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WE  AX% 4T %98 (human pluripotent stem cell, hPSC) & 45 AL i T 48 Ji(embryonic stem
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Human Pluripotent Stem Cell-Derived Spinal Cord Motor Neuron: from
Developmental Biology to Therapeutic Applications
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Abstract hPSC (human pluripotent stem cell) includes ESC (embryonic stem cell) and iPSC (induced
pluripotent stem cell), having the potential to differentiate into a variety of human cell types. In recent years, there
has been some progress in the study of its in vitro differentiation into spinal anterior horn motor neurons. In this
perspective, the state of the field in generating spinal cord motor neuron from hPSCs were reviewed based on our
fundamental understanding of neurodevelopment. Then, their applications for studying human neurodevelopment,
modeling disease and cell replacement therapy were highlighted.
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HHE AT A IZ 3P4 JC (motor neuron, MN) & —
I8 4 S0 B B VL5 B R VLB R 3 () 4 R 3 A A
Jia, FCRRARA TR BERT A, PTEC R R HEIRSL R
LN RGP ), Fx e sh A A )G,
MR IERIS B AR, SENARE. NEETA R
HEIESD, BEER . AT E KA R E A
T AR AP A T IEE DR . R E K
B ALRAT B U0 E WIZEAE (spinal muscular atro-
phy, SMA). W45 2 i {4 %E (amyotrophic lateral
sclerosis, ALS) R 5 1 B JERE 57 4 Hb 5 ECF 88 /T A
BT, 5B 3 DI REREAT . X H
B W CH BRI FB . Im8k, ETXME R4
KRB SRR B IR, 2 Wi N2 fe
41l (human pluripotent stem cell, hPSC) € [7] 7314
J9MN, 3X g 2 P MINH 493 9 5 1) A 1 A K% 4 .
FARITIRAE T AT RE . WAL R, JRATTEE 150
ME R E FIEE, BIEUS S T hPSCIaPEHERT iz 3)
FRER TCIE M) 73 AR FLdk Jg , R 28 T BN IFERTE 5T
NEMARE - NI AT A S AR 20 i B AT
EITIH L o

1 BRAAENRETHNAE: Bl-FH
ME-PEHaER L

BHEINIME RS K G 06T )5 Wis 3 (gastrula-
tion), J1-4¢ )5 28 P AT J5 4l (rostrocaudal axis). P4kl
(mediolateral axis). ¥ &% (dorsoventral axis)f =
S, 355 3 AR IX AL B AR 248 TG o e i il R i —
s Ak, A 2 5 B REAS =4k X BRI o
IR TSR, HF98 3K B AH G HE R 11 40 il
F R 0 A o A Rk

DO Rl SRR e o A S I 1 B oS-t s oa b
NIEUWKOOP-T 195244 t 1) “I& At — %4k (activa-
tion-transformation)” 2% 1. 1X—22Ui I\ N, fEMEAGAH
2135 (organizer) FTELE T HE ST, FMNE)Z M) R 4604
S, RIPER b; AEE S 5 R TR
PR S5 B AT it . bEJE, R a A
Ja IR IR R R AL A AE 5 —— B B AT 4R
A KA T (basic fibroblast growth factor, bFGF) 14 4=
AW AN 2E IR (retinoic acid, RA), 51285l
AR E B E 7 X — AR, JETT R A &
g, LLAnE s, RS T imis 2 BT si1g T &
WIS AT . AR, AR IR TR 2 IR 2 T AR A

JfJ (neural mesodermal progenitor, NMP) I/ 55 & FHL,
— LT A H R AE G K B R ST
HeFE——FH B Z A0 AT 730 K B AR A AR s
2k JE R AZEI, BT PR B AT E A, a
FEATIG S R RS RERTER, S S A R
B EHNMPR & I K& 1), NMP2— K A&
HHVER JE XE s 2R R, R I b 28 mT AR A AR 7
YV e g X Y HE 2% 1 2(SRY-box transcription factor
2, SOX2). H-H IR 2 Fifbr £ 4 Brachyury(T/Bra)
MUY, Ja 8] 73 N E B 55 Th IR 2 . NMP#
i1 TZOUANACOUZE P 20094F 75 /)N BRI R ) 5
R Bl 25 [ B 2 #r K. BEJS , XS TN BRI i
MR 2% KA S I3 8 25 R AR SR R B it 9t , 4
P2 VA 2 R A i s 1 T I 2 19 5 AR (caudal
lateral epiblast, CLE). HIt4 J5E 2% —J5i 1552 L IX (node-
streak border, NSB)*7, F:F It , AT EBERT s
B TCHI R B 5 N NMP A BRI #5226 18 4% .
R Ve 2 S BT A 2 R = 28 1 W/ B W 1| I =1 7
%K H (bone morphogenic protein, BMP) & #4414 K
[X-¥- -B(transforming growth factor-B, TGF-B){5 5 5L
Bl 24k, FEF FH 4E H R A SHH(Sonic hedgehog)4b
PRSI G 7 AR AL o 7 VAN B NMPRY EE
HAER hPSCor W N R RERT IS B PH 2 TT, T SE 5 77
IR T, G SR NI NLRIE . BT,
ToiEFARE, HAl, T XNMPH RS T HL] 3B AR,
O 2 WU 50 SN AE R S0 hPSC /3 N NMP, 3 i
I AT B 58 5 7 AR R 42 70

