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Neural stem cells (NSCs) of the central nervous system (CNS) have raised a great interest not only for their importance in
basic neural development but also for their therapeutic potentials in neurologically degenerative diseases such as Parkinson’s,
Alzheimer and stroke. During the CNS development, two molecular cascades determine specification of midbrain dopamine
system. In one pathway, FGF-8, sonic hedgehog and transcription factor Nurrl specify dopamine neurotransmitter phenotype.
In the other, transcription factors Lmx1ib and Ptx3 are required for induction of dopaminergic neurons. In Nurrl knockout
mouse, tyrosine hydroxylase (TH) positive cells fail to appear in substantia nigra, indicating that Nurrl is essential in
specification of dopaminergic cell phenotype. In this study, we used the immortalized human NSCs retrovirally transduced
with Nurri gene to probe the Nurrl-mediated mechanism to induce dopamine phenotype. While Nurrl over-expression alone
did not generate dopamine phenotype in NSCs, applications of retinoid and forskolin induced expression of TH and AADC

mRNAs. In addition, co-cultures of Nurrl expressing NSCs with human astrocytes induced a marked increase of

TH

expression. In this co-culture system, the addition of retinoid and forskolin dramatically increased expression of TH. These

results indicate that the immortalized human NSCs with Nurrl gene could have a clinical utility for cell replacement for
Parkinson patients.
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&7l (dyskinesia) 52 &
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Felsle] Qe gy FE 2AY Mo Holo) Fxx
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Bjobe] | xZFo] o]A F &Fo HoA wunl AFA
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HZ "ote] HzZE gAY A FHoE, AxF
o] 7Fsstr Faol Age] 1, =unl AP ER E3lat
= 8% Ad AATHE (neural stem cel)E AHE-3taLz}
st =go] Faitid). AAAEE vEsE AFAER
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Favto] BA4E Yeholelrt itk THE 7}51130}“]
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WA GolA &5TA Ei4o)7] Pid THY 23
] 7HA] 2- )%l A F8SHA LEEL glof, &Y
9 ANz 299 viAZE o] &HT Hox THe 24
o8 THY AZA o] Hthe). SA4, HiE IsfF
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(olfactory bulb)®] =37 AAAMZ, =2ol=dgdA AAA
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F v oig w88z
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X (noradrenergic neuron), °F=#'gdHA AAMIE (adrenergic
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Nurrl-& NGFI-B9} ¢ fAL8lt) o] 4A88 daEkA=
DNAX G| A% & ?E U3, HEECIE X (retinoid X)
FE&A e} oFAE o] F DNAS AFsA MALE &g
ND = gtk DNAZji?HHoﬂHt 90 %oldel ofwx=Ak

tﬂ-zg

o] HEFHOUTH9). NurrlS =Wl AFA| ¥ T3P

¥A] (phenotypic marker)$] E}O]iﬁ AslE A7 b e

°]ﬁ°ﬂ HAEe 20N AAAEAA DHET Nurrlo] A
H AFANAME Bol2A FAstE A WSS Hole A

]:]
TEO S
ia = ‘?’:}Z‘l%

& oglon, 24 B e Zod gep,
Nurrlo] T3 =7 NAAME] Eald FQo3iH, 7Pde]
Nurrl EIE7} 18T g S =993 29 379
#EE AW X5 A8 = A= 7Fs/dol Halelol
ATHe, 8).

