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[ Abstract] Objective To establish Crx-iCreERT2 fluorescent reporter human embryonic stem cell lines
using CRISPR/Cas9 technology and 3D retinal organoid culture. ~Methods The target site sequence of H9 cell line
was verified by polymerase chain reaction ( PCR). SgRNAs were designed by CRISPR/Cas9 technique and their
activity was detected. The most optimal sgRNA was selected according to the factors such as activity and specificity.

After identification of the target vectors by restriction enzyme and sequencing, the target vectors were transferred to the
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H9 cell line by electroporation. P2A-tdTomato-P2A-iCreERT2 was inserted between Exon4 and 3’ -untranslated region
of hES-ZLM-001 gene. Knockin positive clones were obtained after drug treatment, enrichment of positive clones.
Primers were designed to perform PCR on the target region,and homozygous de-resistant knockin positive cell clones
were selected according to the sequencing results and peaks. The 1-A07 cell line was cultured ,and then flow cytometry
for the proportion of OCT4 positive cells,immunofluorescence for three stem cell molecular markers including SOX2,
NANOG ,SSEA4  karyotype analysis were carried out to confirm whether the 1-A07 cell line could be used for further
experiments. Retinal organoids were obtained by three-dimensional (3D) culture technology and the expression of
molecular markers was detected by immunofluorescence at different developmental stages of retinal organoids.
Results The target site sequence of H9 cell line was consistent with that given by Genebank and Ensembl. Sixteen
sgRNAs were designed according to the target site sequence of H9 cell line, and finally sgRNA8 and sgRNA12 were
selected. The sgRNAs and recombinant plasmids were transfected into the H9 cell line by electroporation, and four
homozygous de-resistant knockin positive cell clones were obtained by PCR. Crx-iCreERT2 fluorescent reporter human
embryonic stem cell lines were successfully obtained. In 1-A07 cell line, the proportion of OCT4 positive cells was
about 98. 7% by flow cytometry,and the expression of three stem cell markers was positive by immunofluorescence,
and the karyotype was normal 46, XX. The results showed that the 1-A07 cell line could be used for further
experiments. The Crx-iCreERT2 fluorescent reporter human embryonic stem cell lines were differentiated into tdTomato
positive retinal organoids by 3D culture technology. BRN3A positive ganglion cells, CALBINDIN positive horizontal
cells and CHAT positive amacrine cells appeared on day 30 of differentiation. RECOVERIN positive photoreceptors
arose on day 45 of differentiation. PKCa positive bipolar cells presented on day 90 of differentiation. Ganglion cells
were shown in the deep layer of retinal organoids,and horizontal cells,amacrine cells and bipolar cells in the middle
layer,and photoreceptors in the top layer. Conclusions Crx-iCreERT2 fluorescent reporter human embryonic stem
cell lines are successfully established and can be differentiated into retinal organoids that express tdTomato red
fluorescence through 3D culture technology. Those retinal organoids contain the same types of neurons as normal
human retinas, and follow a certain temporal and spatial developmental sequence similar to the developmental rules of
normal human retinas. Crx-iCreERT2 fluorescent reporter human embryonic stem cell line is a powerful tool for
researching retinal development and diseases and can be applied in treatments for blindness.
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1.1 #he

