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tibody at a dilution of 1:1,000 (Y011052; Applied Bi-
ological Materials, Richmond, BC, Canada). This an-
tibody was produced against a synthesized phospho-
peptide spanning R-P-SP-Y-R, derived from the hu-
man CREBI amino acid sequences surrounding the
serine 133 residue (Ser-133), and purified by affinity-
chromatography with an epitope-specific phosphopep-
tide. The specificity of the antibody was verified by
western blot analysis of a human neuronal cell line ex-
posed to forskolin in culture (not shown). After sev-
. eral washes, the tissue sections were incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit
antibody (Nichirei, Tokyo, Japan), and colorized with
DARB substrate (Vector Laboratories, Burlingame, CA,
USA), followed by a counterstain with hematoxylin.
The adjacent sections were immunolabeled with mouse
monoclonal anti-GFAP antibody (Nichirei). For nega-
tive controls, the step of incubation with primary anti-
bodies was omitted.

3. Results

3.1. Transcriptome dataset of Alzheimer disease
hippocampus

The dataset of Blalock et al. [10] contains genome-
wide transcriptome of the hippocampus CAl region,
derived from nine control subjects, seven patients with
incipient AD (IAD), eight with moderate AD, and sev-
en with severe AD. They identified 3,413 all stages of
AD-related genes (ADGs) and 609 IAD-related genes
(IADGs) based on significant clinical and pathological
correlations. We performed extensive curation of their
data, and extracted 2,883 Entrez Gene IDs of ADGs,
composed of 1,675 upregulated and 1,208 downregu-
lated genes in all stages of AD patients versus control
subjects (Supplementary Tables 1 and 2 online). We
also identified 559 Entrez Gene IDs of IADGs, com-
posed of 395 upregulated and 164 downregulated genes
in IAD patients versus control subjects (Supplementary
Tables 3 and 4 online).

3.2. The molecular network analysis of ADGs and
IADGs identified CREB as a central
transcription factor

First, we imported 2,883 Entrez Gene IDs of ADGs,
along with the expression levels, into KeyMolnet (the
version 4.9.9.616 of July 1, 2009). The common up-
stream search of the core contents generated a com-

plex network composed of 508 fundamental nodes with
735 molecular relations, arranged with respect to sub-
cellular location of the molecules by the editing func-
tion of KeyMolnet (Fig. 1). By statistical evaluation,
the extracted network showed the most significant rela-
tionship with transcriptional regulation by CREB with
the score of 229 and score (p) = 1.141E-069, where
CREB is located as a common upstream transcription
factor that has direct connections with 50 nodes, all of
which are known CRE-responsive genes (Fig. 2 and
Table 1). Unexpectedly, the CREB-regulated transcrip-
tional network is comprised of not only 17 upregulat-
ed ADGs but also 26 downregulated ADGs. These
results suggest not simply either overactivation or hy-
poactivation of CREB but an involvement of general-
ized deregulation of the CREB signaling pathway in
the pathophysiology of AD. The second rank pathway
was transcriptional regulation by nuclear factor kap-
pa B (NF-xB) with the score of 158 and score (p) =
1.945E-048 (Supplementary Fig. 1 online), while the
third rank was transcriptional regulation by vitamin D
receptor (VDR) with the score of 140 and score (p) =
5.841E-042 (Supplementary Fig. 2 online).

Next, we imported 559 Entrez Gene IDs of IADGs
and the expression levels into KeyMolnet. Subsequent-
ly, the common upstream search of the core con-
tents generated a less complex network composed of
143 fundamental nodes with 190 molecular relations
(Fig. 3). By statistical evaluation, the extracted net-
work showed again the most significant relationship
with transcriptional regulation by CREB with the score
of 71 and score (p) = 3.325E-022, comprised of 5 up-
regulated and 5 downregulated IADGs (Fig. 4 and Ta-
ble 1). These results suggest that functional impair-
ment of CREB in the AD hippocampus is beginning at
the early stage of the disease. The second rank pathway
was transcriptional regulation by NF-«B or by gluco-
corticoid receptor (GR) with the identical score of 53
and score (p) =.1.163E-016 between both.

3.3. Granulovacuolar degeneration in hippocampal
neurons of AD brains expressed pCREB
immunoreactivity

It is well known that a wide range of extracellular
stimuli activates CREB by inducing phosphorylation
of Ser-133 on CREB, thereby it functions as a tran-
scriptional activator [18,19]. Because the molecular
network of both ADGs and IADGs reflects persistent
impairment of CREB function in the AD hippocampus,
we studied the expression of Ser-133-phosphorylated
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Table 1
The list of 51 genes constructing the CREB-regulated transcriptional network in AD hippocampus
KeyMolnet Gene name Upregulation or  Involvement Swiss-Prot ID
symbol downregulation® in IAD network
14-3-3epsilon 14-3-3 protein epsilon down P62258
AChE acetylcholinestrase down P22303
AhR arylhydrocarbon receptor km P35869
BCKDH branched-chain alpha-keto acid dehydrogenase down P09622, P11182, P12694, P21953
Bcl-2 B-cell lymphoma 2 up P10415
BiP 78 kDa glucose-regulated protein down yes P11021
BRCAl breast cancer type 1 susceptibility protein up P38398
C/EBPb CCAAT/enhancer binding protein beta km yes P17676
CCK cholecystokinin down P06307
CDK5 cyclin dependent kinase 5 down Q00535
ChromograninA chromogranin A down P10645
CPT carnitine palmitoyl transferase up yes P50416, Q92523, Q8TCGS, P23786
CREB cAMP-response-element-binding-protein km yes P16220
CRF corticotropin-releasing factor down yes P06850
cyclinA cyclin A down P78396, P20248
cyto-c cytochrome ¢ down P99999
DIO2 type Il iodothyronine deiodinase down Q92813
Egrl early growth response protein 1 up : P18146
ENO2 neuron-specific enolase down P09104
FN1 fibronectin 1 down P02751
GADD34 protein phosphatase 1, regulatory subunit I5A  up 075807
GluR1 glutamate receptor 1 down P42261
GR glucocorticoid receptor km yes P04150
GS glutamine synthetase down yes P15104
HO-1 heme oxygenase | up P09601
ICAM-1 intercellular adhesion molecule 1 up P05362
IGF1 insulin-like growth factor 1 . down P01343, P05019
IL-6 interleukin-6 up P05231
JunD transcription factor Jun-D up yes P17535
LDH L-lactate dehydrogenase down Q6ZMR3, Q9BYZ2, P00338,
P07195, P07864
MITF microphthalmia-associated transcription factor  up yes 075030
MnSOD manganese superoxide dismutase up P04179
NF-L neurofilament triplet L protein down P07196
NPY neuropeptide Y down P01303
NR4A2 orphan nuclear receptor NR4A2 km P43354
OoDC ornithine decarboxylase up P11926
PC prohormone convertase down P29120, P16519, Q16549
PCB pyruvate carboxylase up yes P11498
PCNA proliferating cell nuclear antigen down P12004
PER1 period circadian protein 1 up yes . 015534
PER2 period circadian protein 2 up 015055
Pit-1 pituitary-specific positive transcription factor 1 ~ km yes P28069
PPT-A preprotachykinin A down yes P20366
proenkeph proenkephalin down P01213, P01210
SGK serum- and glucocorticoid-inducible kinase up yes 000141, Q9HBYS, Q96BR1
SST somatostatin down yes P61278
STAT3 signal transducer and activator of transcription 3 km yes P40763
Synapsinl synapsin-1 down P17600
TGFb2 transforming growth factor beta 2 up P61812
TyrAT tyrosine aminotransferase up P17735
VIP vasoactive intestinal peptide down P01282

Km represents additional nodes unlisted in the original set of 2,883 ADGs but automatically incorporated from KeyMolnet core contents following
the network-searching algorithm.

