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Table 1. PrPC-interacting proteins (PrPIPs) identified by protein microarray analysis

Gene expression
in adult mouse
brain (region

Entrez Gene Gene with the highest
No. gene ID symbol name Putative molecular function Block Row  Column  Z-score expression level)
1 54478 FAM64A Family with sequence A protein with the DUF1466 domain of 20 11 7,8 21.89656 Unknown
similarity 64, member A unknown function
2 3198 HOXA1 Homeobox Al A transcription factor that regulates the 35 11 3.4 18.36074  Yes (CB)
placement of hindbrain segments in the
proper location along the
anterior—posterior axis during
development
3 1448 CSN3 Casein kappa A milk protein 20 9 9,10 12.58106  Yes (OLF)
4 29994 BAZ2B Bromodomain adjacent to A component of chromatin remodeling 24 10 5,6 7.96988  Yes (MY)
zinc finger domain, 2B complexes
5 84310 C70rf50 Chromosome 7 open A hypothetical protein of unknown 21 11 9,10 6.7938 Unknown
reading frame 50 {unction
6 6835 SURF2 Surfeit 2 The housekeeping gene of unknown 15 9 15,16 6.31368 Yes (MY)
{unction
7 79005 SCNM1 Sodium channel modifier 1 A zinc finger protein acting as a premRNA 18 6 3,4 6.06453  Yes (CB and
splicing factor other regions)
8 494514 C18orf56 Chromosome 18 open A hypothetical protein of unknown 10 10 19,20 6.02515 Unknown
reading frame 56 function
9 1263 PLK3 Polo-like kinase 3 A serine/threonine kinase that regulates 34 13 13,14 5.94109 Yes (MY)
(Drosophila) cell cycle progression
10 55696 RBM22 RNA binding motif protein A zinc finger protein with the RNA 20 9 7,8 5.67225  Yes (CB)
22 ) recognition motif of unknown function
11 91050 DKFZp761B107 Hypothetical protein A protein with the SMC N-terminal 22 12 3,4 5.36251 Unknown
DKFZp761B107 domain of unknown function
12 4350 MPG N-methylpurine-DNA A DNA glycosylase acting as a DNA repair 37 9 11,12 5.16637 Yes (RHP)
glycosylase enzyme
13 7745 ZNF192 Zinc finger protein 192 A Kruppel family zinc finger transcription 21 11 13,14 5.12927 Unknown
factor
14 85480 TSLP Thymic stromal A haemopoietic cytokine that enhances 21 10 19,20 492555  Yes (RHP)
lymphopoietin the maturation of dendritic cells
15 51202 DDX47 DEAD (Asp-Glu-Ala-Asp) A member of the DEAD box protein family 2 11 11,12 490132 Yes (MY)
box polypeptide 47 RNA helicases
16 57787 MARK4 MAP/microtubule A serine/threonine kinase that regulates 12 13 56 438333  Yes (TH)
affinity-regulating kinase microtubule organization in neuronal
4 cells
17 79797 ZNF408 Zinc finger protein 408 A zinc finger protein with the SFP1 21 11 19,20 4,27504 Unknown

domain acting as a transcriptional
repressor that regulates cell cycle
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9519
29777
6171
283337
51503
2273

65062

8870
57179
138428

9659

55843
92170
84916

26523

11091

55803

94274

1153

TBPL1
ABT1
RPL41
ZNF740
CWC15
FHL1

ALS2CR4

IER3

KIAA1191

PTRH1

PDE4DIP

ARHGAP15

MIG1

CIRH1A

EIF2C1

WDR5

CENTA2

PPP1R14 A

CIRBP

TBP-like 1

Activator of basal
transcription 1

Ribosomal protein L41

Zinc finger protein 740

CWC15 homolog
(S. cerevisiae)

Four and a half LIM
domain 1

Amyotrophic lateral
sclerosis 2 (juvenile)
chromosome region,
candidate 4

Immediate early response 3

KIAA1191

Peptidyl-tRNA hydrolase 1

homolog (8. cerevisiae)
Phosphodiesterase 4D
interacting protein
(myomegalin)
Rho GTPase activating
protein 15
Mitochondrial GTPase 1
homolog (S. cerevisiae)
Cirrhosis, autosomal
recessive 1 A (cirhin)
Eukaryotic translation
initiation factor 2C, 1

WD repeat domain 5

Centaurin, alpha 2

Protein phosphatase 1,
regulatory (inhibitor)
subunit 14 A

Cold-inducible RNA
binding protein

A general transcription factor that
regulates spermatogenesis
A basal transcriptional activator

A componet of the 608 ribosome subunit

A zinc finger protein of unknown function

A cell cycle control protein involved in
mRNA splicing

A protein with the LIM domain that
regulates skeletal muscle differentiation

A membrane protein of unknown
function

The immediate early gene acting as an
antiapoptosis regulator

A cytoplasmic protein of unknown
function

A peptidyl-tRNA hydrolase

A protein of the golgi/centrosome that
interacts with a cyclic nucleotide
phosphodiesterase

