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Temporal Expression Changes During Differentiation
of Neural Stem Cells Derived From Mouse Embryonic
Stem Cell
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Abstract Temporal analysis in gene expression during differentiation of neural stem cells (NSCs) was performed by
using in-house microarrays composed of 10,368 genes. The changes in mMRNA level were measured during differentiation
day 1, 2,3, 6,12, and 15. Out of 10,368 genes analyzed, 259 genes were up-regulated or down-regulated by 2-fold or
more at least at one time-point during differentiation, and were classified into six clusters based on their expression
patterns by K-means clustering. Clusters characterized by gradual increase have large numbers of genes involved in
transport and cell adhesion; those which showed gradual decrease have much of genes in nucleic acid metabolism, cell
cycle, transcription factor, and RNA processing. In situ hybridization (ISH) validated microarray data and it also showed
that Fox M1, cyclin D2, and CDK4 were highly expressed in CNS germinal zones and ectonucleotide pyrophosphatase/
phosphodiesterase 2 (Enpp2) was highly expressed in choroid plexus where stem/progenitor cells are possibly located.
Together, this clustering analysis of expression patterns of functionally classified genes may give insight into understanding
of CNS development and mechanisms of NSCs proliferation and differentiation. J. Cell. Biochem. 93: 563-578, 2004.
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Neural stem cells (NSCs) are multipotent
and self-renewing cell population able to gene-
rate the three major central nervous system
(CNS) lineages neurons, astrocytes, and oligo-
dendrocytes. Therefore, NSCs is thought of as a
reservoir with the potential to become any one of
the thousands of cell types within the CNS
[McKay, 1997; Ross et al., 2003].

Analyses of a variety of mammalian model
systems have identified helix-loop-helix (HLH)
transcription factors as a regulator of early
differentiation of NSCs. The different classes
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of HLH factors cross-regulate one another to
mediate the effect of several signaling systems
on a large number of target genes. HLH tran-
scription factors participate at different stages
of NSC differentiation, such as formation of
progenitor cells, initiation of differentiation,
cell fate determination, neurite outgrowth,
and synaptogenesis, and the timing of differ-
entiation is regulated by the balance of these
factors [Morrison, 2001; Ross et al., 2003].

The signaling molecules that regulate the
transition of NSCs from proliferation to differ-
entiation are beginning to be identified, with
several growth factors, including basic fibro-
blast growth factor, epidermal growth factor,
brain-derived neurotrophic factor, and notch
ligands [Vescovi et al., 1993; Zigova et al., 1998;
Benraiss et al., 2001; Caldwell et al., 2001].
In addition to these factors on the stem cell
proliferation and differentiation, identification
of other factors will advance the understanding
of CNS development and the potential for the
use of stem cells as therapeutic agents [Karsten
et al., 2003].
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To identify regulatory genes that are involved
in NSCs proliferation and differentiation, we
have performed in-house-made ¢cDNA micro-
array, which allows simultaneous assessment
of the expression of potentially thousands of
genes. Recently, some microarray analyses
were performed to investigate the molecular
mechanism underlying NSC proliferation and
pluripotency [Geschwind et al., 2001; Luo et al.,
2002]. However, most genes identified in these
microarrays do not overlap with each other.
Elucidation of common genetic factor in various
stem cell populations is hampered by different
experimental design and analysis. To highlight
conserved genes expressed during differen-
tiation in NSCs, we compared list of genes
identified in this embryonic stem cell (ES)-
derived NSCs population with genes identified
in other stem cell populations, such as primary
neural progenitor cells [Karsten et al., 2003].

MATERIALS AND METHODS

ES Cell-Derived Neural Stem Cells
and Differentiation

The NSCs were generated through five-stage
method as described [Lee et al., 2000]. Nestin-
positive cells (NSCs, stage 4) were expanded for
4 days. The medium was changed every 2 days.
Differentiation (stage 5) was induced by
removal of bFGF. The cells were incubated
under differentiation conditions for 1, 2, 3, 6, 12,
and 15 days. The total RNA of each time-point
was extracted using Tri-Reagent (MRC, Inc.,
Cincinnati, OH) according to the manufac-
turer’s instructions.