CREB (pCREB) in 11 AD and 13 age-matched control dal neurons in both AD and non-AD brains, expressed

brains by immunohistochemistry. The granular com- strong immunoreactivity against pPCREB (Fig. 5, pan-
ponents of granulovacuolar degeneration (GVD), ac- els a-d). However, the nuclei of hippocampal pyra-
cumulated in the cytoplasm of hippocampal pyrami- midal neurons were devoid of pCREB immunoreac-
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Fig. 1. Molecular network of all stages of AD-related genes (ADGs). The list of 2,883 Entrez Gene IDs corresponding to ADGs was imported
into KeyMolnet. The common upstream search of the core contents generated a network composed of 508 fundamental nodes with 735 molecular
relations, arranged with respect to subcellular location of the molecules. Red nodes represent upregulated genes, whereas blue nodes represent
downregulated genes. White nodes exhibit additional nodes extracted automatically from the core contents incorporated in the network to
establish molecular connections. The direction of molecular relation is indicated by red-colored dash line with arrow (transcriptional activation)
or blue-colored dash line with arrow and stop (transcriptional repression).

tivity. In addition, the vacuolar component of GVD
lacked pCREB immunoreactivity, while neuritic pro-
cesses of hippocampal neurons expressed variable lev-
els of pCREB immunoreactivity (Fig. 5, panel c).
pCREB-immunoreactive GVD-bearing neurons were
distributed chiefly in the CA1-CA3 sectors. Senile
plaques and neurofibrillary tangles were completely de-
void of pCREB immunolabeling. Although the num-
ber of pCREB-immunoreactive GVD-bearing neurons
was varied among the cases, it was significantly greater
in the hippocampus of AD compared with non-AD
(p = 0.00020 by Mann-Whiteney’s U test) (Fig. 6).
pCREB-immunoreactive GVD-bearing neurons were
occasionally found in the CA4 and subicular regions
of AD brains, but barely detectable in the correspond-
ing regions of non-AD brains. In both AD and non-
AD brains, substantial numbers of neuronal axons dis-
tributed in the white matter of the motor cortex ex-

pressed intense pCREB immunoreactivity (Fig. 5, pan-
el €). In both AD and non-AD brains, a subpopula-
tion of reactive astrocytes and almost all ependymal
cells expressed strong pCREB immunoreactivity, but
it was located predominantly in their nuclei (Fig. 5,
panel f). In both AD and non-AD brains, most neu--
rons except for hippocampal pyramidal neurons did not
express discernible pCREB immunoreactivity in their
cell bodies and nuclei. Neither oligodendrocytes nor
microglia expressed pPCREB immunoreactivity in any
cases examined.

4. Discussion
Since microarray analysis usually produces a large

amount of gene expression data at one time, it is of-
ten difficult to find out the meaningful relationship be-
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Fig. 2. The CREB-regulated transcriptional network of ADGs. The CREB-regulated transcripﬁonal network extracted from the ADG network
of Fig. 1 consists of a central node of CREB and 50 connecting nodes of CREB target genes listed in Table 1.

tween gene expression profile and biological implica-
tions from such a large quantity of available data. To
overcome this difficulty, we have made a breakthrough
to identify the molecular network most closely asso-
ciated with microarray data by using a novel bioin-
formatics tool named KeyMolnet [12]. KeyMolnet in-
cludes the highly reliable information on a wide range
of human proteins, small molecules, molecular rela-
tions, diseases, and drugs. All the contents are man-
ually collected and carefully curated by experts from
the literature and public databases. The application of
KeyMolnet has an advantage that the user can easily
merge microarray data with the comprehensive knowl-
edgebase to characterize pathophysiologically mean-
ingful networks from the high-throughput gene expres-
sion data [20,21]. In particular, the common upstream
search is the most powerful approach to identify a bat-
tery of common transcription factors governing molec-
ular networks closely associated with aberrant gene ex-
pression. By using KeyMolnet, we characterized the
molecular network of 2,883 ADGs and 559 IADGs

that show significant correlations with MMSE score
and NFT burden in either all stages of AD or the early
stage of AD [10]. We identified CREB as the central
transcription factor that exhibits the most significant
relevance to molecular networks of both ADGs and
IADGs.

CREB is the prototype stimulus-inducible transcrip-
tion factor binding as a dimer to a conserved cAMP-
responsive element (CRE) of the target genes [18,19].
CREB is promptly activated in response to a wide range
of extracellular stimuli, such as growth factors, peptide
hormones, and neuronal activity, all of which activate
various protein kinases such as PKA, mitogen-activated
protein kinases (MAPKs), and Ca?*/calmodulin-
dependent protein kinases (CAMKSs). They phospho-
rylate Ser-133 located in the KID domain of CREB.
The phosphorylation of Ser-133 on CREB (pCREB)
induces the recruitment of a transcriptional coactiva-
tor named CREB binding protein (CBP), thereby ac-
tivates the expression of CRE-responsive genes. The
CREB target genes play key roles in neuronal devel-
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Fig. 3. Molecular network of incipient AD-related genes (IADGs). The list of 559 Entrez Gene IDs corresponding to IADGs was imported into
KeyMolnet. The common upstream search of the core contents generated a network composed of 143 fundamental nodes with 190 molecular
relations, arranged with respect to subcellular location of the molecules. Red nodes represent upregulated genes, whereas blue nodes represent
downregulated genes. White nodes exhibit additional nodes extracted automatically from the core contents incorporated in the network to
establish molecular connections. The direction of molecular relation is indicated by red-colored dash line with arrow (transcriptional activation)
or blue-colored dash line with arrow and stop (transcriptional repression).

opment, synaptic plasticity, and neuroprotection in the
central nervous system (CNS). Currently, we are able
to search thousands of CREB target genes via the web-
accessible database (natural.salk.edu/CREB) [22]. In
the present study, the CREB-regulated transcriptional
network consisted of both upregulated and downregu-
lated sets of ADGs and IADGs. These observations
suggest not simply either overactivation or hypoactiva-
tion of CREB but an involvement of generalized dereg-
ulation of the CREB signaling pathway in the patho-
physiology of AD, emerging at the early stage of the
disease.

