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sb, ZAR R F) R R e (Macaca fascicularis) 85 % 2 8% 40l (induced pluripotent stem cells,
iPSCs), % T mAMNRE B &3 0Lk R . L EIR 9k & L1228 R, B @iswa Mo
B, I A90%0A L AGMNG AL T s RS . WA LI A« (1)iPSCswé 49 22 £ K 4m i (neuroepithelial
progenitors, NEP)#) 514; (2)NEP )12 34 22 7L AT 4 48 & (motor neuron progenitors, MNP)#)41%; (3)
MNP &) 3F R FAMNE) 9-1L; (4)3F R A G MNZHT R, LR B KRR 2R EREPSCsE|MN ) 4
AR R, F0 2 % R-L- 5 BB A B 555 & 4 (lamina-521) & QAR 633 FRIL . w34 58 VA &
ROCKH7 4 7] 69 R840 7T 3 SMN &Y A% ., A 4B R RIE SN AY 2 LIk 69 KR HUE) Fo T dm oAb 4806
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Pluripotent Stem Cells Differentiate into Motor Neurons in

Cynomolgus Monkeys

CAO Jing, LI Mengjia, WANG Fang, ZENG Yugiang, WEI Jingkuan, NIU Yuyu*
(Kunming University of Science and Technology, Kunming 50500, China)

Abstract MN (motor neuron) is a specialized type of neuron whose cell body is located in the motor cor-
tex, brainstem, and the spinal cord. The damage of this type of cell results in many neurodegenerative diseases. So
far, it is extremely difficult to study these diseases in vivo. Therefore, it is of great significance to study the patho-
genesis and therapy of neurodegenerative diseases through the differentiation of mature MN in vitro. Cynomolgus
monkeys (Macaca fascicularis), as a non-human primate model, has a highly similar genetic background with hu-
mans and is widely used for the study of these diseases. We developed a method to guide the induced pluripotent
stem cell of cynomolgus monkeys into an enriched population (>90%) of mature MNs in 28 days, which consists of
four differentiation stages. The four stages are as follows: (1) iPSCs (induced pluripotent stem cells) were induced
into NEP (neuroepithelial progenitors); (2) NEP were induced into MNP (motor neuron progenitors); (3) MNP were

induced into non-mature MN; (4) non-mature MN were induced into mature MN. This study successfully estab-
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lished a method for guiding iPSCs of cynomolgus monkeys into MN. Moreover, it showed that the poly-L-ornithine
and lamina-521 double-coated dish, cell density, and the addition of ROCK inhibitor (Y27632) can contribute to the

survival of MN. In summary, this study provides a basis for studying the pathogenesis and stem cell transplantation

therapy of MN degenerative diseases.
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PLERAF B AMNIE 7340 77 2090, 3% 86 734k 77 22 7] LA
57 NEB#EAT 73 A ATAEEBHEAT 434000, BRI Fh 7
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KR FMNEA I 05, IX S 73R RO Z JEMN)
IR TR 2%

N RKFES NFKEA & AR EAE 1 5
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NEMERFHIRIEFE . (HREREIEN RK IR
HAMNHRIE AN+ 73 A IR, it DAk 250 S — A i )
N REKFEARSIMNIR 73R Z2 o ABE T IR
BB EAEPSCsEIMN I MUIA R, 228K, 4
VA G AR BY, $5 2890% A | IOMNAL T~ BE#CIR 3,
FEHf 52 2 T -L- 1 % R Allamina-52 1 X A 4% (1) 55 77
ML &40 P 4 s 2 5 T LA Se ROCK A il 751 ¥
AT EMNIAAE R . AR IR R, NS TER
FLIS B2 TCI5 I R R Io AL R R4 1) 20 P 7%
BITBUE T RIFH AT
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M2 RRUR L ZH S % R IR R R, AR
B E5~6 kg TEHUBNWH ORI, Jath B0 59 BTt
ity A P K R G 5 5 AT BRI . SR TR T
b S8 s W0 EAk A AT Z3(Association for Assessment
and Accreditation of Laboratory Animal Care interna-
tional) TAIIE (1) 5256 &5 B S8 O T, BT A S B4
VERE PP S 20 2P A FH A8 B 23 DL 2 Al
1.2 EENHERIAT

