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Coimmunoprecipitation Analysis

The open-reading frame (ORF) of the human ID1 and
MASH1 (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 pPCMV-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.hge.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 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 (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 (TMOD]I), 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 (C90rf58), chitinase 3-like 2 (CHI3L2), com-
plement factor I (CFI), chemokine C-X-C motif ligand 14
(CXCL14), annexin Al (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 (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 (RCANI1), retinal pigment epithelium-specific protein
65 kDa (RPEG635), 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

— 117 —



Cell Mol Neuraobiol (2009) 29:423-438

429

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 71 13.05 Tropomodulin 1 A modulator of association between tropomyosin
and the spectrin-actin complex
2 ID1 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 KLFS 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 SULFI 23213 3.23 Sulfatase 1 An endosulfatase that modulates signaling by
heparin-binding growth factors
11 RGS4 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 2.93 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, member 9 A monocarboxylic acid transporter
(monocarboxylic acid
transporter 9)
15 METRN 79006 2.79 Meteorin, glial cell differentiation A glial cell differentiation regulator
regulator
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
i8 SAMDL11 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 Wt 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 C9orf58 83543 2.55 Chromosome 9 open reading A calcium binding protein of unknown function
frame 58 (ionized calcium
binding adapter molecule 2;
IBA2)
24 CHI3L2 1117 2.52 Chitinase 3-like 2 A secreted chitinase-like protein of unknown
function
25 CFI 3426 2.46 Complement factor | A proteolytic enzyme that inactivates cell-bound,

activated C3
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Table 2 continued

Putative function

Chemokine (C-X-C motif) ligand

dominant negative helix-loop-

Rank Gene symbol  Gene ID Ratio Gene name

26 CXCL14 9547 2.45
14

27 ANXAL 301 2.30 Annpexin Al

28 RCANI1 1827 229 Regulator of calcineurin 1

29 RPE65 6121 2.24 Retinal pigment epithelium-
specific protein 65 kDa

30 STK17A 9263 2.22 Serine/threonine kinase 17a
(apoptosis-inducing)

31 Céorf30 54876 2.22 Chromosome 4 open reading
frame 30 C4orf30

32 CRYAB 1410 2.21 Crystallin, alpha B

33 TMEM132B 114795 2.11 Transmembrane protein 132B

34 FZD1 8321 2.10 Frizzled homolog 1

35 D2 3398 2.10 Inhibitor of DNA binding 2,
helix protein

36 CDC42EP4 23580 2.09 CDC42 effector protein (Rho
GTPase binding) 4

37 NCAN 1463 2.08 Neurocan

38 NAV2 89797 2.07 Neuron navigator 2

39 ENOX1 55068 2.06 Ecto-NOX disulfide-thiol
exchanger 1

40 CLSTN2 64084 2.06 Calsyntenin 2

41 NMB 4828 2.03 Neuromedin B

42 PCSKS 5125 2.02 Proprotein convertase subtilisin/
kexin type 5

43 MANICI1 57134 2.02 Mannosidase, alpha, class 1C,
member 1

4 GRAMDIC 54762 2.02 GRAM domain containing 1C

45 VATI 10493 2.01

Vesicle amine transport protein 1

A chemoattractant for monocytes and dendritic
cells

An annexin family protein with phospholipase
A2 inhibitory activity
A negative regulator of calcineurin signaling

A protein abundant in retinal pigment epithlium
cells involved in the 11-cis retinol synthesis

DAP kinase-related apoptosis-inducing protein
kinase DRAK1

Hypothetical protein LOC27146

A small HSP family protein

A transmembrane protein of unknown function

A fizzled gene family protein that acts as a
receptor for Wnt

A HLH protein that acts as a dominant negative
regulator of bHLLH family transcription factors

A CDC42-binding protein that interacts with
Rho family GTPases

Chondroitin sulfate proteoglycan 3 involved in
modulation of cell adhesion and migration

A helicase regulated by all-trans retinoic acid
that plays a role in neuronal development

An enzymes with a hydroguinone (NADH)
oxidase activity and a protein disulfide-thiol
interchange activity

A postsynaptic membrane protein with
Ca®*-binding activity

An amidated bombesin-like decapeptide

A member of the subtilisin-like proprotein
convertase family

Alpha-1,2-mannosidase IC involved in N-glycan
biosynthesis

A protein with a GRAM motif of unknown
function

An integral membrane protein of cholinergic
synaptic vesicles involved in vesicular
transport

Whole Human Genome Microarray (41,000 genes) was hybridized with Cy5-labeled cRNA of NPC incubated in the 10% FBS-containing culture
medium and Cy3-labeled cRNA of NPC incubated in the serum-free culture medium. Upregulated genes in NPC by exposure to the serum are
listed in order of greatness of the CyS5/Cy3 signal intensity ratio. The results of ID1, ID3, and GFAP (underlined) were validated by real-time RT-

PCR analysis (see Fig. 3)

(CDC42EP4), neurocan (NCAN), neuron navigator 2
(NAV?2), ecto-NOX disulfide-thiol exchanger 1 (ENOX1),
calsyntenin 2 (CLSTNZ), neuromedin B (NMB), proprotein
convertase subtilisin/kexin type 5 (PCSK5), mannosidase
alpha class 1C member 1 (MAN1C1), GRAM domain con-
taining 1C (GRAMDIC), and vesicle amine transport
protein 1 (VAT1).

It is worthy to note that three members of ID family
genes, ID1, ID2, and ID3, were upregulated coordinately in

@ Springer

the serum-treated NPC spheres. The ID family proteins that
have an HLH domain but lack the DNA binding domain act
as a dominant negative regulator of bHLH transcription
factors (Ruzinova and Benezra 2003). Real-time RT-PCR
and Western blot analysis validated marked upregulation of
ID1, ID3, and GFAP in NPC following exposure to the
serum (Fig. 3a—c, g, h). By immunocytochemistry, ID1
was located in the nucleus of GFAP-positive polygonal
cells under the serum-containing culture condition

- 119 —



Cell Mol Neurobiol (2009) 29:423-438

431

Fig. 3 Validation of microarray
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data by real-time RT-PCR and
western blot analysis. Human
NPC spheres were incubated for
72 h in the NPC medium with
(S+) or without (S§—) inclusion
of 10% FBS, and then total
cellular RNA or protein extract
was processed for real-time RT-
PCR and western blot analysis.
a—f Real-time RT-PCR. The
levels of target genes were
standardized against the levels
of the G3PDH gene. aID1, b
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(Fig. 2c). Because GFAP is a defining marker of astro-
cytes, the results of microarray, RT-PCR, and Western blot
verified that the serum promotes astrocyte differentiation of
NPC.