Microarray Fabrication and Hybridization

A total of 10,368 cDNA clones were spotted
onto SuperAldehyde slides (Telechem, Sunnyvale,
CA) using a MicroGrid TAS arrayer (Genomic
solutions, Huntingdon, United Kingdom) as
previously described [Lee et al., 2002]. The
microarray consisted of 6,531 clones from the
National Institute of Aging (NIA), 1,243 clones
from the Brain Molecular Anatomy Project
(BMAP), 2,060 clones from Incyte, and hous-
keeping genes and yeast DNA as negative
controls.

Probes were made from 2 pg of total RNA
from NSCs (stage 4) for control and 2 pg of RNA
from each differentiated cells RNA (stages 5),
using a dendrimer labeling kit (3DNA 350RP;
Genisphere, Hatfield, PA). For each experiment,

at least four replicates were performed, and two
of these were repeated with the fluorophores
reversed to eliminate false-positive results.

Scanning and Data Analysis

The two fluorescent images from each slide
were scanned separately using a GMS 418
scanner (Affymetrix, Santa Clara, CA). The
images were analyzed using ImaGene 4.2
(Biodiscovery, El Segundo, CA) and MAAS
(Gaiagene, Seoul, Korea) software. Cy3:Cy5
intensity ratios from each gene were calculated
and subsequently normalized with nonlinear
lowess normalization. To filter out unreliable
data, spots with signal-to-noise ratios below 2
were flagged. The non-flagged genes in at least
three out of four experiments were used for
further analysis. We took the median value
from the gene expression ratio of each of four
independent experiments and selected genes
whose expression level differed from their mean
expression level by at least 2-fold at one or more
differentiation time. K-means clustering was
applied to genes using the Euclidean distance as
a similarity measurement, as implemented in
the software program Genesis (http://genome.
tugraz.at, Sturn et al. [2002]). Genes showing
more than a 2-fold difference in expression level
were divided into categories according to their
molecular function using the -classification
scheme in Gene Ontology™. To examine sta-
tistical significance for frequencies of genes of
each functional group in each cluster, two-sided
Fisher’s exact test was performed.

Immunocytochemistry

The cells were grown on polyornithine (15 pg/
ml, Sigma, St. Louis, MO)/fibronectin (1 ug/ml,
Sigma) coated coverslips and fixed with 4%
paraformaldehyde/0.15% picric acid in 0.1%
bovine serum albumin (BSA)/phosphate-buf-
fered saline (PBS). Subsequently, the cells were
washed three-times with BSA/PBS and per-
meabilized with Triton X-100/PBS. The cells
were incubated for 12 h at 4°C with polyclonal
nestin antibodies (1:50) (Matha Marvin and
Ron McKay, National Institute of Health,
Bethesda, MD), polyclonal neuron-specific class
III B-tubulin (Tuj1) antibodies (1:2,000) (Babco,
Richmond, CA) and polyclonal glial fibrillary
acidic protein (GFAP) antibodies (1:400) (DAKO,
Glostrup, Denmark). For detection of primary
antibodies, fluorescence labeled (FITC or Cy3)
secondary antibodies (Jackson Immunore-
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search Laboratories, West Grove, PA) were used
according to the specifications of the manufac-
turer. Cells were mounted in Vectashield con-
taining 4’, 6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA) and
analyzed under an epifluorescence microscope
(Nikon, Tokyo, Japan).

