMAT0000100

16.0

17q25.3 AATK; intron 6, intron 7 15.3

JCAGUGAUUUUGUUG

¥

MIMAT0000763

hsa-miR-338-3p

RNA samples isolated from frozen frontal cortex tissues of three ALS patients (cases 1, 2 and 4) and a universal reference were processed for miRNA expression profiling on a microarray.

The fold change is expressed as the signal of ALS divided by the signal of the universal reference.

ALS, amyotrophic lateral sclerosts.

(a) miR-29%a

(b) miR-338-3p

Relative expression level
Relative expression level

NC ALS AD PD

Figure 1. MiR-29a and miR-338-3p expression levels in the brains
of neurodegenerative diseases. The expression of microRNA was
studied in frozen frontal cortex tissues of non-neurological controls
(NC) (n = 4), amyotrophic lateral sclerosis (ALS, n = 6), Parkinson
disease (PD, n = 4) and Alzheimer disease (AD, n = 7) by TagMan
microRNA assay-based quantitative RT-PCR following the
Delta-Delta Ct method. RNU6B was utilized for an endogenous
reference to standardize microRNA expression levels. The results
were expressed as relative expression levels after calibration with
the universal reference data. The panels (a,b) represent (a) miR-29a
and (b) miR-338-3p. The P-value by Student's t-test indicates

(a) % 0.263, %& 0.041, %k 0.470 and (b) * 0.956, %k (1.676,
*%% 0.578.

NC ALS AD PD

the statistical significance (P=0.263), due to a great
interindividual variation (Figure la), Nevertheless, we
found that miR-29a expression levels were significantly
reduced in AD (P=0.041), when compared with NC,
while the levels of miR-29a expression were not substan-
tially decreased in PD (P=0.470) (Figure la). On the
other hand, the levels of miR-338-3p expression were
varied among the cases, and not significantly different
among ALS (P=0.956), AD (P=0.676) and PD
(P =0.578), when compared with NC (Figure 1b).

Database search suggests NAV3 as one of
miR-29a targets

Next, we explored putative miR-29a target genes by
searching them on three distinct web-accessible miRNA
target databases, including TargetScan, PicTar and
miRBase Target [18], all of which did not always suggest
an identical list of target genes. They identified numerous
candidates, which are arranged in order of the highest
probability. When top 200 most reliable miR-29a targets
identified by each programme were compared, we found
11 genes shared among the three programmes (Table 2).
They include fibrillin 1, NAV3, collagen, type V, alpha 3.
collagen, type XI, alpha 1, collagen, type I, alpha 2,
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Table 2. Predicted miR-29a target genes identified by TargetScan, PicTar and miRBase Target database search

Gene TargetScan PicTar miRbase
Gene ID symbol Gene naine context score score Target p-value
2200 FBN1 Fibrillin 1 -0.74 8.2288 5.99E-06
89795 NAV3 Neurone navigator 3 -0.68 9.1594 1.15E-04
50509 COL5A3 Collagen, type V, alpha 3 -0.67 12.5665 1.20E-06
1301 COL11A1 Collagen, type XI, alpha 1 -0.65 10.916 5.12E-06
1278 COL1A2 Collagen, type I, alpha 2 -0.63 10.8218 2.80E-04
4678 NASP Nuclear autoantigenic sperm protein -0.62 95118 1.88E-04
4591 TRIM37 I'ripartite motif-containing 37 -0.44 5.6973 2.50E-05
27315 PGAP2 Post-GPI attachment to proteins 2 -0.42 6.0952 1.28E-05
1293 COL6A3 Collagen, type VI, alpha 3 -0.4 6.9128 2.47E-07
29851 ICOS Inducible T cell co-stimulator -0.38 7.9789 9.64E-05
116931 MED12L Mediator complex subunit 12-like -0.34 9.9157 1.16E-04

MiR-29a target genes were searched on TargetScan, PicTar and miRBase Target databases. The common genes listed within top 200 by each
programme are shown following the significance of TargetScan context score.

nuclear autoantigenic sperm protein, tripartite motif-
containing 37, post-GPI attachment to proteins 2, col-
lagen, type V1, alpha 3, inducible T cell co-stimulator and
mediator complex subunit 12-like, Thus, the genes encod-
ing extracellular matrix components are enriched in the
list of miR-29a targets. Among them, we focused our
attention on NAV3 for further investigations, because
NAV3, alternatively named pore membrane and/or
filament interacting like protein 1, is predominantly
expressed in the nervous system [20].

MiR-29a directly down-regulates
NAV3 expression

The TargetScan search indicated that the 3'UTR of the
human NAV3 gene contains two separate miR-29a-
binding seed sequences that are conserved through
evolution. They are located in the nucleotide position
807-813 with TargetScan context score —0.24 and the
position 1831-1837 with TargetScan context score
—0.33. We cloned the former with the higher score in the
luciferase reporter vector, Then, it was cotransfected with
a miR-29a expression vector in HEK293 cells. Overex-
pression of miR-29a significantly suppressed the expres-
sion of the luciferase reporter containing the wild-type
target sequence with a % reduction =244 (P =0.014;
Figure 2, left panels). In contrast, miR-29a did not
affect the expression of the vector containing a 6-bp dele-
tion in the seed sequence (P =10.138; Figure 2, right
panels).