Downregulated Genes in Human NPC Following
Exposure to the Serum

Exposure of NPC to the serum reduced the levels of
expression of 23 genes (Table 3). They include neuronal
pentraxin I (NPTX1), cerebellin 4 (CBLN4), delta-like 1
(DLL1), cellular oncogene c-fos (FOS), SPARC related
modular calcium binding 1 (SMOC1), matrilin 2 (MATN2),
platelet-derived growth factor receptor alpha (PDGFRA),
ryanodine receptor 3 (RYR3), transferrin receptor (TFRC),
pleckstrin homology domain containing family H member 2
(PLEKHH?2), delta-like 3 (DLL3), SRY-box 4 (SOX4),
myosin VC (MYOS5C), protocadherin 8 (PCDHS), ankyrin
repeat domain 10 (ANKRDI10), glutamate receptor iono-
tropic kainate 1 (GRIK1), chondroitin sulfate proteoglycan 4
(CSPG#4), cystatin C (CST3), secreted frizzled-related pro-
tein 1 (SERP1), ryanodine receptor 1 (RYR1), growth arrest-
specific 1 (GAS1), cystatin D (CSTS), and hairy and
enhancer of split 5 (HESS).

It is worthy to note that the list of downregulated genes
included two Notch ligand Delta family members, DLL1
and DLL3, and a Notch effector HESS. It is well known
that Notch signaling regulates cell fate specification and
multipotency of NSC and NPC (Yoshimatsu et al. 2006).
Real-time RT-PCR analysis validated substantial down-
regulation of NPTX1, DLL1, and FOS in the serum-treated
NPC (Fig. 2d-1).
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Functional Annotation of the Serum-Responsive Genes
in Human NPC

To investigate the functional annotation of the serum-
responsive genes in human NPC identified by microarray
analysis, the list of Entrez Gene IDs of 45 serum-upregu-
lated genes and 23 serum-downregulated genes was
uploaded onto the DAVID database. Top 5 most significant
biological processes relevant to the panel of these genes
consisted of developmental process (GO:0032502; 32
genes; P-value = 2.0E-9), anatomical structure develop-
ment (GO:0048856; 26 genes; P-value = 4.2E-9), multi-
cellular organismal development (GO:0007275; 26 genes;
P-value = 2.5E-8), system development (GO:0048 731; 20
genes; P-value = 2.2E-6), and anatomical structure mor-
phogenesis (GO:0009653; 16 genes; P-value = 3.2E-6).
The genes involved in the category GO:0032502 include
the serum-upregulated genes such as ID], ID2, ID3, CTGF,
TGFA, METRN, KLF9, SULF1, AGT, GADD45B,
ANXA1l, RCAN1, RPE65, STK17A, CRYAB, FZDI1,
CDC42EP4, and VATI1, and the serum-downregulated
genes such as DLL1, DLL3, HESS, NPTX1, FOS, PDG-
FRA, RYRI1, RYR3, SOX4, PCDHS8, GRIK1, CSPG4,
SERP1, and GAS1. Thus, the genes whose expression
levels were drastically changed in NPC by exposure to the
serum are clustered in GO functional categories termed
“development.”

ID1 Acts as a Negative Regulator of DLL1 Expression

Since the serum-induced astrocyte differentiation of human
NPC was followed by remarkable upregulation of ID1, ID2,
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Table 3 Downregulated genes in human neuronal progenitor cells (NPC) following exposure to the serum

Rank Gene Gene  Ratio Gene name Putative function
symbol 1D
1 NPTX1 4884 0.26 Neuronal pentraxin I A member of the neuronal pentraxin gene family involved
in synaptic plasticity
2 CBLN4 140689 0.36 Cerebellin 4 precursor A glycoprotein with sequence similarity to precerebellin
3 DLL1 28514 0.38 Delta-like 1 A Notch ligand involved in intercellular communication
4 FOS 2353 0.39 v-fos FBJ murine osteosarcoma A component of the AP-1 transcription factor complex
viral oncogene homolog
5 SMOC1 64093 041 SPARC related modular calcium binding 1 A secreted modular calcium-binding glycoprotein in

6 MATN2 4147 0.43 Matrilin 2

7 PDGFRA 5156 0.44 Platelet-derived growth factor

receptor, alpha polypeptide

RYR3 6263 0.44
TFRC 7037 0.44

10  PLEKHH2 130271 045

Ryanodine receptor 3
Transferrin receptor (p90, CD71)

basement membrane

A filament-forming protein widely distributed in
extracellular matrices

A PDGF receptor component

An intracellular calcium release channel
A gatekeeper for regulating iron

Pleckstrin homology domain containing, family A cytoskeletal protein involved in cell growth

H (with MyTH4 domain) member 2

it DLL3 10683 0.46 Delta-like 3

12 SOX4 6659 0.46 SRY (sex determining region Y)-box 4
13 MYOsC 55930 0.46 Myosin VC

14 PCDH8 5100 047 Protocadherin 8

15 ANKRDIO 55608 0.48 Ankyrin repeat domain 10

16 GRIK1 2897 0.48 Glutamate receptor, ionotropic, kainate 1

17 CSPG4 1464 048 Chondroitin sulfate proteoglycan 4
(melanoma-associated; NG2)

i8 CST3 1471 0.48 Cystatin C (amyloid angiopathy
and cerebral hemorrhage)

19  SFRP1 6422 049 Secreted frizzled-related protein 1

20 RYRI 6261 049 Ryanodine receptor 1 (skeletal)

21 GASI 2619 049 Growth arrest-specific 1

22 CSTS 1473 0.50 Cystatin D

23 HESS 388585 0.50 Hairy and Enhancer of split 5 (Drosophila)

A Notch ligand involved in intercellular communication

A member of the SOX family transcription factor involved
in the regulation of embryonic development

A myosin superfamily protein involved in transferrin
trafficking

A member of the protocadherin gene family involved in
cell adhesion

A protein with ankyrin repeats of unknown function
Ionotropic glutamate receptor subunit GluRS

Chondroitin sulfate proteoglycan that plays a role in
stabilizing cell-substratum interaction

An extracellular inhibitor of cycteine proteases

A soluble inhibitor for Wnt signaling

A calcium release channel of the sarcoplasmic reticulum
A GPl-anchored protein expressed at growth arrest

An extracellular inhibitor of cysteine proteases

bHLH transcription factor downstream of Notch signaling

Whole Human Genome Microarray (41,000 genes) was hybridized with Cy5-labeled cRNA of NPC incubated in the 10% FBS-containing culture
medium and Cy3-labeled cRNA of NPC incubated in the serum-free culture medium. Downregulated genes in NPC by exposure to the serum are
listed in order of smallness of the Cy5/Cy3 signal intensity ratio. The results of NPTX1, DLL1, and FOS (underlined) were validated by real-time

RT-PCR analysis (see Fig. 3)

and ID3, and concomitant downregulation of DLL1 and
DLL3, we studied the possible inverse relationship between
ID family and Delta family genes with respect to regulation
of gene expression. First, by real-time RT-PCR, we deter-
mined the levels of ID1 and DLL1 expression in various
human neural and non-neural cell lines. The levels of ID1
expression are high but those of DLL1 are very low in
HMO®6, and Hela, HepG2, U-373MG, and SK-N-SH,
whereas the levels of DLL1 expression are high but those of
ID1 are much lower in NTera2 N and IMR-32 (Fig. 4a, b).