F BI04 - 1E RS FRAE (Thermo
Scientific/AF]) TG H§ TAE & (Thermo Scientific
ATl B (Leican 7)) B (Eppendorf2A
#]). DMEM/F12(Gibco/A 7], 10565-018). &+
Y 3% 772 (Invitrogen A 7, 21103). KOSR(Gibcoa
A, A31815-02). PSGro-Free hPSC Medium(Stem RD
A7), PGROF-500). N24M g% 7% 4% 7 (Invitrogen
AT, 17502048) B2740 K5 #7298 05 (Invitrogen 23
H], 17504010) B-Fikk 4B (Invitrogena ], 21985-
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023). bFGF(Merk-Millipore/ ], GFO03AF). ROCKH]!
#171Y27632(Stem RDA A, YO001) « 75 %% /45 %
(Invitrogen’A 7], 15140)« GlutaMax(ThermoFisher /A ],
35050061) + L-FL¥R LR (Sigma-aldrich 2 7], A92902).
1.3 iPSCsHI3k75

HUE T8 R/ I B B B A AT I A A e 7 &R,
JT® H SH 1 RS 21 44 240 i 33 A7 35 7= (DMEM/F 12 1 8
10% FBS. 1% PS), =% 2 i Pk AQ o LB AR ) B
T 1 B ) R AT 4E 40 B, AR $5 Yamanaka 55U B
Ft, F AL & 95 8544 DU AN % 5% K- (Oct3/4 Sox2.
KIf4. c-Myc)ie NAT BNz 1) A4 i, {3 S gm A
EMFRIE ER b G, Bk RSB i e B AT
R EEFR(DMEM/F12 941 % 1110.055 mmol/L B-3i2E 4
. 4 ng/mL bFGF. 15% KOSR. 1% NEAA. 20%
PSGro-Free hPSCH; 77 3%).
1.4 iPSCsE|NEPHI 7L

HH R 25 1 B9iPSCs %) — 435 mm¥s 77 L, B
N1 mLIH R 75 5, iR 5 B§VI(Collagenase, type
IV, Gibco) 50 pL, JEAREF=F610~15 min % 40 i1 2%
T S B AT G AL T 75 22 5 B - (L ADIR S A e
). MBI SR BEVIURTIH K5 97 38, 0N B 8 3k A 5%
774 (basal neuron induction medium compositions,
BNIM). #E304T, WS40 M [ K, serE 2 15 4k
2 /NS K BT BB N A i AL 2
15 mLE0E B, AU, 7 Bih. HBNIME &,
PA1:3~1:4 L0 451 42 Fh ) £ 5T — X 2 )5 fit (matrigel,
BD) 0 # i 55 95 L _E. FIBNIMES 7% 40 fig, [F] i
5 W A N3 umol/L CHIR99021(Selleck). 2 umol/L
DMH 1 (Torcris)F12 pmol/L SB431542(Selleck). 4 it
FROR, WAL SRR M A, HH R — UG
1.5 NEP#{LAMNP

HUHNEPAH e, 25F% biF, FIDPBSHELE )5, N
AN dE & 8 Hp M B E B (dispase, invitrogen), 37 °C
A3 min, KERPPESE AR, IIHTEEBNIME: 7%
5, JE i FIBNIME &, LL1:3~1:43:F /£ Matri-
gel B (5 IR L Fo [F]I 85 7% 3 1 N0.1 pmol/L
RA(Stemgent). 0.5 pumol/L Pur(Stemgent). 1 pmol/L
CHIR99021. 2 pmol/L DMHI 12 umol/L SB431542,
YR FROR, MBI, B RH#He—Ril. It
B Bt FOMINPAE I 85 77 256 1) il |, FFCHIR990219#¢
JE 0.1 pmol/LI% K 30.3 umol/L, [l 7 110.5 pmol/L
VPA, MNP DRSNS 47 o