TE R IE B2 AR N A, 35 B B A B 1 mT 23 Dy
(AR . PRI AR FRAMI AR . &
I PR 00 A e TR . AE SRR AR 2R T P R 4
HRRIEEFES 9T SHHAWE N . SHHIBS
HR 2 P 22 A L TR AR 234K, 5 T SR AR A i 5
SHH, & B[ 15 04 SR FE A B2 U0, SHH R iEi%
SRR 2o 22 HoAR TR 55 R 160 96 Nk 6.1
Olig2 FINkx2.2, 7] # SHHAS 50 F-4i il 1) PR
35 PAX6. Irx3. DbxIFIDbx2f) KA. IEATIH
AR B AR A S BE B & B 0 A 1
AT B0 37 B () SER MR BT 4R AR : pO. pl. p2.
pMNAIp3, JHEE K G , TR VO3 [E# £ o filia
e oo, o pMNK B 1K 1B BE IS ) fh 4
JG, RPE MG A7 B AR 3 AN IBNLZE 3 (phrenic mo-

tor column, PMC). #Mlliz #l4¥ (lateral motor column,
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Fig.1 Anterior-posterior patterning of central nervous system development (modified from the references [2,9])

LMC). H[aig3)#E (median motor column, MMC).
A2 FHE (hypaxial motor column, HMC) AT A A
(preganglionic column, PGC) 5/MF# 113151 4351 3¢
BRI PUSEHIL. PR, B URN S B 22 1
R (E2). FRA RS TAREY . ik
1) B I AN [F) 75 B I pMIN 7 T2 B MINSIE REAN ], L
W SCHE VY AL LMCA S BAE R L AN S fIEAA K
- (E12). pMNZMEEIAS [7] MINSIE A ) BAA 77 AL
A TEAIE R, R B H S AR & 5 K (homeobox
gene, HOX) J¢ Wi J2 A5 5 42 AH R0,

2 MNHIEERFREY

MNK B REA[ i A E T, B4t
AIARYIH . ARIAMN, R MN 44 B, A
B B R E bn B RIL . FERRE T 41 R B
LI bR EY AR SOXT. SOX2. HK [ (nestin)
% . {ESHHE 515 N, BB MEE 7MYz
B Z JCRT R pMN, I [ MNZME, BT K IRk

PAX6. Olig2. Nkx6.1. Nkx6.2; H:r Olig2#5 F 4k
B, PAX6. Nkx6.1. Nkx6.275 8% - [ 4P 2 e iy
R R RIE N, BRI A M A T — i R IA R
B Z Mok 1454 8 H 1(insulin gene enhancer 1, Isll).
LIMIA] 5 HEJE K1 3(LIM homeobox 3, LHX3). &z
276 X R [FJE 2 1 1(MN and pancreas homeobox
1, MNX1/HB9)%5br 54, B MNGZ TR, JHiG
FIL /N LIRS A% 32 5L ) (vesicular acetylcholine
transporter, VAChT). ZBtJEB % F% # (choline acet-
yltransferase, ChAT)S5 AR REAR E4 ; EBERR AP
22 ¥ %% (non-phosphorylated neurofilament H, SMI-32)
W T s o™, Brite 4h, —LdE
TSGR EA, W microRNA 4% FH T8 s #2 T 1)
Rl ——miR218 H HI# I\ 2 f s e L 12 2l
2 TUhR &,

3 TEEBENMPHIEEEEIHE T A
Bt L0 T 45 BIAE B 2 TE A S Ak T VR B
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Fig.2 HOX expression patterns in the spinal cord and related motor neuron subtypes (modified from the reference [14])