Semi-Quantitative and
Real-Time Quantitative RT-PCR

For semi-quantitative and real-time quanti-
tative RT-PCR, beta-actin was used as an
internal control with the following primer sets;
5'-ctt tat ggt gtg gtc gca ga-3' and 5'-tca ggg tagtca
gee atg tg-3'. For each sample from each time-
point, the same total RNA used for cDNA micro-
array hybridization was reverse-transcribed
using 1 pM oligo (dT) primer with Superscript
II reverse transcriptase (Invitrogen, Carlsbad,
CA). The thermal profiles consisted of 95°C for
5 min for initial denaturing, followed by 25—
30 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C
for 30 s. All RT-PCR reactions were repeated
at least three-times. Triplicate real-time RT-
PCR experiments were performed using iCycler
iQ system (Bio-Rad, Hercules, CA) and the
SYBR Green I dye (Molecular probes, Eugene,
OR). A melting curve was obtained for each PCR
product after each run to confirm that the signal
corresponded to a unique amplicon of the
product size. The following primers were used:
5'-ggagtgtegettagaggtge-3' and 5'-tecagaaage-
caagagaage-3’ for nestin; 5'-tgtcagaggagcce-
gaggtc-3' and 5'-ccaagagcagcccatcaaag-3' for
tyrosine hydroxylase (TH); 5'-aaggtagccgtgtgt-
gacatc-3' and 5'-accaggtcatteatgttgete-3' for Tujl;
5'-ccaaactggctgatgtctace-3' and 5'-gcttecatgtge-
cteetgteta-3' for GFAP; 5'-tcectacataacgggage-
ag-3' and 5'-aactcaggccaagegataga-3' for insu-
lin-like growth factor 2 (Igf2); 5'-ttttcatcttgg-
cagctgtg-3’ and 5'-acactccactgccattctec-3’ for
pleiotrophin; 5'-ttccccagaagcgaaatatg-3’ and
5'-tgaccccattectttetgac-3’ for ectonucleotide pyr-
ophosphatase/phosphodiesterase 2 (Enpp2); 5'-
gatgatttccgagggagaca-3’' and 5'-catgaggaatgt-
cagccaga-3’' for N-myc downstream regulated
2 (Ndr2); 5'-gaggaaacagcaccttcage-3'and 5'-ag-
gcaatgtctecttgatgg-3' for forkhead box M1
(FoxM1); 5'-ggaagagactgttggaagagga-3'and 5'-
ctgataageccaggetagaaga-3' for thymopoietin.

In Situ Hybridization

ISH were performed on E13.5, E18.5, PO, P7,
and P14 BL6 mouse brains and embryos sec-

tioned at 12 um. Sections were thaw-mounted
onto gelatin-coated slides, fixed in 4% parafor-
maldehyde, treated with 0.25% acetic anhy-
dride in 0.1 M triethanolamine/0.9% NaCl
(pH 8.0), dehydrated and defatted in ethanol
and chloroform, and finally air-dried. Tran-
scription of antisense probes was carried out
using the Riboprobe (Promega, Madison, WI) in
the presence of ->>S-UTP (Amersham, Buck-
inghamshire, England). Sections were hybri-
dized overnight at 53°C with 5 x 10° cpm of
labeled probe per slide, treated with RNase A
(20 mg/ml, Boehringer-Mannheim, Mannheim,
Germany) for 30 min at 25°C, washed sequen-
tially for 60 min in 2x SSC (1x SSCis 0.15 M
sodium chloride, 0.015 M sodium citrate, pH
7.2) at 50°C, 60 min in 0.2x SSC at 55°C, and
60 min in 0.2x SSC at 60 x °C, briefly rinsed in
a graded series of ethanol containing 0.3 M
ammonium acetate and dried. Hybridized
radioactivity was visualized after 6 days’ expo-
sure using-max film (Amersham, Arlington
Heights, IL).

RESULTS

Generation and Differentiation of
Neural Stem Cells

To generate NSCs, we adopted lineage selec-
tion (five-stage) method that leads to the
efficient selection and proliferation of NSCs
from ES cell. We performed immunocytochem-
istry to evaluate generation and differentiation
of NSCs. As shown in Figure 1A, a majority of
cells in the stage 4 were labeled with nestin,
which is commonly used marker for NSCs.
After 6 day of bFGF removal, differentiated
cells were immunostained with Tuj1l and GFAP
which is specific marker for neurons and
astrocytes, respectively. Furthermore, morpho-
logical changes were observed. The NSCs began
extension of neurite-like structures at day 2
after removal bFGF. The number and length of
neurite-like structures were increased as the
differentiation time of cultures evolves (Fig. 1B).
We also performed semiquantitative RT-PCR
analysis for neuronal and glial phenotypic
genes (Fig. 1C). Nestin showed little expres-
sion since differentiation day 12. Tujl and
GFAP were gradually increased during differ-
entiation. Additionally, TH was also gradually
expressed, because our culture method gene-
rates dopaminergic neurons in high yield [Lee
et al., 2000].
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Fig. 1. Differentiation of neural stem cells (NSCs). A: Immuno-
cytochemistry for NSCs, neurons, and astrocytes. Most cells
(DAPI nuclear staining, red) at stage 4 were immunostained with
the intermediate filament nestin (green) which is marker of NSCs.
Differentiation of NSCs was induced by withdrawal of bFGF.
After 6 day of bFGF removal, differentiated cells were
immunostained with Tuj1 (green) and GFAP (red). Scale bar,
20 pm. B: Phase-contrast images illustrate the morphological

