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T (hESC) WAL, fERFAIMIA% T 40 (HNF44) FEFGE A B (9O 1 (EmGFP ) -P2A- AR
# (blasticidin ) #5AEH, 8 L AR AR L Y S5 44 5 25 & SR BT 5w L J2 Sanger MJF 4387, RA5404 2k
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[ Abstract | Objective To develop a simple and efficient CRISPR/Cas9-based gene editing strategy to broaden
the application of human pluripotent stem cell in basic research and regenerative medicine. Methods A CRISPR/Cas9-
mediated gene editing approach was established using the lipofection reagent Lipofectamine™ 3000. With human embryonic
stem cell (hESC) as a model, an emerald green fluorescent protein (EmGFP)-P2A-blasticidin reporter module was precisely
knocked into hepatocyte nuclear factor 4 alpha (H/NF4A) gene. Transfection conditions were systematically optimized, and
a dual antibiotic selection strategy was employed to obtained homozygous edited clones, which were validated by Sanger
sequencing. The reporter cell line was then subjected to chemical induction toward hepatic differentiation, during which
EmGFP expression was detected. Results The method achieved efficient gene knock-in in hESC and yielded homozygous
edited clones. During hepatic differentiation, the reporter cell line specifically activated EmGFP fluorescence signals, and
its expression was highly consistent with hepatocyte markers albumin and alpha-fetoprotein. Conclusion This study has
established a convenient strategy using liposome-mediated transient transfection of CRISPR/Cas9 and donor plasmid vectors,
and has achieved a HNF4A-EmGFP-P2A-blasticidin reporter hESC cell line, which can be used to trace hepatic differentiation
of hESC.
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NZ e+ 41} (human pluripotent stem cell,
hPSC) , 1 $§ AR T 40 Mg (human embryonic
stem cell, hESC) FI N5 5 £ 68 T 41 ¢ (human
induced pluripotent stem cell, hiPSC) , H. A JCKR
H SRR ) Z R A0 M2 B L T RE, TER B R
YIFmrss . B | 250 e e A P2 A A R
BB E R R M o o TR T 40
ML AEHLT] . BRI R A R A R, PR E AL
T B A A - bn S B R e O Al R, e
FEPR R E AL AT CE A a2y Yriitedric, wl
DATEZR M oA ) S S At A v SR W D 4 i i o 3K
M A FR BN R B YA AL T
SEAT ST TR, NIRRT ST 88 T 360 )

CRISPR/Cas9 Z 4t (1 tHH B3 7E hPSC ity
SE SR ko O AT RE Y, HAZ RS RS
TRy =N T o1 1) RN = ;11 = = O R N 2N
2 20 AR 7 12 R ZAK M T CRISPR/Cas9 47
SHFEEBE " . XKk, B 5
Cas9 5[5 RNA ( guide RNA, gRNA ) S A4,
[Fi) o S A A7 () PR ) A R B, AR PR £
RSB RREA o SRTIAE hPSC H S B RGAL R A
PTG PRAL, 5 AR & (4 HEK 293T )
AT, hPSC X} 7hJE DNA ) F AR SMIEER, e deid
T 5y K AR PT84k, AT R AR AN A7 176 2 1
BRI e BRI R P o 2R LB A e
5577 20K CRISPR 21 34 15 A4, %t T hPSC %
X IR Ak e BE BB A, R AL S AR
ANEIETE, Hi& v, BAEE A, BRE T HAE—
S OIS R W1 S =ty 5B B
e R P TR R R L (g EE ) SRidik
CRISPR ZH 1, SR 2 2 A4 I AR A 7 S A
HEDR 2L AR ST A o MR, BRI AR A
FHOFE YL (4N Lipofectamine 18057 ) PRI FLHAERIE |
JRAI, 7E R P FLSh A ez
{BE hPSC H i o 1A 2 e s e 5ol e 1%, HL s ) o