To verify the in silico observations in vivo, we con-
ducted immunohistochemical studies of 11 AD and
13 age-matched non-AD control brains by using anti-
pCREB antibody. We identified aberrant pCREB im-
munoreactivity concentrated in granules of GVD in the
hippocampus of both AD and non-AD brains, where the
number of pPCREB-immunoreactive GVD-bearing neu-

rons was significantly greater in AD than non-AD cas-
es. These results suggest that pCREB-immunoreactive
GVD does not itself serve as an AD-specific diagnostic
marker. However, these observations would support the
hypothesis that sequestration of pCREB in GVD gran-
ules might be in part attributable to disturbed CREB-
regulated gene expression in AD hippocampus.
Physiologically, CREB plays a pivotal role in the
long-term memory formation in CA1 hippocampal neu-
rons [23]. A previous study by western blot analysis
showed that pCREB levels are reduced in AD brain
tissues, although the cellular and subcellular location
of pCREB was not characterized [24]. In a rat mod-
el, cortical impact injury induces a cognitive impair-
ment, associated with reduced expression of CREB and
target genes in the ipsilateral hippocampus [25]. A
phosphodiesterase-4 inhibitor rolipram, by activating
the cAMP/PK A/CREB signaling pathway, ameliorates
deficits in long-term potential and cognitive function
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Fig. 4. The CREB-regulated transcriptional network of IADGs. The CREB-regulated transcriptional network extracted from the IADG network
of Fig. 3 consists of a central node of CREB and 15 connecting nodes of CREB target genes listed in Table 1.

in a transgenic mouse model of AD [26]. Overacti-
vation of calpain induces proteolysis of PKA subunits,
resulting in inactivation of CREB in AD brains [27].
High levels of intracellular A induce sustained hyper-
phosphorylation of CREB that blocks nuclear translo-
cation of pCREB, resulting in inactivation of CREB-
regulated gene expression [28]. The A oligomers inac-
tivate MAPKs, PKA, and cyclic GMP-dependent pro-
tein kinase essential for CREB activation in hippocam-
pal neurons [29-31]. Long-term treatment with green
tea catechin reduces the levels of A3 oligomers, there-
by restores the expression of CREB target genes, such
as BDNF and PSD95, in the hippocampus [32]. All
of these observations support a possible scenario that
a defect in the CREB-mediated signaling pathway in
hippocampal neurons causes cognitive disturbance dur-
ing progression of AD. Therefore, CREB serves as a
promising molecular target for treatment of dementia
in AD [33].

The accumulation of misfolded cellular proteins
within neurons, due to a defect in the clearance sys-

tem, such as the ubiquitin-proteasome system (UPS)
and the autophagic-lysosomal system, is a pathological
hallmark of various neurodegenerative diseases [34].
Degradation of CREB involves nuclear export of
CREB, modification by polyubiquitination, and pro-
cessing for proteasomes, suggesting that UPS is a ma-
jor system for CREB degradation under normal phys-
iological conditions [35,36]. We identified an abnor-
mal accumulation of pCREB in GVD granules of hip-
pocampal neurons in AD brains. GVD is a patholog-
ical change characterized by electron-dense granules
within double membrane-bound cytoplasmic vacuoles
that highly resemble autophagosomes [37]. The emer-
gence of GVD is confined to hippocampal pyramidal
neurons of AD brains, and infrequently found in those
of other neurodegenerative diseases. GVD is barely de-
tectable in other brain regions. It plays a role in seques-
tration and degradation of unnecessary proteins and or-
ganelles in neurons exposed to aging-related stressful
insults [37]. The active forms of caspase-3, glycogen
synthase kinase-33 (GSK-3/3), c-Jun N-terminal kinase
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Fig. 5. pCREB immunoreactivity in AD and non-AD brains. The tissue sections of the hippocampus (HC) and the motor cortex (MC) of 11
AD patients and 13 other neurological disease (non-AD) patients were immunolabeled with an antibody against Ser-133-phosphorylated CREB
(pCREB). (a) HC CALl of a 59-year-old AD patient. The granular components of granulovacuolar degeneration (GVD) accumulated in the
cytoplasm of pyramidal neurons exhibit strong pCREB immunoreactivity. (b) HC CA1 of a 68-year-old AD patient. The granular components
of GVD accumulated in the cytoplasm of pyramidal neurons exhibit strong pPCREB immunoreactivity. (c) HC CA3 of a 77 year-old AD patient.
The vacuolar components of GVD are devoid of pCREB immunoreactivity. Neuritic processes of hippocampal neurons express variable levels
of pCREB immunoreactivity. (d) HC CAl of a 68 year-old myotonic dystrophy patient. The granular components of GVD accumulated in the
cytoplasm of pyramidal neurons exhibit strong pCREB immunoreactivity. (€) MC of a 72-year-old AD patient. Substantial numbers of neuronal
axons in the white matter of the motor cortex express strong pCREB immunoreactivity. (f) The periventricular white matter in the hippocampus
of an 80 year-old AD patient. A subpopulation of reactive astrocytes express strong pPCREB immunoreactivity located predominantly in their

nuclei.

(JNK), c-Jun, pancreatic elF2-alpha kinase (PERK),
and TAR DNA-binding protein-43 (TDP-43), all of
which are modified by phosphorylation, are found to
be accumulated in GVD granules of hippocampal neu-
rons in AD brains [38—43]. GVD granules also include
cytoskeletal proteins, such as neurofilament, tubulin,
and tau, along with ubiquitin [44,45]. At present, the
precise implication of pCREB accumulation in GVD
granules of hippocampal neurons in AD brains remains
unknown. Importantly, degenerating neurons but not
apparently healthy neurons in AD brains exhibit the
profuse accumulation of autophagic vacuoles (AVs),

owing to decreased clearance of AVs [46], suggesting
an involvement of impaired autophagy function in for-
mation of pCREB-accumulated GVD granules.

We found that neuronal axons, neuritic processes,
and a subpopulation of reactive astrocytes also express
pCREB immunoreactivity in both AD and non-AD
brains. In a rat model of neuronal injury, reactive astro-
cytes express pCREB following intracerebroventricu-
lar injection of kinate [47]. In developing mouse DRG
neurons, CREB protein is translated in response to NGF
from the corresponding mRNA located in axons, and
subsequently translocated to the cell body via a retro-
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Fig. 6. The number of pCREB-immunoreactive GVD-bearing neurons in the hippocampus of AD and non-AD brains. The number of
pCREB-immunoreactive GVD-bearing neurons was counted in the CAl, CA2, CA3 and CA4 sectors and the subiculum of the hippocampus,
derived from 11 AD cases and 13 age and sex-matched other neurological disease (non-AD) cases. Non-AD cases include three patients with
Parkinson disease (PD), two with multiple system atrophy (MSA), four with amyotrophic lateral sclerosis (ALS), and four with myotonic
dystrophy. The total number in each case is plotted. The statistical difference in the numbers between AD and non-AD was evaluated by

Mann-Whitney’s U test.

grade axonal transport [48]. These observations would
provide an explanation for glial or axonal location of
CREB and pCREB.

