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Abstract Neural stem cells (NSC) with self-renewal and
multipotent properties could provide an ideal cell source
for transplantation to treat spinal cord injury, stroke, and
neurodegenerative diseases. However, the majority of
transplanted NSC and neural progenitor cells (NPC)
differentiate into astrocytes in vivo under pathological
environments in the central nervous system, which poten-
tially cause reactive gliosis. Because the serum is a potent
inducer of astrocyte differentiation of rodent NPC in cul-
ture, we studied the effect of the serum on gene expression
profile of cultured human NPC to identify the gene sig-
nature of astrocyte differentiation of human NPC. Human
NPC spheres maintained in the serum-free culture medium
were exposed to 10% fetal bovine serum (FBS) for 72 h,
and processed for analyzing on a Whole Human Genome
Microarray of 41,000 genes, and the microarray data were
validated by real-time RT-PCR. The serum elevated the
levels of expression of 45 genes, including ID1, ID2, ID3,
CTGF, TGFA, METRN, GFAP, CRYAB and CSPG3,
whereas it reduced the expression of 23 genes, such as
DLL1, DLL3, PDGFRA, SOX4, CSPG4, GAS1 and HESS.
Thus, the serum-induced astrocyte differentiation of human
NPC is characterized by a counteraction of ID family genes
on Delta family genes. Coimmunoprecipitation analysis
identified ID1 as a direct binding partner of a proneural
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basic  helix-loop-helix (bHLH) transcription factor
MASHI. Luciferase assay indicated that activation of the
DLL1 promoter by MASH1 was counteracted by IDI.
Bone morphogenetic protein 4 (BMP4) elevated the levels
of ID1 and GFAP expression in NPC under the serum-free
culture conditions. Because the serum contains BMP4,
these results suggest that the serum factor(s), most
probably BMP4, induces astrocyte differentiation by
upregulating the expression of ID family genes that repress
the proneural bHLH protein-mediated Delta expression in
human NPC.

Keywords Astrocytes - Delta family genes -
Human neuronal progenitor cells - ID. family genes -
Microarray

Abbreviations

NSC Neural stem cells

NPC . Neural progenitor cells

CNS Central nervous system

BBB Blood-brain barrier

bHLH Basic helix-loop-helix

FBS Fetal bovine serum

EGF Epidermal growth factor
bFGF Basic fibroblast growth factor

LIF Leukemia inhibitory factor

TGF Transforming growth factor

RT-PCR Reverse transcription-polymerase
‘chain reaction

DAVID Database for annotation visualization

and integrated discovery
GO Gene Ontology
GFAP Glial fibrillary acidic protein
BMP4 Bone morphogenetic protein 4
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Introduction

Neural stem cells (NSC) with self-renewal and multipotent
properties are distributed broadly in the niche of germinal
zones in the embryonic and adult mammalian central ner-
vous system (CNS). NSC, unlimitedly propagated in vitro
and genetically manipulated ex vivo, could provide an
ideal cell source for transplantation to compensate for cell
damage in spinal cord injury, stroke, and neurodegenera-
tive diseases (Martino and Pluchino 2006). However, the
majority of transplanted NSC and neural progenitor cells
(NPC), the cells committed to differentiation into the
neuronal lineage, differentiate into astrocytes in vivo under
pathological environments in the CNS, which contribute to
glial scar formation that inhibits axonal regeneration
(Pallini et al. 2005; Ishii et al. 2006). Oxidative stress
mediators abundant in pathological lesions elevate the
expression of histone deacethylase (HDAC) Sirtl in mouse
NPC, which cooperates with an inhibitory basic helix-loop-
helix (bHLH) protein HES1 to mediate epigenetic silencing
of a proneural bHLH transcription factor MASHI, leading
to astrocyte differentiation of NPC (Prozorovski et al.
2008). To obtain a subset of neurons desirable for cell
replacement therapy for human neurological diseases, we
should intensively clarify the complex interaction of
intrinsic genetic programs and environmental factors that
regulate human NSC and NPC proliferation and differen-
tiation. However, at present, molecular mechanisms under-
lying astrocytic differentiation of human NSC and NPC
in vitro and in vivo remain largely unknown.

