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CRISPR/Cas9 Mediated Homology Recombination Insertion
Knockout of Human SH2B3 Gene
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(College of Veterinary Medicine, Northwest A&F University,
Shaanxi Center for Stem Cell Engineering and Technology, Yangling 712100, China)

Abstract Mutation of SH2B adapter protein 3 (SH2B3) gene resulted in significantly increasing the
induced efficiency of red blood cells derived from human pluripotent stem cells. We established a high-efficiency
method through certain type of gene editing to knockout SH2B3 gene in human cells via CRISPR/Cas9-mediated
homology-dependent DNA repair. Two homology-dependent repair screening plasmids, which retain different
fluorescent genes and different drug-resistant genes, and one plasmid targeting SH2B3 gene were designed and
were cotransfected into HeLa cells that were cultured in medium with antibiotics puromycin and neomycin. After
2-week selection, one part of drug-resistant HeLa cells was used for the molecular biology assays, and rest of cells
were sorted for colonies via limiting dilution. Results showed that expression of wild type SH2B3 gene could not
be detected in the drug-resistant HeLa cells, however, the recombinant insertion was able to be detected in drug-

resistant HeLa cells. The statistical analysis of knockout efficiency showed that among the 19 SH2B3-KO clones,
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11 clones were double knockout via double knock-in of reporter genes, and 8 clones were knockout via single

knock-in of reporter genes. Moreover, within these 8 clones, there were 2 clones that had the wild type gene in the

allele, and 6 clones had site mutations in the allele. Therefore, the efficiency of double knockout via knock-in of

reporter genes was 57.9%, and double knockout was 89.5%. This study provides a powerful tool to establish an

efficient and low-cost means to improve the induction-efficiency of red blood cells derived in human pluripotent

stem cells.
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FP A, 18 KR A 5 2R 1 3 A p X330 % 14 K uify
HAMOXUEEDNA A B, S5 it Bbs 1R A% TR N 1)
il 28 11 10 I p X 3302k A4 1E AT 3 422, T 4 B K i+ 1A
Rosetta(DE3)H, bk BH P 5 70 %, 12 74 % Tsingke 2>
AN, R T R R %k A pSH2B3-KO .

132 MEFRREAMBAEA  LL2934HIEHEET
DNA N, PCRFE34 098 bp SH2B3FEK 4774 .
PLAZ = W MR 23 SIPCR IR A5 % 5 5L (5 arm) A1
5 A YR B (3'arm) = ). PApcDNA-3. A AR AR, il
IFPCRAECMV-bGHH 3ty % N1oxPAz £, 3K 15 loxP-
CMV-bGH-loxP’ J1 Bt . FIFBbs 157 A 1121 1
Y1320 3% 352 (1) 77 16 B A58 5 loxP-CM V-bGH-
loxP’ v B kAT % 2, 3% 2 7= W b Ui [R5 -loxP-

CMV-bGH-loxP’ ff BipGEM-T-Easy# {&, fECMV 5
bGHIH] ] 2 5 [ 7 i 1 3% A\ CopGFP-T2A-PuroR i
% oA, 3RS 5 A B FEE -loxP-CM V-copGFP-
T2A-PuroR-bGH-loxP’ HE 42 [ i [A] 3 & pGEM-T-
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fE AL, 5% BipEGFP-C1 L f)Kpn 1. Sal 1
HBgl UEGVIAL i, 4 T RS 5 b 3R AR P
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RIS LI FRIJRE -loxP-CM V-copGFP-T2A-
PuroR-bGH-loxP- "I~ Jjf# [F] 5 HE 42 1) (7] it = 2 i ik
#H AR pGEM-T-copGFP-PuroR( Hl pTGP). mCherry-
T2A-NeoR flmCherry-T2A-PuroR JG 4 fJPCR* ¥
43 99\ 38 i Hind TR Xba 15§ VI 47 55 B 4 3 p TGP
A /1 i copGFP-T2A-PuroR JG 14, 3k 15 # A pGEM-
T-mCherry-NeooR (Rl pTMN) A1 pGEM-T-mCherry-
PuroR(H/pTMP).
1.4 EATHEERE