R AETE /N B G T 41 Bl (mouse embryonic stem cell,
mESC) H AT I PATE A A i 9 BSR4,
mESCAE G & T #h& il 5. 5t migEife, 45
AT BEMN . A 22 15 T i SR A (embryoid
body, EB)Z R SEHL. EBJ&mESCTE G [ 1Ly 411 il
“F(leukemia inhibitory factor, LIF) T4 ks 7= h
BIEETE, AR BETRMAMA . EBREAM .
W= JE Aria I 4E R, AT E — @ AR EBLA A IR
itk B IR R 28 2~3 R EBH m] A I 215 73 SOX 1
FEMER 22 bR 4R, 728 SOR, nA Il 2 #h 28 o4
P15 (neuronal nuclei, NeuN). BII{#‘E & H (neuronal
class III B-tubulin, TUT)XUBHTERI#FE TT. 115 Tk
RREAM A, T 53 73] 388 3 % TR AR SHIHET 771 S5 20

PR TE T 5 J7 A I IX — SRR B 5 4 5
2 NG T4 (human embryonic stem cell, hESC)H]
FHFo ¥, 5 mESCAHAL, BT 7T 2 8 {5
82 BT 24 4 AF 4K IRl 2(fibroblast growth factor 2,
FGF-2)/fThESCH; 72 B 7 55 F-hESC, 3 2IEB™, b f5
R S Al 7R 0k (2 & N2)35 97 EB, 1J 153 PAX6
FHMERI M2 b R, FEMGRERS SRR T, P b
4 i EIRAES], BERR A BIRAELEH (neural ro-
sette), UL IA R B ILFEFHFIMLE . HHrosette y
PAXG6FHTE. SOXTRTE; i firosette JPAX6. SOX1H
PR, FLHRBIT 9T 2 223t EB-rosettel BE 4T hESCH)

215 S, FHE rosette, 12 FH RA J SHHIEE Ff1]——
f135 SHH. hedgehog/smoothened#5))57] (hedgehog/
smoothened agonist, SAG)-5 PMN(purmorphamine)i#t
ITACEE, SELE TT R AE A, 193 MN. MNTE &
Z A8 7R T [ IR Ve 25 FR A T (brain-
derived neurotrophic factor, BDNF). M )i 4H ffuJ& P
FZE 8 7 AT (glialcellline-derived neurotrophic factor,
GDNF). BER#IZE TR 1 (ciliary neurotrophic factor,
CNTF)45 [HEE IR rh iz i e (181 3), b il 48
JUbR EVITE AH I FH 2(microtubule associated protein
2, MAP2). NeuNJ I FENRE4 ChAT. VACHT, Jf
AIRTENE AL B2, A BRI FEANZ I EBRT X,
T A FH v 2 S8 U B 5% TR 1) 7 92459 3 rosettel ;AN
Zirosette, TEETF IR P HHMTHA T 0. SR,
BT ARK BBV S 02218, R —
TEWE B B A TR (291241 ), HASH)
AT IR B A 3 0 R (20%~50%6)
SMAD(single mothers against decapentaplegic)
5 5 XN 1) 77 (1932 B A hESC I 28 43 4k R S8
PERHERE Y, CHAMBERSZ: %0 BMP & TGF-B#lI
il 71— Noggin 1 SB43 15421 412 FH T hESCH) 4
LT, KI5 3] 515 80% (1) PAX6BH P I #£48 Bi
RYRA, FHELE T1E SR EBIA R R KIE & . Ja b
H 5 FH LDN193189. Dorsomorphine. DMH-15{
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PSC: pluripotent stem cell; EB: embryoid body; MN: motor neuron; hESC: human embryonic stem cell; FGF-2: fibroblast growth factor-2; RA: retinoic
acid; SHH: Sonic hedgehog.
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Fig.3 Schematic of motor neuron induction via EB and rosette stages

compound CfX# Noggin. SMADIE 5 X 7| AT &
PRI . WIEZaviE, 1ERE IS MN AR 25
St 2RI AT SPRPIn. Sa
B2 AL S0 10 EB-rosette J7 v 3& it L% In SMADAS
5 U 00 3, i BT R LA W T EBRY B,
T B AE G BE B 5% 254 1 V8 I SMA D XU 1| 71 54T
PTG BB, SMADYE 5 WU il 71 (132 F AE 1575
ST 1R IR 18 Bh A 2 0 L B2 s 2120 50%~70%,
FE IR | DUZEPDKE Wnt 05 75 CHIR9902 1 (14 #
CHIR)IZ T MNES, KB ATt Kizsh i oo
Ee il m 2 95% . fEE 4rh, ATERL T EREM
AN HNMP I BEIZ SR 4 T0 0k 7 1