We identified NF-xB-regulated gene expression as
the second significant pathway in the molecular net-
work of AGDs and IADGs (Supplementary Fig. 1
online). The NF-xB family, consisting of NF-xB1
(p50/p105), NF-xkB2 (p52/p100), RelA (p65), RelB,
and c-Rel, acts as a central regulator of innate and adap-
tive immune responses, cell proliferation, and apopto-
sis [49]. Under unstimulated conditions, NF-sB is se-
questrated in the cytoplasm via non-covalent interac-
tion with the inhibitor of NF-xB (IxB). Proinflammato-
ry cytokines and stress-inducing agents activate specific
1xB kinases that phosphorylate IxB proteins. Phospho-
rylated IxBs are ubiquitinated, and then processed for
proteasome-mediated degradation, resulting in nuclear
translocation of NF-xB that regulates the expression of
hundreds of target genes by binding to the consensus
sequence located in the promoter. Importantly, the ex-
pression of NF-xB p65 is enhanced in neurons, NFTs,
and dystrophic neurites in the hippocampus and en-

torhinal cortex of AD brains [50]. A NF-xB-inducible
microRNA, MiR-146a, reduces the expression of com-
plement factor H (CFH), a negative regulator of proin-
flammatory responses in AD brains [51].

We also identified gene expression regulated by vi-
tamin D receptor (VDR) as the third significant path-
way in the molecular network of AGDs (Supplemen-
tary Fig. 2 online). Vitamin D plays a neuroprotec-
tive role by modulating neuronal calcium homeostasis.
By forming a heterodimer with the retinoid X receptor
(RXR), VDR activates the transcription of target genes
with the vitamin D response element (VDRE) in the
promoter. A significant association is found between
VDR gene polymorphism and development of AD [52].
In AD brains, the expression of VDR and its target
calbindin D28K is downregulated in hippocampal CA 1
neurons [53].

In conclusion, KeyMolnet has effectively charac-
terized molecular network of 2,883 ADGs and 559
IADGs. The common upstream search identified CREB
as the principal transcription factor that regulates
molecular networks of both ADGs and IADGs. Im-
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munohistochemical study showed an abnormal accu-
mulation of pCREB in GVD granules in hippocampal
neurons of AD brains. These observations suggest that
aberrant CREB-mediated gene regulation serves as a
molecular biomarker of AD-related pathological pro-
cesses, and support the hypothesis that sequestration
of pCREB in GVD granules is in part responsible for
deregulation of CREB-mediated gene expression in AD
hippocampus.

5. Supplemental Material

Supplemental figures and tables can be found on
http://www.my-pharm.ac.jp/ satoj/sub19.htm] as down-
loadable PDF files.
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Protein microarray analysis identifies cyclic
nucleotide phosphodiesterase as an interactor
of Nogo-A
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Nogo-A, a neurite outgrowth inhibitor, is expressed exclu-
sively on oligodendrocytes and neurons in the CNS. The
central domain of Amino-Nogo spanning amino acids 567-
748 in the human Nogo-A designated NIG, mediates per-
sistent inhibition of axonal outgrowth and induces growth
cone collapse by signaling through an as yet unidentified
NIG receptor. We identified 82 NIG-interacting proteins by
screening a high-density human protein microarray com-
posed of 5000 proteins with a recombinant NIG protein
as a probe. Following an intensive database search, we
selected 12 neuron/oligodendrocyte-associated NIG inter-
actors. Among them, we verified the molecular interaction
of NIG with 2, 3'-cyclic nucleotide 3'-phosphodiesterase
(CNP), a cell type-specific marker of oligodendrocytes, by
immunoprecipitation and cell imaging analysis. Although
CNP located chiefly in the cytoplasm of oligodendrocytes
might not serve as a cell-surface NIG receptor, it could act
as a conformational stabilizer for the intrinsically unstruc-
tured large segment of Amino-Nogo.

Key words: CNP, NIG, Nogo-A, protein microarray,
protein-protein interaction.

INTRODUCTION

Nogo is a family of myelin-associated inhibitors for axonal
regeneration in the CNS.' It consists of three isoforms
named A, B and C, all of which share a C-terminal 66 amino
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acid segment named Nogo-66. Nogo-A, the longest isoform
with the strongest activity of neurite outgrowth inhibition,
is expressed exclusively in myelin sheaths and oligodendro-
cytes on the cell surface and in the endoplasmic reticulum
(ER), in addition to a subpopulation of neurons in the
adult CNS. Nogo-A also plays a key role in maturation of
oligodendrocytes in vivo.2 Nogo-B is ubiquitously distrib-
uted both inside and outside the CNS, while Nogo-C, the
shortest isoform, is enriched in skeletal muscle. Nogo-A
has at least two discrete domains that exhibit neuronal
growth-inhibitory activities.” One is located in the Nogo-
A-specific C-terminal segment of Amino-Nogo, and the
other is Nogo-66. The N-terminal segment of Amino-Nogo,
shared between Nogo-A and Nogo-B, plays a role in vas-
cular remodeling. Nogo-66, along with oligodendrocyte-
myelin glycoprotein (OMgp) and myelin-associated
glycoprotein (MAG), transduces inhibitory signals via a
molecular complex composed of the Nogo receptor (NgR),
Lingo-1, and p75V™ or Troy by activating RhoA that medi-
ates actin depolymerization responsible for the collapse of
growth cones on regenerating axons.'

The Nogo-A-specific C-terminal segment of Amino-
Nogo, being conformationally unfolded,** mediates persis-
tent inhibition of axonal outgrowth and induces growth
cone collapse via the NgR-independent mechanism.® The
central region of this segment spanning amino acids 567-
748 in the human Nogo-A designated NIG, is pivotal for
this activity.® Because the NIG domain exists only in
Nogo-A, it provides an explanation for Nogo-A acting as
the most potent inhibitor of axonal growth among three
Nogo isoforms. Importantly, treatment with the antibody
raised against the Nogo-A-specific domain enhances
sprouting of corticospinal axons and promotes functional
recovery following spinal cord injury in adult primates.” A
previous study showed that the predominant proteins that
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interact with Nogo-A are Nogo-B and Nogo-C.* Although
Amino-Nogo interacts with a5 and o integrins,’ the NIG-
specific receptor remains to be characterized.