29341 HU1E10% FBSH = FEDMEMH1 55 5%, 1541

e Bk
Table 1 The list of primers
514 FAI(5—3) I (bp)
Primer Sequence (5'—3") Length (bp)
sgRNA-SH2B3 F: CAC CGC TCC AGC ATC CAG GAG GTC CGG /
R: AAA CCC GGA CCT CCT GGA TGC TGG AGC
SH2B3 F: GAG TTG GGG AAG AAC CCC TG 4098
R: TCC CGA GGA TGC AGT AGA CA
5"arm-SH2B3 F: AAAATG GGC AAG AGC GCA GA
R: GTGAAG ACC TAAACG ACC TCC TGG ATG CTG GAG 1449
3’ arm-SH2B3 F: ACG CCT CGA GGT CCG GTG GTG CAC ACG GCT
R: GAA GAT CTT CTG CCG CAC CAG GAA CAC 701
Knock-in-Upstream F: CAC TCG CAC CTT ACC CAT 1 668
R: TTT GGA AAG TCC CGT TGA
Knock-in-Downstream F: CAT CGC ATT GTC TGA GTA GGT 2407
R: GAA GAT CTT CTG CCG CAC CAG GAA CAC
Knock-in-mCherry-NeoR F: CTG GAC GAA GAG CAT CAG GG
R: CCG AGG GAA AGT GGA GGT 1626
Knock-in-COPGFP-PuroR F: CGA CCA CCA GGG CAA GG
R: GAA GAT CTT CTG CCG CAC CAG GAA CAC 2028
Wild-gene F: CAC CGC TCC AGC ATC CAG GAG GTC CGG 943
R: CCG AGG GAA AGT GGA GGT
Wild-mRNA-SH2B3 F: CAC CGC TCC AGC ATC CAG GAG GTC CGG 928
R: TCC GGG AGG ATG AGT CCATT
Knock-in-mRNA-SH2B3 F: CAC CGC TCC AGC ATC CAG GAG GTC CGG 1058

R: TCC GGG AGG ATG AGT CCATT

T RILAR NI R

The underline is the restriction enzyme cutting site.
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5% 5 98 3 80% £r A7 BB iz, i A 52 44220004 5
pTGP. pTMNFIpTMPZE ) 5l 429341 d, 2 df5 {E
PGB T IS A0 LA B[ AE 5
1.5 HARPRLSBIEE

Ii) 905 25 2 97 3k 2R AR p TGP i % 8 A pSH2B3-
KOJL#: G203 40 1, #4«2 dJF, A1 ng/mLIES 5 &
. 7E21 difEUH —& 7 4 i, AT 2E K 4HDNA
UL, FHALT RIS 5 o Y B0 51 A1 AL T CMV A
7N E R 51 4T PCR, X 3 K 41 _E 3 (knock-

in-upstream, 1 668 bp)ffi Nt 174w . A TbGHIG
P B B S A AN T TR 3 1 T U S AT
PCR, %I 2% K 4H T if(knock-in-Downstream, 2 407 bp)
FHANHATSE
1.6 LA RLREEHIEAN BRI R 517
pTGPHIpTMN 5pSH2B3-KO3: # JHeLa4l i1,
¥ g2 A5 FH1 pg/mLIEM 2 3R A800 pg/mLiT 2 R i
14 d, NGB B SR A b B IR . B4 2
MBS RNA ] FRT-PCR4 '€, #:4F 5 B S 1A

(A)
pGEM-T-mCherry-NeoR (pTMN)
::DE> mCherr T2A_ _ NeoR
pGEM-T-mCherry-PuroR (pTMP)
::}@ T ) TR

pGEM-T-copGFP-PuroR (pTGP)
] N R
E—&-Mm Ceo a7 purok I EEIT Y ke B seatannes ]
1 2 3 4 5 6 7 8

(B)
» 5"arm

GCTACCTGCGCAGCTCTGTCGT

LERrerrerrrnernenned

CAATCGGGGCGATCGGGCCGCGGTACCTGGCAGCTCTGTGT

loxP . | . CMV

CATTATACGAAGT TATCCATGSTCGATGCGETTTTGGCACT,

PEEErrrerrrernrerrrereeneeeereeennenen

CATTATACGAAGTTATCCATGGTGATGCGGTTTTGGCAGT)