A Rho GTPase-activating protein acting as
a regulator of RAC1

A mitochondrial GTPase

A mitochondrial protein with WD40
repeats of unknown function

A member of the Argonaute family
(AGO1) that plays a role in
siRNA-mediated gene silencing

A protein with WD40 repeats that
constitutes a component of histone
methyltransferase complexes

A plasma membrane GTPase activating
protein with PH domains

A phosphorylation-dependent inhibitor of
smooth muscle myosin phosphatase

A cold stress-inducible protéin wuth the
RNA recognition motif that plays a role
in cold-induced suppression of cell
proliferation
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1,2
15,16
7,8
15,16
13,14
11,12
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13,14
13,14
19, 20

1,2

13,14
7,8
19,20

11,12

5,6

3,4

3,4

4.16447
3.97136
3.9388

3.88503
3.78582
3.75175

3.69722

3.6018

3.56924

3.55258

3.54046

3.50411

3.49729

34511

343671

3.37083

3.25269

3.25117

3.22391

Yes (OLF)
Yes (OLF)
Unknown
Unknown
Unknown

Yes (sAMY)

Yes (RHP)

Yes (CB)
Unknown
Yes (CTX)

Yes (HIP)

Yes (CTX)
Yes (HIP)
Yes (HIP)

Yes (HIP)

Yes (HIP)

Yes (MY)

Yes (MY)

Yes (CTX)

U030 U] DJAT

€C



— LSG —

S€-97T ‘s € ‘AbojorqomaN payddy puv AbojoypdonaN Py SUIgsTqU [[omMYe[d 8007 ©

Table 1. (Continued)

Gene expression
in adult mouse
brain (region

Entrez Gene Gene with the highest
No. gene ID symbol name Putative molecudar function Block Row  Column  Z-score expression level)
37 57732 ZFYVE28 Zinc finger, FYVE domain An endosomal protein with the FYVE 12 10 11,12 3.20574  Yes {(CB and
containing 28 domain that targets proteins to other regions)
membrane lipids via interaction with
PI3P
38 84305 WIBG Within bgen homolog A protein with the Mogo-bind domain of 43 9 15,16 3.19741  Yes (OLEF)
(Drosophila) unknown function
39 55651 NOLA2 Nucleolar protein family A, A member of the H/ACA snoRNPs gene 15 6 15,16 3.155 Yes (OLF)
member 2 (H/ACA small family that regulates rRNA processing
nucleolar RNPs) and modification
40 8495 PPFIBP2 PTPRF interacting protein, A protein with SAM domains acting as a 47 12 11,12 3.13682  Yes (MY)
binding protein 2 (liprin scaffold for recruitment and anchoring
beta 2) of LAR family PTPases
41 286301 FAM27E3 Pamily with sequence A protein of unknown function 14 11 9,10 3.11032  Unknown
similarity 27, member E3
42 2258 FGF13 Fibroblast growth factor 13 A member of the FGF family that plays a 35 11 17,18 3.1035 Yes (HIP)
role in neuronal development
43 150209 AIFM3 Apoptosis-inducing factor, A mitochondrial protein with the Rieske 42 10 15,16 3.09063  Unkown
mitochondrion-associated, domain and the pyridine
3 nucleotide-disulphide oxidoreductase
_domain acting as an apoptosis inducer
44 1267 CNP 2/,3’-cyclic nucleotide 3’ A cyclic nucleotide phosphodiesterase 20 10 19,20 3.07624  Yes(CBand
phosphodiesterase serving as a marker of myelin other regions)
45 28987 NOB1 NIN1/RPN12 binding A protein with the PUN domain and the 14 11 17,18 3.06336  Yes (CB and
protein 1 homolog zinc ribbon domain acting as a other regions)
(S. cerevisiae) ribonuclease
46 55599 RNPC3 RNA-binding region (RNP1, A nuclear protein with RNA recognition 9 8 19,20 3.01035  Yes (OLF)
RRM) containing 3 motifs that constitutes a component of
the Ul2-type spliceosome
47 8444 DYRK3 Dual-specificity A DYRK family dual-specificity protein 20 13 9,10 3.00278  Yes (HIP)

tyrosine-(Y)-phosphorylation

regulated kinase 3

kinase that regulates caveolae
trafficking

Among 5000 proteins on the microarray, 47 were identified as the proteins showing a significant interaction. They are listed with Entrez Gene ID, gene symbol, gene name, molecular
function, the position on the array, the Z-score and the information on gene expression in the adult mouse brain, including the region with the highest expression level on the sagittal plane
of the Allen Brain Atlas. .
CB, cerebellum; CTX, cerebral cortex; HIP, hippocampal region; MY, medulla oblongata; OLF, olfactory bulb; sAMY, striatum-like amygdalar nuclei; TH, thalamus; RHP, retrohippocampal

region.
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12 genes in the adult mouse brain is currently unknown.
Thus, the expression of PrPIPs is enriched in the adult
mouse brain, suggesting the possible interaction of these
with PrPC that is expressed broadly at high levels in
neurones of the adult rodent CNS [3]. The BIND database
search indicated that none of 47 PrPIPs were classified
into previously reported PrPC-interacting partners.