The levels of NAV3 mRNA but not of protein are
elevated in AD brains

By qRT-PCR analysis, we found that the levels of NAV3
mRNA expression in the frontal cortex wére much higher
in AD patients, compared with NC subjects, PD patients
and ALS patients (Figure 3). By Western blot analysis, the
levels of expression of NAV3 protein, composed of two
major bands of 100 kDa and 46 kDa, were varied among
the cases and not elevated in AD brains, while the levels of
14-3-3 protein, an internal control for protein loading,
were almost constant (Figure 4a,b, lanes 1-21), There did
not exist a clear correlation between NAV3 mRNA and
protein levels in each case.

Pyramidal neurones express intense NAV3
immunoreactivity in the frontal cortex of
AD brains

Finally, by immunohistochemistry,‘we investigated the
expression of NAV3 in the frontal cortex of AD, ALS or PD.
In all the brains examined, large- and medium-sized pyra-
midal neurones in layers IIl and V of the cerebral cortex
expressed strong NAV3 immunoreactivity located chicfty
in the cyioplasm, axons and dendrites (Figure Sa—d).
Notably, NAV3 immunolabelling was the most intense in
neurones presenting with degenerating morphology
bearing pyknotic nuclei in AD brains (Figure 5a,b,f). A
population of non-pyramidal neurones also expressed
much weaker NAV3 immunoreactivity, while the
great majority of reactive astrocytes, microglia and
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Figure 2. Dual luciferase assay of miR-29a-mediated
down-regulation of neurone navigator 3 (NAV3). The precursor
of hsa-miR-29a sequence was cloned in the expression vector
pBApo-CMV-Neo, while the 3” untranslated region (3’UTR)
sequence of the human NAV3 was cloned in the dual luciferase
reporter vector psiCHECK2 that contains the Renilla (R) luciferase
gene to monitor expression changes of NAV3 in addition to the
firefly (F) luciferase gene to normalize the transfection efficacy.

A 6-bp deletion was introduced in the miR-29a seed sequence
5’ATGGTGCTG3’ of the NAV3 3’UTR. At 24 h after cotransfection
of the miR-29a expression vector or the empty pBApo-CMV-Neo
vector with the luciferase reporter vector in HEK293 cells, cell
lysate was processed for dual luciferase assay. T'wo series of the
experiments were performed. Each set represents the reporter
vector containing (the left) the wild-type (WT) NAV3 3°UTR or (the
right) the 6-bp deletion mutant (MT) NAV3 3’UTR. The R/F signal
ratio is shown. The P-value by Student's t-test indicates % 0.014,
%% 0.138, %% % 0.037 and %%k 0.289.

empty empty miR-29a

oligodendrocytes are devoid of NAV3. In AD brains, a
substantial population (<20%) of pyramidal neurones
containing tau-immunolabelled neurofibrillary tangles
coexpressed intense NAV3 immunoreactivity (Figure Se).
In contrast, AR plaques did not typically express NAV3
immunoreactivity in AD brains (Figure 5f).

Discussion

To identify miRNAs aberrantly regulated in the brains of
human neurodegenerative diseases, we initially studied

NAV3
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Figure 3. Neurone navigator 3 (NAV3) mRNA expression levels
in the brains of neurodegenerative diseases. The expression of
NAV3 mRNA was studied in frozen frontal cortex tissues of non-
neurological controls (NC, n = 4), amyotrophic lateral sclerosis
(ALS. n = 6), Parkinson disease (PD, n = 4) and Alzheimer disease
(AD, n = 7) by quantitative RT-PCR. The levels of NAV3 mRNA are
standardized against those of glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) mRNA detected in identical cDNA
samples. REF indicates a universal reference derived from the
human frontal cortex total RNA (AM6810, Ambion).

miRNA expression profiles of frozen frontal cortex tissues
of three ALS patients by using a miRNA microarray. We
identified up-regulation of miR-29a, miR-29b and miR-
338-3p in ALS brains. Among them, miR-338 is a biom-
arker candidate for neurodegeneration, because it acts as
a negative regulator of neuronal differentiation by sup-
pressing apoptosis-associated tyrosine kinase and cyto-
chrome oxidase complex IV [21,22]. However, following
enlargement of the study population by gRT-PCR, we
could not verify up-regulation of miR-338-3p in ALS
brains. On the other hand, we identified significant down-
regulation of miR-29a in AD brains, being consistent with
previous observations that miR-29 expression levels are
reduced in the anterior temporal cortex of AD patients,
associated with substantial elevation of BACE1 protein
levels [10]. However, in the present study, the search on
three distinct miRNA target databases, such as Tar-
getScan, PicTar and miRBase Target operating on different
algorithms, did not identify BACE1 within the top 200
miR-29a targets. These programmes commonly identified
NAV3 as one of top-ranking miR-29a targets. We verified
the miR-29a-mediated suppression of NAV3 by luciferase
reporter assay.