Z o] Byd] w=W, Sonic hedgehog (SHH)o] WA E+=

P
TE 2

XV\Q]’ FGF-80] Wdse F47h washe oA zrlr% =
syl 2R EL BAFATHE Bt Yoklo, 11). =3, 3

U} (hippocampus)ll A frelgt #<o] HZAE7} in vztr0°ﬂ/\1
]2t (retinoic acid, RA)S} %-’:—%E} (forskolin, FK)oll ¢
3 gfo|2ilgAtstas Ido] fEET st vEs vt
e AABTANEE T =99 AAAERZ F3} fFE317]
Qe E AALZEJA Nurrld HolwAEZ2HE Y 1A}
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ol =Y AABMNEZ RIFEE] A3t HE=ATG
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HE& AR old gt Bd& FAsHT
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Agtaiol 2 gre] W EAES EF New England
Biolab (Beverly, MA, USA) A|¥&& ©]-83}%1, Dulbecco’s
Modified Eagle’s Medium (DMEM), Fetal Bovine Serum
(FBS), A Elr}o] Al Glbco BRL (Grand Island, NY, USA)A]
o]-8-3}9H. QIAEX II A FZ7]|E9} QIAGEN Z&}
n]t]7]EE QIAGEN (Valencia, CA, USA)A}F #|Eo|t}.
LIPOFECTAMINETM Reagent= Glbco BRLOIA], FZr}o]2l
£ Sigma-Aldrich (St Louis, MO, USA), 0.22 vlo]ZZH|H
Y= FAL7] H+= Millipore (Billerica, MA, USA)
Al A 3RS BE =AY Z22~FW-L Sigma-Aldrichd]
A Stk Axujeel 33k BAES AT At
A= Millicel-CM A Eujkst A4 71 Millipore Al
A AR RNAzolTM B Tel-Test (Friendswood, TX,
USAAFIA  F319a, 94AF 849 DNA SFZghe
Glbco BRLO|A T8tttk Etel2AI4tst a4 (TH) A
+ Pel-Freez Blolog1cals (Rogers, AR, USA)9| 4, VectaStain
Elite ABC 7]E Vector Laboratories (Burlingame, CA,
USAARIA st T wel QA g AokRE
Sigma-AldrichAtol | SFAIFo 2 Folste] ARk
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Adslal, Az A Nurrl cDNA  (heNurr))E  E3SH=
pBluescript ISK(+)<= Xba 13 Xho I &2 A2 F Klenow
fragment® T& 2T (blunt end)S WEO] AVGET F
QIAEX I A FZ7]|E (Qiagem)E &2AA £F ot
o HF Nrld AEY HEE A3 AxF 9
pBabe-puro/hcNurrl pBabe-puro/SnaB I @2} hcNurrl/Xba
[,Xho I [Klenow @8 Heste Azt o] Axd &
2tAU|=E  lipofectamineTM reagent (GibcoBRL)ES Al&-3leq
AzAbe] Wl wel vlolz el A XS PA3LTY
PGS (transfection) A ZTE MAEFo] 7+ (transfection)
& 20A17F BSF 37C, 5% CO, wjd7]olA wjeF F 2l
AR wASL olE  Fol 5 pgmle] FERrfolAl
(puromycin)©] -8 e 1085t 2He wAE F
A Fd AEFTS AESAT

Nurrl

A A E PA317/pBabe-purofhcNurrl A|EZFE
mm HYHA ] 40% FEZ HEFsT, 7Y F H %3
AEFQ Ak ABTAE C4¢t A3E 30% FEE 100 mm
Al JFSATh olE ATR 24 TS
W a9t A3 AEe HIXZE A ASlL DEAE-YXAE
(DEAE-dextran)©] 25 pg/mle] =2 HH wixE #H7lsh
o 37C, 5% CO, HIg7|elA 3 A7 T Hjekslgoh
PA317/pBabe-puro/hcNurrl MEF2] W& 022 m YHZ
ATE AL AAD 49t AMEFS T HrbekAoh
7 24717 ol A WA Z oA wASkIL 48413
F FrErtolle] 5 pgml FEE HFE wiAe] 108 74
2 239 wARYE 53k C4-Nurrl, A3-Nurrl MEF
A