Recently, protein microarray technology has been
established for rapid and systematic screening of protein-
protein interactions in a high-throughput fashion." The
protein microarray is a chip on which thousands of func-
tional proteins are immobilized. By reacting the array with
the specific protein as a probe, it enables us to efficiently
identify the target protein on chip as a binding partner.
Protein microarray has a wide range of applications, includ-
ing characterization of antibody specificity and autoanti-
body repertoire, and identification of novel biomarkers
and molecular targets associated with disease type, stage
and progression.”” In the present study, we attempted to
characterize a comprehensive profile of NIG-interacting
proteins, which might include a candidate for NIG recep-
tors, by using the high-density human protein microarray.

MATERIALS AND METHODS

Protein microarray analysis

We utilized ProtoArray v3.0 (Invitrogen, Carlsbad, CA,
USA) that contains 5000 recombinant glutathione
S-transferase (GST)-tagged human proteins expressed
by the baculovirus expression system. They are purified
to ensure the preservation of native structure, post-
translational modifications, and proper functionality, as
described previously.'"'? The target proteins cover a wide
range of biologically important proteins, and the complete
list is shown in Table S1 online. The proteins are spotted
on the glass slide in an arrangement of 4 x 12 subarrays
equally spaced in vertical and horizontal directions.
Because target proteins on the array protrude from the
surface via N-terminal GST serving as a spacer, the probe
is spatially accessible to all parts of them. Each subarray
includes 20 x 20 spots, composed of 76 positive and nega-
tive control spots, 222 human target proteins, and 102
blanks and empty spots.

To prepare the probe for microarray analysis, the gene
encoding the human NIG domain (NM_020532) was
amplified by PCR with the primer set of 5'actggtacaaagat
tgcttatgaa3d’ and 5S'aaataagtcaactggttcagaatc3’. It is worthy
to note that the amino acid sequence of human NIG shows
82% and 80% identity to the rat or mouse ortholog, respec-
tively. The PCR product was first cloned into the vector
pSecTag/FRT/V5-His-TOPO (Invitrogen). Then, the gene
segment coding for V5-tagged NIG was transferred into
the vector pTrcHis-TOPO (Invitrogen). The V5-tagged
NIG protein was expressed in E. coli and purified from the
lysate by passing through the histidine-tagged proteins
(HIS)-select spin column (Sigma, St. Louis, MO, USA), as

K Sumiyoshi et al.

described previously.!"'? The purity and specificity of the
probe were verified by silver stain and Western blot with
mouse monoclonal anti-V5 antibody (Invitrogen) and
sheep polyclonal anti-human NIG antibody (AF3515;
R&D Systems, Minneapolis, MN, USA).

To block non-specific binding, the array was incubated
at 4°C for 1 h with the phosphate-buffered saline supple-
mented with Tween 20 (PBST) blocking buffer, composed
of 1% bovine serum albumin (BSA) and 0.1% Tween 20
in phosphate-buffered saline (PBS). Then, the array was
incubated at 4°C for 90 min with the probe described
above at a concentration of 100 pg/mL in the probing
buffer, according to the methods described previously."'
The array was then incubated at 4°C for 30 min with Alexa
Fluor 647-conjugated mouse monoclonal anti-V5 antibody
(Invitrogen). After washing, it was scanned by the
GenePix 4200A scanner (Axon Instruments, Union City,
CA, USA) at a wavelength of 635 nm. The data were ana-
lyzed by using the ProtoArray Prospector software v4.0
(Invitrogen), following acquisition of the microarray lot-
specific information that compensates inter-lot variations
among arrays in protein concentrations identified by the
post-printing quality control. The spots showing the
background-subtracted signal intensity value greater than
the median plus three standard deviations of all the fluo-
rescence intensities were considered as having significant
interactions. The Z-score was calculated as the
background-subtracted signal intensity value of the target
protein minus the average of the background-subtracted
signal intensity value from the negative control distribu-
tion, divided by the standard deviation of the negative
control distribution. The cut-off value of Z-score was set as
3, as described previously.'"

Immunoprecipitation and Western blot analysis

The coimmunoprecipitation analysis was performed
according to the methods described previously."* In brief,
the protein extract was prepared from the cells and tissues
solubilized in mammalian protein extraction reagent
(M-PER) protein extraction buffer (Pierce, Rockford, IL,
USA). After preclearance, it was processed for immuno-
precipitation with rabbit polyclonal anti-Nogo-A antibody
(H-300; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or rabbit polyclonal anti-2’, 3-cyclic nucleotide
3’-phosphodiesterase (CNP) antibody (M-300; Santa Cruz
Biotechnology). The precipitates were then processed for
Western blot with anti-NIG antibody (AF3515) or mouse
monoclonal anti-CNP antibody (11-5B; Sigma). The nega-
tive control included normal rabbit IgG instead of specific
antibodies during the immunoprecipitation process. The
specific reaction was visualized by using a chemilumines-
cence substrate (Pierce).

© 2009 Japanese Society of Neuropathology
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CNP interacts with Nogo-A

To specify the CNP-interacting domain of Nogo-A, the
protein extract of HEK293 cells, in which the transgenes
encoding NIG and CNP were coexpressed, was processed
for coimmunoprecipition analysis. To achieve this, the NIG
gene or the full-length CNP gene was amplified by PCR,
and cloned into the expression vector p3XFLAG-CMV7.1
(Sigma) or pCMV-Myc (Clontech, Mountain View, CA,
USA) to express a fusion protein with an N-terminal Flag
or Myc tag, respectively. After cotransfection of the vectors
in HEK293 cells, the protein extract was processed for
immunoprecipitation with mouse monoclonal anti-Flag
M2 affinity gel (Sigma) or rabbit polyclonal anti-Myc-
conjugated agarose (Sigma). This was followed by Western
blot with rabbit polyclonal anti-Myc antibody (Sigma) and
mouse monoclonal anti-FLAG M2 antibody (Sigma).

Cell imaging, immunocytochemistry and
immunohistochemistry

To determine coexpression of NIG and CNP in neural cell
cultures, the NIG gene or the full-length CNP was cloned
into the expression vector pDsRed-Express-C1 (Clontech)
or pFN2A CMYV Flexi (Promega, Madison, W1, USA) to
express a fusion protein with an N-terminal DsRed or Halo
tag, respectively. They were cotransfected in SK-N-SH
neuroblastoma cells. At 24-48 h after transfection, the cells
were exposed to Oregon Green (Promega), a fluoro-
chrome specifically bound to the Halo tag protein. In some
experiments, primary cultures established from the brain of
newborn Institute of Cancer Research (ICR) mice were
processed for double-immunolabeling with anti-NIG anti-
body (AF3515) and anti-CNP antibody (11-5B), followed
by labeling with Alexa Fluor 568-conjugated anti-sheep
IgG (Invitrogen) and Alexa Fluor 488-conjugated anti-
mouse IgG (Invitrogen). Subsequently, the cells were
fixed briefly in 4% paraformaldehyde, exposed to 4,
6’-diamidino-2-phenylindole (DAPI; Invitrogen), mounted
on slides with glycerol-polyvinyl alcohol, and examined on
the Olympus BX51 universal microscope.