Previous studies showed that miR-29 is involved in
translational repression of a wide range of target genes.
Down-regulation of miR-29 in the area surrounding the
myocardial infarct core enhances fibrosis by de-repressing
the expression of a battery of collagen genes [23]. miR-
29a represses translation of osteonectin, the most abun-
dant non-collagenous matrix protein in the bone [24]. In
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Figure 4. Neurone navigator 3 (NAV3) protein expression levels in the brains of neurodegenerative diseases. The expression of NAV3
protein was studied in frozen frontal cortex tissues of non-neurological controls (NC), amyotrophic lateral sclerosis (ALS), Parkinson disease
(PD) and Alzheimer disease (AD) by Western blot. The panels (a, b) indicate (a) NAV3 protein and (b) 14-3-3 protein, an internal control for
protein loading. The lanes (1-21) represent (1-4) NC, (5-10) ALS, (11-14) PD and (15-21) AD. Eighty micrograms of protein was loaded

in each lane.

line with these, we identified a panel of extracellular
matrix components, such as fibrillin 1, collagen, type V,
alpha 3, collagen, type XI, alpha 1 and collagen, type I,
alpha 2, as a group of top-ranking miR-29a target genes.
The levels of expression of the miR-29 family are reduced
in lung cancer, cholangiocarcinoma, chronic lymphocytic
leukemia and neuroblastoma, suggesting that miR-29
acts as a proapoptotic anti-oncomir [25-27]. The onco-
genic transcription factor cMyc reduces the expression of
miR-29 in cancer cells by binding directly to the miR-29
promoter region [28]. By suppressing the expression of
PI3 kinase p85c and CDC42, miR-29 activates p53 and
induces apoptosis in HeLa cells [29]. miR-29 acts as an
enhancer of myogenic differentiation and a suppressor of
rhabdomyosarcoma by targeting YY1 transcription factor
[30]. miR-29a promotes the epithelial-to-mesenchymal
transition of breast cancer cells by suppressing the expres-
sion of tristetraprolin [31]. All of these observations
suggest that miR-29a modulates cellular differentiation
and survival by regulating a wide range of target mRNAs.

Neurone navigator 3 is a member of the neurone navi-
gator protein family expressed predominantly in the
cenfral and peripheral nervous systems [20]. In adult
mouse brain, NAV3 is expressed chiefly in nuclear mem-
branes of neurones in the cerebral cortex, midbrain, cer-
ebellum and the hippocampal formation [20]. The NAV3
protein structure is characterized by an N-terminal calpo-
nin homology domain, several coiled-coil regions, an
actin-binding domain, a GTP/ATP-binding domain and

an AAA-type ATPase domain |32]. Although the biologi-
cal function of mammalian NAV3 protein in the brain
remains totally unknown, a Caenorhabditis elegans gene
named unc-53 highly homologous to NAV 3, plays a key
role in axon guidance [33]. Importantly, NAV2, a paralog
of NAV3, plays a central role in neurite outgrowth and
axonal elongation in human neuroblastoma cells [34].
Furthermore, the NAV3 gene is occasionally disrupted in
primary cutaneous T cell lymphomas by chromosomal
translocation, suggesting that NAV3 acts as a tumour sup-
pressor gene [35].

We found that the levels of NAV3 mRNA were elevated
in AD brains, although we did not find a correlation
between NAV3 mRNA levels by real-time RT-PCR and
protein levels by Western blot. The lack of the correlation
between mRNA levels and protein abundance might be in
part attributable to the differential stability and turnover
of mRNA and protein via various post-transcriptional
mechanisms, including the selective degradation of pro-
teins by proteasome and autophagosome machineries
[36]. Nevertheless, we found that pyramidal neurones in
the cerebral cortex expressed strong NAV3 immunoreac-
tivity in both AD and non-AD brains. Furthermore, a
substantial population of cortical pyramidal neurones
coexpressed NAV3 and neurofibrillary tangles in AD
brains, where NAV3 immunoreactivity was the most
intense in neurones with degenerating morphology
bearing pyknotic nuclei. A previous study performed on
mouse brains showed that NAV3 immunoreactivity is
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Figure 5. Neurone navigator 3 (NAV3) immunohistochemistry of the brains of neurodegenerative diseases. The expression of NAV3, paired
helical filament (PHF)-tau and AP was studied in the frontal cortex tissue sections of Alzheimer disease (AD), amyotrophic lateral sclerosis
(ALS) and Parkinson disease (PD) by immunohistochemistry. The panels (a—f) represent (a) NAV3 in AD-case 3, (b) NAV3 in AD-case 1,