Identification of Significantly Expressed Genes

To examine the temporal changes in gene
expression during differentiation comprehen-
sively, we performed gene expression profiling.
Total RNA derived from differentiated cell at 1,
2, 3, 6, 12, or 15 days and the control (NSCs)
were subjected to cDNA synthesis. Both cDNAs
were subsequently mixed and hybridized with a
microarray. After hybridization, specific Cy3
and Cyb5 dye labeling for each ¢cDNA (NSCs vs.
differentiating cells) were carried out in chips.
The flagged genes at more than one time-point
were not subjected to further analysis (K-means
clustering). The data set of differentially ex-
pressed genes including missing value is avail-
able at; http:/neurogenomics.hanyang.ac.kr.
Out of the 10,368 genes represented on the chip,
259 genes were up- or down-regulated 2-fold
or more at least at one time-point during the
differentiation (Table I).

To determine the validity of results obtain-
ed by the microarray analysis, six randomly
selected genes (Igf2, pleiotrophin, thymopoietin,

changes during differentiation of NSCs. The neurite-like struc-
tures were first detected at differentiation day 2. Arrow indicates
the neurite-like structures at day 2. C: The generation and
differentiation of NSCs were further validated by RT-PCR analysis
for phenotypic genes (Nestin, Tuj1, GFAP, and TH). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Enpp2, FoxM1, Ndr2) were subjected to real-
time quantitative PCR analysis. These expres-
sion pattern observed by PCR showed a good
concordance with the pattern assayed by micro-
array (Fig. 2).

Temporal Cluster Analysis

To characterize patterns of transcripts
expression during the time course of differentia-
tion, K-means clustering was performed on the
259 genes, and these genes were classified into
six clusters (Fig. 3). The temporal cluster
analysis revealed that four clusters of tran-
scripts whose the expression was either up-
regulated (cluster A, 26 genes and B, 75 genes)
or down-regulated (cluster D, 71 genes and E, 39
genes). Cluster F (45 genes) showed gradual
increase by day 6 and slight decrease on day 15.
Cluster C represented only three genes (RIKEN
¢DNA 1700011103 gene, exportin 4, BRF2) that
were markedly decreased by day 3, but return-
ed to undifferentiated level on day 12 and
increased at day 15.
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Gene Expression in Differentiating Neural Stem Cells
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(Continued)

TABLE 1.

Fold change (logarithm, base 2)

Result of Karsten

et al. [2003]

Title

12 day 15 day GenBank

lday 2day 3day 6day

Cluster

No.

Protein tyrosine phosphatase, receptor type, T

Neurofibromatosis 2

AA463173 Solute carrier family 11, member 2
BGO077853 Coatomer protein complex, subunit gamma 2

BG086024 Activated leukocyte cell adhesion molecule
BG067712 RIKEN cDNA 6720463E02 gene

BGO073000 Protocadherin gamma subfamily B, 4

BG069707 CD1d1 antigen
Al852463

AlI323177

P P Py P P P P P

252
253
254
255
256
257
258
259

2Genes with opposite expression pattern in overlapped genes of both systems.

Ahn et al.

We also categorized the 259 genes based on
their functions, referring to Gene Ontology ™ and
classified them into 14 groups (Fig. 4). Frequen-
cies of these functionally classified genes in each
cluster are shown in Figure 4, with statistical
significance evaluated by Fisher’s exact test for
high and low frequencies. High frequencies
were observed as follows: “Transport”-related
genes in the cluster A; “cell adhesion”-related
genes in the cluster B; both “nucleic acid
metabolism”- and “cell cycle”’-related genes in
the cluster D; both “transcription”- and “RNA
processing”-related genes in the cluster E.