1.6 MNP=4 RAEFAHIMN

EUHHMNP, 3745 i, FIDPBSYE 13 5, A1 mL
R A, 37 °CHH L3 min, F5BR & A,
DPBSYE 13, % J& 4 it 4] FIBNIM EE &, i 7£1.5 mL
EPE . BRHURHE, FIRIKT, KEAIIRE Fit.
W 20 . LA T BRI B PR 7, i g%, A bk
RIS FE, A0 AR & 5. KRR
BIIAN0.5 pmol/L RA. 0.1 pmol/L Pur. 157E8K, 4Hififl
TE ek, H K3 — IR
1.7 RAFABIMNIZ AT AR

FE T H 2 F-L- 2% F& (Poly-L-omnithine, 0.1 mg/mL)
37 CCREFRAE M G IR 3 h, 5 &, T E S %
& Flamina-521(5 pg/mL)fE4 °CUK #9524 ho H
15 mL B0 PUGE M Bk, 0N & 1 i iR B (Ac-
cumax, Invitrogen), /0278 F AU EK, HE 37 °C/K
WAR4~T min. B JE I HT 5 55 77 34 (Acemuaseli
EFRI24%), 300 xg 05 min. A1 mL BNIM, f
B SRR IR, 44 75 SR FH BNTMEKE 48 i BRIK i
BT /N, AR AIN0.5 pmol/L RA. 0.1 pmol/L
Pur. 0.1 pmol/L compound E, fII i 5 b # it ity A
T IR, BN, v LUE WACH TG, RS
9K BCAMN R A HBIMIMAP2, H. % K #: — K-
e NN FI8 R A2 A5, MNR 2, HH BILCHAT ) % 24
MN.

RS2 rh B AR IR I BNIM: 48% DMEM/F-12.
48% M TR RFE. 1X N2, 1x B27. 0.1 mmol/L
PUIAMER. 1x Glutamax. 1x F 58 R/HEHRWHE
Invitrogen’s 7).

MNPIELEH: 90% FBS. 10% DMSO.
1.8 AR ERALRE

4% 2% 5 AR 5 il 1 [ € 48020 min, 285
W i 8] 5 ¥, PBS(pH8.0)¥E3IK, FHIXS min. il N
41 i 37 I P40 min(0.2% Triton X-100+3% BSA),
SR 5 W 375 i) AV, PBS(pHS.0)1E37K, ££K5 min.
1% BSARCL & 1) —Hi B T4 °CUKFE R B i 7% .
55— RPBS(pH8.0)BE3 I Ja B I —HiH i i 52 h,
5 JEPBS(pHS.0)E31K, I HAE D A B T 5%
HH . PUA S Tuj-1(Abcam). Olig2(Abcam).
Ki76(Abcam). MAP2(Abcam). CHAT(Abcam).
CHT1(Santa Cruz). DAPI(Proteintech). 11428 ff1 )
73 EEFA A B 6L 1R 8 11 AE 58 % R 0B AT B e
NEIE H gt 2030040
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SEIG HCH F Image VA SR AN, B R S50 kA7
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2.1 FREFHEMPEERFZAIPSCs

FFERTHRE MR A RERBAS
TEBR A RE R — 54l . I 5B R Z ik kg
Jf 4 FE RiPSCs, Hh il SRR B M2 &
YamanakaZ5'H iff 5T 7775, 20064, YamanakaZ5!')
FIHAL & 5 B 2444 DY A% 5% K F-(Oct3/4 Sox2.
Klf4. c-Myc)¥E N\ & BRI P4 1 3L B e, IR4E,
SR F [ERE 0 77223845 N IIiPSCs, [R] i HAth 28784 1)
Y IR 1FIPSCs, X T4 A T ok T E K
IUEERZE

AR 5 P A A EE AR 4 S AT JR AR R AT 4
MR, F4EAICH 5, Yok H AR BAR &
HEBA e ST ESRIVE N S VIR . IS5 Y
AN F(Oct3/4 c-Myce. Kifd. Sox2)HI1il 4 9%
BT R, R RoR G, B AT 4E g0 iR
PERTER U A TR 2 b, 5598 12K J5 AT 4E 20 it 0
KRG, KR4 B > Bt 221K
J&, FFRE TG BN T R, S I R 43 R 2T 4k 4
Pt e 4 s g A, B 4 R A ) ATCER 2 4 B (B A
K1B). Nanog. SOX2. OCT4. TAR-81%% /& 4 ity
ZREME AR LY, B A0 e e e, KRR L

(A)
Days: -2 0 6
weeks | 1 1

HHMRBERAW AN 2 5et . Qe R,
Y25 20 R R IE X S bRIn B A, IE B AT 4
Y L Bl R I g AR 2 B T 4H R (E12) .