For double-labeling immunohistochemistry, deparaffi-
nated tissue sections were heated in 10 mmol/L citrate
sodium buffer, pH 6.0 by autoclave for 30s at 125°C in a
temperature-controlled pressure chamber (Dako, Tokyo,
Japan). They were incubated with PBS containing 10%
normal goat serum for 15 min at room temperature (RT)
to block non-specific staining, Then, tissue sections were
stained at RT overnight with anti-CNP antibody (11-5B),
followed by incubation with alkaline phosphatase (AP)-
conjugated anti-mouse IgG (Nichirei, Tokyo, Japan), and
colorized with New Fuchsin substrate. After inactivation of
the antibody by autoclaving the sections at 125°C for 30 s
in 10 mM citrate sodium buffer, pH 6.0, the tissue sections
were treated for 15min with 3% hydrogen peroxide-

© 2009 Japanese Society of Neuropathology

containing distilled water to block the endogenous peroxi-
dase activity. Then, they were relabeled with anti-Nogo-A
antibody (H-300) or anti-NIG antibody (AF-3515), fol-
lowed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies, and colorized with DAB
substrate and a counterstain with hematoxylin. For
negative controls, the step of incubation with primary
antibodies was omitted.

RESULTS

Protein microarray-identified 82 NIG interactors

For protein microarray analysis, we prepared a highly puri-
fied V5-tagged NIG probe showing a single 45-kDa band in
a 12% SDS-PAGE gel (Fig. 1a, lanes 1-3). By screening the
protein microarray with this probe, we identified 82 pro-
teins as those showing significant interaction with NIG
among 5000 proteins on the array. They are listed in
Table S2 online. Because Nogo-A is located not only on the
plasma membrane of oligodendrocytes, but also in the ER
where the NIG domain is exposed to the cytosol, it is not
surprising that many extramembrane proteins are listed in
NIG-interacting partners.

Selection of CNP as the most probable NIG
interactor candidate

First, for 82 NIG interactors, we investigated the EST
profile on UniGene (http://www.ncbi.nim.nih.gov/
UniGene), the protein expression profile on Human
Protein  Reference  Database = (HPRD;  http:/
www.hprd.org), and the mRNA expression profile of
mouse orthologs in the brain on the Allen Brain Atlas
(ABA) database (http://www.brain-map.org), a high-
throughput ir situ hybridization atlas of gene expression
pattern in the adult mouse brain.!* The database search
suggested that the great majority of 82 NIG interactors
represent non-neural proteins, suggesting the promiscuous
binding of most NIG interactors in a non-physiological
setting on the array. Therefore, we focused exclusively on
the proteins whose expression in the CNS is supported by
the expression profiling on UniGene, HRPD and ABA
databases. Subsequently, we identified the proteins highly
relevant to the biological function of Nogo-A by searching
on PubMed by importing brain, neuron, neurite, axon,
myelin, or oligodendrocyte as search terms. Following
intensive search, we retrieved 12 neuron/oligodendrocyte-
associated NIG interactors that were hit by any of these
key words (Table 1). Among them, we finally found that
only CNP (the spots in Fig. 1b), a cell type-specific marker
for oligodendrocytes, has a physiological relevance to
axon, myelin and oligodendrocytes (see the details in the
Discussion section).
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Fig.1 Protein microarray and immuno-
precipitation analysis. (a) The V5-tagged
NIG-specific probe utilized for microarray
analysis. The probe (0.3 pg each lane) was
separated by a 12% SDS-PAGE gel. The
silver stain of the gel with the position of
molecular weight markers (lane 1). The
blot was labeled with anti-V5 antibody

IP: anti-CNP Ab
WB: anti-NIG Ab

(b)
____ @

IP: anti-Nogo-A Ab
WB: anti-CNP Ab

(lane 2) and anti-human NIG antibody
(lane 3). (b) Anti-2’, 3"-cyclic nucleotide
3’-phosphodiesterase (CNP) identified as
a NIG interactor on the array. The protein
microarray containing duplicate spots of
5000 proteins is composed of 4 x 12 subar-
rays. Each subarray includes 20 x 20 spots,
composed of 76 control spots, including 14
positive and 62 negative control spots, 222
human target proteins, and 102 blanks and

IP: anti-CNP Ab
WB: anti-NIG Ab

(€ . anti-Flag Ab
WB: anti-Myc Ab

empty spots. The subarray No. 20 is shown.
The spots positioned at row 10, columns
19, 20 indicated by an enclosed yellow line
represent CNP. (c-e) Immunoprecipita-
tion (IP) and Western blot (WB). Anti-
Nogo-A antibody pulled down the

endogenous CNP (open arrow, 47-kDa),

while anti-CNP antibody precipitated the

IP: anti-Myc Ab
WB: anti-Flag Ab

A S endogenous full-length Nogo-A (filled
arrow, 190-kDa) from (c) the human brain

, g homogenate, and from (d) the rat C6
- . glioma cell lysate. (e) The NIG gene and
I ] the CNP gene were cloned into the expres-

1 2 3 sion vectors to express a fusion protein

with a Flag or Myc tag, respectively. They

were cotransfected in HEK293 cells, and the lysate was processed for inmunoprecipitation analysis with anti-Flag antibody and anti-Myc
antibody. The lanes (1-3) of (c-e) represent (1) input control, (2) IP with the target-specific antibody, and (c) IP with normal mouse or

rabbit IgG.

Validation of the interaction between NIG
and CNP

Next, we verified the molecular interaction between
Nogo-A and CNP by coimmunoprecipitation analysis.
Anti-Nogo-A antibody (H-300) pulled down the endog-
enous CNP (47-kDa) labeled with anti-CNP antibody,
while anti-CNP antibody (M-300) precipitated the full-
length Nogo-A (190-kDa) labeled with anti-NIG antibody
from both the human brain homogenate and the lysate of
rat C6 glioma cells (Fig. 1c,d, upper and lower panels, lane
2). In contrast, the inclusion of normal IgG instead of
H-300 or M-300 antibody recovered neither CNP nor
Nogo-A (Fig. 1c,d, upper and lower panels, lane 3), sup-
porting the specificity of the interaction. These results
indicate that the endogenous Nogo-A interacts with the
endogenous CNP in vitro and in vivo.

To specify the CNP-interacting domain of Nogo-A, the
NIG gene or the CNP gene was cloned into the two differ-
ent expression vectors to express a fusion protein with an
N-terminal Flag or Myc tag. After cotransfection of the
vectors in HEK293 cells, the protein extract was processed

for immunoprecipitation with mouse monoclonal anti-Flag
M2 affinity- gel, rabbit polyclonal anti-Myc-conjugated
agarose, or the same amount of normal mouse or rabbit
IgG-conjugated agarose, followed by Western blot with
rabbit polyclonal anti-Myc antibody and mouse mono-
clonal anti-FLAG M2 antibody. The reciprocal coimmuno-
precipitation analysis verified the interaction of the NIG
domain of Nogo-A and CNP (Fig. le, upper and lower
panels, lane 2). These results indicate that the NIG domain
of Nogo-A on its own interacts with CNP, but do not
exclude the possibility that the domain located outside
NIG is also bound to CNP.