Transport-related genes. Amonggenesin
the cluster A with properties of gradual increase
during differentiation, significantly frequent
were members of the category “transport”-
related genes. These genes are a ATP-binding
cassette, sub-family A, member1(ABCA1); solute
carrier family 1, member 3; gamma-aminobu-
tyric acid receptor, subunit beta 3; ATPase,
Na+/K+ transporting, beta 1 and cocaine and
amphetamine regulated transcript (CART). Of
them, ABCAI gene was reported to be highly
expressed in CAl and CA3 pyramidal neurons
[Koldamova et al., 2003] and CART gene, ex-
pressed in hypothalamus neuron [Larsen et al.,
2003] and may selectively regulate certain cen-
tral dopamine neuronal activities [Shieh, 2003].

Cell adhesion-related genes. Genes of
“cell adhesion” were significantly enriched in
cluster B. These included procollagen, type VI,
alpha 1; procollagen, type IV, alpha 1; procolla-
gen, type IV, alpha 2; laminin B1 subunit 1;
laminin, gamma 1; catenin delta 2; cadherin 13.
Specially, mRNA level of procollagen, type IV,
alpha 1 was up-regulated after differentiation
day 12 (2.8-fold) and this gene previously
reported as a marker of neural differentiation
[Clifford et al., 1996] and a promoting factor
for the differentiation of neuronal progenitors
[Ali et al., 1998].

Cell cycle-related genes. The majority
of “cell cycle” related genes was included in
cluster D and was down-regulated during
differentiation. With regard to cell cycle check-
point transition, the expression of cyclin A2, B1,
D2, and cell division cycle 2 homolog A (cdc2A)
were repressed. In addition, this cluster in-
cluded activator of S phase kinase; CDC28
protein kinase 1; transforming, acidic coiled-
coil containing protein 3; budding uninhibited
by benzimidazoles 1 homolog beta (Mm.29133);
budding uninhibited by benzimidazoles 1 homo-
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Fig. 2. Verification of microarray data. Real-time RT-PCR was used to verify the data from the microarray.
Each value is expressed as fold change (logarithm, base 2) in mRNA levels at each differentiation time-point
compared to the control NSCs, and represents the mean+SEM of three independent experiments.
Microarray data of each gene was displayed as a horizontal strip. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

log (Mm.2185); MAD2 (mitotic arrest deficient,
homolog)-like 1 and CDC28 protein kinase
regulatory subunit 2.

Nucleic acid metabolism-related genes.
Among genes in the cluster D with properties of
decrease during differentiation, significantly
frequent were also members of the category
“nucleic acid metabolism”-related genes. There
was a decrease in the expression of genes
involved in DNA packaging, replication, repair,
nucleosome assembly, and chromosome segre-
gation, such as H2A histone family, member Z;
topoisomerase II alpha; high mobility group
nucleosomal binding domain 2; centromere
autoantigen A; Bloom syndrome homolog;
ribonucleotide reductase M2; minichromosome
maintenance deficient 7; chromatin assembly
factor 1; proliferating cell nuclear antigen
(PCNA); high mobility group box 2 and SMC2
structural maintenance of chromosomes 2-like

1. Altered expressions of these functional genes
were concomitant with the decrease in expres-
sion of G1/S cell cycle regulatory genes.

Transcription regulators. Transcription
regulators which may be involved in NSCs
proliferation and maintenance showed high
frequency in cluster E and included transdu-
cin-like enhancer of split 4 (TLE 4); enhancer of
zeste homolog 2 (EZL2); ring finger protein 3;
SRY-box containing gene 4, 11 (Sox 4, 11); actin
dependent regulator of chromatin, subfamily e,
member 1 and Kruppel-like factor 15. Both Sox4
and 11 were previously reported to be highly
expressed in ventricular zones and down-
regulated in neurons as they become mature
[Cheung et al., 2000].