DNA microarray technology is a powerful approach that
allows us to systematically monitor gene expression profile
of neural cells during differentiation under development.
Microarray analysis showed that neuronal differentiation of
human NSC in culture involves the regulation of hundreds
of genes, including those essential for Wnt and TGF-beta
signaling pathways (Cai et al. 2006). By comparing gene
expression profiles between human NPC and differentiated
neurons, a previous study identified both PDGF receptor
alpha (PDGFRA) and IGF-binding protein 4 (IGFBP4) as
key proneural differentiation factors (Yu et al. 2006). A
recent study discovered 38 genes expressed commonly
between adult and fetal human NPC (Maisel et al. 2007).
Recently, we have characterized the DNA damage-
responsive gene signature of human astrocytes in culture
(Satoh et al. 2006).

Because the serum is a potent inducer of astrocyte dif-
ferentiation of rodent NSC and NPC in culture (Chiang
et al. 1996; Brunet et al. 2004), and the serum components
enter the CNS via the disrupted blood-brain barrier (BBB)
at the site of CNS injury and ischemia, we studied the
effect of the serum on gene expression profile of human
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NPC in culture by analyzing with a whole genome-scale
microarray to identify the gene signature of astrocyte dif-
ferentiation of human NPC.

Methods
Neural Progenitor Cells in Culture

Cryopreserved human NPC, isolated from the brain of an
18.5-week-old female Caucasian under informed consent,
were obtained from Cambrex (Walkersville, MD, USA) as
a commercially available product (CC-2599). NPC were
plated in a 6-well culture plate coated with polyethylene-
imine, and incubated at 37°C in a 5% CO,/95% air
incubator in the NPC medium, composed of the serum-free
DMEM/F-12 medium (Invitrogen, Carlsbad, CA, USA)
supplemented with a mixture of insulin-transferrin—sele-
nium (ITS) (Invitrogen), 20 ng/ml recombinant human
EGF (Higeta, Tokyo, Japan), 20 ng/ml recombinant human
bFGF (PeproTech EC, London, UK), and 10 ng/ml
recombinant human LIF (Chemicon, Temecula, CA, USA),
according to the methods described previously (Carpenter
et al. 1999). The half of the medium was renewed every 4
days. Following incubation for several months, NPC in
culture continued to proliferate by forming free floating or
loosely attached growing spheres. For microarray analysis,
nonpassage NPC spheres were harvested, replated in a non-
coated 6-well culture plate, and incubated further for 72 h
in the NPC medium with or without inclusion of 10% fetal
bovine serum (FBS) (Biowest, Miami, FL, USA). In some
experiments, NPC were incubated for 72 h in the NPC
medium with or without inclusion of 50 ng/ml recombinant
human BMP4 (PeproTech).

Human cell lines, such as NTera2 teratocarcinoma, Y79
retinoblastoma, SK-N-SH neuroblastoma, IMR-32 neuro-
blastoma, U-373MG astrocytoma, HMO6 microglia, HeLa
cervical carcinoma, and HepG2 hepatoblastoma, were
maintained as described previously (Satoh et al. 2007).

Gene Expression Profiling

Five micrograms of total RNA was isolated from NPC cells
by using TRIZOL reagent (Invitrogen). It was in vitro
amplified .once, and cRNA was processed for microarray
analysis on a Whole Human Genome Oligonucleotide
Microarray (G4112A, 41,000 genes; Agilent Technologies,
Palo Alto, CA, USA), as described previously (Satoh et al.
2006). cRNA prepared from NPC spheres without exposure
to the serum (S—) was labeled with a fluorescent dye Cy3,
while cRNA of NPC spheres with exposure to the serum
(S+) was labeled with Cy5. The array was hybridized at
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60°C for 17 h in the hybridization buffer containing equal
amounts of Cy3- or Cy5-labeled cRNA. Then, it was
scanned by the Agilent scanner (Agilent Technologies).
The data were analyzed by using the Feature Extraction
software (Agilent Technologies). The fluorescence inten-
sities (FI) of individual spots were quantified following
global normalization between Cy3 and CyS signals and
subsequent Lowess normalization. The ratio of FI of Cy5
signal versus FI of Cy3 signal exceeding 2.0 was defined as
significant upregulation, whereas the ratio smaller than 0.5
was considered as substantial downregulation.