We did not detect any negative control spots as positive,
including those of BSA, calmodulin, GST, a rabbit anti-
GST antibody, human IgG subclasses, an antibiotin anti-
body and buffer-only control, whereas we identified a
battery of positive control spots as positive, such as those
of an Alexa Fluor 647-labelled antibody, a biotinylated
anti-mouse antibody binding to Alexa Fluor 647-
conjugated anti-V5 antibody and V5 protein (Figure 1,
panels b—f). The protein microarray we utilized includes
only three previously reported PrPC-binding partners,
such as glial fibrillary acidic protein [15], tubulin [25] and
casein kinase 2 [27] (see Table S2). However, we could
not identify them as a significant PrPC interactor in the
present study.

Human neurones in culture expressed mRNA of
PrPC interactors

Because PrPC in vivo is expressed at the highest level in
neurones in the CNS, it is important to identify the cell
types expressing PrPIPs. By reverse transcription (RT)-
PCR analysis, the transcripts coding for PRNP and
PR209-interacting proteins, such as FAM64A, PLK3 and
MPG, were expressed widely in various human neural
and non-neural cell lines (Figure 2, panels a, ¢, d, e,
lanes 3-12). They include cultured human AS, NP cells,
NTera2 teratocarcinoma-derived differentiated neurones
(NTera2N), Y79 retinoblastoma, SK-N-SH neuroblas-
toma, IMR-32 neuroblastoma, U-373MG astrocytoma,
HMO6 microglia, HeLa cervical carcinoma and HepG2
hepatocellular carcinoma cells. In contrast, high levels of
HOXA1 mRNA were expressed in limited cell types, such
as NTera2N, U-373MG, HeLa and HepG2 (Figure 2, panel
b, lanes 3-12). High levels of PLK3, MPG and PRNP
mRNAs were also identified in the human cerebral cortex
(CBR) (Figure 2, panels ¢, d, e, lane 1). The levels of
G3PDH mRNA were constant among the cells and tissues
examined (Figure 2, panel f, lanes 1, 3-12). By contrast,
no products were amplified, when total RNA was pro-
cessed for PCR without inclusion of the RT step, excluding
a contamination of genomic DNA (Figure 2, panels a—f,
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(a) FAM64A

(b) HOXAL

(¢) PLK3

(d) MPG
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Figure 2. Expression of mRNAs of PrPC interactors in human
neural cells. The expression of (a) FAM64A, (b) HOXA1, (c) PLK3,
(d) MPG, (e) PRNP and (f) G3PDH mRNAs was studied in human
neural and non-neural cells by RT-PCR. The lanes (1-12)
represent: (1) the frontal cerebral cortex (CBR) with inclusion of
the reverse transcription step (RT+), (2) CBR without inclusion of
the reverse transcription step (RT~), (3) cultured astrocytes (AS),
(4) cultured neuronal progenitor (NP) cells, (5) NTera2
teratocarcinoma-derived differentiated neurones (NTera2N), (6)
Y79 retinoblastoma, (7) SK-N-SH neuroblastoma, (8) IMR-32
neuroblastoma, (9) U-373MG astrocytoma, (10) HMO6 microglia
cell line, (11) HelLa cervical carcinoma and (12) HepG2
hepatocellular carcinoma. The DNA size marker (100-bp ladder) is
shown on the left.

lane 2). Because NTera2N cells serve as a model of differ-
entiated human neurones in culture [45], these observa-
tions suggest that FAM64A, HOXA1, PLK3 and MPG are
neuronal proteins coexpressed with PrPC.

Validation of protein microarray data

To verify the results of protein microarray analysis,
PR209 and interactors were cloned individually into dis-
tinct expression vectors, and were coexpressed transiently
in HEK293 cells. FAM64A, HOXA1, PLK3 and MPG were
selected for the interactors examined, because of their
possible involvement in neural function (see Discussion).
Because the antibodies suitable for immunoprecipitation
with FAM64A, PLK3 and MPG are currently unavailable,
we performed immunoprecipitation analysis by using the
tag-specific antibodies. First, PR209 was expressed as a
Flag-tagged fusion protein, whereas the interactors were

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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Figure 3. Coimmunoprecipitation analysis. PR209, the N-terminal
(NT) half, and the C-terminal (CT) half were expressed as a
Flag-tagged fusion protein, while FAM64A, HOXA1, PLK3 and
MPG were expressed as a Myc-tagged fusion protein in HEK293
cells. Immunoprecipitation (IP) followed by Western blotting (WB)
was performed by using the antibodies against Flag and Myc. The
interaction indicates (a) PR209-FAM64A, (b) PR209-PLK3, (c)
PR209-MPG, (d) PR209-HOXA1, (e) NT-HOXA1 and (f)
CT-HOXA1. The lanes (1-3) represent: (1) input control of cell
lysate, (2) IP with anti-Flag or anti-Myc antibody and (3) IP with
normal mouse or rabbit IgG.

expressed as a Myc-tagged fusion protein. Coimmunopre-
cipitation and Western blot validated the interaction of
PR209 with FAM64A (Figure 3a), PLK3 (Figure 3b), MPG
(Figure 3c) and HOXA1 (Figure 3d). Furthermore, we
found that not the N-terminal half but the C-terminal half
of PR209 is bound to HOXA1 (Figure 3e,f), excluding
non-specific coimmunoprecipitation of PR209 and the
interactors in the transient expression system using
HEK293 cells.