In Vivo Expression Patterns

We performed ISH for four genes. Of them,
three genes (Fox M1, cyclin D2, and CDK4) were
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Fig. 3. K-means clustering of genes with expression levels that changed during NSCs differentiation. K-

means clustering was used to group the 259 identified genes into clusters based on similar expression over the
six time-point. These 259 genes were classified into 6 clusters (A—F).

highly expressed in the NSCs, while Enpp2
showed high expression level in differentiated
cells as shown by RT-PCR. In ISH, Fox M1,
cyclin D2, and CDK4 were highly expressed in
the germinal zone during embryonic develop-
ment. Enpp2 showed high and specific expres-
sion in the choroid plexus of brain from E13.5 to
P14 (Fig. 5A,B). The choroid plexus has recently
been shown to be essential organizing centers
for inducing dorsal neuron fates and sustaining
neuron function [Awatramani et al., 2003] and
was identified as a possible location of stem/
progenitor cells [Li et al., 2002]. Moreover,
lysophosphatidic acid (LPA), catalyzed by Enpp2,
was shown to increase terminal mitosis of
neural precursor cells and promote their cell
cycle exit [Kingsbury et al., 2003].

DISCUSSION

Comparision of Two Expression Profiles

Our experiment used a comprehensive molec-
ular approach to identify temporal changes in
gene expression that occur during differentia-
tion of NSCs. A total of 259 genes were regulated

during differentiation. The 259 gene expression
profiles provided us with an opportunity to
compare or contrast our analysis with those of
other investigators who have used similar
methodologies. Karsten et al. [2003] reported a
data set consisting of 318 significantly changed
expression profiles in proliferating NSCs (NS)
and its 24 h differentiated cells (DC) in vitro.
There were 36 overlapped genes (defined as
Unigene IDs) represented in both data sets
(Table I). In addition, 33 of 36 overlapped genes
were found to have very similar expression
patterns in both systems, which suggest a good
overall agreement (91.6%) between the results
of these two groups. However, these genes
accounted for very small proportion in total
overlapped genes of our 10K chip and UCLA 9K
array which had been used in Karsten et al.
experiment (36/2,312 genes). There could be
several reasons to explain these consequences.
One major possibility is difference in the
determination of significantly expressed genes
in microarray data set (stringent 2-fold change
cutoff method vs. false discovery rate method).
Other reasons are differences in NSC population,
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Fig. 4. Distribution of functionally categorized genes in each cluster. Frequencies of genes of each
functional category are shown. Significantly high (**, P<0.01; *, P< 0.05) and low (", P < 0.05) frequencies

were evaluated by Fisher’s exact test.

differentiation protocol, and microarray label-
ing method. Although we used NSCs derived
from ES cells, Karsten et al. used neural pro-
genitor cells which were obtained from PO mouse.

Cell Cycle Regulation and Inhibition of
Proneuronal Genes in NSC Proliferation

The clustering analysis of expression patterns
of 259 genes and following statistical analysis
based on functional classification revealed re-

markable features of changes in gene expres-
sion during NSC differentiation. The majority of
cell cycle, nucleic acid metabolism, transcrip-
tion, and RNA processing related genes were
overexpressed in NSCs. Notably, the up-regula-
tion of G1-S cell cycle regulation, nucleic acid
synthesis, DNA replication, packaging, and
repair genes in NSCs were consistent with their
self-renewal properties. These changes also
indicate a progressive switch from biosynthetic
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Fig. 5. In situ hybridization of selected transcripts that showed altered expression level during NSCs
differentiation. A: Sagittal and coronal sections of each age were hybridized with *°S labeled antisense
cRNAs. The arrows indicate germinal zone and arrowheads indicates choroid plexus at each age. B: Higher
maghnification of germinal zone (cdk4) and choroid plexus expression (Enpp2).

activity towards more functional activity in the
differentiating NSCs.

A number of transcription factors required for
NSCs proliferation through cell cycle regulation
were suppressed as cells differentiated. A good
example is Fox M1 mRNA, which activates
cyclin B1 [Leung et al., 2001]. Cyclin Bl is a key
regulatory component of the G2/M phase tran-
sition in the cell cycle. Germinal zone expres-
sion and cell cycle regulator activation of Fox
M1 support its important role in NSCs prolif-
eration. Another transcription factor is EZL2.
Concordance with the hypothesis that retino-
blastoma protein complex (pRb) may play a
central role in NSC proliferation [Karsten et al.,
2003], we observed a down-regulation of EZL2

at 12 and 15 day. Previous study reported
that EZL2 is a downstream target of pRb-E2F
pathway and essential for proliferating cells
[Bracken et al., 2003]. Additionally, there were
increases in mRNA of inhibitor of DNA binding
(Id) 3 at differentiation day 12 and 15. Ids
promote cell cycle progression by interacting
with components of the cell cycle machinery and
inhibit the precocious differentiation of neural
progenitors into neurons and oligodendrocytes.
Though 1d3 is necessary for proliferating NSCs,
previous study showed that Id3 may play an
important role in the regulation of astrocyte
proliferation [Tzeng and de Vellis, 1997]. Inter-
estingly, only one member of cyclin family,
cyclin M2, exhibited an alteration in differen-
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tiated cells and an opposite expression pattern
against other cyclins. The precise role of this
gene during differentiation remains to be con-
firmed through function-based assays.