PuroR -

SGTGGACCACGTACTGGGCGTTCGGGCCACGGACT-AGATC

TERRRRER e ren e ety e

SGTGGACCACCTACTGCGCCTTCGGGCCACCGACTCAGATC

loxP « > 3"arm

ATGCTTCAATACAGCTCCAGGCCACCACGTGTGCCGAACT

FELERRERE e r e e e enennnnrennentenen

ATGCTTCAATACAGCTCCAGGCCACCACGTGTGCCGAACT

© (D)
Kb M pTGP pTMN  pTMP
3.0
2.0
1.5
1.0
SH2B3
genomic
0.5 locus

2

5'arm -« loxP

[
TCCAGCATCCAGRAGGTCSTTTATAACTTCGTATAGCAT
TERLER e e e e el
TCCAGCATCCAGGAGCTCCTTTATAACTTCGTATAGCAT

4 - copGFP

GCCCGCCATGGAGATCGAGTGCCGCATCACCGGCACCCTG
LR errerr e errerreereerenn
SCCCGCCATGGAGATCCGAGTGCCGCATCACCGGCACCCTG

6 bGH - ~loxP
ACCCCTACGCCACCCGAGATACCTATTGAAGCATATCGT
PO e e e rnen el
ACCCCTACGCCACCCCAGATACCTATTGAACGCATATCCT

8 3"arm . ‘

|
STACCTCACAAGGACCACGCCGTCT
TEREER e rerr el
STACCTCACAAGGACCACGCCGTCTTCTAGACTCAGGCCT

sgRNA.SH2B3

CGAAACACOSCTCCAGCATCCAGGASGT II S GTITITAGACT)
R NN NN NN
CGRARCACOSTT CCASCATCCAGE A ST CCCOETINTRERGD

|

=

A: B IIpTGP. pTMNHIpTMPHE . HI% B N8 M HHEAL A Br X8ABHEAL I (AT P 9 9B K 22 (PP 31, R AT M 751 C: X
2 AR BEAT Hind 111/EcoR DXUEI%E5E ; M: DNA marker. D: B AR pSH2B3-K O #5265 Il /7 b ook B FEHTAL ki AE SH2B 35 [K]_b Xk i i
A: structureof pTGP, pTMN and pTMP plasmids. Eight rectangles indicate stitching locations. B: DNA sequences of 8 stitching locations (upper

sequence isfrom Genbank and lowersequence is from sample). C: Hind 11l and EcoR 1 double digestions of constructed plasmids; M: DNA marker. D:
DNA sequence of the stitching location of pSH2B3-KO and the targeted site in SH2B3 genome.
Bl TEESAFIRRRE SRR L E

Fig.1 Construction and evaluation of screening and knockout vectors
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UL . HIsgRNASE T 51 IE SUHE N B 514, 18
A VR R Ui 2R 104 21 N IR TR Ui 51 ), #EATPCR%E
& B 4E M SH2B3(wild-mRNA-SH2B3, 928 bp). iz
FoGHITLA P I 13 51 R0 T [F) U5 28 -1 Ah 1
W R 514, #E4TPCRA & B 41 #ISH2B3 (knock-
in-mRNA-SH2B3, 1 058 bp).

3 — BBy 40 B F AT BR ARk 42 B 3 96-FLAR
B 9%, IH 2 B IRAG L ORR A M Ak AN 3K 2 441 ff Ak
SE MU D 4HDNA, H T J5 39 ) R B 20 R PCR % E .
51 AL T PuroRTT AR A, R S AL T R R B
I %, PCR 7€ copGFP-PuroR ] i A\ 1% . (knock-in-
copGFP-PuroR, 2 028 bp). I 9% 5| #) £ T-NeoR W,
NS AL TR U R R T i, PCREE € mCherry-
NeoR )4 A1 7t (knock-in-mCherry-NeoR, 1 626 bp).
FsgRNASE 741 1F SCHE ) 1355 51 20 A0 (R I8 1 I 1)
T4, ot HE DRI 2H B A2 T 47K D (wild-gene, 943 bp).
X PN TG A # 3 N [T HeLaZi A2 F{ PCRAG I 7= ) AT
BB 74, DA E A o TS A
B 7 HREAL R, NS B4 N R 1) H . %558 45
RIEATGevE 2250 M, 43 0 H LA N R ok 2805 TR
i ok RS s e DS B30 N T I B e

2GR
2.1 [ERELTGEB BRI ARIE

AW ICE Sk T (R YR E 2 0 3% % AR p TGP,
7E LAl | 23 5] FHmCherry-T2 A-NeoR flmCherry-