Next, we investigated the molecular network of
ID1, ID2, ID3, DLL1, and DLL3 by KeyMolnet, a

@ Springer

bioinformatics tool for analyzing molecular interaction on
the curated knowledge database. The “N-points to N-
points” search of KeyMolnet illustrated the shortest route
connecting the start point molecules of ID1, ID2, and ID3
and the end point molecules DLL1 and DLL3 (Fig. 5). The
pathway based on the molecules showed a significant
relationship with canonical pathways of KeyMolnet
library, such as transcriptional regulation by SMAD
(P-value = 6.6E~12), transcriptional regulation by CREB
(P-value = 7.8E-11), and Notch signaling pathway
(P-value = 9.7E-9). Although no direct interaction was
identified between ID family and Delta family genes,
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Fig. 4 ID1 and DLL1 expression in various human cell lines. Total
RNA of human cell lines, such as NTera2 teratocarcinoma, Y79
retinoblastoma, SK-N-SH neuroblastoma, IMR-32 neuroblastoma, U-
373MG astrocytoma, HMO6 microglia, HeLa cervical carcinoma,
and HepG2 hepatoblastoma was processed for real-time RT-PCR
analysis. The levels of target genes were standardized against the
levels of the G3PDH gene. a ID1 and b DLL1

KeyMolnet indicated two proneural bHLH genes, such as
human achaete-scute homolog 1 (HASH1, also known as
MASH]1 or ASCL) and neurogenin 3 (NGN3, NEUROG3),
both of which have an indirect connection with ID1, ID2
and ID3 via HESI1, and a T-box gene family member
TBX18 as principal regulators of DLL1 expression
(Fig. 5). Because microarray analysis indicated that
MASHI1 is expressed in NPC spheres at much higher levels
than NGN3 (data not shown), we confined our attention to
a role of MASHI1 in the counterbalance between ID and
Delta family genes in regulation of gene expression.

Next, we studied the molecular interaction between ID1
and MASH1. By immunoprecipitation analysis of recom-
binant ID1 and MASH]1 proteins coexpressed in HEK293
cells, we identified a direct interaction between ID1 and
MASH]1 (Fig. 6a, b, lane 2). Then, we cloned two non-
overlapping sequences of the human DLLI promoter
containing several E-box sequences, consisting of the
region #1 spanning —1,253 and —254 or the region #2
spanning —2,946 and —1,786, in the luciferase reporter
vector. Dual luciferase assay indicated that both DLL1
promoter sequences were activated by the expression of
MASH], but this activation was suppressed by the coex-
pression of ID1 (Fig. 6¢c, d).

BMP4 Upregulates ID1 and GFAP Expression
in Human NPC

Previous studies showed that the serum contains substantial
amounts of BMP4 (Kodaira et al. 2006). Because the serum-
induced astrocyte differentiation of human NPC was fol-
lowed by robust upregulation of ID1, we studied the direct
effect of BMP4 on expression of ID1 and GFAP in human
NPC. When incubated under the serum-free NPC medium, a
72 h-treatment of NPC with 50 ng/ml BMP4 greatly ele-
vated the levels of ID1 and GFAP mRNA expression,
suggesting that BMP4 serves as a candidate for astrocyte-
inducing factors included in the serum (Fig. 7a, b).

Discussion

We studied the effect of the serum on gene expression
profile of cultured human NPC to identify the gene sig-
nature of the astrocyte differentiation of human NPC.
Following exposure to the serum, human NPC spheres
rapidly attached on the plastic surface, and subsequently,
adherent cells were differentiated into astrocytes, accom-
panied by upregulation of GFAP expression, consistent
with the previous studies on the rodent NSC and NPC
(Chiang et al. 1996; Brunet et al. 2004). The serum ele-
vated the levels of expression of 45 genes in human NPC,
including three ID family members ID1, ID2, and ID3, all
of which are direct target genes regulated by bone mor-
phogenetic proteins (BMP) (Hollnagel et al. 1999). In
contrast, the serum reduced the expression of 23 genes in
human NPC, including three Delta-Notch signaling com-
ponents DLL1, DLL3, and HESS. ID proteins act as a
dominant negative regulator of bHLH transcription factors
by binding to the ubiquitously expressed bHLH E proteins,
such as E2A gene products E12 and E47, or by binding to
the cell lineage-restricted bHLH transcription factors
(Langlands et al. 1997; Nakashima et al. 2001). By in silico
molecular network analysis of ID1, ID2, ID3, DLL1, and
DLL3 on KeyMolnet, we identified MASH1 as one of
important regulators of DLL1 expression. Furthermore, by
coimmunoprecipitation analysis, we identified ID1 as a
direct binding partner of MASHI1. By luciferase assay, we
found that activation of DLL1 promoter by MASH1 was
counteracted by ID1. Finally, we found that BMP4 ele-
vated the levels of ID1 and GFAP expression in NPC under
the serum-free culture conditions. Because the serum
contains substantial amounts of BMP4 (Kodaira et al.
2006), our observations raise the possible scenario 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 (Fig. 8).
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cytoplasm

nucleus

Fig. 5 Molecular network analysis of ID1, ID2, ID3, DLLI, and
DLL3. KeyMolnet, a bioinformatics tool for analyzing molecular
interaction on the curated knowledge database, identified the shortest
route connecting the start point molecules of ID1, ID2, and ID3 (red)
and the end point molecules DLL1 and DLL3 (blue). The pathway
based on the molecules showed a significant relationship with
transcriptional regulation by SMAD or CREB and Notch signaling
pathway. The molecular network indicated HASHI (MASHI),

The Serum-Induced Astrocyte Differentiation
of Human NPC is Characterized by a Counteraction
of ID Family Genes on Delta Family Genes

We proposed the hypothesis that ID genes act as a
key positive regulator of the serum-induced astrocyte
differentiation of human NPC. The following previous
observations support this view. The expression of four ID
members is transiently elevated in immortalized mouse
astrocyte precursor cells during astrocyte differentiation
(Andres-Barquin et al. 1997). ID gene expression is rapidly
induced in cultured rat astrocytes following stimulation
with the serum (Tzeng and de Vellis 1997). Treatment of
rodent NPC with BMP4 induces the expression of four ID
genes, followed by induction of astrocyte differentiation,
while the complex formation of ID4 or ID2 with bHLH
proteins OLIG1 and OLIG2 blocks oligodendrocyte line-
age commitment (Samanta and Kessler 2004).

