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H E: AXFFZ4-Fai (Human induced pluripotent stem cells, hiPSCs) FLA ) A4k % #F £ A m o 546 84
ft, HE G EIE S AP 2L (Motor neurons, MNSs) A % & g 2 T sk Jd 09 T BARIMAERI Z — . A 1L MNs
%R Tk, B R ERARE MNs F 71 B3 F HBY A L 4x4 T4 &% % a (Red fluorescent protein,

RFP) 2 4 A hiPSCs 51t fo &k 69 4% 2 F 4m i, (Human neural stem cells, hNSCs), Z4u4 & ifik, KIFAE 2698
14 20 & # hNSCs-HB9-RFP-Puro. M /&, fadmk & it Rk MNs £ @ ok X B TR R &
LV-Ngn2-Sox11-GFP #= LV-Isl1-Lhx3-Hygro, #%-% MNs Z &) 516, #-F oL fFes e RN AP 2 M 44, 5
Fd5F M B30T HBO 494 A T &k RFP; B B4 & ik Ab 2 AR X A7e4 B % & @ (B-tubulin) F= & BLAZAREE A5
B (Choline acetyltransferase, ChAT), %2 4 m##9 MNs., Z % kB EEL% A MNs 89 2@ L RS T RET
— /N E AU F ik, KBRS T MNs /£ & RAEE Fa 2h 4 5 s S ARG T2 L A .
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Abstract: Human induced pluripotent stem cells (hiPSCs) have the potential to differentiate into multiple cell types. Motor

neurons (MNs) differentiated from hiPSCs are important models of many motor neuron diseases. To simplify the identification
of MNs, lentivirus vectors were used to transfer MNs-specific promoter HB9 and red fluorescent protein (RFP) gene into
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hiPSCs-derived human neural stem cells (hNSCs). Stable positive cells hNSCs-HB9-RFP-Puro were obtained after antibiotic
selection. Subsequently, the positive cell line was infected with lentiviruses LV-Ngn2-Sox11-GFP and LV-Isl1-Lhx3-Hygro,
which overexpressed the MNs differentiation transcription factor, and differentiated to MNs directly. Differentiated mature
MNs showed neuron-like structure, expressed RFP and neuron-related markers B-tubulin and choline acetyltransferase (ChAT)
under the control of the MNs-specific promoter HB9. The fluorescence reporter system provides a visual method for directed
differentiation and identification of MNs, and may promote the applications of MNs in disease models and drug screening.
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N IE 3y ph 2 JU PR IR AL 4G — R SR AT Mg
. T LZE 4 R 6 AL 5E - (Amyotrophic lateral
sclerosis) 14 % 7 JL 25 4 iE  (Spinal muscular
atrophy) &, IZJEERNE I R R I A ™ F LY 2 40
BB NRES I, MR BT 28 MsET- 3,
EASFE R, B4 0 (Motor neurons, MNS)
) 2P  f B . B SR A AR AR A
I 52 55 BIL ) 1 — > O B e I BB = 5 3 A N 38
MNs ZRiE R, M AEFLZEE T4 (Human
induced pluripotent stem cells, hiPSCs) %15 MNs
SRR B PR BT SR ) T B R R B

PAF ) MNs & —IUEA 5 SCRIPk Y
TAE, MAEMELRE . BB AP I
kB B|EEIN BAT, 38 W RO
hiPSCs & ] 734t BUA ) MNs, — A2k 2% /Ny
TIHERE, B ANBIHIMEITL TSR, EHHN
BT SOMA AR R /N FA6E9, AT LAFE IS
PAF AN MNP, (AR, 7 REI T K |
PRVERIBE H A8 By e . Suoh— BRI L, @
TR SR K MNs /2 0] 204k 1 S B SE R 55 A
hiPSCs =i \ IR T 48 (Human embryonic stem
cells), AJ DA SO RIG 2 shpl 2800, ik
He /NG 175 S B 1] 4 0 — 2 B0 e W ik
PAFHI P20, BT B o e Uk 5
U IERAE MNs AH AR D i AT 55 F e dr .
T AN MNs 1904k 8, AT KRS MNs 2%
AR R G A2 R, A Scm i R,
EAMZ T4 (Human neural stem cells, hNSCs)
3 A MNs Fi5e R 31 HBY %3 T 1 RFP,
25 W B3 20 18 AR A5 PP 40 i Bk hNSCs-HBO-
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RFP-Puro. iZ 4 bRt — i KB & HR 2
(Neurogenin 2, Ngn2). Y 3y oA il ok @ 4% 5%
[Af 11 (SYR-box transcription factor 11, Sox11).
Jik 5% 2 5% 1 1 (Insulin gene enhancer 1, Isl1)
LIM [A]JEHE 3 (LIM homeobox 3, Lhx3), 7EE 1]
A6 MNs gt fEr, Rt A 31 HBO K
SLra kM (Red fluorescent protein, RFP)
HRIR, Az Ion e m o e it 7 —4~af
WAL T, TN 138 Sl 2 T IR SME ALY
HENT S W T R RN

