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[ Abstract]
related HBB gene ( hHBB) was knocked into genome of the porcine fibroblasts by using CRISPR-Cas9 Site-specific

Objective  The high-frequence mutant genotype Condons41/42 (-CTTT) of human thalassaemia-
recombination systems. Then the transfected fibroblasts were screened to establish homozygous cell lines with positive
genotype. Methods (1) Synthesize the human ABB mutant with Condons41/42 (-CTTT) and cloned the left and right
homology arm located at the flanking sequence of the pig HBB gene. (2) Then the HBB mutant was inserted between the
left and right homology arm using infusion PCR method to building a final homologous recombination vector. (3) The
sgRNA targeting pig HBB gene were designed using online software and then were verified its activity in pig PK15 cells.
(4) Bama pig fetal fibroblasts were co-transfected with CRISPR/Cas9 vector, sgRNA and pGH-LA-hHBB-RA using by
(1) We synthesized full length of the hHBB CDS
with a mutant Condons41/42 (-CTTT). The left and right homology arm of 1. 062 kb and 1. 024 kb were cloned from Bama
pig genome. Then we constructed a final vector pGH-LA-hHBB-RA. (2) Two sgRNAs targeted pig HBB gene were

electroporation and then were screened to establish single clone. Results

validated in PK15 cells and used for further experiments. (3) Finally, we identified 15 single-cell clones of the porcine
fibroblast carry the human HBB gene mutant. Conclusions We generated porcine fibroblast carrying the human HBB gene
mutant using CRISPR/Cas9. Our study provides key materials for scientist to generate pig models of human thalassemia.

[ Keywords] thalassemia; HBB mutant; homologous recombination; targeted knock-in; fibroblast
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THEAT 1 S AR AR A M D = D AR
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AHWFFEHH CRISPR/ Cas9 5 A 45 T #54 A
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1 #R5F=E
1.1 ##
L1140 Rk

CRR JEURE AR 52 560 22 4% 11 9 & B, hCas9 Ry 4E
H Rl R 2 TR D 2 0 i A T 3R % PK
2 AT S8 i L 2T 2 4 R b AR L B 2 B
J6 5 & B T i iR MR S8 2L B L
112 FERFI SR

B 14 N YD T7 A% R VTG T4 3% B2 34
F NEB Aw]; T R kL i SO & W T Omega
/5l 5 Lipofectamine2000 i Jit 14 % 4% i 71 & W F
Invitrogen 7% F); ML %% ¢ 3 5] & Amaxa Basic
Nucleofector Kit Primary Fibroblasts 4 Lonza /A A ;
2 %% 5% 3K ) & TransScript  First-Strand  ¢DNA
Synthesis SuperMix 1§ Tt 5404 E YA F]

1573825 U AL ( Eppendrof , 75 ) | 8] '8 622 BT
BRI 5L (Lonza, it 1) , A ALBRES
F:46 ( Eppendrof , f5 ] ) , AW 88 (AL AS—AYES )
HL VKA (b 58— 48] ), PCR 9 344% ( Bio-Rad,
KBRS (Bio-Rad , 3EH)
1.2 FHi&
1.2.1  sgRNA Wit Mgk sk ity e

W54 HBB HEH 751 ( Gene 1D 407066 ) , F
TR S IG FEAELE M http :// crispr. mit. edu/ BT T
11 25 # 15 sgRNA (small guide RNA) JE51 (% 1),
seRNA J5 41 f AR R JE RGBT Ui 9 # R B)
e 1:1IR A, 95°C, 10 min;25°C, 30 min; 285 1B &
J&, LA T4 DNA S 4ERENF  3E 42 A Bsal W UI iG]
I B R 3K CRR, fe XA £ Y CRR-sgRNA
FEAREAR, KRR AL R FF R DHS o, 28084
Pk s e B DA 7% MDA 75 PCR 4500 BHME o pe
1.2.2  sgRNA iG55

FEYLRT 24 hoPERE PKIS 404 T 24 FLAR(1 x
10° 4L/ fL) , K H , FEH HE 4719 sgRNA 56 42 41 i
(Z M8 Lipo2000 #& e iz @ U W45 ) | % G Bk Gl i
500 ng,hCas9:CRR-sgRNA =3:1, 40i T 55 =M 55
7% 48 h, WHEAN L IF P HUIE R 20 DNA (gDNA) |, #%
2 5|91 PCR, 4K & 7 :gDNA 0.1 pg, Premix Ex
Taq 10 wL, FFHESI¥ (10 pmol/L) % 0.4 plL,
ddH,0 %M 2 AT E 20 wL, PCR JZ i 27 98C
1 min;98°C 10 s,58°C 30 s,72°C 10 s, f§¥ 32 ¥K;
72°C ,5 min,