BRI 5 5 R A R, PRI I LR I A
WA IR HE LK 4 hPSC B9 E ez ™ .
B4 g #% A+ 4a ( hepatocyte nuclear factor 4

alpha, HNF4A ) & 1% 52 (A8 5% g B Of <1 1Y
B SRR F, FENFIEh HNFAA (/e JF I A P 23k,
S VAT JHF I 1S 5 R i AR B SC B IR, BiA K
SRR AR BT,
Rk HNF4A 7] 5| 62T 200 A R e P e PR ) 63K & AR 7%
k., SEFEMEAERE ", N, HNF4A #
Iz VG AR AR S

AW FE IS T —Fh Al HI AR J5E R I 5 G Jokr
CRISPR/Cas9 5 (i iy EHE S MG, FRA+ T 7E hESC
() HNF4A4 B A it BRI A RE e (0 5O EE
( emerald green fluorescent protein, EmGFP ) -P2A-
A R (blasticidin) FYAHAE &, Il i 15 F1%
AN R A AT AR, R B Yk AT T
HEo X4 AR A ST SR I hESC fwl fiT- 4 i
AYE ) oA 72 | e D RE AR T 4R LA R Al
TS AR R AR T AN

1 #MEFnTE %

1.1 ik, WA mietk pSpCas9(BB)-2A-Puro
(PX459) V2.0 I [ € [ Addgene /% 7], pEGFP-CI1
F pUC18 JTRL A A S 56 % AR 47 . hESC & HI 4 il
NARSLES FEARAE . Trans1-T1 832 5 KR 7 56 W
At e G EYH ARG R A

12 SR A AR Matrigel ™ £ F IR 1 A
F [E Corning 23 F]; NEBuilder HiFi DNA Assembly
Master Mix i) &4 H 35 [E NEB A Fl; PR A
Y)W . Lipofectamine™ 3000 %% Y i 7] . TrueTag™
HE & DNA BRI G, 4 B 15 572 3R] Alexa Fluor
555 bric i) —Hi440) H 3€ E ThermoFisher Scientific
OH); EERSEE A G418 I ISRk v AR R
A FRZ T PrimeSTAR" HS DNA Ry {205 1 I
F K% TaKaRa 2~ A ; DNA FBrafifb [l &
JEURE /)N Fa i Bt G A 3 DR 2 e B e 3 1 AR
T TR (i) BRyARAR; AEA—HE
FI D2 Abcam A Fl; W EE H—biW A 5EE R&D
Systems A Al ; ZEG B Fl H 4 Nikon Al
1.3 gRNA &t fe B AR Aty i FIH 3 ERRA
T 2 Be sk 0 5L 00 = W FE 2 T 5 (hetps://zlab.bio.
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guide-design-resources ) V& T EF X N HNF4A4 3
TAG % I % 5% 7 o7 B ) gRNA, gRNA J¥ 41 K
5'-CACCGAAGTTATCTAGCAAGCCGCT-3',
5"AAACAGCGGCTTGCTAGATAACTTC-3',
PX459 # /& 7] LA [F] B} 3 1k Cas9 2 1. gRNA Fll
EERS R R PUME IR B LR, il FH 9K 0 S B0 = 1 A
# 7 2:17OB gRNA T 91 3 35 5 PX459 4144, 45
Y Trans1-T1 B2 75 K g 5 75 &, Pk A 78 B 14
EIEATY 1S, FRA5 F A AR TR I AR I o) PX459-
HNF4A4 gRNA

14 BRREEAGHE AU EMET 24
PEOR R AR, — AN A pUCLS, 55— MEH &
k& T CMV-EGFP ki B: ) pEGFP-C1, pEGFP-C1 £
Ase I F1 Bgl Il WLf§Y] 2B CMV-EGFP R B, #R )5
fifi 1] T4 DNA R4 4T, JfH T4 DNA iEH: 0
1k, Z BB AR B8 T pEGFP-C1 B Psv40-Neo #i
PEILR R IR B, I 44 b pCl 3Rk, Mgt i T