oIZh MAZIMZ O E3lRx

C4-Nurrl®  A3-Nurrl 17V NAZATE 025 x 10
cellsyml®] & AL % 37C, 5% CO, #j%7]|olA A E7}
vlcto] 2& wj71x] 10% FBS7} E3+¥ DMEMolA Hj o3}
%3, PBSE FWH AolF1 FBS ™Al insulin 1.2%, heparin
1%, bFGF 50 pg/mle ¥%9 UBCl®] 1% ¥3¥ DMEM
(UBCI/DMEM) MR 2 wm3tate] 24 A|7Hs<t 37T, 5% CO,
W7l AEZE F2AZTh 24413 & UBCI/DMEM Hj
oA |5 (heparin)¥ bFGFE 9| %1 dE ity
2FAE 47 1 pMF 5 M FETF HES HUEFAh
RAT 649 &<t ol&rlt} HiXE m¥slyar, o]F 8Y &<t
HE =S ¥R @3 299 Y wjAE wsIATE F
2FYL 14U Bk 2ol A wiRo] YISt

A3-Nurrl®@} C4-Nurrl& 6 - well vfo]|AEZZF0]Eo| 0.25
x 10° cellymld] T2 AR, 13 AE wkst Holmw AL
(rat astrocyte)= culture plate insert (Millipore) o FHj9] &
T2 AHFT $, 79 5 FEuY SHAY. HEAt E4F
g2 9 22 =2 A/, EERAE 6d ¢ &
2592 79 T FEGT 22 AAHAA "

917t SHH o}v|x= T (amino terminal hShh-N)= Z}atdd
e NEFE FRE7]) 98k, pcDNA3.1/myc-HisC/hShh-N
Atas Notl 3 BamHI A

constructE Klenow

Induction of Dopaminergic Phenotype in Human Neural Stem Cells

481

481

fragment® 24 wS HEZ nlojziz wWH
pLPCX¥E Hpal ©Z Z23 hShh-N DNA v 331y
o} o]Feo] APWHL Nurrl TEA QA7 AANAEE T
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t}. hShh-N& FGF-8% Z%3}9 C4-Nurrl AXEF| thS3
Zo] A2]3lgtk. C4-hShh-N AEF9] HiAE Zobx 4E
AR ZASYA ok A HjAIS 7 ¢ 39 Hl&E

C4-Nurrl AXE2] RS A ASIL Ui HojA &
§3te] 8Y FoF £3 FEFHh FGF-82 50 pg/
ml, &3 (heparin)2 1% T2 2] AZsAth
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A=Al PCR S8l HIZ

3E F=AIZ] A3-Nurrl, C4-Nurrl A|EE-S RNAzolTM
B (Tel-TesHZS ©o]&3t] AxAle] Z2EZ uweh AA)
RNAS FZ3}o] RT-PCRS ettt 23712 Fsist
% 2 g9l HA RNA, 1 9] Oligo-dT (500 pgmhE L
DEPC A¥ EZ 11 W& 2 F 70TA 1027 83
3} Th 108 % 5 x First Strand Buffer 4 xf, 0.1 M DTT 2
0, 10 mM dNTP Mix, RNasin 1 0 ¥il 287t 42°CollA
HhS-S A3Pstdty. JAALE A (reverse Transcriptase, Gibco
BRL) 1 (& Y& % 50% 59 42T DNAS 43t
Atk 70CAA 158 B BAVSS HIZAIA § S/
T 180 wE H7¥staL ARES7] A7bA] 20T Basaith
GAPDH?®| PCR 25 pul H3|Z template 5 ul, 10 x Buffer
2.5 i, 50 mM MgCI12 0.75 10, 10 mM dNTP Mix 0.5 l,
forward primer 25 pmole, reverse primer 25 pmole, Taq
polymerase (5 Ujul) 025 wE H7}sia wHs-A]Zh TH,
AADC, DBH®] PCR 50 (9] F3|Z template 30 «l, 10
x Buffer 5 pf, 50 mM MgCI2 1.5 pl, 10 mM dNTP Mix 1
b, forward primer 50 pmole, reverse primer 50 pmole, Taq
polymerase (5 Uful) 1 wE FH7Fet3ith. PCRY-G-E 94T-
45%, 55C- 45%, 72°C- 45%°)|4 GAPDH, AADC, DBH=
30 cycles &%F WAL, THE 35 cycles 5 ¥H-3-AIA
t} 1.2% agarose Aol A71YF3HA EtBr 4oz &9