Next, PR209 was expressed as a DsRed-tagged fusion
protein in HEK293 cells. It was located predominantly in
the nucleus and the cytoplasm, and less abundantly on
the plasma membrane (Figure 4, panels a, d, g, j, m). The
EYFP-tagged fusion protein of FAM64A or HOXA1 was
located predominantly in the nucleus, where it was
colocalized with PR209 (Figure 4, panels b, ¢, h, i). The
EYFP-tagged FAM64A protein was also located chiefly
in the nucleus colocalized with DsRed-tagged PR209 in
SK-N-SH cells similarly in HEK293, suggesting that the
unique subcellular location of FAM64A and PR209 isnot
attributable to HEK293 cell-specific intracellular traffick-
ing of the recombinant proteins (Figure 4, panels d—f). The

GFP-tagged PLK3 fusion protein, expressed on the plasma
membrane and in the cytoplasm, showed discernible
colocalization with PR209 (Figure 4, panels k, 1). The
GFP-tagged MPG fusion protein was located chiefly in the
nucleus, coexisting with PR209 (Figure 4, panels n, o).
Thus, a substantial part of PRP209 and interactors
are colocalized in specific subcellular compartments
in HEK293 and SK-N-SH cells following transient
expression.

Proteinase K sensitivity and detergent
insolubility of PR209

To study the proteinase K-resistant property of PR209
coexpressed with the interactors in HEK293 cells, cellular
protein extract was treated with proteinase K. In some
experiments, the cells were exposed to MG-132 in the last
24 h before harvest. Coexpression of PR209 with HOXA1
or FAM64A did not generate proteinase K-resistant prod-
ucts regardless of treatment with MG-132 (Figure Sa,
lanes 1-6; upper panel: HOXA1; lower panel: FAMG64A).
To determine the detergent-insoluble property of PR209,
cellular protein extract was separated into 0.5% Nonidet
P-40-scluble (S) and -insoluble (P) fractions. Unexpect-
edly, a great amount of the PR209 protein was recovered
from the detergent-insoluble (P) fraction, even when
PR209 alone without interactors was {ransiently
expressed in HEK293 cells (Figure 5b, lanes 7, 8; upper
panel: HOXA1; lower panel: FAM64A). The detergent-
insoluble property of PR209 was not affected by coexpres-
sion of the interactors, such as HOXA1 or FAM64A, either
in the presence or absence of MG-132 (Figure 5, lanes
9-12; upper panel: HOXA1; lower panel: FAM64A). Thus,
coexpression of PR209 with the interactors did not
produce proteinase K-resistant proteins, although PR209
showed an intrinsic detergent insolubility in HEK293
cells.

Molecular network analysis of PrPC interactors

Functional annotation based on DAVID showed that the
great majority of PrPIPs identified by protein microarray
analysis play a role in the recognition of nucleic acids,
involved in regulation of diverse cellular function
(Figure 6).

To identify the molecular network of PrPC and PrPIPs,
we imported the list of Entrez gene IDs of 47 PrPIPs into
KeyMolnet, the comprehensive biological information

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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Figure 4. Cell imaging analysis. PR209 was expressed as a DsRed-tagged fusion protein, while FAM64A, HOXA1, PLK3 and MPG were
expressed as an EYFP- or GFP-tagged fusion protein in HEK293 cells or in SK-N-SH cells. The panels (a—o) represent (a—c and g—o) HEK293
and (d-f) SK-N-SH of the following: (a) PR209, (b) FAM64A, (c) merge of a and b, (d) PR209, (¢) FAM64A, (f) merge of d and e, (g) PR209,
(h) HOXA1, (i) merge of g and h, () PR209, (k) PLK3. (1) merge of j and k, (m) PR209, (n) MPG and (o) merge of m and n.