4 ZHNMPHIEIEEHE TN E

S SMAD XU 71 1) 3z FH A8 1598 #E iz 30 p
LI AR R KR &, HIX— K07 H g
¥ hPSCH bR 5 i J R BERT sz S 22 70, RIEF
PR PR 5 A 3 um AR AL (P 1), T B S T A e 4
Je—RFE SO T VLA IR . BB R 2 7 W e i
AT W AR R HT ARG BRI R A R TR
BEMISRASFT I TR @ &E. 58, MR ENFEMAG
X — 2Rl A7 AR T B E ) 5 A (caudal lateral
epiblast, CLE). HIL4R J5 2% — i 1528 # X (node-streak
border, NSB)*! R I A 2 i /R 41 i bz E 4 SOX2
IR JZ BT AR R Y Brachury(Bra/T)XUBH M, 7T A&
B N5 I K S TR RER

H Al & 2 Wt RIS 2] 1 & ik )=
ARG, K& 5 8 Wntfs 5 18 5 1 30E 800 A
XENMPIITE R 2 G B E B, E B A fiid 7%
LAFGF-2 J ActivinZi £ 55 77 1)/ B _E R T-240 7

(epiblast stem cell, EpiSC)H CHIRALFE 48 h, n[15 3]
—/NEEBra. SOX2XUBH AN A, [R5 4 4i i Ay
Bra. SCKFEREFAF A2(forkhead box transcription
factor A2, FOXA2)XUBH M [ vh IR 2 R4 i BT, &
IR IE A HTIE S, CHIR S EL 1 Wntfs 538 I [0 -
B J5 (I 70K /N B S N ESC % #% T FGF-2/1l CHIR,
MAH Activindb 3, 715 2514 80% (1) Bra. SOX2
KUBAPE4m . b mESCH FGF-240# 2 K 7] 15
B R JERE AL, Bl SN Wathb B 1R, A4S 3
NMPP, 55 St FE 55 2~3 KA A N /2 Witf5 51
LB A B i hESCI NMPAR A1 5 75 0N 5
mESCHE A AN, 2 K H FGF-2M1 CHIREL A Ab 3 3K
(1777 2\, CHIRTE 5 F 128 0 R FF LA N B & 253 K,
Fritbz ok, A FeiEd WA ORI 2 FGF-2, f£1~3K
7NN FGF8b, 2~3 K ¥l CHIR, 7] 7E 55 3 K15 83z
100%[{INMP, R 7E AR SN e %2 7R R4 1F 7T
ANANINEGE-2, Tfijia F SB431542 f CHIR 4 # hESC,
TEER ARAF B T 3Rk 5 I7 et e bm 5 B R IR 2 b
LW 5 77 B R 41 i (caudal progenitor cell)*',
AN 34 A3 BINMP AT [ 5 385 1% Wit S FGF,
IS I RAFI /8L SMAD XU 75145 2] 5 T (L s 22 7,
T 3] 5 75 i SHH 2 a2k A8 00 46 0 7] 45 2155 48 i 2) #f
20 PR Wntf5 5 B R SR 0 P L HE NMPa] o
WRE 3 B 54850 T iEAN R, 2 NMPI 4% AT
RN G IR E . Horp— T FU R I, Wt
FGFAbHE 3R 19 3 [ NMPYERERT 7% 7R, #HIA] HOX3E
EAL H 33 1) 50 (s 7 2R, T AR AT — B 0] 25 5 B T
Y FR | K15 100X — i FE I NMP ) 41 45 iy is %
B, A5 7T A Wty FGF &2 SMAD XU 1] 57 %
hESCAb P 10R1F 2P REM A AT AR, fEHE TR
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2005
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2005 without FGF-2

Liv ——

et al®! hESC medium RA, SHH B27 58| —
2006
KARU‘_
BAYAR - SC medium RA, SHH RA, SHH, BDNF, GDNF, CNTF 30 | HOX
A ; g A5
et alz without FGF-2