111 4k H9 A ESCs & (3 [EH WiCell A7) .
1.1.2  FERH A U4s mTeSR1 % 7% 4L (85850, 3%
Stem Cell 22 7)) ;0.5 mol/L EDTA (174621 ) . PBS
(T8 (G0002) , (R IXFELE R AV FHCA BRA W) 5
HE R (356237, 3£ [E BD Biosciences 2 &) ) 3 5% 3% L
(CLS430165, 3 [F Corning 24 F] ) ; 2 14 3% 5% IIIL ( BS-90-
D, [E Biosharp 2t A ) ;3D 4f Jfl b5 7% 96 L #x ( MS-
9096VZ, H 4~ Sumitomo Bakelite /&) ) ; #t [ W5 8 25 v
87 W ( Dulbecco “s phosphate buffered saline, DPBS)
(c14190500bt) . DMEM/F12 + GlutaMAX ( 10565-018 ) |
N2 % 5] (17502-048 ) \ MEM FE 4 75 28 ik IR 1A W
(MEM non-essential amino acids, MEM NEAA) (11140-
050) & s B 4 11 Al AU (12563-011) | 7 il 192 A
(11360-070) .G-MEM ks 35 5 (1710-035) | 75 £% 5 2= W
P (15140-122) i 15 A4 (10828-028 ) ( 24 [H Gibeo
N A ) SMO #5 Bt 5F ( HY-12848/CS-4176, £ [
MedChemExpress 2\ 7] ) ; Y-27632 HCI ( S1049, £
Selleck 2N 5] ) ; i6 4= ML 15 (fetal bovine serum, FBS) ( 04-
001-1A-AUS, L) 6,3 Biological Industries 2\ f) ) ;2-%ii &k
LWE (M-3148) Wit A A% W5 % TR B 1 ( DNase 1)
(D5025) HLE R (R2625) (5[ Sigma 24 ) s P A
SOX2 —¥i (AF2018) ( £ [E R&D Systems 2 &) ) ; S P
A NANOG — i (4903S) /I [/ #T A SSEA4 — ¥t
(4755S) (Z£H Cell Signaling Technology 2 &) ) ; fe Pt A
OCT4(abs106544) ( I % A E AP AR A A) ;
Pt /D B, BRN3A —#( (ab245230) (%% E Abcam 7
7)) s %k Bl CALBINDIN —#$i ( ¢b38) (#+ SWANT
N s Wat f5 5 1 ) 1 (681669) ( Wnt Antagonist

[ ,IWR-1-endo) 111 2EH7 A CHAT — 4 ( AB144P) 4
$t A RECOVERIN — #i (ab5585) ( & Millipore 7
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1l12£ IgG Alexa Flour-488(705-545-147) Ui 403 1gG
Alexa Flour-488 ( 713-545-147) . B it /N il IgG Alexa
Flour-594 ( 715-585-151) ( 3% [E Jackson ImmunoResearch
A7) s DAPI(D1306, 35 [H Life Technologies /3 7)) ;37 %¢
JETEKE 3] (G1401, s A AR ECA R A W) 5
Z 5 I (80096618, | it [ 24 45 141 1k 2 18 50 A7 IR &
Al 34 LT H 8 E (4240GR100, 18 [ Biofroxx 23 ) 5
TRI i 57 (93289, 3 [E Sigma-Aldrich 2% &) ), & O #L
(5424R ,#E[F] Eppendorf 23 7)) 5 {8 & 26 B U5 (1X73,
H A Olympus 23 1)) 5 306G 45 4 H 5 £ 12 385 (LSMBBO0,
el Zeiss 2~ F]) 5 75 JR 46 (CLM-170B-8-NF) (A= 4 4 42
HE(AC2-4S1) Bk Esco 22w ; K ¥ 5 (DK-S22, |
RGN A s URER U L (CM1950, 78 [ Leica A H] ) 5
YU I 43 #rY ( LSRFortessa X-20 Cell Analyzer, 3%
BD Biosciences A H]) .
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GT-F/Puro-GT-F % 3 X 5|4 4 4% 5 78 A 2 fip KL A,
F hES-ZLM-001-L-GT-F3/hES-ZLM-001-R-GT-R 5| ¥
[ of 4 394 B A RN 9 AR SR B P, 4F PCR 4 34 7= ) i0F
AT, AR AR 00 5 R RN e e 1] ) T L K PR Y
B/ HG/ B AR, e A5 B M m sk B 20 e R
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Figure 1 Construction flow chart of Crx-iCreERT2 H9 fluorescent
reporter cell lines mediated by CRISPR/Cas9 P2A-tdTomato-P2A-

iCreERT2 was inserted before the termination codon between Exon4 and
3’ UTR of hES-ZLM-001 gene