o,

HAZMSIEHLS

C49} C4-NurrlS 7AWEH] 025 x 105 cellsimle] =
2 431 SHH-NZ FGF-82.2 £3}5 =3 H WA xs}
8H9k-S-  (immunocytochemistry)S 433}ty ME1Fsh=
4% paraformaldehyde -89 (0.2 M phosphate buffer + 8%
paraformaldehyde)oll 45% < ¥o] FPAIHTE ©]F PBS
(phosphate buffered saline)Z 5%37F 3 o3, PBS/ 1%
BSA/ 0.2% Triton X-1000] 5#3F HolE ¥ thA] PBSE 5
7+ 3 Ao}F 3, 5% normal horse A (serum)OE A2
oA 1417 Fet HEA1A blockingS 31Tl Anti-sheep E}
o|ZAIFAE G4 (TH) FA= 1 : 40002 anti-mouse [
-tubulin FA= 1 : 25008 F|A3 & F2olA shEyk wk
$A171, PBSE 5&%F 3W AoFch ©olF 1 : 10002
3]l Biotinylated anti-goat 1gG%} anti-mouse I1gGE 27}
gl A 2417 WEAIZ T BA] PBSE 5E3E 3 AlH %
Vectastain Elite ABC kit] ©}H]d (avidin)-&<, nlo] L€l
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(biotin) &4, PBSE 1 : 1 : 5022 ¥EgA]7]7] 3

H|5le] AF2ol|lA 24]7F %OJ HSAIZ Y. v HESEE2 PBS
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q2E FAAME FAANIE 12 AEY o] OE
WHETD e Aotk & e o F3AE FHAE
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Figure 1. Expression of genes related to catecholamine-producing
neurons in Nurrl-overexpressing human neural stem cells treated with

ImM RA or 5SmM FK for 14 days.

&, Nurrl F227F Fgdsta e HESFoA RAS FK

& AYage W 2w AR Fho] Uepton of
2312 B Nurl FRAVE FEEST Qe A7 AR
Zxo] el EAFUS A wohy AAAIE
2o AT 5 98 ¢ 5 At

TH % AADC, DBH & tjgt Wolua|xe] oJ3s
RIPCRE ol8diel 2] Skl A 202 Sk
bFGFE WolTx AZ 348 A7, 2447 Fo Al
ShdEet 35u%e FaA e fEds

e dExity 22288 A
534 E3td o, C4-Nurrl
I A3-Nurrl AAAE ety 22288 AT
A§HG TH 2EAZ7F wl§ S7Fetth C4-Nurrld
bFGF 7%-9} WHoluAx F-5uljk °ﬂ ety 222U S
2ol st Aot TH &8 F4e BYo, AADC &
de Cc49 vlwslH WHolwAE FEHjdolA= dAT] &
o513 bFGFol AT 2&o] H ). A3-Nurrl%® C4-Nurrl
A9 A TH HAAH=/} WS =43, AADCE A3
WA hQIThFig. 2). DBH frazte] Ed ofd 79
T YehR] gtk wEhA, =R AR xR 23 fee
C49 A3E douA] Eas 891 & F AReH, Nurrl T
WEE AR EFAA C4-Nurrloll bFGFE H28lgS 7
Sollet Balrt dojds & 4 AUTHFig. 2).
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Figure 2. Induction of genes related to catecholamine -producing
neurons in Nurrl-overexpressing human neural stem cells by insert
co-culture with human astrocyte.

. 1
Figure 3. Morphological change of A3 by treating with FGF-8 and
SHH-N (A; bFGF, B; FGF-8, C; SHH, D; SHH+FGF-8).