2.2 iPSCs{RIM 3 L EXMN

221 fmpasy A& BeT A A A RLES iPSCslAl
MNZ L, B % 7 ZE ZiPSCsHIPI IR 2, N8k
IELEVAFR 2 b va B N 4 M S0% HEF, 5 R FRL A4t i 5
PR3 B, HIE /AL B R 1IiPSCsTE N ok 1 JE 4G 41 i
(E3A). Bk RILT28K, A8 PUAN Y B (B
3B). B 0~6K, iPSCssr 1k NEP, JH i 4 il
EATRE TR, In(E3C, Day6). BRIEA Iy
185 R A, 5537 2 doin N TGF-BA5 53 1 1) $0 #1
#(SB431542, 2 umol/L)FIBMP{= 5 i@ % (1) 41 1] 57
(DMHL1, 2 pmol/L), RE8% 4|20 i 5 Wk, [F] S 2
2 oyl . WETAS 5 i B% 1 3035 71J(CHIR99021,
3 umol/L) I8 I, $Em T AR5 SRR, 52
B Bt: 7~12°K, NEPZ3 4L AMNP, 4ff f 3% 7 2 B A
2 B AE FF: 45 M (neural rosette)(EI3C, Day12). 7E
F—Wr B py AL b, SRR T S ST R A
TG 2 I A0 AN AR 4 B R (RA, 0.1 pmol/L)AH
SHHI % i) $1 il 771 (purmorphamine, 1 pmol/L). 1 %
CHIR99021%4 J5, [F] B % i1 2% £ gk A g 410 1] 751 (val-
proic acid, 0.5 pmol/L), MNP RJ DAy 38 54X I 24 47 . i
AR 55 = Bt 13~20K, MNP A Bl 24
MNZMb o 4 55— BER 40 A o 2 B A R/
o, B AR AR B 8 9 L B RS I, [ A I R
Y F R AN SHHLE B (14 71 MR FE(RA, 1 pmol/L; Pur,

21 3-5

l /L |

Fibroblasts Sendai Virus Switchto iPSC medium

Fibroblasts medium

1 77 1
Emerging colonies

Transter Colonies

iPSC  medium

(B)

{77
100 um

Fibroblast lines Day0

|
4 10(:) pm \‘

77100 -

Day6 Day21

A BRET YA M0 T G B2 TR [R5l B 414 41 i 2 4 A2 72 (Day 0 Day6 %t Day2 1) [ TS
A: the timeline of reprogramming fibroblast; B: the morphology of Day0, Day6 and Day21 during the reprogramming fibroblast.
Ell R4 AR E HRIZNiPSCs
Fig.1 Reprogramming Fibroblasts to iPSCs
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MERGE

75 pm 75 um 75 ym 75 um
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El2 iPSCsZREMHILE
Fig.2 Identification of iPSCs pluripotency

(A) (B)
iPSc BNIM BNIM BNIM

Conditions | medium SB+CHIR+DMH ([ +SB+CHIR+DMH+RA+Pur +RA+Pur+compound E
Days -1 0 6 12 20 28

Cells iPS¢ — NEP —— MNP — MN— matures MN

markers Ki67 * Olig2* MAP2* CHAT *

HB9*
BNIM

HSB+CHIR+DMH+RA+Pur+VPA

©

100 um . 00pm -~ 50 um

Day6 Dayl2 Day20 Day28
A: B POLHTIPSCs KA AR T ASRFIE; B: MNTE T 20 HL IR )l 268 W B 5726 C: Day6(MNP). Day12(NEP). Day20(MN). Day28(J&Z4MN)
PRI BT 2 RFAE
A: the morphology of iPSCs before differentiation; B: timeline and culture conditions of MN induced differentiation; C: the morphology of Day6 (MNP),
Day12 (NEP), Day20 (MN), Day28 (matures MN).
B3 iPSCsER5T L AMN
Fig.3 iPSCs differentiation into MN