*x1 hES-ZLM-001 £EE# PCRE|#EE
Table 1 PCR primers of hES-ZLM-001 gene

BE T

5149 JF31(5-3) (T) K (bp)
hES-ZLM-001- GCATCAAGCTTGGTACCGATGTATGTAT 52

5'MSD-F GTTTGCATTAGATGG 957
hES-ZLM-001- ACTTAATCGTGGAGGATGATCCATCTAT 59

5'MSD-R CCATCCAATCATACCTGC

hES-ZLM-001- GCATCAAGCTTGGTACCGATCACCTCC 65

3'MSD-F CTATCAGGCCAGAGCTA

hES-ZLM-001- ACTTAATCGTGGAGGATGATGCCAGAC 66 31
3'MSD-R GGTGTTAGGGTTGAGAGA

TE - PCR: 3R 73 i i =X RN

Note; PCR : polymerase chain reaction

1.2.2  Fa40 ik BuE g & 0k 4051 HO
YR S 1-A07 4 il & 1 85 9= LN i A EDTA Ji5 1k
W E 6~8 min, {3 (1200 r/min) B .{> 5 min £ |
it , 1 DPBS $5 55 Fed B 40 M, 40 M 1125 s At i B
B EEOE N, RIES A B0 N8N
1x107 ~5x 107, {3 85 .00 5 min 2 b, IR & 40 5
4% Z KW 4 CHEE 1Th ARHE .0 5Smin £ B,
PBS 3 Y 5 AR # 2500 5 min & F3E ;IR 43 5 4% 4
M7 & AR 2% TRI 78 4 °C £ 0 i, 1% 3 5 0
5 min 2 B3 5 4050 5 HO 40 i A8 38 ( BH P X R e 1-
AO7 4 A 1 25 0 A im A OCT4(1:500) —4t, 75
—& HY M E W (BRI A —30,4 CEH
24 h fIk 3 B .0 5 min % 3E, PBS ¥ k5 %K B O
5 min £ [ 5 1) 45 B0 A N N A R 28 6 B e B

(1:500) ,4 Ce el 7 i %, IR B0 5 min 25 1,
PBS i Pk 5 IR #2500 5 min 25 1. ] PBS EE
Ji2,200 F J& e W izt g i ofg H e B 2 0 S b, TR
AN AT, W5 OCT4 B4 40 i e 9]

1.2.3 REdOtR@EEmIEg R T K 24 mmx
24 mm G 3R E TR IR B 6, O H T B R K b
JEATEK CEEFR L 6 h, vh Pk J5 = He 3 2 0T 4T
W 35 B F A B 0. 1 mg/ml 22 58 20 IR T
B 5 min, BT 45 0. 10 ESCs /9 K5 5% L 9 A
EDTA W4, % &H 6~8 min, 1 200 r/min E .0» 5 min
2B, M mTeSR1 15 Jf B B 40 M, & 24 N
3.5%x107 A4~/ml; 8 b FEAF (69 36 R BN 6 FLAR P, 65 4
A VO i R B B b RO B R A B AR T 40 M Gk
70% ~ 80% fil 4+ I , 1 25 5 96 3, 8 FFL IR A 4 4% %
SRR [ %€ 20 min, PBS 3§ ¥E 5 J] 0. 5% TRI % il i i
20 min, PBS vk ; ] 10% 4 1% 11 & 1 0. 5% TRI
TE 4 C A5 MF T B M 30 min, W% 25 & P s im A SOX2
(1:1000) .NANOG (1:200) ,SSEA4(1:500)—%1,
4 CWFE i %, PBS I Uk s AR BE 9 S pRid — it (1
500) ,37 C #EY60% & 30 min, PBS & ¥k ; i DAPI 5 K
(1:100) 385644 4% 5 min, PBS % 3 J5 £ ] 90 9¢ )6 1%
KE R E o 20 BB T WS40 M 4570 145
BYRRIKE D