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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Figure 5. Biochemical property of PR209. Either Flag-tagged
PR209 alone (lanes 1, 2, 7, 8) or the combination of PR209 and
Myc-tagged PrPIP (lanes 3-6 and 9-12), such as HOXA1 (upper
panels) or FAM64A (lower panels), were expressed in HEK293 cells.
The cells were harvested at 48 h after transfection of the vectors. In
some cultures, the cells were exposed to 10 uM MG-132 during the
last 24 h before harvest (lanes 5, 6, 11, 12). (a) Proteinase K
treatment. Total cellular protein extract was treated with (+: lanes
2., 4, 6) or without (—: lanes 1, 3, 5) 5 pg/ml proteinase K (PK) at
37°C for 30 min, and then processed for Western blot using 3F4
antibody. (b) Detergent treatment. Total cellular protein extract was
separated into 0.5% Nonidet P-40-soluble (S: 50 pg of protein) and
-insoluble (P: 7 ug of protein) fractions, and then processed for
Western blot using 3F4 antibody.

platform of human molecules and molecular relations. It
extracted 39 genes directly linked to 47 PrPIPs. Subse-
quently, the ‘N-points to N-points’ search starting from
PrPC ending with 39 genes via the shortest route con-
necting them was performed. This generated a complex
molecular network composed of 214 fundamental nodes
and 579 molecular relations (Figure 7). Not surprisingly,
KeyMolnet operating on the knowledgebase could not
identify the direct interaction between PrPC and 47
PrPIPs, because their relationship has not been reported
previously,. Furthermore, KeyMolnet indicated the
primary location of PrPC on the cell-surface membrane,
but neither in the cytoplasm nor in the nucleus. When
compared with the canonical pathways of KeyMolnet, sta-
tistical analysis indicated that the generated network has
the most significant relationship with the AKT signalling
pathway (the score 50.9). This was followed by the JNK

signalling pathway in the second rank (the score 48.4),
the MAPK signalling pathway in the third rank (the score
42.8) and the p38 signalling pathway in the fourth rank
(the score 36.3). Thus, the molecular network of PrPC
and interactors constitutes the key signal-transducing
pathways pivotal for regulation of cell differentiation, pro-
liferation, survival and apoptosis.

Discussion

We have performed screening of PrPIPs by using a human
protein microarray containing 5000 proteins of various
functional classes. By probing the array with PR209
spanning amino acid residues 23-231 of PrPC, we iden-
tified 47 novel PrPIPs. The functional annotation on the
DAVID database suggested that the great majority of
PrPIPs are categorized into the proteins involved in recog-
nition of nucleic acids. The Allen Brain Atlas database
search suggested that the great majority of 47 PrPIP
orthologues are expressed in the adult rodent brain.
Because high-throughput screening of high-density
protein microarray enables us to identify a large number
of putative binding partners at one time, it is often difficult
to extract biological implications of their molecular rela-
tionship from such a large quantity of available data. To
overcome this difficulty, we have made a breakthrough to
identify the molecular network most closely associated
with PrPC and the interactors by KeyMolnet, a bioinfor-
matics tool for analysing molecular interaction on the
curated knowledge database. The molecular network of
PrPC and 47 PrPIPs on KeyMolnet showed an association
most relevant to AKT, JNK and MAPK signalling
pathways.

Advantages and limitations of protein
microarray technology for identification
of protein—protein interaction

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, lea-
ding to establishment of personalized medicine [47-49].

However, protein microarray technology is still under
development in methodological aspects. In general,

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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Figure 6. Functional annotation of PrPC interactors. Functional annotation of 47 PrPIPs identified by protein microarray analysis was
performed by the program on DAVID bioinformatics database. When the list of Entrez gene IDs of 47 PrPIPs was imported, 34 genes were
functionally categorized into 24 subgroups created by related databases, with enriched terms closely associated with the gene list examined.
The genes excluded from the list (n = 13) are FAM64A, C7orf50, SCNM1, C180rf56, DKFZp761B107, TSLP, CWC15, KIAA1191,
ARHGAP15, WDRS5, WIBG, FAM27E3 and NOBL1 (see Table 1 for the gene symbol). RT represents related term search. Genes and count
indicate the genes involved in the term. The percentage is calculated from the formula following: gene involvement (%) = involved genes/total
genes. P-value represents the P-value of gene enrichment analysis evaluated by the modified Fisher's exact test where it is the smaller, the

genes are the more enriched in the term.

protein microarray has its own limitation 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, puri-
fied under native conditions, and spotted on to the slides
to ensure the preservation of native structure, post-
translational modifications such as glycosylation and
phosphorylation [50], and proper functionality. In con-
trast, bacterially expressed proteins lack glycosylation and
phosphorylation moieties, and are often misfolded during
purification. As 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 con-

centration gradient of GST spots as a standard. This pro-

cedure 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 sub-
array contains a series of built-in control spots.