To determine subcellular colocation of NIG and CNP,
the NIG gene or the CNP gene was cloned into the two
different expression vectors to express a fusion protein
with an N-terminal DsRed or Halo tag. When cotrans-
fected in SK-N-SH neuroblastoma cells, NIG was
expressed not only on the plasma membrane but also in the
cytoplasm, and at low amounts in the nucleus. DsRed-
tagged NIG and Oregon Green-labeled CNP were coex-
pressed chiefly in the cytoplasm (Fig.2, panels a-c).
Furthermore, coexpression of NIG and CNP was identified

© 2009 Japanese Society of Neuropathology
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Table 1 Twelve neuron/oligodendrocyte-associated NIG interactors

No. Gene Gene name Z-score Putative function
symbol
1 RPL31  Ribosomal protein L31 722386 A ribosomal protein that constitutes a component of the
) 60S subunit
2 CIRBP Cold inducible RNA binding protein 6.76639 A cold-shock protein that plays a role in cold-induced
suppression of cell proliferation
3  PLK3 Polo-like kinase 3 (Drosophila) 6.51572 A serine/threonine kinase that plays a role in regulation
of cell cycle progression
4 MARK4 MAP/microtubule affinity-regulating kinase 4 5.45038 A serine/threonine kinase involved in microtubule
organization in neuronal cells
5 RPL30  Ribosomal protein L30 4.82371 A ribosomal protein that constitutes a component of the
60S subunit
6 CNP 2’,3"-cyclic nucleotide 3’ phosphodiesterase 471717 A membrane-bound enzyme located in the CNS myelin
7 FGF13  Fibroblast growth factor 13 4.35684 A member of the fibroblast growth factor family
8 ZNF192 Zinc finger protein 192 4.09363 A transcription factor of unknown function
9 NHP2 Nucleolar protein family A, member 2 404663 A member of the H/ACA snoRNPs gene family
(H/ACA small nucteolar RNPs)
10 ATP50  ATP synthase, H+ transporting, mitochondrial 3.25389 A component of the F-type ATPase located in the
F1 complex, O subunit (oligomycin sensitivity mitochondrial matrix
conferring protein)
11  ODC1 Ornithine decarboxylase 1 3.06902 The rate-limiting enzyme of the polyamine biosynthesis
pathway that catalyzes ornithine to putrescine
12 EIF2C1  Eukaryotic translation initiation factor 2C, 1 3.00322 A member of the Argonaute family that plays a role in

RNA interference

Among 82 NIG interactor candidates (Table $2), 12 were categorized as neuron/oligodendrocyte-associated NIG interactors by database search
on UniGene, HPRD, and Allen Brain Atlas, and by the PubMed search with brain, neuron, neurite, axon, myelin, or oligodendrocyte as search terms.
Among them, we found that only CNP (No. 6) has a physiological relevance to axon, myelin and oligodendrocytes.

both in the cytoplasm and on the cell surface of highly-
branched differentiated oligodendrocytes consisting of a
small population of newborn mouse brain cell cultures
(Fig. 2, panels d-f).

Finally, we studied coexpression of Nogo-A and CNP
in vivo in the human brain by immunohistochemistry.
A substantial overlap was found in the expression pattern
of Nogo-A, NIG and CNP in oligodendrocytes and
myelin sheaths of the cerebral white matter (Fig. 2, panels
g and h), supporting the possibility that Nogo-A in vivo
interacts with CNP, probably by binding via the NIG
domain.

DISCUSSION

Protein microarray serves as a powerful tool for the rapid
and systematic identification of protein-protein and other
biomolecule interactions.” Protein microarray has a wide
range of applications, including characterization of anti-
body specificity and autoantibody repertoire, and iden-
tification of novel biomarkers and molecular targets
associated with disease type, stage and progression,leading
to establishment of personalized medicine.’ When a spe-
cific probe is available, the whole experimental procedure
of protein microarray analysis requires the exact time
shorter than 5 h to obtain the complete list of interacting
proteins on the array.!? '

© 2009 Japanese Society of Neuropathology

However, protein microarray technology is still under
development in methodological aspects.* In general,
protein microarray has its own limitations associated with
the expression and purification of a wide variety of target
proteins. In the microarray we utilized, the target proteins
were expressed in a baculovirus expression system, purified
under native conditions, and spotted on the slides to ensure
the preservation of native structure, post-translational
modifications such as glycosylation and phophorylation,
and proper functionality. In contrast, bacterially expressed
proteins lack glycosylation and phosphorylation moieties,
and are often misfolded during purification. Since target
proteins contain a GST fusion tag, the arrays are always
processed for the post-spotting quality control by using an
anti-GST antibody with a concentration gradient of GST
spots as a standard. This procedure makes it possible to
quantify the exact amount of proteins deposited in each
spot, and thereby minimizes the inter-lot variability of the
results. Furthermore, each subarray contains a series of
built-in control spots.

Protein microarray also has another technical limi-
tation attributable to the avidity of protein-protein
interaction.!®*? The probing and rigorous washing proce-
dure detects mostly the direct protein-protein interaction
supported by the stable binding ability. It could not effi-
ciently detect much weak and transient protein-protein
interactions, or indirect interactions that require acces-
sory molecules or intervening cofactors. In addition,
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Fig.2 Coexpression of NIG and anti-2’, 3"-cyclic nucleotide 3"-phosphodiesterase (CNP). (a—c) SK-N-SH neuroblastoma cells. The NIG
gene and the CNP gene were cloned into the expression vectors to express a-fusion protein with a DsRed or Halo tag, and they were
cotransfected in SK-N-SH cells. (a) DsRed-labeled NIG, (b) Oregon Green-labeled CNP, and (c) merge (a) and (b) with 4, 6'-diamidino-
2-phenylindole (DAPI). (d—f) Newborn mouse brain cell cultures. Primary cultures established from newborn ICR mice double immu-
nolabeled with anti-NIG antibody (AF3515) and anti-CNP antibody (11-5B), followed by labeling with Alexa Fluor 568-conjugated
anti-sheep IgG and Alexa Fluor 488-conjugated anti-mouse IgG. (d) NIG, (e) CNP, and (f) merge (d) and (e) with DAPI. (gh) Human
brain tissues. The human brain tissue section derived from the peri-infarct white matter of the frontal cortex of a 62-year-old male with
middle cerebral artery occlusion was double immunolabeled with (g) anti-Nogo-A antibody (H-300; brown) and anti-CNP antibody
(11-5B; red) and (h) anti-NIG antibody (AF3515; brown) and anti-CNP antibody (11-5B; red).

protein microarray screening does not consider the spe-
cific subcellular location where the protein-protein inter-
action actually takes place. Thus, it is possible that some
promiscuous partners are detected, whereas some biologi-
cally important interactors in vivo are left beyond identi-
fication. Therefore, protein microarray data always
require the validation by other independent methods
such as coimmunoprecipitation, Western blotting, the
yeast two-hybrid (Y2H) screening, and so on. Post-

translational modifications play a pivotal role in a range
of protein-protein interactions. Immunolabeling of the
array we utilized with anti-phosphotyrosine antibody
showed that approximately 10-20% of the proteins on
the array are phosphorylated (unpublished data of Invit-
rogen). When the array was applied for kinase substrate
identification, most known kinases immobilized on the
array are enzymatically active with the capacity of auto-
phosphorylation, suggesting that they are functionally

_ ©.2009 Japanese Society of Neuropathology
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active with preservation of proper conformation (unpub-
lished data of Invitrogen).