ID proteins also act as a negative regulator of neuronal
differentiation by preventing premature exit of neuroblasts
from the cell cycle (Lyden et al. 1999). Retroviral vector-
mediated overexpression of ID1 in the mouse brain in vivo
inhibits neurogenesis but promotes astrocytogenesis (Cai
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neurogenin 3 (NGN3), and TBX18 as principal regulators of DLL1
expression. The molecular relation is shown by solid line with arrow
(direct binding or activation), solid line without arrow (complex
formation), and dash line with arrow (transcriptional activation), and
dash line with arrow and stop (transcriptional repression). Thick lines
indicate the core contents, while thin lines indicate the secondary
contents of KeyMolnet

et al. 2000). BMP2 induces the expression of ID1 and ID3,
which inhibit the transcriptional activity of MASH1 and
E47 complex on an E-box-containing promoter, suggesting
that ID protein-mediated antagonism of proneural bHLH
transcription factors plays a role in inhibition of neuronal
differentiation (Nakashima et al. 2001). Combinatorial
actions of proneural bHLH and inhibitory HLH factors
regulate the timing of differentiation of NPC (Kageyama
et al. 2005). ID1 binds not only to E proteins but also to
myogenic bHLH transcription factors MYOD and MYF5
with high affinity (Langlands et al. 1997). We found that
ID1 is a direct binding partner of neurogenic bHLH tran-
scription factor MASH1. MASH1 deficient mice showed a
severe loss of NPC in the subventricular zone of the medial
ganglionic eminence, and MASHI, expressed in NPC,
regulates neuronal differentiation by inducing the expres-
sion of Notch ligands DLL1 and DLL3, resulting in
activation of Notch signaling in adjacent cells (Casarosa
et al. 1999; Ito et al. 2000). Importantly, Mashl directly
activates the promoter of DLL1 gene (Castro et al. 2006).
The activation of Delta-Notch signaling plays a key role in
maintenance of NPC in the undifferentiated state (Yoshi-
matsu et al. 2006).
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Fig. 6 Activation of the DLL1 promoter by MASH1 was counter-
acted by ID1. a, b Coimmunoprecipitation analysis. Recombinant
MASH] protein tagged with Flag and ID1 protein tagged with Myc
were coexpressed in HEK293 cells. Immunoprecipitation (IP)
followed by Western blotting (WB) was performed by using the
antibodies against Flag and Myc. 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. ¢, d Dual luciferase assay.
Two non-overlapping regions of the human DLL1 promoter,
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consisting of the region #1 spanning ~1,253 and —254 or the region
#2 spanning —2,946 and —1,786, were cloned into the Firefly
luciferase reporter vector. It was co-transfected with the Renilla
luciferase reporter vector (an internal control) in HEK293 cells, which
were introduced with none (CNT), MASHI, or both MASH1 and 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. The ratio
of Firefly (F)/Renilla (R) luminescence (RLU) is indicated

Fig. 7 BMP4 upregulates ID1 (a) ID1 (b) GFAP
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Fig. 8 The serum-induced astrocyte differentiation of human NPC is
characterized by a counteraction between ID and Delta family genes.
The present observations raise the possible scenario 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, probably MASHI1-mediated Delta expres-
sion in human NPC

The Serum-Induced Astrocyte Differentiation
of Human NPC is Accompanied by Upregulation
of Astrocyte Function-Related Genes

The serum-induced astrocyte differentiation of human NPC
elevated the expression of astrocyte function-related genes
(Table 2). Astrocytes express angiotensinogen (AGT) that
plays a role in maintenance of the blood-brain barrier
(BBB) function (Kakinuma et al. 1998). Astrocytes syn-
thesize cathepsin H (CTSH) that acts as a metabolizing
enzyme for neuropeptides and bradykinin (Brguljan et al.
2003). Human astrocytes in culture express complement
factor [ (CFI) essential for regulating the complement
cascade (Gordon et al. 1992). Neuronal and glial progenitor
cells secrete meterorin (METRN) that stimulates astrocyte
differentiation in culture (Nishino et al. 2004). Calcineurin-
dependent calcium signals induce the expression of
regulator of calcineurin 1 (RCAN1) in astrocytes, an
endogenous calcineurin inhibitor (Canellada et al. 2008).
Reactive astrocytes express connective tissue growth
factor (CTGF), a TGF-1 downstream mediator, involved
in glial scar formation (Schwab et al. 2000). Reactive
astrocytes express EGFR in response to various insults, and
produce transforming growth factor alpha (TGFA) that
triggers astrogliosis (Rabchevsky et al. 1998). Reactive
astrocytes in Alzheimer disease brains express collectin
sub-family member 12 (COLEC12), a member of the
scavenger receptor family, which plays a role in amyloid-f§
clearance (Nakamura et al. 2006). Reactive astrocytes in
multiple sclerosis brains express annexin Al (ANXAI), a
calcium-dependent phospholipid-binding protein that acts
as an anti-inflammatory mediator (Probst-Cousin et al.
2002). At the site of spinal cord injury, reactive astrocytes
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produce neurocan (NCAN), a member of the CSPG family,
which inhibits axonal regeneration (Jones et al. 2003).
Several serum-responsive genes have implications in
astrocyte oncogenesis. FGF binding protein 2 (FGFBP2) is
overexpressed in astrocytic tumors (Yamanaka et al. 2006).
The expression of regulator of G-protein signaling 4
(RGS4), a negative regulator of G-protein signaling, is
elevated in astrocytic tumor cells with a highly migratory
capacity (Tatenhorst et al. 2004). Both chitinase 3-like 2
(CHI3L2) and neuromedin B (NMB) are identified as an
astrocytoma-associated gene by serial analysis of gene
expression (SAGE) profiles (Boon et al. 2004).

The Serum-Induced Astrocyte Differentiation
of Human NPC is Accompanied by Downregulation
of NPC and Neuronal Function-Related Genes

The serum-induced astrocyte differentiation of human NPC
reduced the expression of NPC and neuronal function-
related genes (Table 3). Neuronal pentaraxin I (NPTX1)
plays a key role in activity-dependent plasticity of excit-
atory synapses (Xu et al. 2003). Protocadherin 8 (PCDHS)
is a neuronal activity-regulated cadherin involved in long-
term potentiation in the hippocampus (Yamagata et al.
1999). Spinal cord motor neurons express the ionotropic
kainite receptor subunit GRIK1 (GluRS) (Eubanks et al.
1993). Ryanodine receptors RyR1, RyR2, and RyR3 are
intracellular calcium release channels expressed in sub-
populations of neurons in the human CNS (Martin et al.
1998).