(c) NAV3 in ALS-case 4, (d) NAV3 in PD-case 3, (e) NAV3 (brown) and PHF-tau (red) double immunolabelling of AD-case 1 where the
coexpression is indicated by arrows, and (f) NAV3 (brown) and AP (red) double immunolabelling of AD-case 3. In all the cases, large- and
medium-sized pyramidal neurones in layers III and V express strong NAV3 immunoreactivity located in the cytoplasm, axons and dendrites.
Notably, NAV3 immunoreactivity is the most intense in neurones with degenerating morphology bearing pyknotic nuclei in AD brains as
shown in panels (a, b, f).
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constitutively expressed at the outer nuclear membrane of
neurones, and it is induced in reactive astrocytes after
brain injury [20]. In contrast, we did not detect NAV3
immunoreactivity in reactive astrocytes in the brains of
AD, PD and ALS. At present, it remains unknown whether
enhanced expression of NAV3 in a subpopulation of cor-
tical pyramidal neurones in AD brains reflects some
pathogenetic changes or it is attributable to a compensa-
tory mechanism against neurodegenerative events. By
miRNA target database search, we found that not only
miR-29, but also miR-19, miR-34 and miR-449, poten-
tially down-regulate NAV 3 expression (unpublished data),
suggesting that multiple miRNAs converge on the regula-
tion of NAV3 expression. Overall, the results of the present
study could propose a possible scenario that underexpres-
sion of miR-29a affects neurodegenerative processes by
up-regulating NAV3 and other miR-29a targets in AD
brains, Further studies using large cohorts are required to
clarify an active involvement of the miR-29a and NAV3
circuit in progression of neurodegeneration in AD.
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Introduction

Abstract

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the
central nervous system (CNS) white matter mediated by an autoimmune
process triggered by a complex interplay between genetic and environmental
factors, in which the precise molecular pathogenesis remains to be compre-
hensively characterized. The global analysis of genome, transcriptome,
proteome and metabolome, collectively termed omics, promotes us to
characterize the genome-wide molecular basis of MS. However, as omics
studies produce high-throughput experimental data at one time, it is often
difficult to find out the meaningful biological implications from huge data-
sets. Recent advances in bioinformatics and systems biology have made
major breakthroughs by illustrating the cell-wide map of complex molecular
interactions with the aid of the literature-based knowledgebase of molecular
pathways. The integration of omics data derived from the disease-affected
cells and tissues with underlying molecular networks provides a rational
approach not only to identifying the disease-relevant molecular markers and
pathways, but also to designing the network-based effective drugs for MS.
(Clin. Exp. Neuroimmunol, doi: 10.1111/§.1759-1961.2010.00013.x, September
2010)

remyelination,  oligodendrocyte  apoptosis, and
axonal degeneration.® Currently available drugs in

Multiple sclerosis (MS) is an inflammatory demye-
linating disease affecting exclusively the central ner-
vous system (CNS) white matter mediated by an
autoimmune process triggered by a complex inter-
play between genetic and environmental factors.'
Intravenous administration of interferon-gamma
(IFNYy) provoked acute relapses of MS, indicating a
pivotal role of proinflammatory T helper type 1
(Thl) lymphocytes. More recent studies proposed
the pathogenic role of Thl7 lymphocytes in
sustained tissue damage in MS.?> MS shows a great
range of phenotypic variability. The disease is classi-
fied into relapsing-remitting MS (RRMS), secondary
progressive MS (SPMS) or primary progressive
MS (PPMS) with respect to the clinical course.
Pathologically, MS shows a remarkable heterogene-
ity in the degree of inflammation, complement
activation, antibody deposition, demyelination and

© 2010 Japanese Society for Neurcimmunology

clinical practice of MS, including interferon-beta
(IFNB), glatiramer acetate, mitoxantrone, FIY720
and natalizumab, have proven only limited efficacies
in subpopulations of the patients.* These observations
suggest the hypothesis that MS is a kind of neurologi-
cal syndrome caused by different immunopathological
mechanisms leading to the final common pathway
that provokes inflammatory demyelination. There-
fore, the identification of specific biomarkers relevant
to the heterogeneity of MS is highly important to
establish the molecular mechanism-based personal-
ized therapy in MS.

After the completion of the Human Genome Pro-
ject in 2003, the global analysis of genome, tran-
scriptome, proteome and metabolome, collectively
termed omics, promotes us to characterize the gen-
ome-wide molecular basis of the diseases, and helps
us to identify disease-specific molecular signatures
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and biomarkers for diagnosis and prediction of prog-
nosis. Actually, the genome-wide association study
(GWAS) of MS revealed novel risk alleles for suscep-
tibility of MS.” The comprehensive transcriptome
and proteome profiling of brain tissues and lympho-
cytes identified key molecules aberrantly regulated
in MS, whose role has not been previously predicted
in the pathogenesis of MS.*7 Most recently, the
application of next-generation sequencing technol-
ogy to personal genomes has enabled us to investi-
gate the genetic basis of MS at the level of
individual patients.®

Because omics studies usually produce high-
throughput experimental data at one time, it is often
difficult to find out the meaningful biological impli-
cations from such a huge dataset. Recent advances
in bioinformatics and systems biology have made
major breakthroughs by showing the cell-wide map
of complex molecular interactions with the aid of
the literature-based knowledgebase of molecular
pathways.” The logically arranged molecular net-
works construct the whole system characterized by
robustness, which maintains the proper function of
the system in the face of genetic and environmental
perturbations.'? In the scale-free molecular network,
targeted disruption of limited numbers of critical
components designated the hub, on which the bio-
logically important molecular connections concen-
trate, could disturb the whole cellular function by
destabilizing the network.!* From the point of these
views, the integration of omics data derived from
the disease-affected cells and tissues with underlying
molecular networks provides a rational approach n((;
only to characterizing the disease-relevant pathways
but also to identifying the network-based efiectlve
drug targets.