Real-Time RT-PCR Analysis

DNase-treated total cellular RNA was processed for cDNA
synthesis using oligo(dT);,_;s primers and SuperScript II
reverse transcriptase (Invitrogen). Then, ¢cDNA was
amplified by PCR in LightCycler ST300 (Roche Diag-
nostics, Tokyo, Japan) using SYBR Green I and primer sets
listed in Table 1. The expression levels of target genes
were standardized against those of the glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) gene detected in par-
allel in identical cDNA samples. All the assays were
performed in triplicate.

Functional Annotation and Molecular Network
Analysis

Functional annotation of significant genes identified by
microarray analysis was searched by the web-accessible
program named Database for Annotation, Visualization and
Integrated Discovery (DAVID) version 2008, National
Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH) (david.abcc.ncifcrf.gov)
(Dennis et al. 2003). DAVID covers more than 40 annota-
tion categories, including Gene Ontology (GO) terms,
protein—protein interactions, protein functional domains,
disease associations, biological pathways, sequence general
features, homologies, gene functional summaries, and tissue
expressions. By importing the list of the National Center for
Biotechnology Information (NCBI) Entrez Gene IDs, this
program creates the functional annotation chart, an anno-
tation-term-focused view that lists annotation terms and
their associated genes under study. To avoid excessive
count of duplicated genes, the Fisher’s exact test is calcu-
lated based on corresponding DAVID gene IDs by which all
redundancies in original IDs are removed.

KeyMolnet is a knowledge-based content database that
focuses on relationships among human genes, molecules,
diseases, pathways and drugs, which were manually curated
by expert biologists (www.immd.co.jp/en/keymolnet/index.
html) (Sato et al. 2005). They are categorized into the core
contents collected from selected review articles with the

highest reliability or the secondary contents extracted from
abstracts of PubMed database. 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
network was compared side by side with 346 human
canonical pathways of the KeyMolnet library. The algo-
rithm counting the number of overlapping molecular
relations between the extracted network and the canonical
pathway makes it possible to identify the canonical pathway
showing the statistically significant contribution to the
extracted network.

Immunohistochemistry

For immunocytochemistry, NPC attached on poly-L-lysine-
coated cover glasses were fixed with 4% PFA in 0.1 M
phosphate buffer, pH 7.4 at room temperature (RT) for
5 min, followed by incubation with phosphate-buffered
saline (PBS) containing 0.5% Triton X-100 atRT for 3 min.
After blocking non-specific staining by PBS containing 10%
NGS, the cells were incubated at RT for 30 min with a
mixture of mouse monoclonal anti-GFAP antibody (GAS;
Nichirei, Tokyo, Japan) and rabbit polyclonal anti-nestin
antibody (AB5922; Chemicon) or rabbit polyclonal anti-ID1
antibody (C-20; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Then, they were incubated at RT for 30 min with a
mixture of Alexa Fluor 488-conjugated anti-rabbit IgG
(Invitrogen) and Alexa Fluor 568-conjugated anti-mouse
IgG (Invitrogen). After several washes, they were examined
on the Olympus BXS51 universal microscope.