In addition to cell cycle regulation, our
analysis showed that inhibition of proneuronal
genes is continued during proliferation (before
terminal differentiation). TLE 4, a mammalian
homologue of Drosophila groucho, was signifi-
cantly down-regulated at differentiation day 15.
Notch stimulation leads to activation of the ex-
pression of Enhancer of split complex [E (spl)-C]
ranscripts. Their protein products then mediate
the negative regulation of the expression of
proneural genes. The transcriptional repres-
sor function of E (spl)-C proteins requires
the activity of the product of groucho [Grbavec
et al.,, 1998]. Taken together, these altered
expression levels strongly suggest that cell cycle
regulation and negative regulation of prone-
uronal genes have high influences on NSC
proliferation.

Up-Regulation of Neurite Outgrowth and Axon
Guidance Related Genes in Differentiated Cells

A variety of extracellular cues, consisting of
secreted molecules, cell—cell contact and cell—
extracellular matrix (ECM) interaction, are
responsible for neurite outgrowth and axon
guidance [Wei et al., 2002]. Genes encoding
members of a number of these signaling path-
ways are up-regulated. Pleiotrophin, a cytokine
that induce neurite outgrowth [Deuel et al.,
2002], is overexpressed during differentiation
and also reported to exhibit a trophic effect on
survival of dopaminergic neurons [Hida et al.,
2003]. Another secreted molecule, annexin A2,
induce neuritogenesis and differentiation of the
cell line PC12, suggesting involvement in NSC
differentiation [Jacovina et al., 2001]. Ephrin
B3, guidance cue molecule, was also expressed.
Ephrin-Eph receptor system has been shown to
mediate contact-dependent repulsion involved
in axon guidance [Cook et al., 1998].

Many molecules have been isolated from the
ECM and found to be very good at supporting
neurite out growth. ECM proteins, such as
laminins and various forms of collagens in our
chip, are also up-regulated. Most growth cones,
especially those in the CNS, grow along the
surfaces of other cells and axons. In this
function, they are supported largely by class of
growth-promoting molecules that are expressed

on the cell surfaces and known as cell adhesion
molecules (CAM) [Walsh and Doherty, 1997].
mRNA for activated leukocyte CAM (Alcam)
in the cluster F was also up-regulated. Neurite
formation requires extensive cytoskeleton
remodeling. Microtubules provide structural
support and act as substrate for the fast axonal
transport of vesicles [Signor and Scholey, 2000].
Microtubule proteins including microtubule
associated protein (MAP) 2 and MAP tau, were
overexpressed.

Cellular signaling pathways that make use of
CAMs, repulsive factors, attractive factors, and
growth factors are received by receptors on the
surface of the growth cone. Receptors that have
tyrosine phosphatase activity have been found
in abundance on growth cones [Holland et al.,
1998]. Tyrosine phosphatase 4a3 in the cluster
B was up-regulated at differentiation day 12
and 15 and tyrosine phosphatase, receptor type
T in the cluster F was up-regulated at day 6.

In conclusion, we used microarray analysis
during differentiation of NSCs to identify re-
gulatory molecules. We identified 259 modu-
lated genes, which could be divided into 14
functional groups. The further statistical ana-
lysis showed that cell cycle regulation, nucleic
acid metabolism, and negative regulation of
proneuronal genes play crucial roles in NSCs
proliferation and its self-renewal. Also, in dif-
ferentiated cells, a variety of neurite outgrowth
and axon guidance related genes were detected
as significantly expressed genes. Genes that
we identified in this study will advance the
understanding of mechanisms underlying pro-
liferation/differentiation of NSCs and the
potential for the use of stem cells as therapeutic
agents.
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