Sonic hedgehog THHZID} S2ajxA
SHH2 #9°] vz X F BAHS 45 kDao|H, BES
A B4E e BEL ol Wek 29| (SHHN)ZA ol
o] Bagke oF 20 kDao|th ©] 20 kDa®] SHH-NS 47] 9]
34 WA SHH-Ng FLdsh= AEFS FHsi3lth SHH

[
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& Fu] wdo|2g  C4-hShh-N& HjFA] mjAZ <17t
SHH-NE It} 2t o] wiAE Izt ARFTA LS g
Al Al Hrbekglar, B8 @Al 20009 wieE o
At

Figure 4. Morphological change of A3-Nurrl by treating with FGF-8
and SHH-N (A: bFGF, B: FGF-8, C: SHH, D: SHH+FGF-8).

Figure 5. Morphological change of C4 by treating with FGF-8 and
SHH-N (A; bFGF, B; FGF-8, C; SHH, D; SHH+FGF-8).

Nurrl T ABTANEY e E Nurrl & ZPLEA71A]
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AN Ae)eA] e HATHT Be FAE7|Y wojztol
o] #Zd Ao Wol SHHI} FGF-8o] #3jo 7|riet
&g & Aolgke AL d4d 4 3tk SHHY FGF-8S *
S AEEC] FHE o] FAA UHE FuHE o)F =
&S Holw, 2BY FHES o]FE ATEE BIFL £

ATHFig. 3-6). ol Py BFS Foto, Nurrl T

L 12

_Y‘i

o,

o)

¥

d AAALFA SHH} FGR8E A2jshd 287} dojd
£ A% ¢ 5 U o) 2e Bap} u 1342

2 aEEEx E}?js]—ﬂ 91814 FGH-8% 8% &< AHe®
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917} shh-N THS} A1AAE| that
(-tubulin) ©.2 HAN 2 8}5HHH2-S

A (marker)$l (-FE

T3

. .

Figure 7. Tyrosine hydroxylase immunoreactivity of C4-Nurrl with
the treatment of FGF-8 and SHH-N (A; C4 control cells were
incubated with the treatment of FGF-8 and SHH-8. The B-tubuline
was a neural cell marker and visible due to immunoreactions. B;
C4-Nurrl cells incubated with the treatment of both SHH and FGF-8.
B-tubuline immunoreactions were shown. C; C4 control cells were
incubated with the treatment of both SHH and FGF-8. The C4 cells
were stained for tyrosine hydroxylase (TH). D; C4-Nurrl cells treated
with FGF-8, and stained for tyrosine hydroxylase (TH). E; C4-Nurrl
cells treated with both SHH and FGF-8, and stained for tyrosine
hydroxylase (TH)).
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T35k C49} C4-Nurrl
S Ho|ia 9lal, o] AME
BAAEZE B3} o]Fo
.7 A, B). TH A& HIA E3} st
S A Nurrl & AN A e Cae WA
Holx QO mM(Fig. 7 C), C4-Nurrl A|E
FGF-8% A83 79 SHHT FGF-8& FAo] A3t
Ao oA W3S HHTHFig. 7 D, E). AADC H&e %
AbsbA] @kgkAwt TH S-AAbe] walo] HQlom= C4-Nurrl
2 SHH¥ FGF-8% Astd =iyl AAMEZ £3 f=
2s & F U £ dAFolA= SHHI FGF-8< A
% THel W3 HAEaehksnts #3539, F5 TH
o]¢]e] Fo] g JHAEAL-PCR (RT-PCR)S F3fok
g AoZ AtEdrh

Nurr19] 2do] Fx Z=ulql AAA X A= o] JAE=
SA T Nurrlo] ASE AF AN Fx Tl 273 H Tk
ARHJQL, Nurrl®] F&o] THO WARTE WAago]A
WA dojdtie). wekA, T =TTl AAMEY Elo|
Nurrl©] B2 o]t}