1 MB5FE

11 MAESHEFR

hiPSCs >k F 2 #& T R i s #1 DNA B %
(Rutgers University Cell and DNA Repository).
2T Y k5335 . Neuro basal medium 490 mL
#1 Neural induction supplement 10 mL, (Cat. No.
A1647801). & T4y 3G 15575 . Neuro basal
medium 49 mL, advanced DMEM/F12 49 mL #l
Neural induction supplement 2 mL. iz sh# & 0k
F%E . Neuro basal medium 24.5 mL, adcanced
DMEM/F12 24.5 mL, N-2 (100x) 0.5 mL, B-27 (50x)
1 mL, retinoic acid 1 umol/L, BDNF 10 ng/mL,
GDNF 10 ng/mL, NT-3 10 ng/mL, purmorphamine
500 nmol/L F1 penicillin/streptomycin (100x) 0.5 mL,
1.2 BREEE

1258 (Lentivirus, LV) {2k TaKaRa
Bio Company A9 Lenti-X Packaging Single Shots
Kit (175 : 631275), H4 128k 3 Addgene
i pPCSC-NGN2-IRES-GFP-T2A-Sox11 il pCSC-ISL-
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T2A-LHX3, k4= : 90214 F1 9021514, 2:h8
Lenti-X Packaging Single Shots Kit fifi F il &%
1895 5 LV-Ngn2-Sox11-GFP #l LV-Isl1-Lhx3-Hygro.

Ji ki pLVDP-HB9-RFP-Puro 14 55 25 2k 14k
H Addgene, JiHi 454 : 89762, i Stelios Andreadis
1 Pedro Lei (4% 524 % JF & Mgk g 99
HBO-RFP 3k 1 Addgene, Fikigis: 3708117,
pLVDP-HB9-RFP-Puro Joi b £ 7 15 9 75 £ B 11U
J¥H1, HBY JE 8+ M5 RFP ZE[KFI PGK J5 3
T FHNERE R (Puromycin, Puro) HiM: LA
S, BRI TR ARG MRS, 28 Lenti-X
Packaging Single Shots Kit {ii JH Tl £ 18 55 25
LV-HB9-RFP-Puro.

1.3 189K 0 hNSCs-HB9-RFP-Puro 4 1
i 17

4 hiPSCs 43 fL 753 2 hNSC #:F T Matrigel
FBE Y 24 LR, 9L 4x10* 4>, 45 2 K, 1 iPSCs
AR ZE Y 30%/A BT, R T A 1 B R
KA 200 pL LV-HB9-RFP-Puro Ji &7 7 W Al
polybrene (6 ng/mL). JERYL TR, B H BT e (1) i 42
T G s R 0, AR R B AN A R
50%. I, fA Puro (1 pg/mL) 97 3% BHAE 20 i,
HERAMMIET Rk, BTS040 i 458 ok ik
Yt I+ LV-HB9-RFP-Puro [¥) hNSCs, R BHM: 21 it #k
hNSCs-HB9-RFP-Puro,

1.4 hNSCs WiGiER L e

¥ hNSCs ZRFERLA 24 FLATMIES S50 Y
MIEICH |, B EmaEIARY 60%)5, 7%
B, WEIR 2% bW (Phosphate buffered
saline, PBS) ¥t 2 k; Ml 4% R AW, =ik
#5215 min; 1i)5 PBS ¥t 3 ¥k, £k 10 min, fil
WBEE W (0.2% Triton X-100. 3% Ifi 175 115
1 (Bovine serum albumin, BSA) 1) PBS), =ik
WEFEA 1 h, EEREEE W, #1400
i BE—3PT Rabbit anti-Sox2 antibody (Cell Signaling

A&

Technology, #5715 : 2748S) Fl1 Mouse anti-Pax6

% : 010-64807509

antibody (ThermoFisher Scientific, %75 : MA1109),
4 CHENR. L PR, PBSTE 3K, &
P10 min, AR R —PORIE, 8- 11 2 000 Fi B¢
Y&t Anti-rabbit 1gG (H+L) 488, Cell Signaling
Technology, #75-: 4412 il Anti-mouse IgG (H+L)
555 (Cell Signaling Technology, 155 : 4409), =
B EIF T 1 he 3K HUAW, FHPBS ¥k 31K,
YK 10 min, N 2 pg/mL 47,6 kI -2- 2K |
WE (4',6-diamidino-2-phenylindole, DAPI) % ,
EHIFHE 3 ming A PBS ¥ 2 ¥k, AR5 min,
PR 1% 90%HY H i, K A A -0 T H A |
R 58 UG TE DO U T SR UL A B SR