pCl AR HAR TR AN~ et A LR
PCR " 14 HNF4A4 SEH LT [FIERE (=YK B 5
324 899 bp #1898 bp ) , PCR 514551l HNF4A-
5-Arm F/R Fll HNF44-3'-Arm F/R, SI¥IF5HE T
pCl AR5, T )5 2E# id Gibson 5 41 44 #HE Jit
¥k A&, EmGFP-P2A-blasticidin J:51 38 +:F EmGEP-
P2A-blasticidin F/R 5[4 . K TrueTag" fit{& DNA
it 7 & . fff J PrimeSTAR HS DNA & {5 B %8 &
fiti E17 PCR Y™ 14, BT A W3R 1. pCl #fk 4
EcoR | &VEALJG 5 HNF44 JEH 1T i) IR A B
1 EmGFP-P2A-blasticidin F Bt i i NEBuilder
HiFi DNA Assembly Master Mix i 5] &7 21 %% #4) 4
P4 TR 2K, % A 4w 24 pCl donor HNF4A
EmGFP-P2A-blasticidin. i iz [F] £ {4 5 W 4 2
T pUC18 [ {4 JiT ki 2k 44, 1y 44 i pUC18 donor
HNF44 EmGFP-P2A-blasticidin.,

®1 BHRESIMFS

Tab 1 Primer sequences of target fragments

Name

Sequence (5-3")

HNF4A4-5'-Arm-F
HNF4A4-5'-Arm-R
EmGFP-P2A-blasticidin-F

EmGFP-P2A-blasticidin-R
TACAGAG

HNF4A4-3"-Arm-F
HNF44-3'-Arm-R

ACTCAGATCTCGAGCTCAAGCTTCGAATTCATCCATTAGACAATTAGATGAGA
CTGCGCTGGAGAAGATGTCTCCGATGCGGGGATAACTTCCTGCTTGGTGATGG
TCCCCCAGCCGACCATCACCAAGCAGGAAGTTATCGGAAGTGGCTCAGGTTCTGGA
GGCTGGGGGGAGCCAGTGGAGCCCCCAAGCCCCAGCGGCTTGCTACTTGGCCGATCGCA

ATGAAAGTCAAAAGAAACCCTCCCAAAACACAAGCCGCTGGGGCTTGGGGGCT
GATCCCGGGCCCGCGGTACCGTCGACTGCATTTCTCAAAGGCCTGGTGGATGG

HNF4A: Hepatocyte nuclear factor 4 alpha; EmGFP: Emerald green fluorescent protein; F: Forward; R: Reverse.

1.5 hESC3:7c, # &R AWML T 7EhESCIE
OGRS 24 h, JHM0EEEE IR E] 50%~70% B AT
Y i i Lipofectamine™ 3000 %% 44171+ PX459-
HNF4A gRNA J5T fr S A3t 4% J57 R 48 0k 3k 4 v &
hESC, pEGFP-C1 JivkifE Ry % e X I, %4 24 h
Je B A AL & Matrigel™ JL R IS ELHE 1 10 em £
FRlL, %Y 48 h 5 IR RIS & 2 (0.5 pg/mL ) 5
M2 8 2% (0.5 ng/mL ) Bk A G418 (300 pg/mL )

PEATOf e, vk 2~3 dJ5 RBRIEMS R R, ik 7d
Jii 2Bk G418, BB 7 [ 5 Matrigel ™ 35 i i £ B
(24 FLEE IR MR, dkeedias 1 MR ¢ 2 thpilfg
FRZ 2 M 24 FLIGFeb. dk2ERE 3R 1 R, —Hdn
B T4l 42 DNA DUSE 2 i pY JE R A 5 55 — M4l
MLVRAF, F5 55 58 5 PREUT 9 31 BHPE 52 e . HNF44
F AR5 2K % 51 %) i HNF4A-genotyping primer

plus ( 5-GAAGCCATTGTTGGGATGAGG-3") .
HNF4A-genotyping primer minus ( 5'-TCA-
TCCCTCTCCCACACCAT-3") , ffi H ImageJ 1.53k
AFS3 M pEGFP-C1 JFURiEE Y J 43 (0 5 S AN A BH
PR, TE R 20wk AWM GFP 5Gim A £
18, XTEMGHATE S MR Ab B, Bl 5ok RS ek
8-bit A%, R BIMEA LR E GFP FHTEE S 1A,
IJFE A BHR R EE—3. FIH] Analyze Particles
rae 53 m ge it B 37 R v i S 40 A 2R GFP FH
YUpEL, TR YRR (GFP B4 M5k / B4 e
X 100% )