1.2.4 AR BOGERI MR, b
2 ORE T LSS A IR A R R, 8 40 S T A o A
Hi3E I 70% ~ 80% b, F %5 0.2 wg/ml k7K il & HY)
mTeSR1 15 37 He i 37 CC B 9% 2 ho [o] B 9% ML A
EDTA JH4L 7 H 6~8 min, 1200 r/min B .[> 5 min %
L mTeSR1 85 77 4L i 2R REWEB YA, &K
AL T 2 T E S W IR R, T T A R
Wh, T T I Gemsa TA/EW, B H
20~30 min, H A 7K #h P2 1k G 6 JF HE T, T )
B o 7% BRUE T LS4 A%, { ] Chromosome
Analysis Suite (ChAS) Software F47 40 I #% 51 73 #7 o
1.2.5 Z0MfI & 3D K535 5 5 20 Ay L 0 IS 4
H bl 1) 40 0 AR B 7 T % mTeSR1 B 57 B 1 JE B I 1
PEREFRILA, T 20 0 fi 5 B2 38 70% ~ 80% I A% AU B 5
St . ZIROCIRL 21 J7 67 AL N ESCs B A
ESCs it fif il 2040 L, FH &% Y-27632 (1) Medium T 555
SEEEANN, E T 3D 40 Mg Bk SR 96 fLAR b, 4N g £ b
IE K 9x10° A~/FL, BEFL 100 wl, 34 K0 5% b L5
0 K065 2 K, 1l 5 FL A 52 73 0 1% 5 e 5 o
55 6 K, A& Y-27632 ) Medium [ 1537 3L 5 4 1L
NP IR IR A5 12 K, K 4 AL N Y UUIR IR %
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3 pmol/L Wt [ 2L L ] 100 mmol/L SMO F:Fic ]| IS0 Aol N2 i |

0.1 mmol/L MEM 3 2% g MR+ | mmol/L, YRR H1-+0.1 mmol/L. 2 SR 3E LB |

10 pmol/L Y-27632

20 wmol/L Y-27632
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Figure 2 Flow chart of culturing and induced differentiation of stem cell

1.2.6  Gufie 5t Y o 0 10 0 40 0 2K 28 B v A% 2
ZMME AN RE B E S 30 RIF i, B
15 d 47 1R, B 250056 180 Ko HUHE 5% 11 L
MR E, H 4% Z R EEAE 4 CREE 1h, ##17
OCT B3 47 14 pm JEUKEY) R U | 1 4% 28 1 G
HAE AN 0.5% TRI B 1 b i A 28795 20 f b
A4 BRN3A (1:200) 7K - 41l Jifd 7 & % CALBINDIN
(1:500) . JoRK 40 Ml bR &4 CHAT(1:200) Stz
ar i bR Y RECOVERIN(1:500) (UK 20 A 7
PKCa(1:500),4°CHaE K,

PBS Uk WA MO R o
B, b, PBS Wik 2 = 100
M DAPT W, %0 P RS 5, g 2
5min,PBS MU EHL A MK E s 3
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BFWERAKGEDN RS — SOETIITIIIIQ g
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d:days of stem cell culture;D:days of stem cell differentiation

B 5 X 8 L1 16 2% sgRNA, Hivp sgRNAT ~8
5’ w54, seRNA9 ~ 16 N 3° w5 ¥, & T CRISPR/
Cas9 FLA MY 16 VEA I 25 R W75, 57 3t 51 ¥ sgRNATL,
seRNA2  sgRNA8 7% M %5 &1, 37 ¥ 5| ) sgRNA11,
sgRNA12 sgRNAI3 i £ %5 (& 3) . e & 3k #%
sgRNA8 Fll sgRNA12 fE} sgRNA ] HE 444 53 il 2 [
N V) B EcoRI+ Scal , BamHI + HindIIT F1 BgIIl b ¥
J& R RLARAT 3.4 F 4 ASEEYT W, 0 R A RE A
L8RS HAR Y — B0 oA TR AR A S (R 4)

A5 bt sgRNA 5] 4735 P 46 Il

sgRNA1 sgRNA2 Fil seRNAS I5 1 %
seRNA11 sgRNA12 Fil sgRNA13 i tE%c s B4 TS0 KES

CK: B

2 HXR

2.1 Crx-iCreERT2 H9 4T {855 5%
15 20 P 2R T A A 1 A A

2 7 B 5, hES-ZLM-001
SR Y34 7 W) ¥ 51 5 Genebank
DNA J5 1 4k 5 Fl Ensembl J K]
LB iR A R A — B, 1