NPC expressing the PDGF a-receptor (PDGFRA) pro-
liferate in response to PDGF-AA associated with induction
of c-fos (FOS) expression (Erlandsson et al. 2001). NPC
express the transferrin receptor (TFRC, CD71) (Sergent-
Tanguy et al. 2006), while oligodendrocyte progenitor cells
express NG2 (CSPG4), an integral membrane chondroitin
sulfate proteoglycan (Chang et al. 2000). NSC and NPC
secrete cystatin C (CST3) into the culture medium, serving
as a survival factor (Taupin et al. 2000). Growth arrest-
specific 1 (GAS1) induced by Whnt signaling is required for
proliferation of progenitors of the cerebellar granule cells
and Bergmann glia (Liu et al. 2001). The HMG-box tran-
scription factor Sox4, expressed in neuronal as well as glial
progenitors, is downregulated in terminally differentiated
neurons or glia (Hoser et al. 2007). Importantly, a recent
study by microarray analysis showed that fetal human NPC
express PDGFRA, CSPG4, DLL3, GAS1, and SOX4
(Maisel et al. 2007), all of which are downregulated in the
serum-treated NPC in the present study.

In summary, we identified 45 serum-upregulated and 23
serum-downregulated genes in human NPC in culture by
analysis with a whole human genome-scale microarray.
The serum-induced astrocyte differentiation of human NPC
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is characterized by a counteraction of ID family genes on
Delta family genes.
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summary

Multiple sclerosis is an autoimmune disease affecting the central nervous system (CNS), in which Th17 and Thi
cells are involved. Comprehensive gene expression profiling analysis employing DNA microarray showed that NR4A2,
an orphan nuclear receptor, is strongly upregulated in the peripheral blood T cells derived from MS patients. Further
analysis revealed that NR4A2 plays a pivotal role for mediating production of inflammatory cytokines from pathogenic
T cells. In experimental autoimmune encephalomyelitis (EAE), an animal model of MS, NR4A2 was selectively up-
regulated in the CNS-infiltrating T cells and the peripheral blood T cells. Intriguingly, a forced expression of NR4A2
augmented promoter activities of IL-17 and IFN-y genes, leading to an excessive production of these cytokines by
splenic T cells. In contrast, treatment with siRNA specific for NR4A2 resulted in a significant reduction in the produc-
tion of IL~17 and IFN-y. Furthermore, treatment with NR4A2-specific siRNA reduced the ability of encephalitogenic
T cells to adoptively transfer EAE in recipient mice. These results imply that NR4A2 is an essential transcription factor
for triggering the inflammatory cascade in MS/EAE and may serve as a novel therapeutic target of the diseases.

Key words—— & R PEE{LIE, NR4A2, BA% {4, IL-17, Thl7 MHfg

» B

£ RMEFEILE (Multiple Sclerosis; MS) (X HHRHEROBBKEATH Y, TOFRBIACKIGHKE THREZETR
BEHYARY N L - ASRETSHS. BOACHREACEDARREN T MROAE, [FN-y EAHEOD Thi
Ml E 2 ONTELY, B~ T Thl AL Th2 MK L BN RZSHFARLI7 2 77 —HRTHEE 2
LT, ko@mhnsEsikeaTsIL-17 #ELT5 ThTH, BHrECAEEREABEELETARRET M
MEFRTHAHC EHATEINE. R4, BERSRBERICELIFERE T MdORERFLENELT, B
#IMS BZmskORRMm T fIFE RS, DNARA 707 VA B BWCBBNEETFRABNERTL, #it
7 MSBIBENERSTFELLT, T—7 7 VRS AE NRIA2 ZHE L. RNAIERZ B T gD NR4A2
REWNHIC LD, BEETA P A4 VEENH L, EREDHREHENER R (Experimental Autoimmune En-
cephalomyelitis ; EAE) OBRAZD LA, KBTI, NRIA2EZ—7 v b & LIS FEREICLSHHA MS
BRI O OV TRATS.

F LI

L2 B{LAE (Multiple Sclerosis ; LLF MS) i1,
R R O L E# & L, Thl #ifg< Th17 41
o177 84— THRBZEILDETHHE
MO BEETIE I & S R E SRBEBICR
CBlb MBI RERBCRRERTH S,
Lo THERFEHHOBE SN O MS OfFB% B #E

EIE - R F TR - REPIRE

TAHI LR, FEBOTFHRLBENORANLEY
B Crii ok b ELZLNS. REBK CHA
ThTwAfvF—7 28« X—4 (IFN-8),
BRIEMATF O A FBLIUREMGHAIZR E D MS
BIREY, BEBAORLCHAEREL TI4ED
T/ B LEAARYT—CHEaNFYV, A
VLA- A HGHFIZ A TY, BXUTATZ7 4 /TV
VIV VBZEALERNE L FTY720 (Fingo-
limod) Z¥IEWVWIhd, EROBBICESVWTIR
WREINTELSDTHS. COLDITEFOEL
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WERREFOESIC LY, BUREYHES BER
BEBOHEE, 502 BEREERS FHEER
HahTETWwWaH, —HTRARTHE MS
(NMO, Devic i%) Ti3, IFN-# 5T X hiEEs
WMETLARRONERY, ThZhOEERCY
T5MSBEORIGHIEAS LICKESERS
EWISHRBBB. TOT Eid, MS OFHBEE
BRI OIIE, MSHRBOERUICTHERBL 7
Bl RBREWNRT T O—FBROLNTWEI &
FEHRLTEY, ThidMSEET VIV EHW
T KRBT OF TEBRMICRIb A THE 2 #M4iICH
RL, TOHRIPOHEROTEERENTRLEVWIF
BICEDRRTEETH A EELONS. PDEDLD
REA»DLRAE, MSOHHRERENOREL B
BELT, DNARAZOT7TUAICES MS BEXK
Mo THREOMEVREFRABT LT, B
FBICHBELTMS BE THRTREAISES T 5—
HOBEFHORBICHI LY. T HT,
MS BETRVEBLRANEL RO BEFO—
D¢ LTRRBL AT —7 7 VERZ A A NRIA2 T,
MS OFWET IV TH 5 LM B C AT K
(Experimental Autoimmune Encephalomyelitis : [l
T EAE) U ZAHROHRHZERE THMBETLR
HONT. THO NRAAZ BB EEB X5 &

ERRIEUEY A P A VOEASHEBL THEL,
NR4A2 5 EY siRNA ALFEIZ L V), passive EAE &
FIIC BT 5 EAE OREREFRICHF s L
5, NRIA2 B MS 2 ¥ OB CHRBERBOFHRE
BE—7y FED D BARENRINALY. B
Tid, MS/EAE OFRBVEIC 317 5 NR4A2 D
Be, REMETA AL VELHEALZAN L MS
DEFHERERLOTEERIC OWTRNT5.