Western Blot Analysis

To prepare total protein extract, the cells were homoge-
nized in RIPA buffer containing and a cocktail of protease
inhibitors (Sigma, St. Louis, MO, USA). Following cen-
trifugation at 12,000 rpm for 10 min at RT, the supernatant
was collected and separated on a 12% or 15% SDS-PAGE
gel. After gel electrophoresis, the protein was transferred
onto nitrocellulose membranes, and the blots were labeled
at RT overnight with anti-GFAP antibody (GAS5) or anti-
ID1 antibody (C-20). Then, they were incubated at RT for
30 min with HRP-conjugated anti-mouse or rabbit 1gG
(Santa Cruz Biotechnology). The specific reaction was
visualized by exposing to a chemiluminescence substrate
(Pierce, Rockford, IL, USA). After the antibodies were
stripped by incubating the membranes at 50°C for 30 min
in stripping buffer, composed of 62.5 mM Tris-HCl, pH
6.7, 2% SDS and 100 mM 2-mercaptoethanol, the blots
were processed for relabeling with anti-HSP60 antibody
(N-20; Santa Cruz Biotechnology).
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Coimmunoprecipitation Analysis

The open-reading frame (ORF) of the human ID1 and
MASHI1 (ASCL1) genes were amplified by PCR using
PfuTurbo DNA polymerase (Stratagene, La Jolla, CA,
USA) and primer sets listed in Table 1. They were then
cloned into the mammalian expression vector pCMV-Myc
(Clontech, Mountain View, CA, USA) or p3XFLAG-
CMV7.1 (Sigma) to express a fusion protein with an
N-terminal Myc or Flag tag. At 48 h after co-transfection
of the vectors in HEK293 cells by Lipofectamine 2000
reagent (Invitrogen), the cells were homogenized in
M-PER lysis buffer (Pierce) supplemented with a cocktail
of protease inhibitors (Sigma). After preclearance, the
supernatant was incubated at 4°C for 3 h with rabbit
polyclonal anti-Myc-conjugated agarose (Sigma), mouse
monoclonal anti-Flag M2 affinity gel (Sigma), or the same
amount of normal mouse or rabbit IgG-conjugated agarose
(Santa Cruz Biotechnology). After several washes, the
immunoprecipitates were processed for Western blot
analysis using rabbit polyclonal anti-Myc antibody (Sigma)
and mouse monoclonal anti-FLAG M2 antibody (Sigma).

Dual Luciferase Assay

The ORF of the human ID1 gene, amplified by PCR using
PfuTurbo DNA polymerase and primer sets listed in
Table 1, was cloned into the mammalian expression vector
PEF6/V5-His TOPO (Invitrogen) by designing omission of
V5 and His tags. The web search on Database of Tran-
scriptional Start Sites (DBTSS; dbtss.hgc.jp) indicated that
several E-box (CANNTG) sequences were clustered in the
approximately 3,000 bp promoter region of the human
DLL1 gene. Two non-overlapping regions of the DLL1
promoter, consisting of the region #1 spanning —1,253
and —254 containing two E-box sequences or the region
#2 spanning —2,946 and —1,786 containing 10 E-box
sequences, when the first amino acid of the initiation codon
is defined as the position zero, were separately amplified by
PCR using GC-RICH PCR system (Roche Diagnostics)
and primer sets listed in Table 1, They were then cloned
into the Firefly luciferase reporter vector pGL4.14-luc2-
Hygro (Promega, Madison, WI, USA). The Renilla lucif-
erase reporter vector pGLA.74-hRluc-TK (Promega) was
used for an internal control that normalizes variability
caused by differences in transfection efficacy. They were
co-transfected in HEK293 cells, which were introduced
with MASHI1 and/or ID1 expression vectors at 36 h before
transfection of the luciferase reporter vectors. At 16 h after
transfection of the luciferase reporter vectors, cell lysate
was processed for dual luciferase assay on a 20/20 Lumi-
nometer (Promega). All the assays were performed in
triplicate.

Results
Human Neural Progenitor Cells (NPC) in Culture

Human NPC were capable of proliferating for several
months by forming free floating or loosely attached
growing spheres, when incubated in the NPC medium
under the serum-free culture conditions (Fig. 1a). When
human NPC spheres were incubated in the NPC medium
supplemented with 10% FBS, they rapidly attached on the
plastic surface, followed by vigorous outgrowth of a sheet
of adherent cells from the attachment face (Fig. 1b). By
RT-PCR analysis, NPC cells expressed the transcripts of
nestin (NES), musashi homolog 1 (MSI1), and GFAP at
high levels, whereas they displayed fairly low levels of
NFH and MBP mRNA under culture conditions with or
without inclusion of the serum (Fig. lc, lanes 1-10).