1.6 HNF40-EmGFP-P2A-blasticidin & 228 &, % 64 FF
it  BHEESRIE) HNF4a-EmGFP-P2A-blasticidin
25 4 M Z DL 70% B4 %% B 12 R T Matrigel ™ 3 5
JEE AR Y 6 FLAR Y, 2 T I AS PR 2H A 3 1Y T4
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Wi S0 BT MRS, 20 5 AN EL,
4358 hESC— i 2% (primitive streak ) — &% P it
JZ (definitive endoderm ) — Ji i 1% % ( primitive
gut tube ) — iF B} 4 }fd ( hepatoblast ) — Ji 4 fifg
(‘hepatocyte ) o 7551k B2 45 A J5 X A5 21 i) JH- 248
AT BRIPEVOCRTIM . ML 4% Z R BIE R =
Ji [ %€ 10 min, F PBST (% 0.2% Triton X-100
PBS) VL3 K, AHK S min; MIASAT 5% I MLk
(9 PBST F:F P4 i % TR AH 5t P4 30 min, 23 iIM A
EAMPRREN—PT 4 ClMa; )5 H PBST
TEVE 3 K, JNA Alexa Fluor 555 #ric UAHN, — 3,
ZIRPFE 1 h, DAPIKR JLARMA% 5 fit 2O s
4, WL EmGFP FikTE i .
1.7 %542 ) GraphPad Prism 10.1 #{F

HNF4A4 wild-type allele

5,—

HNF4A

X

PEATEE 3 Fro TR TR X £s KR, PSR
S YRR I R TN ¢ A58 K6 kv (a)
>4 0.05,

2 # R

2.1 HNF4a-EmGFP-P2A-blasticidin 4% 4 hESC #m
fieL % 69 A 2 KgAK i CRISPR/Cas9 4% R
¥y ¥ T HNF4a-EmGFP-P2A-blasticidin 4 45 hESC
R, FEAK IR WSS ET X HNF44 3£ [F TAG 2%
1F BT BT gRNA, JF LU B %3t
TR R, MEH4U A EmGFP-P2A-blasticidin it 45
SEA AR TR A . L EmGFP 5 i HNF44
LR flA F23k, blasticidin o4 3L L 5 P2A [ 5
YIS HNF40-EmGFP A% . WA 1 FiR.

CRISPR/Cas9-mediated

double strand break

Stop
| 3Umr

X

5'homology arm -~

Donor

HNF4A4 knock-in allele 5 - HNF4A

Genotyping primer plus

/

g
S

e

/

“\_ 3'homology arm
AN

\

EmGFP P2A Blasticidin

Homology directed repair

EmGFP P2A Blasticidin] ~ 3'UTR ~ ===3'

L
Genotyping primer minus

B 1 HNF40-EmGFP-P2A-blasticidin 2 hESC 20k R M2 R R
Fig1 Construction strategy of HNF4a-EmGFP-P2A-blasticidin reporter hESC cell lines

HNF4A: Hepatocyte nuclear factor 4 alpha; EmGFP: Emerald green fluorescent protein; hESC: Human embryonic stem cell; UTR:

Untranslated region.