=77 o EASEE NRIA2 &(E 7

BSAGE, T Aray VR )aan
FOA FRBBLRELFUHFT7 73V —%RLT
BY, LrOBE BEHORLLSTFHALNT
W5SS, FIIAREOPOE S ThlT Ml EBENZ
BiEEDOEbVITEVOIRMEL, 5% Th17 {ifx
DR—HN—FF &L THLRNTVWAVF /A Fit—
7 7 VA RORYt/NRIF3D, YA FAREK
Th17 MREREHEESE THVF /A VEZEHR
RARa/NRIB1®, NF-ATEIC LV IL-17 725D
ELEHBECEbE/OTA VvFF—¥Y CEE
EAR2/NR2F6” iz ¥, WIThdh D7 73—

KEENBHDFTHS. —FH, NRAA 7 » 3 1 —
4 Fi3 NR4A1, NR4A2, NRAAI D 3L Lz Y,
fhOBHZTAE L RE, NGFB-1/Nur7? (=
NR4A1), Nurrl (=NR4A2), NORI (=NR4A3)
HEDHETHHLNTWAY, NR4A 7 7 3
)= FR VISR T & 5 kxR EAREICED
BT EPBREINTED, ZTOBEO—TICIZT7 7 3
) —SFROBEEN LT —1 =5 v THRDOLN 5.
NR4A 7 7 3 U —5F D> H NRAA2 DRBIALIT
HEHFRR AR RICERT L TR D, ZhThHNE
fl, MBRLFHICHVWRBELRDS. AFERICEW

ST, THRZBEORBPLREREYTA P4V

EMBIC XY, THRT-EBBKCREFEINS
immediate early gene & L THIHG N TW5A. NR4A
T IU—HFE, BROBEF X/ Vb bk
B, MOBAZEESF L OMTHEN L CRE
INTWE (M. 220Zn 74V H—bbi5
NXflo DNA K& F A4 (DBD) i3, A4
MCHEIKRESBHFEINTEY, ENGTF/0E—
F—ADOIRERFNICN T 2RO ECHDS. C
KEALETHUH L/ FEEE A4 (LBD) i,
EEAZBRES FRTOSKELIEL, BFThT
NRRBHVHAV/PEBERTS. —RICBEAZES
i, URVFEBEETHIETRAEMSDAF2 F A
AV/DAVT 3 A= aVBELL, N9 T A
12 (H12) BEMRBEOBRAY L% E, aU Ty
P—HWL Ca7 7 FR—F—,2B8THLIIC
HVBREESICEY BB TS, —FH, UHV/EBE
HMOBAZERIT—7 7 VEBKEREN,
NR4A 7 7 I U—SHFHTOFRIEEN 5. LBD
OBEBITOKEE, NR4A2 D LBD i3H IFHWH
FRABAMOMUELFE T I/ BICEDNhTE
D, BENZ VATV FEERr v FBRZWT &858
L bioTWAID, X 52 NR4A2 O HI2 i,
YAV FOFFE LT EERIKESEZAGRNUOD
VI A=V aVEEBIEDRSN, UHV/FIE
BEOCEREERLEEETHHDEE2 LA TY
5.

NR4A2 OFERF L FEWNHF0

NR4A2 i3, JEHilE, TR RE 759, A
YA, BERTF, NTFERVEY, BREES
Fx S AnRTFICNE L TERPO KBRS FES
has., 2ThoORBTWTNd NF-xB B 5\ it
CREB O FEM L ##HE L, NRIA2 BIETF/OE—
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NRAABIN BB R —/{— 2751 —

NEL LA
NR4A1 NGFI-B. Nur77
NR4A2 Nurrl. NOT, RNR}
NR4A3 NORT, MINOR
W hbEBMUH ORISR
3
=07 BEk
FTO—LEM
IR RIS g eannnens
FHE—UR A

NH2

BHERERE? .

AF1,2:activetion function 1, 2
DBO; ONAKE & Hit
LBD; YA F S HR

>
o
e

1 NRIABHZBEHT7 7 3Y—5F
WELEM O NRIA BIPISZAG T 7 3 U —4Fi3, NR4AI(NFGI-B/Nur77), NR4A2(Nurrl), NR4A3(NORI) O3 @DH+»
B&D,77iU~ﬁ%K#ﬁ®%ﬁ(AﬂﬁJmDJBD)%E?%&W&ﬁ%ﬁ%?%é‘wfh%iﬁm&UﬁyFu$%
T%%#,@Kﬁ?li&éi%&t&&ﬁ%t%bé:k#%%hfv%.ﬁﬁ%&@%ﬁfﬁ,ﬁﬁ%kﬁvvz%EVk
BT H 5, NR4AD & NR4AS BHRMIOT R P —VARED A LARINTED, Whsd TADRR] OBRTERELR
%%%tLTV6%@&%iBhE.~ﬁ,Nwmzkﬁvﬁz?ﬁFﬂsvﬁiin—DVOQ&ﬁﬁb<M%éh5ﬁ.%ﬁ
ML B ER IR N D Z L BRI N T D, NRAAI/NRIAS L NRIA2 OBIENLHEEY S PO AMATH S &

Wz 5.

2 —DEEERCERICKEET AT LT, BETH
BrBlgRCTEELOLNTWA, —F, BELAL
NR4A2 43 Fi, U AV FIREFNICKEED DNA
B #R# L CTROBETFAR*FE TS (K
2). L7z% - T NR4A2 F FORBERMIT, EE
2 DFERFICLPBEEFELV NV TTDOATWS
tE2bN5. NR4A 7 7 I ) —HFORRAET]
LTk, O(A/T) AAAGGTCA Bl 575
NBRE (NGFI-B response element ; B &4 dH 5\
12§D NRIA 5 FH#54E), @ONBRE FHLOD
AAAT (G/A) (C/T) CADHAEEEVELEFIH»
&7z 5 NurRE (Nur-responsive element ; 7/ 04 ¢
A A5 ) ajlF/ (POMC) 7 ae— & —ICHFEE),

@DRS BF| (VF/ 4 F XZHHE (RXR) DN
FOX AR L 5) OIBOERFIBMONT
W5, NRAA2 DF—% o F & L TR RIS
hTWwa0H, FRIV (DA) ABRIKLADEE
ThhrFoy /e Fosys—+¥ (TH) BEFT
H 1, NRAA2 & FERy7: DA OEL, TH BETF
JOE—X—CHEET A NBRE # A L THESh
%. —7, NR4A2 KRBT ATRHHRAD KN
IVEEAZ B VORRBEEINSD. SO
R N—F VY V/RO—TRIC NR4A2 DEIETR

HERADONANT LWL, D, THRBRIC
B 5 NRIA2 OEBHABFRR I TWAS. fllic
4 NRAA2 DEMBERY B L EHNOER» O,
Neuropilin~1, vasoactive intestinal peptide (VIP), al-
dosterone G HEER, T H—Y, TATARY
FV, FAFZARNVYVIEEBI—=Ty P LT
LANTEYH, NRIA2 3HIREEREDCALD
3, BRBOBEHIC LB EDAWHEEIRE
NTW5A. NRAA2 FFOBMES, SOLBEHD
YAELTFREBLSES.