SR 1 WL 3 1) 6 EcoRT+Scal ( H A5 7 44 6494 bp+ 5 308 bp+934 bp) ; 2. WL il ¥ P41 1 g

BamHI+HindIII( HHR7F=4) 0 5227 bp+4 445 bp+1 867 bp+1 197 bp) ;3. R il 14 Py ¥ fiff Belll( H #5

FEW) R 5579 bp+4 124 bp+1 871 bp+1 162 bp) ;M :DNA #r &4

Figure 3 Detection of sgRNA primer activity A :The activity analysis results of 5°sgRNA primers

The activities of sgRNA1,sgRNA2 and sgRNAS8 were higher among sgRNA 1-8 B :The activity analysis
The activities of sgRNA11, sgRNA12 and sgRNAI3 were higher among

Identification of the target vector by restriction enzyme sequencing

results of 3 “sgRNA primers
sgRNA 9-16 Figure 4
Agarose gel electrophoretogram showed that the restriction enzyme products were consistent with the target
products CK:negative control; 1 :Restriction Enzyme EcoRI+Scal (expected products were 6494 bp+
5308 bp + 934 bp); 2: Restriction Enzyme BamHI + HindIIl ( expected products were 5227 bp+
4445 bp+ 1867 bp+ 1197 bp); 3: Restriction Enzyme BgIIl ( expected products were 5579 bp +
4124 bp+1 871 bp+1162 bp) ;M:DNA marker
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. N AL, . . Note: KI: knockin; Indel: insertion-deletion mark; WT: wild type; A : base
'E&Egﬂ {JEIEI@ ’ EUZ$ éEH Hﬁ /% I %ﬁ q:élﬂ H@ )F/j:/ju‘:\ deletion ; UTR : untranslated region ; none : target gene non-existent ; Del : deletion;

) , *z@ﬁ*ﬁgﬁf%%ﬁﬁ? s n TG £ 5Lk no band:expected band not detected by PCR

1-C07 KI 5‘WT(intron) ;3°A2bp(UTR) none no band  KI,Indel
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Figure 5 Agarose gel electrophoretogram of amplified products acquired by different primers of cell clones The 12 clones to be screened was
tested by PCR. With PCR results and cell line status comprehensively considered , four de-resistant knockin positive clones were obtained and were labeled as
1-A07,1-B06,1-C06 and 1-CO7 A Primers were hES-ZLM-001-L-GT-F3/hES-ZLM-001-L-GT-R B Primers were hES-ZLM-001-R-GT-F/hES-ZLM-
001-R-GT-R  C:Primers were hES-ZLM-001-L-GT-F3/hES-ZLM-001-R-GT-R D : Primers were hES-ZLM-001-L-GT-F/Puro-GT-F  +: positive control;
WT:wild-type H9 cell line control; H, O :blank control Figure 6 Flow cytometry analysis of different cell lines A :OCT4 positive cells accounted for
0.241% in H9 cell line with no antibody B:OCT4 positive cells accounted for 98. 7% in 1-A07 cell line,which indicated that the stemness of 1-A07 cell

line was good C:0OCT4 positive cells accounted for 99. 6% in H9 cell line stained with antibody,showing the stemness of H9 cell line was good

DAPI S0X2 DAPI "af% Nanog SSEA4

100 pm 0 g 100 pm 100 pm 100 wm
— — — |

7 AR EEREEE (R =100 pm) A C: AL €56 (DAPL, Alexa Fluor-405)  B.SOX2 4@ fH 4 , & 4% {6, 5¢ )¢ ( Alexa Fluor-
488) D:NANOG Z (o P, S 4% {656 )6 (Alexa Fluor-488)  E:SSEA4 Yu o [ 5 41 (6 9% % (Alexa Fluor-594)

Figure 7 Immunofluorescence of 1-A07 cell slides ( scale bar=100 um) A, C:Cell nuclei presented blue fluorescence ( DAPI, Alexa Fluor-405)
B:SOX2 indicated green fluorescence (Alexa Fluor-488) D :Nanog showed green fluorescence (Alexa Fluor-488) E:SSEA4 displayed red fluorescence
( Alexa Fluor-594)
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Figure 8 Karyotype analysis of 1-A07 cell line The karyotype of 1-A07 cell line was 46 XX, indicating that the 1-AO7 cell line was originated from a
human female with normal number and morphology of chromosomes Figure 9 Spontaneous differentiation of Crx-iCreERT2 H9 fluorescent reporter

stem cells in vitro observed by light microscope( X100, scale bar=200 pwm)