1.5 BB MNs REHAUZRER

¥ hNSCs-HB9-RFP-Puro 2 Fi 7 il A 24 FLAH
MR AN RIC R |, A2 K E 50%0E &R
J&, BRYLERGE LV-Ngn2-Sox11-GFP Al LV-Isl1-
Lhx3-Hygro; ¥ H, Bz s 2o ae ik
Fo AL Z RS, PBS ¥k 2 R, ZJE N 4%%
RHEE, FEEE 15 min; 15 PBS Uk 3 ¥k, HHIK
10 min., fiNiE &S A (0.2% Triton X-100, 3% BSA
() PBS), =il EFIE A 1 h, EEREEE AR,
SR — B BUIR G £ e A R HTIA Goat anti-
choline acetyltransferase antibody (Merck Millipore, 1%
5 ABL44P, FiBELLBh 1:200) E/NESHT B-
& F1H4K Mouse anti-B-tubulin antibody (Merck
Millipore, #%5: 78328, Fikt L5k 1 : 1 000), 4 C
R, FEPUSMK, PBS ¥t 3 I, BHK
10 min. %% & XF N A9 —PL Rabbit anti-goat 1gG
antibody (HRP conjugate, Merck Millipore, 175 :
AP106-P, FifEtbfoh 1:1 000) = Goat anti-
mouse IgG (HRP conjugate, Merck Millipore, %
5 DCO2L, B L2 1 1000), =M HE 1 h,
FETPUEW, I PBS U 31K, &R 10 min,
PG R 3- PR (3-diaminobenzidine,
DAB) W, FHMAICH , & TP X85
b, FIREEE 2-5 min, HE2EE G TIE B
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G, MEETRIE 3 K, 7EEhRT. R
e N AT L TR B %

2 ER5AW

2.1 & TYHAEFE HNSCs-HB9-RFP-PURO B
=iy

FERAE 1 B SE i RE , B hiPSCs 7E A2 14
Mo R 3P % 7 d, 438 hNSCs. hNSCs
Y185 & LV-HB9-RFP-Puro 33 7%, i) 1 A
Puro 471k , 75 2 HAT Puro Ho itk () BHM: #i 28T
L, @4~ hNSCs-HB9-RFP-Puro, Xt hNSCs
AT Bt , TS hNSCs K Rk &
T4 oA bR &4 SOX2 (SRY-box transcription
factor 2) #1 PAX6 (Paired box gene 6), —FHEA
PELF, SiE BTS00 hNSCs 4l 45 2 1,
22 BEHHZTHEES AR AERERER
i

Ngn2. Sox11. Isl1 il Lhx3 f&& MNs & 1] 54k

) SRR R, RIS e e A X 4 SR
A LUEAR SN G 0 A 3R A5 5 4 1% 1 MNsT1
I, B BHYE R 25 T 41 hNSCs-HB9- RFP-Puro
L85 T LV-Ngn2-Sox11-GFP I LV-Isl1-Lhx3-
Hygro 47 7E [l 404k, IF7E MNs 353 ifE— 2
ik 5dJE, 55 MNsM gkgeit R B 15 K,
PAF R MNs (& 2A). TE9OE RIS T ML,
S AR 1 1 4 M SR Bl 2R OCAE SR, IFAE MNs
FesrEia s+ HB9 MfEHN, MBI/ T RFP
ik, [FBF, &Y F LV-Ngn2-Sox11-GFP 41 fits
Tk 9t E H (Green fluorescent protein,

GFP), —HHAMEFMIEN (K 2B), BiE
ik Ngn2. Sox11. Isl1 il Lhx3 Al{E s HA Mk . %
SR MNs 17 e e (8 2C), &
WEMBETHETEAREY B MEEA
(B-tubulin) F 2 28 5047 254 £ Tk AL 2 % il
(Choline acetyltransferase, ChAT), 4> 1k15 %)
(A 200 B R ) MINs, FEXT BEAEH, AR08 5 57

[ LV-HBY-RFP-Puro |

Day 0 Day 7 Day 14

| Neural induction medium I Neural expansion medium I
I | +Puro (1 pg/mL) |
hiPSCs hNSCs-HB9-RFP-Puro

100" pum

100 pm

1 #EZET B hNSCs-HBO-RFP-Puro 3 31 By L8 7 42 &
Fig. 1 Flow chart of establishing the neural stem cell line ANSCs-HB9-RFP-Puro.
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LV-Ngn2-Sox11-GFP |

(LV-1s11-Lha3-Hygro |

)