Protein microarray also has another technical limita-
tion attributable to the avidity of protein—protein interac-
tion. The probing and rigorous washing procedure detects
mostly the direct protein—protein interaction supported by
the stable binding ability. It could not efficiently detect
weak and transient protein—protein interactions, or
indirect interactions that require accessory molecules or
intervening cofactors. In addition, protein microarray
screening does not consider the specific subcellular loca-
tion where the protein—protein interaction actually takes

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 1635
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Figure 7. Molecular network of PrPC and the interactors. By importing the list of Entrez gene IDs of 47 PrPIPs, KeyMolnet extracted 39
genes directly linked to 47 PrPIPs. Subsequently, the ‘N-points to N-points’ search starting from PrPC ending with 39 genes generated a
complex molecular network composed of 214 fundamental nodes and 579 molecular relations. They are arranged according to the
predicted subcellular location. The red node indicates PrPC on the cell-surface membrane as the starting point, while blue nodes represent
PrPIPs listed in Table 1. The connections of thick lines represent the core contents, while thin lines indicate the secondary contents of
KeyMolnet. The molecular relation is indicated by dash line with arrow (transcriptional activation), solid line with arrow (direct activation)

or solid line without arrow (direct interaction or complex formation).

place. Thus, it is possible that some promiscuous partners
are detected, whereas some of the biologically important
interactors in vivo are left beyond identification. Therefore,
protein microarray data always require the validation by
other independent methods such as coimmunoprecipita-
tion, far Western blotting, the Y2H screening and so on.
Post-translational modifications play a pivotal role in a
range of protein—protein interactions. Immunolabelling of
the array we utilized with anti-phosphotyrosine antibody
showed that approximately 10-20% of the proteins on the
array are phosphorylated (Invitrogen, unpubl. data).
When the array was utilized for kinase substrate iden-
tification, most of known kinases immobilized on the
array are enzymatically active with the capacity for auto-
phosphorylation, suggesting that they are functionally

active with preservation of proper conformation (data of
Invitrogen).

Validation of interaction and colocalization
of PrPC with four neuronal PrPC interactors
by immunoprecipitation and cell

imaging analysis

We selected four PrPIPs for further biochemical character-
ization, including FAM64A, HOXA1, PLK3 and MPG,
because of their potential involvement in neural function.
Furthermore, we identified the expression of all of these
in differentiated human neurones NTera2N by RT-PCR.
FAM64A is a 26-kDa protein with a DUF1466 domain in
its N-terminal region. Currently, its biological function

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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remains unknown. However, the database search on
Entrez UniGene, the organized view of the transcriptome,
showed that the FAM64A transcript is expressed abun-
dantly in brain tissues, glioma and primitive neuroecto-
dermal tumours. HOXA1 acts as a transcription factor
that regulates the proper arrangement of hindbrain seg-
ments during development [51]. Homozygous truncating
mutations in the human HOXA1 gene disrupt brainstem,
inner ear, cardiovascular and cognitive development in
patients with the Bosley—Salih—Alorainy syndrome [52].
PLK3 is a member of the polo family serine/threonine
kinases that regulate the onset of mitosis and M-phase
progression in cell cycle. Long-term potentiation
enhances PLK3 expression in hippocampal neurones, sug-
gesting arole of PLK3 in synaptic plasticity [53]. MPGis a
DNA repair enzyme that removes mutagenic alkylation
adducts of purines from damaged DNA. Astrocytoma cells
express a great amount of MPG protein, supporting a role
of MPG in astrocytic tumorigenesis [54].

The interaction of PR209 with FAM64A, HOXAL,
PIK3 and MPG was verified by coimmunoprecipitation
and cell imaging in a transient expression system of
HEK293 cells. Because the antibodies sufficient for immu-
noprecipitation with FAM64A, PLK3 and MPG are cur-
rently unavailable, we performed immumnoprecipitation
analysis by using the tag-specific antibodies. Although
cultured human neurones, such as NTera2, appear to be
preferable for expression of PrPC interactors, we utilized
HEK293 cells because of much easier handling and con-
stant expression of tagged recombinant proteins. It is
worth noting that in preliminary experiments, we found
that there exists a small but discernible level of interaction
between endogeneous PrPC and HOXA1 in adult human
brain tissue homogenates (data not shown).

PrPC is structurally separated into two distinct seg-
ments composed of the N-terminal flexibly disordered tail
(amino acid residues 23-121) that includes the octapep-
tide repeat region, and the C-terminal globular domain
(amino acid residues 121-230) that contains three
o-helices and two short anti-parallel B-sheets [55]. The
immunoprecipitation study showed that HOXA1 interacts
exclusively with the C-terminal half of PR209.