0.1 umol/L). 42 R E MK /N S ek, Bk
M %ws ) PU % =5 (E3C, Day20). 45 DU B 21~28

= 18 B 41 7 (compound E, 0.1 pmol/L).
222 MN#%E  EMNRMbREFSEREZ

K, W 1 2 BRIE AR AN i, (LG EE AR K SRR
BEMNIZ T R, #1280 H I, AH BLAE 2R MR
S5iH(E3C, Day28). 1EXANHEL, fidsCHIR99021 .
SB431542. DMHI1% 6K+, [FE INANOTCHAS

Flobr 4, R I Le s 4] DA W 210 0 B B R
ACHIRE . B—. B, HMERIAHE 20 =T
WHE R FKi67!", B 1PSCsHIMN Mk, Ki6 7k
BB FRAR. AR B B, 43 IA 5 E MU )
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PRt #)0lig2— 1A 5 S M+ 2 1 5 40 ffd iw iz
100 75 A1 B2, HE 4> RIAMAP2 FIHBOSE F
[ 2 bR ic P (E4A~E4C). HBOK R IR IK A
MNP#E N £ 22 53 %4 J5 (post-mitotic) i B, A H A

WBAE ). = DUBTBL, MNPAMLHMN, ST
A) (B)
(D)
» 1004
£
-~ 75 pm
(E)
(F)

75 um

R, ik B-Tubulin III(TuJ1). MAP2 Al CHAT®?,
TuJ15RIE T #A & e, AR B IR A4,
MAP2 F 2 £ & T 5%, CHATFICHT1K 18 T il 4
INEBERE 22 70 . 26 DU B o R B, o e
FEALEUE BHO5% [ A M R IAMAP2 A1 Tul 1, [R] B

©

HB9/MAP2

75 um 5 pm

(H)

S
S

(o]
=)

N
=)

MAP2" cells /%
S
=

(3%
S

75 pm 2 75 um

A~C: Olig2. Ki67. MAP2XHBOTEANI 431k 12 K (MNP)[{] 3% ; D~F: Tujl. CHAT. CHT1MAP2ZEMNZME28 K 113X ; G: Tujl " FIMAP2" |5

SRR L), H: MAP2' i MAP2 1 40 i e 451

A-C: expression of Olig2, Ki67, MAP2 and HB9 at 12 days of MN differentiation; D-F: expression of Tujl, CHAT, CHT1 and MAP2 at 28 days of MN
differentiation; G: the ratio of Tujl" and MAP2" of total cells; H: the ratio of CHAT" ratio of MAP2" cells.

El4 MNH%E
Fig.4 Identification of MN
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H90%I1) A& Hi 24 z Bl i 2 e 4D~E4H) . LL %)
PRI iPSCsIE &I 28 R4, 90% LA L IIMNHR
223 MWEARARERKREAOLT  FEUME, K
AR VT I PP BRIV A R AT D, B o R AT LA IR R
FRIL Fo 1) FH 3 440 S B U0 B R, 3 8 W 4 4 g
FEFh 5 0~60 hi & L RS K LB . B B TR0
] PR ZE K, MIN2> 52 0 SR 4 j (A1 A K (IS A, A 35
J& BT h, MNJF 46 05 B, R8T K H P2 . @il
Imagel Gt 1T 73 HT, 0~20 hith 48 S 1~ 2o AR K i
3 pum/h, 20~60 h>F 35 42 K3 5 & 1 pm/h(B5B). L
R {120 hi 4 58 ) A K FE AR T-20 b (1)
P2 SR A PR BRATTRE I, AT20 hil & Je 2R
() PR T A K AT BE D K 4 T FH 3D EI2DAR S 1