hiER(CHTS NRIA 77 3 Y —FOHEEE

£FERICBIT A NRIA 7 7 3 U =5 FOBHERIC
BILT, TR RNV AFE, BIURRC
BT ATADPBIRICET 5 NRAAL 5 F OBEED,
EXREMICERINTWAICD, Tirbhb,
TCR BB LD ANy AMEEHICERML L
MEF2 25 NR4Al OFB A5 &R L, THR7T R
F—VARBETAS. BELLLIOEKII,
NR4Al 53 F & B 5 F & OFFRBEERZ L
EBEZT 5. £ L UREEHHETF Cabinl 5,
mSin3 & HDACL1/2 % U7 V— T H T¢I &
D, H5Wit MEF2 & p300 DFELIAETH &

(2

]
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NR4AZD L& T

MY AP HA (IL-1, TNF-alid)
£ BE T

ORI SYE,

A% —EERIER]

THRZEERE

FOAVLENDELS—H
FRAEFAS/3ILF L (POMC)
ARFARF

FARFAI

B R Y BRIV E L R ILE L (CRH)
BEEY DAL AL-1TIFN—72E)

(CREB

()

#

2 NRAA2 OFERT L4 —7 v 5T
NR4A2 i3, JBIAER, TWRRETSvvv, ANy 9L, BEETF, X7FFPRVEY, MREESFFRYE, BBHVWRAL VA
RYBRBIIGE L CRASFH I, WIhdb NF-xB S5\ CREBOIEMLEATE EE20hTWS., —F, TOLE>
KLU TRAL A NRIA2 5FiT, SHUREE5F LBHE4%E L, NBRE(NGFI-B response element), NurRE (Nur-responsive
element), DRS 72 ¥ OBBOBRIIZRBL T2 —% v M BEFORBLHFL TS, ChETCRFOIY VL FORY S5 —E 2 %R

I, BBOF—7y PREFHHFEI LT B FXBR).

IZ&Y, MEF2IZ L% NR4AL OFBEREK 2 HEKT L
TTRF—=VRAZHHTHLEEZLNTHAY, —
7, NR4A1 RV ZAORBFRE, BIRED S Wi
RKEOTHRT7T R =V AKBELTAERREG
7 <, NRAAl BEMTIORBEHBL T 50
TiHEWERbhE. 85256 {O4TF 5 NR4AL
RBEEMTET AT LI LD, BOEFROBR LM
HLTWBZ EBFHIN, WRTORE N NZ—V
RELOHBAT AL, ZToEHFEO—2IXHD
NR4A 7 7 3 U —4F NR4A3 ThH 5. —H,
NR4A2 R ATid, RO F /NI VA
a—BVOREHEL L, BRREKT CIKETT
5. T NR4A2 R~ ADEKBFRIL, NR4A2
DHEEEM i NR4AL R NR4A3 TlIEsE TR W
T EEFEHRLTEY, NRIA2 BfllO NR4A 7 7 3
V0T LRREPMBOBELE T A & &M<
RELTW5A. NRIA2 RIB=Y AL, £B0OER
MERPEDTHL WD, RERESTREORE
RECHET AT LA R, avFivadt
WRIBR D Al e AW B h 5.

NR4A2 L HEREKSE

ERIZABRI &SI, HREEE (LT MS)
T, Thi #ifES Th17 #Ike7 ¥ ORIENE T M
BRBERICERBREEET. CDABMEF ( —
T THRIZEBROBENCRZEL T 7 27 85—
W= T MR 545, FO5bE#E, Ll
B & DS N Tz Thl #iF, Th2 MKz T
Thi7 MW & M THERORBRIh A%
BoFIC, REBKEHICREY22H5 (K3I).
MS OIFRREZ I 1L B CRIGH T MBS R EN
REREERLTEBELZONTEY, COLSLRE
T MROMEN T BRERITIE, FRBEY—Y
v FORDRARCHEHEFRTHS EBbhs. -
DESLBELORAIZ, DNARA 7T VA
&5 MSBERMEMTHROBGETRERBTLE
CT, MS CREEBICHEL (RBTET S EETF
BOREBERAA, TOKE RLIEELRIALEY
RDT5F & LT NRIA2 Z#EIE L 729, NR4A2 5
FRIEAZEGEOEBEERTTH 505, THRICE
T ABEEIIMMDO NRIA 7 7 3 —4F bty T
BRI 5BZ EnBEL, ERNOBIEIC OV T
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AL ST O LisEE

B3 ~3—T ROt & #eE

FA—7 TRBESHERTHRSOREZERT 5 &,
HaOYA P A VIRE-REN T NIBENICRRZA LY =
72 —THENEHET A EHALN TS, LIATLEE
Pl YVICBH A Thi fifa e, 7UVFE—REEECHE
H 5 Th filRO B OBEIC L DRBEI N Twie,
SEAED Th17 S0l & HIEHE T MR (Treg M1R) ORRICE
BV, BLT 72— T HBOEE 5 LHERES KR
2 rHALHRIRD00H 5. HEREOBKS» O, IFN-I
Bt Tht Mg &, IL-17 4O Th7 g hi
BOARREE T 2RI DFEFEE THREMATH L E2
ShThh, WHOMEEEELY 2V b O —)V TELFH
HEORIPEELFE > TW5.

TEBED I, MSOITAET I THHE
BRI ECREEMERR (LT EAE) 6B L T
S B HIRAR & OBIE LT L 729,

C57BL/6 7 AK MOGss_ss N7 F F 2 RET 5
Pk VHEEL /- BAE EFVIKEWT, BT
(CNS) Bisfe, Kugm, By v/ \Edika, &
AR 2 4B L 72 T Ml NR4A2 DRBR L~V
%, EEPCREEICIDHEL, CNSEBHE T My
3 LURMM T #1KC, EIRAY7L NR4A2 DFEHIT
HREDL. IHLKHABEO CNS B T filgD
HAPhAVEEETRANKLEI A, H30%OMI
BIL-1T REASTHT EBEBHL, CNS ADEHE
7t Th17 MIBOBEBRDH BNz, IL-17 {7 MS/
EAE ORFECEBRRE®RYA P A VO—FT
HD, BxITNR4A2 & THIRD IL-17T EE LD
M S hOHBRD A TTHESEEE 2T, SHITR
HE Mz, T NRIA2 ORBITHED KT A
P A VEEKCE 2 AHEYRARD D, IL-17 8]
ZF, H5ViLIFN-y BEFO T/ 0E— % —HK
AU VR—F —BETHERENRCEALT WV
V725 —HT oA BREI. TOKERE, NR4A
RB/5AIFOBBMCEY, TnZFhVy 7z

pMIG
pMIG-NR4AZ

4 NR4A2 B L7IoREMY A F A VEERR

T HIAORIEEY 4 A VEEKRT S NRIA2 HFD
BEESEITT 57-9, NRIA2BETEHZAALZV FOY
AWA, BBVRIVIFO—VIANAEREL, VAR
B CD4 [B4 T filaic B X # /. ¢GFP ORHA A IFEICRE
Al EIEL, BREBORERYT A F oA VEEY, M
BAYA P4 vRaErACTHE L. GFP BER
R1) CRERDOETTHA b4 VEEVIMICKERER
T oHNixW, GFPBHE (R2) Tk, avo—i#
Ba (FB) ICHATNRIA2 BEETFHAME (L&) Kk
DRIEMTA P WA VOEESVWTR SR - (L-17;
0.59% vs 10.31%, IFN-y; 6.52% vs 31.1%).