2009 - " ~ : : N

Leg L Neural induction 1 Neural induction »

et al?s) hESC medium 7 N2 N2, RA, SHH, BDNF N2, Noggin 2 | —
2007 BDNF, GDNF
bivos Jp TR T—T S

et al®” hESC medium, without FGF-2 N2 / N2, RA, SHH N2, B27, BDNF 2 | —
2008 GDNF, CNTF

ct all®! hESC medfum, N2 7 N2,RA N2, B27, RA, SHH N2, B27, RA, SHH, 50 | —
2009 Wwithout FGF-2 BDNF, GDNF, IGF-1

et al® SB43 ” FGF-2, PMN, B27, BDNF, GDNF 40 Hg,X
2011 RAR/RXR inhibitor
IAMOR | EB/induction

0SO 4

et aliol LDN, N2, DN N2,RA,BBNF N2, RA, SHH, BDNK N2, B27, SHH, RA, BDNK, GDNF, CNTF 50 | —
2013 SB4 SB43

etalf?  compounfC  compoundC N2, RA,SHH N2, RA, SHH, BDNK, GDNF, IGF-1 70 | -
2014 RA
kiski | EBfinduction ) ——

IS SB43, dosomophine N2, SAG, RA, BDNF N2, B27, BDNK, GDNF, CNTF -l -
et all®l KOSR

2014 . .

pevL | Neural induction

IN Activin inhibitor, dosomophine FGF, RA N2, B27, RA, PMN, Forskolin, BDNK, GDNF N2, B27, bFGF, RA, PMN, SAG, 46 —
et all® Forskolin, BDNF, CNTF

201 B

2 Nl nctio
etall® N2, B27, CHIR, DMHI, N2, B27, CHIR, DMHI, N2, B27, CHIR, DMHI, N2, B27, RA, P! N2, B27, RA, PMN, compound E, 95 “;ZX
2015 SB43 SB43, RA, PMN SB43, RA, PMN, VPA BDNF, CNTF, IGF-1

EB: JJIE44; MN: i85 #4:75; MN specification: BB #4 TCdmia €, G5 74 K IEMIHL; MNY%: MNIRIZTLE 73 b — SCiRh R RE; HOX:
A T HOXEE R 3K FGF-2: £F4EBE40 i £ K Rl -1-2; LIF: [ ML #0157, BDNF: i g 14 40 2275 7% Bl -1+, GDNEF: Ji o2 48 i s 14 4 22
E IR T CNTF: 4 E#EEFRH 1 IGF-1: R A K 71; RA: 4EHER; RAR: 4E RS2 145 RXR: 4 1 x 32 44; SHH: &8 F; PMN:
Sonic hedgehogif ##571]; SAG: hedgehog/smoothenedi#z/17]; DMH1: i% £ 4 BMPHIHill5l; compound C: dorsomorphin AMPEF Il 751); SB43:
SB431542, TGF-BHfl7l; VPA: PIIKHR

EB: embryoid body; MN: motor neuron; MN specification: motor neuron specification, including posteriorization and ventralization; MN%: the ap-
proximate percentage yield of MNs; —: unreported; HOX: HOX expression of MNs; FGF-2: fibroblast growth factor-2; LIF: leukemia inhibitory factor;
BDNEF: brain-derived neurotropic factor; GDNEF: glial cell line-derived neurotropic factor; CNTF: ciliary neurotropic factor; IGF-1: insulin-like growth
factor 1; RA: retinoic acid; RAR: retinoic acid receptor; RXR: retinoid X receptor; SHH: Sonic hedgehog; PMN: purmorphamine, Sonic hedgehog
agonist; SAG: hedgehog/smoothened agonist; DMH]1: selective BMP inhibitor; compound C: dorsomorphin AMP inhibitor; SB43: SB431542, TGF-$
inhibitor; VPA: valproic acid.
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Fig.4 Comparison of published spinal MN differentiation protocols without NMP stage (modified from the reference [8])

IR AR F IR E bR EFR IR Y LT, 3R FI4: HNMP PSR IZ sh AR 2 e o ik

SEIRMIRLLL T NMPI B ; iX — 4 &R W] 7E [, AW A LLEL TR E Watfs 5 403 1) 74k
Wnt. SB431542 ) SHHE; 35 54 FHe&Ey 1, 354 & (K 6). 0~3RINZE FGFALH I mESCTE 2 3~5
WMERXEAZ T 15 B RN EREZ MR 1) 4 K45 SHH & RA/SHHARHE | 43731l 15 31 51 Ao #4148
Mo, BB A, ATER SR T eRE T A 240 JE B i i oA U 32 20 o 22 G AR 4 L, 17T 56 3
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Fig.5 Comparison of published spinal MN differentiation protocols via NMP stage (modified from the references [2,8])
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Fig.6 Schematic of ESCs differentiated to neural progenitors and mesoderm (modified from the reference [9])
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