When incubated in the serum-free NPC medium, the
great majority of the cells forming the core of NPC spheres
exhibited an intense immunoreactivity for nestin, and
expressed less intensely immunoreactivity for GFAP
(Fig. 2a). In contrast, when incubated in the 10% FBS-
containing NPC medium, virtually all of adherent cells
with a polygonal shape, growing out from the NPC spheres,
expressed very strongly both GFAP and nestin immu-
noreactivities (Fig. 2b and d-f). None of the cells
expressed the oligodendrocyte marker O4 or O1 in the
serum-free and serum-containing culture conditions (data
not shown). These results suggest that adherent cells
growing from NPC spheres at the attachment face represent
the cells that underwent astrocyte differentiation.

Upregulated Genes in Human NPC Following Exposure

“to the Serum

NPC spheres were harvested, replated on a non-coated
plastic surface, and incubated further for 72 h in the NPC
medium with (S+) or without (§—) inclusion of 10% FBS.
Then, total cellular RNA was processed for microarray
analysis. Exposure of NPC spheres to the serum elevated
the levels of expression of 45 genes (Table 2). They
include tropomodulin 1 (TMOD1), inhibitor of DNA
binding 1 (ID1), connective tissue growth factor (CTGF),
Kruppel-like factor 9 (KLF9), inhibitor of DNA binding 3
(ID3), fibroblast growth factor binding protein 2
(FGFBP2), zinc finger protein 436 (ZNF436), transforming
growth factor alpf\a (TGFA), tumor protein D52 (TPD52),
sulfatase 1 (SULF1), regulator of G-protein signaling 4
(RGS4), collectin sub-family member 12 (COLECI12),
angiotensinogen (AGT), solute carrier family 16, member
9 (SLC16A9), meteorin (METRN), cathepsin H (CTSH),
growth arrest and DNA-damage-inducible beta (GADD
45B), sterile alpha motif domain containing 11 (SAMD11),
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Fig. 1 Human neural progenitor cells (NPC) in culture. a Human
NPC maintained under the serum-free culture conditions formed free
floating growing spheres. b Human NPC spheres exposed to 10% FBS
rapidly attached on the plastic surface, followed by vigorous
outgrowth of a sheet of adherent cells from the attachment face. a, b
Phase-contrast photomicrographs. ¢ RT-PCR amplified for 32 cycles

of nestin (NES, lanes 1 and 2), musashi homolog 1 (MSII, lanes 3 and
4), neurofilament heavy polypeptide (NFH, lanes 4 and 6), myelin
basic protein (MBP, lanes 7 and 8), and glial fibrillary acidic protein
(GFAP, lanes 9 and 10) expressed in human NPC under the serum-free
(S—) and the 10% FBS-containing (S+) culture conditions

Fig. 2 Nestin, GFAP, and ID1 expression in human NPC in culture.
Human NPC spheres attached on poly-L-lysine-coated cover glasses
were incubated for 72 h in the NPC medium with (S+) or without (S—)
inclusion of 10% FBS, and processed for double-labeling immunocy-
tochemistry for nestin, GFAP, or ID1. a S—, NPC sphere, merge of

adenomatosis polyposis coli 2 (APC2), solute carrier
family 2 member 5 (SLC2AS), GFAP, coiled-coil domain
containing 103 (CCDC103), chromosome 9 open reading
frame 58 (C9orf58), chitinase 3-like 2 (CHI3L2), com-
plement factor I (CFI), chemokine C-X-C motif ligand 14
(CXCL14), annexin A1 (ANXA1), regulator of calcineurin