22 HEAT 24 hERIEZH hESC w94k s & filfi ]
Lipofectamine™ 3000 ¥4 %% izt 57 ¢ pEGFP-C1 Jii i
1% B4R 24 h M1 72 h i hESC, 72 h &Aook
fF5 /b HEZN Frakihig (K 2) . Emaird
RN, 24 h AW ECR N (6.40£0.38) %,
HT 72h 419 (2.47£0.95) % (n=3, P<0.01) .
R, A5 5 Sk S5 50 34 T 4% 48 24 h JT 4R hESC
L3

2.3 CRISPR/Cas9 Fo 4t 4 JT 45 # 4K 89 W I
PR R S AR AR RE HILMA
Lipofectamine™ 3000 #% 4 it 7] & % Y& T PX459-
HNF44 gRNA H1pUC18 donor HNF44 EmGFP-P2A-
blasticidin, TEZEEMSRE R L5 Ry H#1Y 102 4>

e, A8 MR A SRR, KRR
) 4l 4 G 5 09 72 B #F— 25 F H Lipofectamine™
3000 % Yu it 7] M 5% YL T PX459-HNF4A4 gRNA Al
pC1 donor HNF44 EmGFP-P2A-blasticidin, J& X %!
YOE W ST A = 1 SeRE gAY L], MR
WRE 2R A G418 T L J5 il Eh 4 55 11 20 > hESC b
HhiE R 2 MaliE gt ke (B 3A, 7 5H118 558
FE) , 6 M IElE A G gl . XF 75 5T Sanger
DIFFIIE, &I P8 SHHEAES (& 3B) o
2.4 HNF4a-EmGFP-P2A-blasticidin 4k % %8 it £
5T 7 F = 3% hESC w) I tm feu o 4 W5 0 16 45 2 1
HNF40-EmGFP-P2A-blasticidin ZHi % (7 570k )
HEA T S oMb 3E 5% . HNF40-EmGFP-P2A-blasticidin
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& hESC 4 ifEis R ok ot (Bl 4A) , H SEAR S i SR 3 T HNF4A-EmGFP-blasticidin 45
T 7] AR AR5 004k 25 d SR dm it A B s i e 5 hESC 4l Jifs &2, EmGFP %5 3 K 7] LL7R B hESC
gk sdt, HiX etk 4 b i o+ M I FFF 20 B A

HE (KE4B) MHIGEN (K4C) o LRE5AIE

EmGFP Phase contrast/GFP EmGFP Phase contrast/GFP

72h

2 FEREIEF AR EER hESC EERHE
Fig2 Transfection efficiency of passaged hESC cultured for different durations before transfection
Strong GFP expression was observed in the hESC cultured for 24 h, which markedly diminished by 72 h. Arrows indicate EmGFP-

expressing areas. Scale bar=100 um. hESC: Human embryonic stem cell; EmGFP: Emerald green fluorescent protein.
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Fig3 Dual antibiotic selection with CRISPR/Cas9 and donor plasmid vector enhances efficiency of homozygous edited clones

wmmmAg;k;B

A: Agarose gel electrophoresis analysis of polymerase chain reaction products amplified from genomic DNA of transfected hESC.
X Hind 1 is a DNA molecular weight marker. DL2000 is a commonly used DNA marker with a band size range covering 2 000 bp
and below. Lanes labeled “WT” represent wild-type samples. Lanes 1-20 represent candidate clones, among which lanes 7 and 18
(highlighted with red boxes) correspond to homozygous edited clones. B: Sanger sequencing chromatogram and corresponding
nucleotide sequence spanning the junction regions of the knock-in site. HNF4A: Hepatocyte nuclear factor 4 alpha; EmGFP: Emerald

green fluorescent protein.

AR oA R T HAIM R . SEA EAA L,

EHEEAVUTFEHE: (1) B2 7 X & StH

ARSI RNE FAR A SRS T 1k, 454 LB, RS W 9200 5 s
CRISPR/Cas9 FE M gl R FIATHETRIE SR NS, a A Gl RE v 45k, BRI T S0 T TAK R AL
I 7E hESC w1 52 B T HNF4A 3t A () EmGFP-P2A- A (2) FABRIE AR Cas9 A FIHEA R B,
blasticidin 2 5 L mf A, HES7 T —Fp ] F Wi R E @ik (3) A iE oA Y