Previous studies indicate that the central domain of
Amino-Nogo spanning amino acids 567-748 in the
human Nogo-A designated NIG mediates persistent inhi-
bition of axonal outgrowth and induces growth cone col-
lapse by signaling through an as yet unidentified NIG
receptor.’ To characterize NIG-interacting proteins that
might include an NIG receptor, we screened the high-
density human protein microarray composed of 5000
proteins with a recombinant NIG protein as a probe.
However, most of the 82 NIG interactors identified by
protein microarray analysis are non-neural proteins,
suggesting promiscuous binding in a non-physiological
setting on the array. Therefore, we focused exclusively on
the proteins whose expression in the CNS is supported by
the expression profiling on UniGene, HRPD and ABA
databases. Subsequently, we searched them on PubMed
and retrieved 12 neuron/oligodendrocyte-associated NIG
interactors (Table 1). Among them, we finally identified
CNP as the most probable candidate in view of a physi-
ological relevance to axon, myelin and oligodendrocytes.
CNP is a valid cell type-specific marker for oligodendro-
cytes, essential for axonal support but not for myelin
assembly.”® CNP acts as a membrane anchor for tubulin
required for process outgrowth of oligodendrocytes,'®
and ubiquitinated CNP is concentrated within lipid rafts,'®
suggesting that CNP expressed intracellularly in the cyto-
plasm is located in close proximity to the cell membrane
where Nogo-A is accumulated. Therefore, we considered
CNP as the most feasible NIG interactor candidate in
vivo. The interaction of NIG with CNP and their coex-
pression in both oligodendrocytes and myelin were
validated by immunoprecipitation, cell imaging, and
immunolabeling.

Previously, we and others showed that Nogo-A expres-
sion is greatly enhanced in surviving oligodendrocytes and
CNP is expressed in damaged but still remaining myelin
sheaths, while NgR is upregulated in reactive astrocytes
and macrophages/microglia at the edge of chronic active
demyelinating lesions of multiple sclerosis (MS),”* sug-
gesting a pathological role of Nogo-A/NgR interaction in
persistent demyelination and loss of axonal regeneration
in MS lesions. Interestingly, a certain population of MS
patients shows enhanced T-cell and B-cell responses
against CNP and Nogo-A, suggesting that both CNP and
Nogo-A serve as autoantigens.?? Nogo-A takes at least
two different membrane topologies in oligodendrocytes,*®
where it is possible that the N-terminal region of Nogo-A is
exposed to the extracellular space or is located in the
cytoplasm. Because CNP is expressed primarily in the
cytoplasm of oligodendrocytes, it might not serve as a cell-
surface NIG receptor possibly expressed on axons and

© 2009 Japanese Society of Neuropathology
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Fig.3 A hypothetical model of NIG and anti-2’, 3'-cyclic nucle-
otide 3’-phosphodiesterase (CNP) interaction in oligodendro-
cytes. CNP (the orange piece) acts as a membrane anchor for
tubulin essential for process outgrowth of oligodendrocytes,
located in close proximity to the plasma membrane and possibly
to the ER membrane where Nogo-A is accumulated. By interact-
ing with NIG (the grey box), CNP serves as an intracellular
conformational stabilizer for the intrinsically unstructured large
segment of Amino-Nogo.

neurons that transduces the signals for inhibition of axonal
outgrowth and induction of growth cone collapse.
However, the possibility exists that CNP could act as an
intracellular conformational stabilizer for the intrinsically-
unstructured unstable Amino-Nogo segment in oligoden-
drocytes (Fig. 3).
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Abstract Neural stem cells (NSC) with self-renewal and
multipotent properties serve as an ideal cell source for
transplantation to treat spinal cord injury, stroke, and
neurodegenerative diseases. To efficiently induce neuronal
lineage cells from NSC for neuron replacement therapy, we
should clarify the intrinsic genetic programs involved in a
time- and place-specific regulation of human NSC differ-
entiation. Recently, we established an immortalized human
NSC clone HB1.F3 to provide an unlimited NSC source
applicable to genetic manipulation for cell-based therapy.
To investigate a role of neurogenin 1 (Ngnl), a proneural
basic helix-loop-helix (bHLH) transcription factor, in
human NSC differentiation, we established a clone derived
from F3 stably overexpressing Ngnl. Genome-wide gene
expression profiling identified 250 upregulated genes and
338 downregulated genes in Ngnl-overexpressing F3 cells
(F3-Ngnl) versus wild-type F3 cells (F3-WT). Notably,
leucine-rich repeat-containing G protein-coupled receptor
5 (LGR5), a novel stem cell marker, showed an 167-fold
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increase in F3-Ngnl, although transient overexpression of
Ngn1 did not induce upregulation of LGRS, suggesting that
LGRS is not a direct transcriptional target of Ngnl. Key-
Molnet, a bioinformatics tool for analyzing molecular
relations on a comprehensive knowledgebase, suggests that
the molecular network of differentially expressed genes
involves the complex interaction of networks regulated by
multiple transcription factors. Gene ontology (GO) terms
of development and morphogenesis are enriched in
upregulated genes, while those of extracellular matrix and
adhesion are enriched in downregulated genes. These
results suggest that stable expression of a single gene Ngnl
in F3 cells induces not simply neurogenic but multifunc-
tional changes that potentially affect the differentiation of
human NSC via a reorganization of complex gene regula-
tory networks.

Keywords HBI1.F3 - KeyMolnet - LGRS - Microarray -
Neural stem cells - Neurogenin 1

Abbreviations

bHLH Basic helix-loop-helix

CNS Central nervous system

DAVID Database for annotation visualization and
integrated discovery

DEG Differentially expressed genes

FBS Fetal bovine serum

GAS2 Growth arrest-specific 2

GO Gene ontology

HAS2 Hyaluronan synthase 2

LGRS Leucine-rich repeat-containing G protein-
coupled receptor 5

MMP9  Matrix metallopeptidase 9

Ngnl Neurogenin 1
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