Increasing numbers of human disease-oriented
omics data have been deposited in public data-
bases, such as the Gene Expression Omnibus (GEO)
repository  (http://www.ncbi.nlm.nih.gov/geo) and
the ArrayBExpress archive (http://www.ebi.ac.uk/
microarray-as/ae). Most of these are transcriptome
datasets. Importantly, they really include the data
that have potentially valuable information on
molecular biomarkers and networks of the dis-
eases, when they are reanalyzed by appropriate bio-
informatics approaches, followed by validation of
in silico observations with in vitro and in vivo
experiments.'?

The present review has focused on bioinformatics
approaches to identifying MS-associated molecular
biomarkers and networks from high-throughput data
of omics studies.
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GIobaI(gene expression analysis

DNA microarray technology is an innovative
approach that allows us to systematically monitor
the genome-wide gene expression pattern of disease-
affected tissues and cells. This approach enables us
to illustrate most efficiently a global picture of cellu-
lar activity by the messenger RNA (mRNA) expres-
sion levels as an indicator, although the levels-of
mRNA do not always correlate with the levels of
proteins directly involved in cellular function. How-
ever, the use of DNA microarray is more convenient
to collect temporal and spatial snapshots of gene
expression than the conventional mass spectrometry,
which is often hampered by limited resolution of
protein separation. In transcriptome analysis, we
could logically assume that a set of coregulated
genes might have similar biological functions within(
the cells.

First of all, I would like to briefly overview the
gene expression analysis (Fig. 1). In general, total
RNA fractions containing mRNA "species are
extracted from cells and tissues, individually labeled
with fluorescent dyes, and processed for hybridiza-
tion with thousands of oligonucleotides of known
sequences immobilized on the arrays. After wash-
ing, they are processed for signal acquisition on a
scanner. Various types of microarrays are currently
available, although the MicroArray Quality Control
(MAQC) project verified that the core results are
well reproducible among different platforms used.'?
However, it is recommended that each experiment
should contain biological replicates to validate
reproducibility of the observations. The raw data
are normalized by representative methods, includ-
ing the quantile normalization method and the
Robust MultiChip Average (RMA) method using
the r software of the Bioconductor package (cran.r-
project.org) or the GENESPRING software (Agilent
Technology, Palo Alto, CA, USA).

To identify- differentially expressed genes (DEG)
among distinct samples, the normalized data are
processed for statistical analysis using ¢-test for com-
parison between two groups or analysis of variance
(anova) for comparison among more than three
groups, followed by the multiple comparison test
with the Bonferroni correction or by controlling
false discovery rate (FDR) below 0.05 to adjust
P-valuges.

In the next step, the levels of expression of DEG
should be validated by quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR). The nor-
malized data are also processed for hierarchical

© 2010 Japanese Society for Neuroimmunology
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Figure 1 The load map from global gene expression profiling to molecular network analysis. Total RNA samples labeled with fluorescent dyes are
processed for hybridization with oligonucleotide probes on the arrays, which should include biological replicates. They are processed for signal acquisi-
tion on a scanner. To identify the list of differentially expressed genes (DEG) among the samples, the normalized data are processed for statistical anal-
ysis, followed by validation by quantitative reverse transcription polymerase chain reaction (GRT-PCR). They are also processed for hierarchical
clustering analysis and gene ontology and function analysis. To identify biologically relevant molecular pathways, the list of DEG is imported into path-
way analysis tools endowed with a comprehensive knowledgebase. ANOVA, analysis of variance; DAVID, Database for Annotation, Visualization and
Integrated Discovery; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis; IPA, Ingenuity Pathways Analysis; KEGG, Kyoto Encyclopedia of
Genes and Genomes; MCT, multiple comparison test; PANTHER, Protein Analysis Through Evolutionary Relationships; and STRING; Search Tool for the

Retrieval of Interacting Genes/Proteins.

clustering analysis to classify the expression of pro-
file-based groups of genes and samples by using
GENESPRING or the open-access resources, such as
Cruster 3.0  (bonsai.ims.u-tokyo.ac.jp/~mdehoon/
software/cluster) and TreeViEw (sourceforge.net/pro-
jects/jireeview). The Gene ID Conversion tool of the
Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) (david.abcc.nciferf.gov)'*
converts the large-scale array-specific probe IDs into
the corresponding Entrez Gene IDs, HUGO Gene
Symbols, Ensembel Gene IDs or UniProt IDs, being
more convenient for application to the downstream
analysis. Both the DAVID Functional annotation
tool and the Gene Set Enrichment Analysis (GSEA)
tool (www.broad.mit.edu/gsea/downloads.jsp)'® are
open-access resources that help us to identify a set
of enriched genes with a specified functional anno-
tation in the entire list of genes. Many other
approaches for preprocessing microarray data
are applicable, and the resources are available
elsewhere.