PrPC interactors play a role in nuclear function

Although PrPC is a glycosylphosphatidylinositol (GPI)-
anchored cell-surface protein, we found that DsRed-
tagged PR209 with the C-terminal GPI anchor site of
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amino acid residue 231 is located predominantly in the
nucleus and the cytoplasm, and less abundantly on the
plasma membrane. A recent study showed that PrPC after
cleavage of both N-terminal and C-terminal signal pep-
tides is located chiefly in the nucleus, where it interacts
with chromatin in neural cell lines {56], supporting our
findings that PrPC could interact with its partners in both
the nucleus and the cytoplasm. PrPC has two cryptic
nuclear localization signals in the N-terminal domain
[57]. Nuclear localization of PrPSc-like protein is identi-
fied in prion-infected cells [58]. Furthermore, defined
populations of neurones express PrPC in their cytoplasm
[59]. In the present study, FAM64A, HOXA1 and MPG
were located predominantly in the nucleus, where they
coexisted with PR209. The involvement of PrPC and inter-
actors in nuclear function is supported by functional
annotation on the DAVID database that suggested a major
role of PrPIPs in the recognition of nucleic acids. We could
categorize the nucleic acid-binding PrPIPs into two dis-
tinct groups: (i) proteins involved in RNA splicing, silenc-
ing and metabolism: SCNM1, RBM22, DDX47, CWC15,
PTRHI, EIF2C1, CIRBP, NOLA2, NOB1 and RNPC3, and
(ii) proteins involved in DNA transcription and repair:
HOXA1, BAZE2B, MPG, ZNF192, ZNF408, TBPL1, ABT1,
ZNF740 and WDRS5. Importantly, a previous study indi-
cated that PrPC plays a key role in nucleic acid metabolism
by its nucleic acid chaperoning activity [60]. Because
protein microarray analysis utilized the recombinant
PR209 highly purified from the culture supernatant as a
probe, the possibility is unlikely that any contaminating
cellular nucleic acids mediate the interaction between
PrPC and PrPIPs.

Previous studies showed that PrPC spanning amino
acid residues 23-230 designated CyPrP accumulates in
the cytoplasm, where it is converted into the PrPSc-like
proteinase K-resistant protein (PrP*®) with potent neuro-
toxicity, when the proteasome activity is suppressed
[61,62]. In contrast, we showed that coexpression of large
amounts of PR209 with HOXA1 or FAM64A did not gen-
erate PrP* in HEK293 cells, even after exposure of the
cells to MG-132. Our observations suggest that both
HOXA1 and FAM64A do not act as the chaperone ‘protein
X' that promotes protein conformational conversion from
PrPC to PrPSc at least in a short incubation time of 48 h.
Because prion diseases develop after a long incubation
period, our observations do not exclude the possibility that
a long-term incubation of PrPC and the interactors with
some additional cofactors could accelerate the conforma-
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tional conversion from PrPC to PrPSc. In addition, we
unexpectedly found that PR209 exhibits an intrinsic
detergent insolubility in HEK293 cells following transient
overexpression. A recent study showed that small
amounts of detergent-insoluble prion protein aggregates
are present in normal human brains [63].

The molecular network of PrPC and interactors
involves key cell signalling pathways

KeyMolnet stores the comprehensive content database
that focuses on human molecules and molecular interac-
tions, carefully curated by experts from the literature and
public databases {41]. This software makes it possible to
effectively extract the most relevant molecular interaction
from large quantities of gene expression data, and to
establish a biologically relevant logical working model
[42]. The present study for the first time by using KeyMol-
net, a data-mining tool of bioinformatics, showed that the
complex molecular network of PrPC and 47 PrPIPs has a
significant relationship with AKT, JNK and MAPK signal-
ling pathways. A previous study showed that PrPC
activates diverse signalling pathways involving Fyn, PI3
kinase/Akt, cAMP-dependent protein kinase A and MAP
kinase, all of which contribute to neurite outgrowth and
neuronal survival in primary culture of mouse neurones
[64]. PrPC-knockout mice show exacerbation of
ischaemic brain injury, accompanied by reduced expres-
sion of Ser473-phosphorylated Akt and increased activi-
ties of ERK-1/-2, STAT-1 and caspase-3 in the brain
[65,66]. A synthetic peptide PrP106-126 induces neu-
ronal apoptosis in primary cultures of mouse neurones
via the JNK-c-Jun pathway [67]. All of these observations
suggest a crucial link between the biological function of
PrPC and signalling pathways mediated by AKT, JNK and
MAPK.

Previously, we showed that the genes located in the Ras/
Rac signalling pathway, pivotal for cell proliferation, dif-
ferentiation and survival, were aberrantly regulated in
cultured fibroblasts of PrPC-deficient mice [68]. More
recently, by analysing a DNA microarray containing
12 814 human genes, we identified 33 genes differentially
expressed between a stable PrPC-expressing HEK293 cell
line and the parent PrPC-non-expressing cells [37]. They
included 18 genes involved in neuronal and glial func-
tions, five related to production of the extracellular
matrix, and two located in the complement cascade. These
observations suggest that aberrant expression of PrPC,

either overexpression or underexpression, affects a wide
range of cell signalling pathways. Most recently, we
showed that the zeta isoform of 14-3-3 protein, a scaffold
protein on which diverse signal components converge,
forms a molecular complex with PrPC and heat shock
protein Hsp60 in the human CNS neurones under physi-
ological conditions [23]. This raises the hypothesis that
the multimolecular complex is disrupted in the pathologi-
cal process of prion diseases, resulting in the release of
14-3-3 from degenerating neurones into the cerebrospi-
nal fluid. Unfortunately, the protein microarray utilized in
the present study does not include 14-3-3 zeta, Hsp60 or
PrPC as targets.