B AFdME NurlS FEEsE
FP3te =gvl AAAEE B3 =S A=SHTh 1y
U, C49F A3 F 7 AATAEZANAM Nurrl FHEFETEO
© Z9Y AZHERZ BiolA 71 F83 =l A
o = EAQ THO Wdo] fEEA Al =3l
ABANEZ B3 F=3t7] AN Nurrl TR AEZFY
C4-Nurrl3} A3-Nurrle S F, TH 237} =97 273
Az E3lo] BAZE 98 245S A st =gdl 4l
AAE 2312 FE39h

Z2ZHUE C4-Nurrl® A3-Nurrlo| A9t TH @d Z719}
g7 AADC o] Yoty FExte EAFYn vlw
A e FFo|Auk A3-NurrlolA] TH 283 37 AADC
o] fFEHATE HE=Ae HEgT A FAMIEA AE
9] F4& Aty IS Frshe a3t e 222 g
El’zo]= (retinoid) & F=&Ald <& A&7/t Ag=EH=H, @
EolE 3 F8AF HExelE X FEA (retinoid X
receptor (RXR))7} Nurrl3} oS AT = Ao} 22T
de TH BdS A S7/MES € & dd=d TH
ZZHEe| 3-AMP SH &4 (c-AMP responsive element,
CRE) M go] EAl5la o] CRE A¥e] THY 7]1EA &g
ol Baslth(13, 14). ELFHL AZ W cAMPY] F& 7}
AZIEE TH Fdel] &37F itk 22y, AADC= @E
b 22ZUS SAl AEshd iRy Afel dEs
Fo] Yrolzlt}, THSF AADCY} &7 2d =0l =ajnl A7
MEY YHEE Hols ASE Ch4-NurrlS Z2FH,
A3-Nurr1& @Bt 22208 AYSHS A4S =3
9 AFAEZY] A HeEPdS & 4 Atk 183, bFGF
T TH ¥ a3} & Ao g Jehgow, AADCYE &
7 ggkorn = HExity 22ZUAE e 73S 53
283s F58 4+ Utk

HolwAE FEafde] 9 #3l fxeo ZAAHES HY
Nurrl P A EFQ C4-Nurrl®} A3-Nurrlo| A9 TH 2
Holl loIX= bFGF, @Bl 2224 vl 2 g3}
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Figure 8. A proposed model for

hydroxylase(TH) gene expression.

regulation of the tyrosine

HZ o AAAEAAT BEEE B FAEC] NRSE
(neuronal restrictive silencer element or REI) 47]449S 7}
A gom, v ANFMEAX ABAHE ol FHzke] &
| JAl= HAIZRHEJA] REST (REl-silencing transcription
factor)”} NRSE®| Agsir A=, AAAEE 237} o]
FojAH RESTY @de] POz AZAHE EolF<Q
FAAEY] Ao dojdtheE Raur) JTk1y). TH +3
A= NRSE 714 4go] Atz =yl AAFAxz 23
g f=st7] flsixe RESTY LAAZE 54 olet & +
Atk webA, BE FTsld RESTY @& $5F0] ofgA
HlsheR] ZAIE Bart IS Aotk Eg =avl 217
AEZ Ao Nurrl F3A = SHHSZ pix39 Lmxlb 7
FRAAZE o] Aol #Ase 7)%e] et Hik
Aok =99 AAHEL] E3h= o9} o] s sy
HEHog B 2 AFelr FHd AFER o8 B

Induction of Dopaminergic Phenotype in Human Neural Stem Cells
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A AA9t. AAZ, FGF-8, sonic
hedgehog 12131 HAFZAA 9 Nurlo] Enhl AZAES
g4e 23A% AEAA ol
LmxIbs} Ptx37} 293H4 #EAHo|h E3] Nurrlo] A2RE
AF A, Ele]Z4144k8t G4 (Tyrosine hydroxylase, TH) H <
G AEE0] FHISAAAA AR FOEZ Nurrlo] =5}
o o

2R B
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