(A)

pTGP pTMN pTMP

(B) © o4

Without
Puro  Detection Puro
\/ | v
0d 21d 28d°

T2A-PuroR JG #f % #:CopGFP-T2A-PuroR JC £, 3k
3 7 pTMNAHIpTMP P A~ i ik %k iR (E1A) . £ DNA
I A I, A BT A PR A AU e A R O (1
1B). HR#EHind IIIAIEcoR 1Y) i, pTGP A 4 1)
H2 999. 2 035, 1 338411506 bpZ544™ F B, pTMN
A 4 U2 999, 2 162, 1 338F11506 bpZ4> A EX:;
pTMPH] # ¥ 2 999, 1 967. 1 338F1506 bpZa4
A B BV RS I S FRAE B, ORI S s
FFF(EILC). Bhabh, FATEMIEE T SH2B35E I ml bRk
1ApSH2B3-KO, Hf447 s 1IN 7 45 7€ 25 3 2 7 IR
(E1D),
2.2 SH2B3RBRISZHIESLFAHEN

] Y5 7 21 i 1% # AApTGP. pTMNAIpTMP4)
B J29340 i, 2 dfF &R 6 BB 2 K B,
Y ) 20 i i 0% 2% T AH B ) S 8 58 Y6 (p TGP) AT AL €4
2 H(pTMNAIpTMP), M 4 i 7K ~F F 3iE B 74 22 1)
[F) Y5 2 2 i 30 B AR T AR 1B (BI2A). A T 38R R
iR &R T BE0% IR AR, K [R] Y5 2 20 0 3% 24k
pTGPAHI il B # A pSH2B3-K O3t % 429341 i, If:
FH M 04 5 2K 0710628 d(BI2B). FEME A &K AL B 1~4
JJG, K15 T — AP I R UT . RARIEAT S
JEHI29340 M. FEA MK b, I gk R IA
1 GLE B B e T B i 0k oA O 4 85 31293 48 il 1)
BRI HF(E2C). TR I %84 RN, 185
(R 2 $E47 55 1) _E 3 (upstream, 1 668 bp) FIH#EAL i 1
i (downstream, 2 407 bp)i# I PCRAZ M AL RE 1S 2]

Kb M

203 293-KO pTGP 293

293-KO pTGP

Upstream (1 668 bp) Dowstrealm(Z 407 bp)
|

5’arm = Marker 3" arm
14 d 28 d

7d

A: pTGP.pTMNFIpTMP4; 4229341 /il . B: S296 A2 - C: pTGPHIpSH2B3-KO 5 4L293 41 g A [ i 7] [ 5 S AG Ml D: PCRR Rt RN 465 5 45 4t

FRX=400 pm.

A: fluorescencedetection of 293 cells after transfectionof pTGP, pTMN and pTMP. B: flow chart of drug-screening. C: fluorescence detection of 293

cells in different dates. D: PCR diagram and electrophoresis result. Scale bars=400 pm.
B2 SH2B3RFRAFRBIEMINETE
Fig.2 Construction and evaluation of SH2B3-KO system
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(A) ®)