3 3t 8
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FAHRTE TRARCR . 127 S8R0 T R LRI B
PRI G AN HT T hPSC g RCRE R 2 B 1) Sy BR, Sl 4y
AR A R AR T RO AR ELAR A A
ji%o

EmGFP

Phase contrast

EmGFP

B 4 HNF4a-EmGFP-P2A-blasticidin 3§ &40 A1 &
AT A F7RER hESC [T L
Fig4 HNF4a-EmGFP-P2A-blasticidin reporter cell line

enables tracing of hepatocyte differentiation from hESC
A: EmGFP expression is undetectable in HNF4o-EmGFP-
P2A-blasticidin reporter hESC before hepatic induction;
B, C: Immunofluorescence analysis of ALB/AFP and EmGFP
expression in ANF4a-EmGFP-P2A-blasticidin reporter hESC
after 25 d of hepatic differentiation. Scale bar=50 pm. HNF4A:
Hepatocyte nuclear factor 4 alpha; EmGFP: Emerald green
fluorescent protein; hESC: Human embryonic stem cell; ALB:
Albumin; DAPI: 4’,6-diamidino-2-phenylindole; AFP: Alpha-

fetoprotein.

5, AW T A B AR g Ak
4RI LAFE hESC kA5 Al UL 6 e sl e, KDL
K, NRFTARFE G AE hPSC Hp 9 1 FH A2 BR F HARR R
s et 7 REAE 5T 48 H Lipofectamine H G
SEYL IR B R AN, ELARIE G i A 2 R 00 T
hESC 1Y sefEihi %, 7] B B %5 1Y b B 40 i i #2252
Wi T EEYReR P I, WARTEANMIAL O (4
TEREARRIAAHL ), SOPHEA T YeA A] E  H ve AH
WO, AR BHEZS R R, RS 24 h
RUEATHRE JLlests T ROR, 3X ml RS I s 200 i 7]

AT I AR 5 B A SR DNA A5
Ko X —Z5RALR, TESEAT hPSC HE K Fi 48 A 248
ARSNGB ML R 2 OCE S, e st — ik
AR AL TR R B

HIR, ARBFFERA T CRISPR/Cas9 S AL
AR SRR LR mE, AR m T aliG ek
MITHE R, ARG R gt Se g, A2
B e K T A RE AT DR AR 2, T XU
PUE W38 11 X% Cas9 [ R AL AR S5k [ B e o 12
BEIET), $2T T RS R . 3O6 T R
B RCRAFRA A B A B X, o e Sere L
AL PR 7 A TR SE SR BRI T %

PR E LRSS, AR ER HNF44-EmGFP-
P2A-blasticidin 2 %5 4 il R 7E D RE SRR T R BT R
UFRATREE . ZE 3 ATE Sk B TR R TS
JH- AN bR SRR Y ik v — 2, RIIZA AL RE S
HERf 7R 2% hESC [l 40 M oAk i b . AR B
TG AR A 2L, ok SR s
MYTHE LAt TAMER T . JUHAEFIEFA:
MTAMMIAIT I b, AN 2 n] TS i 4
FRRCR, SIS 25, B w275 U4 i
PR — B . T B4R R, RIS g
ST TERT hESC (4% YRR A GRS R A0 AL T1%
SR BT EA U AT, (B LAE I E M T
UBFFAEZEIE, TEIHURI A 4 e 4 L 2 P P REATS 5
185 Bl HAth 28 15 S gt

g5 TR, ABESE L iR BT S CRISPR/
Cas9 HE K R R 48 MBI BE AL DD 7E hESC i
7 HNF4A-EmGFP-P2A-blasticidin 4} £ 40 it &,
ZEME T 0 AR e Y AE hPSC i [ 2 4 v %) o7 F
i, ZRBEAAAE R AR 2 T —Fh R I AL
A SRR T SE, ARTE R FHZ T RS 4 A Sy
FEHLH B G AR LA e P2 R 2 g B T
TH,

(5 % 3 k]
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