© 2010 Japanese Society for Neuroimmunology

Molecular network analysis

To identify biologically relevant molecular pathways
from large-scale data, we could analyze them by
using a battery. of pathway analysis tools endowed
with a comprehensive knowledgebase; that is, Kyoto
Encyclopedia of Genes and Genomes (KEGG; http://
www.kegg.jp), the Protein Analysis Through Evolu-
tionary Relationships (PANTHER) classification sys-
tem (http://www.pantherdb.org), Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING;
string.embl.de), Ingenuity Pathways Analysis (IPA;
Ingenuity Systems, http://www.ingenuity.com) and
KeyMolnet (Institute of Medicinal Molecular Design,
http://www.immd.co.jp) (Fig. 1). KEGG, PANTHER
and STRING are open-access databases, whereas IPA
and KeyMolnet are commercial databases updated
regularly. Both transcriptome and proteome data are
acceptable for all the databases described here.
KEGG systematically. integrates genomic and
chemical information to create the whole biological
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system in silico.'® KEGG includes manually curated
reference pathways that cover a wide range of meta-
bolic, genetic, environmental and cellular processes,
and human diseases. Currently, KEGG contains
108 983 pathways generated from 358 reference
pathways. PANTHER, operating on the computa-
tional algorithms that relate the evolution of protein
sequences to the evolution of protein functions and
biological roles, provides a structured representation
of protein function in the context of biological reac-
tion networks.!” PANTHER includes the information
on 165 regulatory and metabolic pathways, manu-
ally curated by expert biologists. By uploading the
list of Gene 1Ds, the PANTHER gene expression data
analysis tool identifies the genes in terms of over- or
under-representation in canonical pathways, fol-

lowed by statistical evaluation by multiple compari- .

son test with the Bonferroni correction. STRING is a
database that contains physiological and functional
protein-protein interactions composed of 2 590 259
proteins from 630 organisms.!® STRING integrates
the information from numerous sources, including
experimental repositories, computational prediction
methods and public text collections. By uploading
the list of UniProt IDs, STRING illustrates the union
of all possible association networks.

IPA is a knowledgebase that contains approxi-
mately 2 270 000 biological and chemical interac-
tions and functional annotations with definite
scientific evidence, curated by expert biologists.!® By
uploading the list of Gene IDs and expression values,
the network-generation algorithm identifies focused
genes integrated in a global molecular network. IPA
calculates the score P-value, the statistical signifi-
cance of association between the genes and the net-
works by the Fisher’s exact test.

KeyMolnet contains knowledge-based content on
123 000 relationships among human genes and pro-
teins, small molecules, diseases, pathways and drugs,
curated by expert biologists.”® They are categorized
into the core content collected from selected review
articles with the highest reliability or the secondary
contents extracted from abstracts of PubMed and
Human Reference Protein database (HPRD). By
importing the list of Gene ID and expression values,
KeyMolnet automatically provides corresponding
molecules as a node on networks. The ““common
upstream’’ network-search algorithm enables us to
extract the most relevant molecular network com-
posed of the genes coordinately regulated by puta-
tive common upstream transcription factors. The
“neighboring” network-search algorithm selected
one or more molecules as starting points to generate
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the network of all kinds of molecular interactions
around starting molecules, including direct activa-
tion/inactivation, transcriptional activation/repres-
sion, and the complex formation within the
designated number of paths from starting points. The
“N-points to N-points”” network-search algorithm
identifies the molecular network constructed by the
shortest route connecting the start-point molecules
and the end-point molecules. The generated net-
work was compared side-by-side with 430 human
canonical pathways of the KeyMolnet library. The
algorithm counting the number of overlapping
molecular relations between the extracted network
and the canonical pathway makes it possible to iden-
tify the canonical pathway showing the most signifi-
cant contribution to the extracted network. The
significance in the similarity between both is scored
following the formula, where O is the number
of overlapping molecular relations between the
extracted network and the canonical pathway, V is
the number of molecular relations located in the
extracted network, C is the number of molecular
relations located in the canonical pathway, T is the
number of total molecular relations, and X is the
sigma variable that defines coincidence.

Score = —log, (Score[P])
Min(C,V)
Score(P) = Z f(x)
x=0

fx) = cCy 1-cCv-x/4Cv

Biomarkers for predicting MS relapse

Molecular mechanisms underlying acute relapse of
MS remain currently unknown. If molecular biomar-
kers for MS relapse are identified, we could predict
the timing of relapses, being invaluable to start the
earliest preventive intervention.