A After 4 days of culture,the ESCs attached to each other, showing tight

attachment of cells,and there was space between cell clusters B :On day 2 of differentiation, the cells were aggregated into a sphere at the central bottom of

the well and were surrounded by some scattered cells C:On day 6 of differentiation, the sphere grew larger and denser,and the scattered cells disappeared,

and the edges were more transparent than other parts D:On day 12 of differentiation,the sphere grew larger, and translucent vesicles were observed at the

edges E:On day 18 of differentiation, embryoid bodies were cut into several pieces F:On day 21 of differentiation, vesicles gradually formed optic cups,

the volume of which was increased gradually G :On day 30 of differentiation, the retinal organoids were basically formed, presenting bright and yellowish , and
grew larger gradually H,T.0n day 45 and 60 of differentiation, the retinal organoids continued growing gradually J.:On day 75 of differentiation, the retinal
organoids were thick in the center and thin in the edge K,L:On day 150 and 165 of differentiation , the morphology and volume of retinal organoids were not

obviously changed
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Figure 10 tdTomato fluorescence expression of retinal organoids at different developmental stages ( scale bar = 50 pm) A Few tdTomato
fluorescence expression appeared in the deep layer of retinal organoids on day 30 of differentiation B :The tdTomato fluorescence was observed in the middle
and deep layer of retinal organoids on day 45 of differentiation C:Few tdTomato fluorescence arose in the top layer of retinal organoids on day 60 of
differentiation D—-1:The tdTomato fluorescence was gradually increased on day 75,90,105,120,135,and 150 of differentiation J:There was no obvious
difference in tdTomato fluorescence of retinal organoids between the day 165 and day 150 of differentiation K :Most tdTomato fluorescence was mainly shown
in the middle layer of retinal organoids frozen section with few fluorescence in the top layer on day 60 of differentiation L:Most tdTomato fluorescence was
observed in the top layer of retinal organoids frozen section on day 90 of differentiation M~—N:The fluorescence was gradually increased on day 120 and 150

of differentiation O ;There was no obvious difference in tdTomato fluorescence of retinal organoids between the day 180 and day 150 of differentiation

3RN3A

DAPI/CALBINDIN - / HAT] S - DAPI/PKCal

50.4m

. _ P B O 2

B11 RERELENBUMBRERE R RSAMZEYRIE (FITC, AR =50 wm) A 734055 30 K, 7E400 /) I8 4 B R 2 A K i BRN3A FHER
AN B AEES 30 K, 76 G I 4 B 2 T 4 S B CALBINDIN PHYE K40 C: 434055 30 K, £ 00 W B2 28 1y b 2 T 1R 25 ALt B
CHAT PHPER K AN D L5 45 K, 76 00 I IR 28 4% B e U2 B v 38 2 8 B B RECOVERIN ML R Z S ai s E. 43 L5 120 K,
RECOVERIN BTG 2 S A BOR B LS 45 RIZ 3D RERGT Fo o050 90 RAEM IS & B vh 82 % AL B PKCor B XU 21 1
Figure 11 Cell markers expression in retinal organoids observed by immunofluorescence staining ( FITC, scale bar=50 pum) A:Many BRN3A
positive ganglion cells appeared in the deep layer of retinal organoids on day 30 of differentiation B:Few CALBINDIN ositive horizontal cells were detected
in the middle layer of retinal organoids on day 30 of differentiation C:Few CHAT positive amacrine cells showed in the middle layer of retinal organoids on
day 30 of differentiation  D: Few RECOVERIN positive photoreceptors presented in the middle and top layers of retinal organoids on day 45 of
differentiation E:More RECOVERIN positive photoreceptors arose on day 120 of differentiation in comparison with day 45 F.Few PKCa positive bipolar

cells emerged in the middle layer of retinal organoids on day 90 of differentiation
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