@ Springer

nestin (green) and GFAP (red), b S+, vigorous outgrowth of adherent
cells from the attachment face of the sphere, merge of nestin (green)
and GFAP (red), ¢ S+, outgrowth of adherent cells, merge of ID1
(green) and ‘GFAP (ted), d S+, outgrowth of adherent cells, nestin
(green), e the same field as d, GFAP (red), and f merge of d and e

1 (RCANT1), retinal pigment epithelium-specific protein
65 kDa (RPE65), serine/threonine kinase 17a (STK17A),
chromosome 4 open reading frame 30 (C4orf30), alpha B
crystallin  (CRYAB), transmembrane protein 132B
(TMEM132B), frizzled homolog 1 (FZD1), inhibitor of
DNA binding 2 (ID2), CDC42 effector protein 4
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Table 2 Upregulated genes in human neuronal progenitor cells (NPC) following exposure to the serum

Rank Gene symbol ~ Gene ID - Ratio Gene name Putative function
1 TMOD1 7111 13.05 Tropomodulin 1 A modulator of association between tropomyosin
and the spectrin-actin complex
2 D1 3397 9.00 Inhibitor of DNA binding 1, A HLH protein that acts as a dominant negative
dominant negative helix-loop- regulator of bHLH family transcription factors
helix protein
3 CTGF 1490 5.17 Connective tissue growth factor A secreted mitogenic protein with insulin-like
growth factor-binding capacity
4 KLF9 687 4.43 Kruppel-like factor 9 A transcription factor that binds to GC box
elements
5 D3 3399 4.08 Inhibitor of DNA binding 3, A HLH protein that acts as a dominant negative
dominant negative helix-loop- regulator of bHLH family transcription factors
helix protein
6 FGFBP2 83888 3.76 Fibroblast growth factor binding A protein of unknown function secreted by
protein 2 T lymphocytes
7 ZNF436 80818 3.67 Zinc finger protein 436 A trancriptional factor that represses
transcriptional activities of SRE and AP-1
8 TGFA 7039 3.60 Transforming growth factor, alpha A growth factor that competes with EGF for
binding to EGF receptor
9 TPD52 7163 3.35 Tumor protein D52 A coiled-coil domain bearing protein involved in
calcium-mediated signal transduction and cell
proliferation
10 SULF1 23213 323 Sulfatase 1 An endosulfatase that modulates signaling by
heparin-binding growth factors
1t RG34 5999 3.13 Regulator of G-protein signaling 4 A member of RGS family that deactivates G
protein subunits of heterotrimeric G proteins
12 COLEC12 81035 293 Collectin sub-family member 12 A C-lectin family protein that acts as a scavenger
receptor binding to carbohydrate antigens
13 AGT 183 2,90 Angiotensinogen (serpin peptidase  Angiotensinogen cleaved by renin to produce
inhibitor, clade A, member 8) angiotensin I
14 SLC16A9 220963 2.82 Solute carrier family 16, member9 A monocarboxylic acid transporter
(monocarboxylic acid '
transporter 9)
15 METRN 79006 2.79 Meteorin, glial cell differentiation A glial cell differentiation regulator
regulator o
16 CTSH 1512 2.75 Cathepsin H A lysosomal cysteine proteinase
17 GADD45B 4616 2.70 Growth arrest and DNA-damage-  An environmental stress-inducible protein that
inducible, beta activates p38/INK signaling
18 SAMD11 148398 2.69 Sterile alpha motif domain A protein with a SAM motif of unknown
containing 11 function
19 APC2 10297 2.67 Adenomatosis polyposis coli 2 A negative regulator of Wnt signaling
20 SLC2AS 6518 2,63 Solute carrier family 2 (facilitated  Glucose/fructose transporter GLUTS
glucose/fructose transporter),
member 5
21 GFAP 2670 2.62 Glial fibrillary acidic protein An intermediate filament protein of astrocytes
22 CCDC103 388389 2.59 Coiled-coil domain containing 103 A coiled-coil domain bearing protein of
unknown function
23 CYorf58 83543 2.55 Chromosome 9 open reading A calcium binding protein of unknown function
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