p3
-Puro-G418 Detection

Puro+G418 P2

b4 V. Y
0d 12d 14d

/ \Y

18d

©

copGFP

mCherry Merge

Crl 1 2 3 4 M 5 6 10 11 12 13 14 M 15 16 17 18 19
mCherry
-NeoR St QY o - (! - e’ e et
* * * * * * * *
Ctrl 1 2 3 4 M 5 6 7 8 9 10 11 12 13 14 M 15 16 17 18 19
copGFP-
PuroR P A" ‘ammer’ -
X X X X X x X x x X x
D) kp M Crl 3 5 6 10 12 15 16 19
1.0
(E) === 2.03 Kb >
e oxP op A-PuroR 4 ————1]
Targeted 211 166 K
allele - —06
c—=——=2x oxP A-NeoR [ bGH-IoxP] 3’arm_l [————]
1.63 Kb 3
1 J e 2 loxP ﬁ & >CMV
ATGATCCTICCGACAGAGGTACCTIGGCAGCTCTIGIGT CATTATACGAAGITATICCATIGGTGATGCGGTITITIIGGC
PEEEERRRRRR e el (RN R R R R R AN RN RN RN
ATGATCCITCCGACAGAGGTACCTIGGCAGCTCTIGIGT CATTATACGAAGITATICCATGGTIGATGCGGTITIITIGGC
3 PuroR <— 4 3" arm €—
CCCGCAAGCCCGGTIGCCTGA-TCTAGAGGGCCCTICG TITCCIGGIGCGGCAGAGCGAGACGCGGCGTGGGGAAT.
FERERRRRRRRR e ereerrnnnl POREERER R e e e e eeennnnnl
CCCGCAAGCCCGGIGCCTGAGTCTAGAGGGCCCTICG TICCIGGIGCGGCAGAGCGAGACGCGGCGTGGGGAAT.
5 NeoR < 3" arm<-
CCTITICITGACGAGTITCTITICTIGATICTAGAGGGCCCTIC TGITCCTIGGTGCGGCAGAGCGAGACGCGGCGTGGGGA
Feerereeeeenerereeerrerrreereeeeeennl PRRLEREERE e e rerenennnl
CCTTCTTGACGAGTTICTTCTGATCTAGAGGGCCCTIC TGITCCTGGTGCGGCAGAGCGAGACGCGGCGTGGGGA
(F)
Total copGFP- mCherry- Double Double Double Single knock- Double
number PuroR knock- | NeoR knock- | knock-in knockout knock-in in (%) knockout
in in (%) (%)
19 15 15 11 17 57.9 42.1 89.5

A: EERAEE . B: FNERS & E AT R R Pt HeLaZli il . C: PCRASIUHE A\ KR SH2B3 I B M0 21 4% R mCherry-NeoRAfi \; R fh*:
A5 copGFP-PuroR A N\ ; 3 (% 99 X4 N o Ctrl: 1E % HeLaZil il A B 14 X1 BB 2H . D: PCRAS I 54 N i B SH2 B3 (1) BH 14 4T fig; M: DNA marker. E:
HeLaZJl i & DR 2L 0 7 LL o 45 L (AT P AN IERAI T 41, FAT RIT 45 0. F: iR ARG .

A: scheme of screening and detection. B: fluorescence detection of HeLa cells screened by Puromycin and G418. C: PCR analysis of SH2B3-KO cells;

Red *: mCherry-NeoR single knock-in; Green *: copGFP-PuroR single knock-in; Yellow *: double knock-in. Ctrl: normal HeLa cells as negative

control. D: PCR analysis of 8 single knock-in HeLa cells; M: DNA marker. E: DNA sequencing of the genome of HeLa cells (upper sequence is from

Genbank and lowersequence isfrom sample). F: result of knockout-efficiency.
[E3 7FEHeLaZBPihRPRSH2B3 R HEE
Fig.3 Knockout of SH2B3 gene in HeLa cells andits evaluation

AR B, #E—BIE o D& R R E BIRER A
H(E2D). Rk, BATFIFH29340 0 & 7 1 3 A\ mi bR
SH2B33E R I H AN 2
2.3 EffSHeLaZMRSH2B3E AR HEE

W [7) 5 BB 20 77 3% 3R AR p TGP pTMINFI il [
TApSH2B3-KOJ: #% YeHeLaZl ffy, FH & 04 25 5 AET
FRIMIE4 d, R ERE IR Bk I74 d(E

3A). TEDOGRINE NSRRI, SPuIEiHik R T
HeLaZH i [7] i 485 7 21 (2. 5% 6 f ¢ (05 6 (KEI3B), M
Y1 A 7K SFIE B 07 32 04 £ 4 8 A B HeLaZl fid 1) 2
DRI 4H o 0 19k Bt A 07 328 3 45 T He L a4t i (1) 55 (5]
HEATPCRATIN A I, 19PkHeLadt i # i A= 1 5k
Bifi. Hd, mCherry-NeoR G4 A 40 i 45 15Fk,
copGFP-PuroR JG 4 A\ I 40 ML A 158k, P34 JoE#E
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SH2B3-wild

SH2B3-in

RT-PCR*fHeLafl1HeLa-KOZATKLill. M: DNA marker.
RT-PCR analysis of HeLa and HeLa-KO cells. M: DNA marker.

[El4 RT-PCREESH2B3RFR
Fig.4 RT-PCR analysis of SH2B3-KO

FAMAEA TIRR(LEER), A TO A A 81K,
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