In conclusion, protein microarray is a useful tool for
systematic screening and comprehensive profiling of the
human PrPC interactome. The great majority of PrPIPs
are annotated as the proteins involved in the recognition
of nucleic acids. Thus, individual PrPIPs possibly act as
regulators of RNA splicing, silencing, and metabolism and
modulators for DNA transcription and repair in neural
and non-neural cells. Furthermore, the human PrPC-
PrPIP network on the whole plays a pivotal role in signal-
ling pathways essential for regulation of cell survival,
differentiation, proliferation and apoptosis. These observa-
tions propose a logical hypothesis that the dysregultion of
PrPC interactome might induce extensive neurodegenera-
tion ongoing in prion diseases, and warrant further
studies to clarify the implication of PrPC and the interac-
tors in cellular signalling and nuclear function.
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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 HES5.
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.
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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 (INSC) 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 MASH]1, 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
(8+) 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 Cy5 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);, ;5 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.nciferf.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 at RT 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 BX51 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 IgG
(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-HCI, 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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Table 1 Primers for PCR for RT-PCR and cloning utilized in the present study

Genes GenBank accession No. Sense primers Antisense primers Application

NES NM_006617 5'ctgetcaggageagceactettaac3’ 5'cttagectatgagatggageagge3’ Real-time RT-PCR

MSI1 NM_002442 5'caaagtgtctatctgggtetgeoc3’ 5'acagctgaggectgeaagettacal’ Real-time RT-PCR

GFAP NM_002055 5'atgaggaggaaggagagaaggggald’ S'cettecctttectgtetgagtete3’ Real-time RT-PCR

NFH NM_021076 5'gagaaaggaacatccggaacagec3’ 5'tgggagtgccctetcettgetaaca3’ RT-PCR

MBP NM_002385 5'gttceggaatectgtectcagett3’ 5'taactgttggccggaaattgecgg3’ RT-PCR

D1 NM_002165 S'aattacgtgcetetgtgggteteee3’ S'gtctetggtgactagtaggtgtec3’ Real-time RT-PCR

ID1 NM_002165 5'atcatggaagtcgecagtggeage3’ S'tcagcgacacaagatgegategte3’ Cloning for luciferase assay
Myc-tagged ID1 NM_002165 5’cggaattccgaaagtcgecagtggeageac3’ 5’ gaagatctictcagcgacacaagatgcgat3’ Cloning for CoIP assay

ID3 NM_002167 5'aacttcgecctgeccacttgactt3’ S'cacctecacgcetctgaaaagacct3’ Real-time RT-PCR

NPTX1 NM_002522 5'ttgtccteatgeacacgaageaged’ S'acacgcacacacagatcctctcac3’ Real-time RT-PCR

FOS NM_005252 5'gagctggtgcattacagagaggag3’ S'ggacttgagtccacacatggatge3’ Real-time RT-PCR

DLL1 NM_005618 S'acgaatgctgctgaagaggagggal’ S'aactgtccatagtgcaacggegac3’ Real-time RT-PCR

MASHI1 NM_004316 5'tgagtaaggtggagacactgeget3’ S'tcagaaccagttggtgaagtcgagaag3’ Real-time RT-PCR
Flag-tagged MASH1 NM_002165 S'cggaattccgaaagetctgecaagatggag3’ 5'cgggatcccgtcagaaccagttggtgaagt3’ Cloning for ColP assay and luciferase assay
G3PDH NM_002046 S'ccatgttcgteatgggtgtgaacca3’ 5'gccagtagaggcagggatgatgtte3’ Real-time RT-PCR

DLL promoter #1 AF222310 5'ggggtaccectectgacactaggtggeaaga3’ 5'gaagatcttcctcggecteccteegeetggtd’ Cloning for luciferase assay
DLL promoter #2 AF222310 5'cegetegageggaccecteggetgeegeegeggd’ 5'gaagatcttcggacagegeggeggeggegacs’ Cloning for luciferase assay

NES nestin, MSI] musashi homolog 1, GFAP glial fibrillary acidic protein, NFH neurofilament heavy polypeptide, MBP myelin basic protein, IDI inhibitor of DNA binding 1, /D3 inhibitor of
DNA binding 3, NPTXI neuronal pentraxin 1, FOS cellular oncogene c-fos, DLLI delta-like 1, MASHI mammalian achaete scute homolog 1, G3PDH glyceraldehyde-3-phosphate dehy-
drogenase, ColP coimmunoprecipitation. The underlined sequences represent restriction enzyme sites
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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-FLLAG 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 pGL4.74-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 MASH1 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 Ol 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 (S—) 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 alpha (TGFA), tumor protein D52 (TPD52),
sulfatase 1 (SULF1), regulator of G-protein signaling 4
(RGS4), collectin sub-family member 12 (COLEC12),
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 (SAMDI11),
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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 (MSI1, 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), amnexin Al (ANXA1), regulator of calcineurin
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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 (red), d S+, outgrowth of adherent cells, nestin
(green), e the same field as d, GFAP (red), and f merge of d and e

1 (RCAN1), 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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