Day 0 Day 5
| Motor neuron medium |

Day 15
Motor neuron medium I

hNSCs-HB9-RFP-Puro

B Bright field GFP
- i i
5 0 VPR
o §
2
E
=]
)
Z 20%m 200 pm
Bright field GFP
51
131
&
B
3 3 .E(jlﬂLun

LV uninfected

& 2

Motor neurons

Mature motor neurons

RFP

Overlap

200 pm

RFP Overlap

200 pum

f-tubulin

LV infected

EHHE TR E [ 9 BRI RFP BIRIE

Fig. 2 Directed differentiation of MNs and specific expression of RFP. (A) Positive cell line hNSCs-HB9-RFP-Puro
differentiated to MNs after infected with lentiviruses LV-Ngn2-Sox11-GFP and LV-Isl1-Lhx3-Hygro. MNs were
cultured in motor neuron medium, mature MNs were obtained after further differentiation and maturation. (B) MNs
expressed RFP from HB9 promoter control and GFP from lentivirus LV-Ngn2-Sox11-GFP on day 5 after lentivirus
infection. RFP and GFP had good co-localization. Control group without lentivirus infection could not differentiate to
MNs. (C) Immunohistochemistry staining of mature MNs. B-tubulin, the neuronal universal marker, and ChAT, the MNs
maturation marker, were expressed in mature MNs on day 15 after lentivirus infection. Control group showed weak
B-tubulin activity and no ChAT activity. Three replicates were performed for all experiments. Scale bars, B: 200 um, C:

100 pm.

LV-Ngn2-Sox11-GFP Al LV-Isl1-Lhx3-Hygro Jg&
Juiy hNSCs 7565 5 KFIHE 15 RIICHE /615
#] MNs.,
3 ik

MNSs {3 22 2 12 Bl 1 28 0 A BRI ARAS it
I, A % MNs B R4 FIEEAIRTT T 5T H 4532 21
STERO BR RS Sh B BT E 245 54 2

% : 010-64807509

MBS, (HX LS BIRL  R E 58 4 L HURH DG Y
NEB R (A R, WA L
ARG R S B S DR - A0 AR TR hiPSCs #ll
AT AR, AT LA LR B A 2 B i 2
BN g 2 — Tl ¥k g 38 A A A b g g i e 241 R
t, Goto &FiE il & B A Ngn2-1sl1-Lhx3 ()
3N SRR, IR R S RN ALS i Ak
PRI hiPSCs & [ 434k MNsP?®1 iteah | Liu 25 %
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3 2o 18 B S ASME RS Ngn2, Sox11, Isl1
Al Lhx3 2 fidt B i J 2 AT ALS g A KR A AR AR
MG, FERMFEM GOl TR R,
A LA b 3515 MNstM . HBO J212 8l b 22 70 e 1k
FORFW, gz T T4k I B2 s o0
(458 FIRAE . oI /N T 8RB N 15
S LT0, BT EHLEE HBI MRk KT, A,
Haidet-Philips il Wichterle 2518 12 %% K H A, #4)
T HBO:GFP /N, i 5 Miz/IN R b 43 5 457
HB9:GFP LG T 4iffi (Murine embryonic stem
cells, mESCs), %4l % mESCs-HB9-GFP 7E{k
SMERIB At I Mk R, FERERE B
+ HB9 /"% 7 GFP Kik, MIMin] LLSZET ML/
FL MNs (4341242

%28 N MNs B4 Abad A2, A 533 o 18 9
F3AK LV-HB9-RFP-Puro, 43 VEfE 3h+ HBY
PN B RFP 22 5 A hNSCs JE R 409, 4 Puro
i %, 45 2 FH M P 2 T 40 i Bk hNSCs-HBO-
RFP-Puro . 78 YL 5& 0] 43 4k 18 7 8 LV-Ngn2-
Sox11-GFP #1 LV-Isl1-Lhx3-Hygro 5, #kzik%sR
KA MNs T A5 B MNs [R] B 223K i HB9
-5 1% RFP Fl LV-Ngn2-Sox11-GFP #£4 [1) GFP,
Ho#H ARG IEEN . [, XA MNs
AT SRR ARG, JLFRIK T & ITiE bR B Y
B-tubulin F1iz 3l il 28 0 MAFR &4 ChAT , UE] %
4t Ry B MNs

2 Y G N 5 5 T b = VAN X E R TV
SO RS, v HEEWEE RFP Fil GFP
FFEIE AT, FIKTBH PR 22 T 240 JfE hNSCs-HBY-
RFP-Puro £ 42 1] 4346 7 MNs., 1% £ 4t 7] S I
£ MNs [ 1] 404k U/ %0 B IR] | 46 8 S0 56 R
W1, Rz shi 4 TTBR R I6RYT R 25 9 7 1k 4 43t o
PRUTA ) 2 LR TR Ty SR e R
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