By gene expression profiling with Affymetrix
Human Genome U133 plus 2.0 arrays, Corvol et al.
identified 975 genes that separate clinically isolated
syndrome (CIS) into four groups.’’ Surprisingly,
92% of patients in group 1 were characterized by a
subset of 108 genes converted to clinically definite
MS (CDMS) within 9 months of the first attack.
They suggest downregulation of TOB1, a negative
regulator of T cell proliferation as a marker predict-
ing the conversion from CIS to CDMS. )

By gene expression profiling with Affymetrix
Human Genome U133A2 arrays, Achiron etal.
showed that 1578 DEG of peripheral blood mono-
nuclear cells (PBMC) of RRMS patients, differentiating

©® 2010 Japanese Society for Neuroimmunology
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acute relapse from remission, are enriched in the
apoptosis-related pathway, in which proapoptotic
genes are downregulated, whereas antiapoptotic
genes are upregulated during acute relapse.*? The
same group also compared 62 patients with CDMS
and 32 patients with CIS by combining gene expres-
sion profiling with the support vector machine
(SVM)-based prediction of time to the next acute
relapse, setting a two stage predictor composed of
First Level Predictors (FLP) and Fine Turning Predic-
tors (FTP).?> They identified three sets of the best
10-gene FLP that predict the next relapse with a res-
olution of 500 days and four sets of the best 9-gene
FTP that predict the forthcoming relapse with a reso-
lution of 50 days. The predictor genes are enriched
in the TGFB2-related signaling pathway. More
recently, Achiron et al. compared nine subjects who
developed MS during a 9-year follow-up period (the
preactive stage of MS; MS-to-be) and 11 control sub-
jects unaffected with MS (MS-free) by gene expres-
sion profiling.?* They found downregulation of
nuclear receptor NR4Al in the preactive stage of
MS, suggesting that self-reactive T cells are not elim-
inated in the MS-to-be population, owing to a defect
in the NR4Al-dependent apoptotic mechanism.

By gene expression profiling with a custom micro-
array of the Peter MacCallum Cancer Institute,
Arthur et al. showed that a set of dysregulated genes
in peripheral blood cells during the relapse and the
remission phases of RRMS are enriched in the cate-
gories involved in apoptosis and inflammation, when
annotated according to the GOstat program.?® They
also found upregulation of TGFB1 during the
relapse. These observations support the working
hypothesis that MS relapse involves an imbalance
between promoting and preventing apoptosis of
autoreactive and regulatory T cells. By gene expres-
sion analysis with Affymetrix Human Genome U133
plus 2.0 arrays, Brynedal et al. showed that MS
relapses reflect the gene expression change in PBMC,
but not in cerebrospinal fluid (CSF) lymphocytes,
suggesting the importance of initial events triggering
relapses occurring outside the CNS.2®

By gene expression profiling with a custom DNA
microarray (Hitachi Life Science, Saitama, Japan), we
identified 43 DEG in peripheral blood CD3* T cells
between the peak of acute relapse and the complete
remission of RRMS patients.”” We isolated highly
purified CD3* T cells, because autoreactive patho-
genic and regulatory cells, which potentially play a
major role in MS relapse and remission, might be
enriched in this fraction. By using 43 DEG as a set of
discriminators, hierarchical clustering separated the

© 2010 Japanese Society for Neuroimmunology
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cluster of relapse from that of remission. The molecu-
lar network of 43 DEG extracted by the common
upstream search of KeyMolnet showed the most sig-
nificant relationship with transcriptional regulation
by the nuclear factor-kappa B (NF-xB). NF-kB is a
central regulator of innate and adaptive immune
responses, cell proliferation, and apoptosis.?® A con-
siderable number of NF-xB target genes activate
NF-«B itself, providing a positive regulatory loop that
amplifies and perpetuates inflammatory responses,
leading to persistent activation of autoreactive T cells
in MS. These observations support thé logical hypoth-
esis that NF-kB plays a central role in triggering
molecular events in T cells responsible for induction
of acute relapse of MS, and suggest that aberrant gene
regulation by NF-xB on T-cell transcriptome serves as
a molecular biomarker for monitoring the clinical
disease activity of MS. Supporting this hypothesis,
increasing evidence has shown that NF-xB represents
a central molecular target for MS therapy.*’

We also studied the gene expression profile of
purified CD3* T cells isolated from four Hungarian
monozygotic MS twin pairs with a custom DNA
microarray (Hitachi Life Science, Saitama, Japan).*’
By comparing three concordant pairs and one discor-
dant pair, we identified 20 DEG aberrantly regulated
between the MS patient and the genetically identical
healthy subject. The molecular network of 20 DEG
extracted by the common upstream search of Key-
Molnet showed the most significant relationship with
transcriptional regulation by the Ets transcription
factor family. Ets transcription factor proteins, by
interacting with various co-regulatory factors, control
the expression of a wide range of target genes essen-
tial for cell proliferation, differentiation, transforma-
tion and apoptosis. Importantly, Ets-1, the prototype
of the EBts family members, acts as a negative
regulator of Th17 cell differentiation.”' It is worthy to
note that discordant monozygotic MS twin siblings
do not show any genetic or epigenetic differences, as
validated by whole genome sequencing analysis and
genome-scale DNA methylation profiling.®

Biomarkers for predicting IFN responders

Although recombinant IFNP therapy is widely used
as the gold standard to reduce disease activity of MS,
up to 50% of the patients continue to have relapses,
followed by progression of disability. If molecular
biomarkers for IFNB responsiveness are identified,
we could use the best treatment options depending
on the patients, being invaluable to establish the
personalized therapy of MS.
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By genome-wide screening of single-nucleotide
polymorphisms (SNP) with Affymetrix Human 100K
SNP arrays, Byun et al. identified allelic differences
between IFNP responders and non-responders of
RRMS patients in several genes, including HAPLN],
GPC5, COL25A1, CAST and NPAS3, although odds
ratios of SNP differences of individual genes are
fairly low.*?