S—VYERHESARICHE L. SHIKNRIAZD
¢DNAZ#I—F+ A5V OTANVAERWT, &
BT AIMIC NRAA2  F R RARRBBR ¥ D &,

TCR HBAE D IL-17 3 LU IFN-y BEEA SBRIRHIC
TELEZ (K4). UEOKRIO, THRICET
% NR4A2 ORBITHEIC L D, REHYA b HAV
DEABERTLIEHBHLL ER -2, RIC
NR4A2 O MS X —7 v b & L TOMHEREZH
%%, NRAA2 OFBAMHE T4 C & C, RiEH
A MHAVOBEBETTANE D bR, B
[CERET L 72 NR4AA2 B RAY siRNA W THEHFL
72. L F B XU AD NR4A2 HEF D DNA B
FIRIFEBICRBHFEINTEY, RABRELL
SiRNA {1t F B LU 2AD W hic & #8768
Thol ehb, TTEEAOKHM CD4 Bt
T {ifa% siRNA AAEE L, NR4A2 OFRH % RIRMIC
L7 2 EORFEMYT A P A A VEEEZFN.

ZO#EE, NRIA2 B R siRNA AFE L 72 T Mk
Tid, BB O IL-17 4 & L U IFN-y BEA R,

WEFRAEFICHH I TV, RIZMS BEFD
KM CD4 Btk T MR % AW CTRBEORE %17 -
febTH, BETHBORERYA ML VEE
3, NR4A2 FHEAY siRNA AEIC X W BFRKED
AZEBHbL RN, THICSIRNAK KA
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PLPyo.4 R TFE
¢ RN
SILRHA

!

&3

@ _
<@

§ Nrenosmassirnamm
PLPATFF TSR

25 aurmson

!

EAERE

BE-BE
YR EaR

AR
SILRIA

EAERT
© - N W A @

passive EAE

20

30 @

© 2L FO—/LRNA
® NR4A21% REISIRNA

X5 passive EAE {25175 NR4A2 8 R4AY siRNA OXhE
PLP (o XN 7/F R ARABEEK 10 AEOSIL Y ALY, BRU VGG LUREY VLS8 L, NRIA2 BRI
siRNA 52y b O—)V RNA ZBREFHAL K. S O PLP s N7 F FHFET in vitro ¢ 3 B B33 L /- Mg % B
L, BEHEBELARARSIL Y ARKBATAI LT, VYELV MY Y AR EAE #BE L 2. £AHFEDO EAE 2a7 #ik
BLARRE, ovho—) L RNAABBETHEHEIhA EAEOERAa7ICH L, NR4A2 FRHY siRNA JUEFED EAE K A0
TIETL, SBHEZ AL CEEOKRBTHB L 72, NRIA2 KR SRNA ABIC LD, EAERBSAHTEL I LHREHh

7z.

NR4A2 D FTLAE 55 AR R OFF BT B BT
THEREY, ITUYVHAE (Furtyty F/o7
AV ;PLP) #RETHI L TSIL <Y AHHE
SNBREME T MleE, FA—TSIL=<VARE
AT 5 passibe EAE EF NV ERAWTRRE LA, &
BEL 72 T MM # in vitro THIE R+ 5 B,
NR4A2 R siRNA TAE T 5 &, W RNA 4L
BLATHROBARCKL T, BAKDEAEL
HEKBEAATAZEBHOLER - (H5).
INHOKEIL, NR4A2 DRED 5 W iTBEHHE
EALCHCRERBOHETE S L 2R TR
D, NRAA2 B MS # 2 U & T 5 REERD
BEA—T o FERY S BAEEART OO EE 2
TW5.

EBAEY -9y FPELTONRIAT 73 —~5
FOF BN

BRSAEEOKWERIVEL YTV FBEFHD
A—T 7 V/EBETHD, BrOBEL, T0%<
BAPOE T TH 5. RICKIB< T ADOKRREN
P OBEO—REHOMCL Th, TOBREZHHE
TEHUNVFORRBRELICE, XbRAGHE
NORBBE—BRICIZE LY. LaHL7%MB 5 PPAR
i ¥ —MOBAZEES FICBL T, ABHHEC
B AEEZEBEBRESRA LHOM > TET
W5, SHIEDOER, BRMEREEREYE TS
PPAR-a DER VAV ETH B 7+ 75— bRk

W, BRFBEIERLHE T5 PPAR—y D&

UHVETHAFTIIVVRCEDZE, BERIE
B LIERL PG FAEYDORBIEK 2 LizINT
BY, BAZBEGEOFHR )N/ FORRIIAEDOHR
B OLIEFCEERHRRAR THL LW 25. R
RILEHHEHOGEFICER > TATh, HxDOBEAZE
B HER, BRI Th17 MIROHECECEbA
EBHOLhEESTWD, AZIEKRBVS /A
M3 L UAB RAR 7 7= X F 25, Th17 KB5St
OME & HEE THROFBE LA L THRENZE
CRFEBOMHERERT I LR EBHLM L
> THD82, FERAR 7T A #HWIHH
BOAREBEREOMABL, RFELHRS T
THHENZS.

—7 T, ETRL 7% NRIA2 B R siRNA &
WBBEROBKICHEE 2t BE&, —BRIIC
SiRNA # i WA BHIOBRIEA T WE TREWT
BV, RNA BED in vivo TOREBHIINZ T
BOZFS 975U N Y=V A5 L (DDS) O
FERELWREEORBERATVL2HRLD
5. RIS IC L AINHTREERISS LT
b, KSIRNA ZDHDHEHW /T /0 —F 5 MS
BIRE L L COBRKIGHICRTEL Y 5 hicown
TREBOILRAIBHBLETHS. O
ik, P FACEY % V72 NRAA2 OESEEHIAI %
2 bhA. NR4A2 O U H v/ FREEHBRIIREML
INTWBLEZLNTWAY, AKDOUMV K
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SHEBMUAOFER & HEIER T 52 & TNRIA2Z D
B RE A b ORBRRIRES FIEWE AT Y —
V7T ALY, RN NR4A2 REH %
BRI A EHTENE, FHECRREBREE
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