(A)

20h 40h

(B)

150+

100 _I_ o
50-_.,5__.,5_%*

O T T T T T L} T
1 7 13 19 20 40 60
Time /h

Protrusions length /um

W FNAH L 2R . P IR ) P A KA A 2
TG ARG T A48 WX 25, A A T 4ERF A0 A, I
R T A% T DA ST 20 2 TR PRI

2.3 MNAEAM RIS A1

23.1 ISR ATMNG Rom A AR
22 WA 2 BT 2E . E 4 BRI 35 R B, 4t 4b
TR PRT VS I ] fR d 4H  T ES J FR ONG BR,  B T
200 P R 4 PR PN Tl 22 B RS R R B A AR A R T
B A R I 3 i (matrigel). A EE
R (2 300 B A RN A- 4R 42 58 ) AB RS 5T (Y
fE. k. HAEOREETE. oW,
SRS RN E R 2 N o AR 1) Ak &
WS AR BOFH 2R U (matrigel) 37 °CHE IR
AP SR, RS R (HIRFERIE KT,

60 h

A EH21K, MN$EM 51 hy 7hy 13hy 19h, 20 h, 40 h, 60 hiJZHEHIZE K; B: AR & IGRAE KISt
A: on the 21st day, the morphology of the cell after seeding at 1 h,7 h, 13 h, 19 h, 20 h, 40 h, 60 h; B: statistical analysis the protrusions length of the A

pictures.

El5 #HZTRERNEK

Fig.5 The growth of neuronal processes
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(B)

A: FEEE21 R, MNASE BRI B (510 mLy 1x104Y/mL. 2x10° M/mL. 4x10° N/mL)AKIRZE; B. C: MNAESx10*~/mL 54x10°~/mLI{)

EEIN, Tujl S CHAT IR IE K

A: on the 21st day, the morphology of the different densities of the cells (5%x10*%mL. 1x10°/mL. 2x10°/mL+ 4x10°/mL); B,C: expression levels of

Tuj1 and CHAT at density of 5x10*/mL and 4x10°/mL.

[El6 4R FEXTMNAIZ A0
Fig.6 Effects of the cell densities on growth and maturation of MN

VU A B AR IMINGS B PEAS 3, 7E 40 B4 FP48 h
J&, AR FIMNR A AEF IS . KR T3
IITMN IR B 14, 7EBEFh A A AT, 75 BEAE R 7% LA S
T AR A AN SE R . ARG R, 2K T U A
ANEIREFRAN LR, 7 & 55 —4H: matrigel, 37 °C
B OgOE R 5 A 2 %5% % (A (lamina-521)
12 % -L- %% R (Poly-L-ornithine, 0.1 mg/mL) 37 °C
RO, 5 =4 2 %% & A (lamina-521,
5 ug/mL)7E37 °CH; 77 46 A1 #%3 h; 28 P4 4H: Poly-L-
ornithine(0.1 mg/mL) 37 °CE;: F# 58 E. 413 hi5 B k%, F
Flamina-521(5 pg/mL)7E4 °CUK 58 0 4724 h®), 3@ it
DU ZH S5 RSt L, BRATT R I ER DU 2 15 97 A o 25 A
KBEAK Ti2gh & oG G, bl 2 R-L- 9%
i Alllamina-52 1 X EE (5% 37 ML B A MINFR S 5% .

232 @A B EAMNGHm BT E, &
AT IIAN [ ) 248 o 2 o 235 P55 S5 MIN ) A= K R A
—EMM . AT BRI AN, AT Y
AN A2 B AT T AR, il SR —4:
5x10NmL; 25 - 2H: 1x10°4~/mL; 55 = 2H: 2x10*/mL;
VUL : 4x10°/mL . J8IE X 28 8 R AN M A 1 WL 2
MNZ FEART X103/ mLI, K7 MNFET; MNP
JE R4x10°>/mLINF, 4 14 b 58 R 98 ey e, 4
(Kl6A). [RIIIEEL T % B A5% 104y /mLF14x10°4~/mL

PIMNIEAT T g e e, n(EleB). HATRI Y
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