By gene expression profiling with Affymetrix
Human Genome U133A Plus 2.0 arrays, Comabella
et al. showed that IFNPB non-responders of RRMS
patients after treatment for 2 years are characterized
by the overexpression of type I IFN-induced genes
in PBMC, associated with increased endogenous
production of type I IFN by monocytes at pre-
treatment.”®> These observations suggest that a
preactivated type I IEN signaling pathway is attribut-
able to IFNB non-responsiveness in MS. By gene
expression profiling with Affymetrix Human Gen-
ome Focus arrays, Sellebjerg et al. showed that
in vive injection of IFNP rapidly induces elevation of
IFI27, CCL2 and CXCL10 in PBMC of MS patients,
even after 6 months of treatment,> consistent with
previous studies.>® The induction of IFN-responsive
genes is greatly reduced in patients with neutralizing
antibodies (NAbs) against IFNB.>* In contrast, there
exist no global differences in gene expression profiles
of PBMC of RRMS patients between NAbs-negative
IFNB non-responders and responders.*¢

By gene expression profiling with Atfymetrix
Human Genome U133A/B arrays, Goertsches et al.
found that IFNP administration in vivo elevates a
panel of IFN-responsive genes in PBMC of RRMS
patients during a 2-year treatment, but it also down-
regulates several genes, including CD20, a known
target of B-cell depletion therapy in MS.*” By using
the PatHway ArcHiTeCcT software (Stratagene, La Jolla,
CA, USA), they identified two major gene networks
where upregulation of STAT1 and downregulation
of ITGA2B act as a central molecule, although they
did not further characterize the responder/non-
responder-linked gene expression profiles.

By gene expression profiling with a custom array
of the National Institutes of Health (NIH)/National
Institute of Neurological Disorders and Stroke
(NINDS) Microarray Consortium, Fernald et al.
showed that a 1-week IFNP administration in vivo
induces a set of coregulated genes whose networks
are related to immune- and apoptosis-regulatory
functions, involving JAK-STAT and NF-kB cascades,
whereas the networks of untreated subjects are com-
posed of the genes of cellular housekeeping func-
tions.?® By combining kinetic RT-PCR analysis of
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expression of 70 genes in PBMC of RRMS with the
integrated Bayesian inference system approach, the
same group previously reported that nine sets of
gene triplets detected at pretreatment, including a
panel of caspases, well predict the response to JFNp
with up to 86% accuracy.®

By gene expression profiling with a custom
microarary (Hitachi), we previously identified a set
of interferon-responsive genes expressed in purified
peripheral blood CD3* T cells of RRMS patients
receiving IFNB treatment*® IFNB immediately
induces a burst of expression of chemokine genes
with potential relevance to IFNB-related early
adverse effects in MS.* The majority of the top 30
most significant DEG in CD3* T cells between
untreated MS patients and healthy subjects are cate-
gorized into apoptosis signaling regulators.*? Further-
more, we found that T cell gene expression profiling
classifies a heterogeneous population of Japanese
MS patients into four distinct subgroups that differ
in the disease activity and therapeutic response to
IFNB.** We identified 286 DEG expressed between
72 untreated Japanese MS patients and 22 age- and
sex-matched healthy subjects. By importing the list
of 286 DEG into the common upstream search of
KeyMolnet, the generated network showed the most
significant relationship with transcriptional regula-
tion by NF-xB.>° Although none of the single genes
alone serve as a MS-specific biomarker gene, NR4A2
(NURR1), a target of NF-kB acting as a positive regu-
lator of IL-17 and IFNy production, is highly upregu-
lated in MS T cells.*?** 1t is worthy to note that
IFNB is beneficial in the disease induced by Thl
cells, but detrimental in the disease mediated by
Thl7 cells in mouse experimental autoimmune
encephalomyelitis (EAE), and IFNP non-responders
in RRMS patients show higher serum IL-17F levels,
suggesting that IL-17 serves as a biomarker predict-
ing a poor IFNp response in MS.**

Molecular networks of MS brain lesion proteome

Recently, Han et al. investigated a comprehensive
proteome of six frozen MS brains.” Proteins were
prepared from small pieces of brain tissues isolated
by laser-captured microdissection (LCM), and they
were characterized separately by the standard histo-
logical examination, and classified into acute plaques
(AP), chronic active plaques (CAP) or chronic
plaques (CP) based on the disease activity. The pro-
teins were then separated on one-dimensional SDS-
PADE gels, digested in-gel with trypsin, and peptide
fragments were processed for mass spectrometric

© 2010 Japanese Society for Neuroimmunology
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