T7 ZPEFLF:95%C , 10 min; 95 ~85%C (=2. 0°C/
s);85~25%C (-0.3°C/s) ;25°C,1 min,

T7 BV VAR Z . PCR 774 17 wL,NEB Buffer
22 wL,T7 0.2 wL,ddH,0 #MERFRE 20 pl, 2
N 55 A :37°C 45 min,, H5EEY) P LIRS FIH] DNA
BEWE R R Gekail

x1

sgRNA #5751

Table 1 Sequences of the sgRNAs

RIS

Target sequence number

HALEFAN(5° -37)

Sequences of the sgRNAs(5’-3")

pHBB—#1sgRNA
pHBB-#2sgRNA

CACCCTGTGGAACCACGCCC
AAAGTGAATGTGGACGAAGT

pHBB—-#3sgRNA AGGCCAGGGCGTGGTTCCAC
pHBB—#4sgRNA GAGGCCGTCCTCGGCCTGTG
pHBB-#5sgRNA AAGCAAATGTAGGTGGCTGC
pHBB—#6sgRNA TCTAAACGCATCCTCCGTTT
pHBB—#71sgRNA AGAAGAGAGGGCCGAAACGG
pHBB-#8sgRNA CTCAGCCATGACCAAGGAGC
pHBB—-#9sgRNA GTTGTTCTGGCTCGCCGCCT
pHBB—#10sgRNA TGACTTCAACCCGGATGTGC
pHBB—#11sgRNA GGGGAACTTAGTGGTACTTG

R 2 sgRNATETEYEET Y
Table 2 Primers used for PCR of sgRNA targeted sites
THTHESE 51942 B JFH1(5°=3")

Primer name Primer sequence(5’-3")
pHBB(Exonl,2) -iden-F1 CAGACTTGCTAAGGAGGATGAA
pHBB(Exonl,2) -iden-R1 GAGGAAATGATGGCTGTGAATA
pHBB(Exonl-3)iden-F1 TTGAGGCAAGAAGGATAAAATG
pHBB (Exonl-3)iden-R1 TTAGAGGAACACGGTGTCTTTA

1.2.3  AJEAL HBB FEDIATHE Ak g
HUA7 5 R 1000 bp 2247 B ¥ FIAE S [] Y8
BEFH, H&E Notl il Y] 07 # A9 1 it [A] IR 5|
Yy A Xhol BN 5 0 F i IR 5 | 9 K & 9
WBIYI(F£3), DN L] DNA SRR, I3 1|
NUEEVEE ROV ZR M gDNA 0. 1 pg, KOD Buffer
5 wl,2 mmol dNTPs 5 wl.,25 mmol MgSO, 2 L., ||
TSI (10 wmol/L) 4 1.5 pL, DNA B4 il
1 ul,ddH,0 #MEARFIE 50 pL, PCR K2 .
94°C ,3 min;94°C , 15 5;55°C ,30 5;72°C,2 min, JG ¥
35 ¥ ;72°C,5 min, PCR F=4 M VERE MR, 2F 17 @l
4 PCR, {4 PCR /=¥ pGH-T 44 (Notl il
Xhol YJid ) #ATRE G, FlA SN AR F A . pGH-T 214K
5 pL, @4 PCR F=%) 3 pL,infusion fiff 2 pL, JZ v/
FEIF 4 :50°C , 15 min, 14 & 5 20 20 /& pGH-LA-RA,
DU F 790 56 B8 5, KSR BN 22 R ToRi e
Pl hHBB ( CD41/42 ,-CTTT) -T J5i ki J A AR , 43
B BB, BN BB F 5 W2 4, hHBB
(CD41/42,-CTTT ) K B ¥ 3% & B 1& &. DNA
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0.05 pg,KOD Buffer 5 pl.,2 mmol dNTPs 5 pl.,25
mmol MgSO, 2 pL, I FIEG1# (10 pmol/L) 45 1.5
pL,DNA B4R 1 wl, ddH,0 M EARFLE 50 ul,
SV FEF A :94°C |3 min;94°C 15 5,55°C 30 s,72°C
2min, G 35 K ;72°C ,5 min, PCR =¥ RIS, HE
1Tfl& PCR, filE PCR ¥4 Bsal liN SHHT
A H YA pGH-LA-RA

1.2.4 CRISPR/Cas9 #5844 Jz [a] 5 o 41 244 i e 12
GG LT i 4 i

# CRISPR/Cas9 3 wg.sgRNA HIR R 1 g Al
hHBB [A] 5 B Ak 3 g 8 ) H SF FLE ek i e 10
NG LT A, 52 4% 60 h 5, SR A FRAG B¢
T2 2 PR A R B 2 DB SR ML 5000 1S4, A
BRI B A4 37°C 5% CO,,

R3 AARBEY 5 KRS 51951

Table 3 Primers used for PCR or infusion PCR of the homologous arms

GIL7Ep 17

Primer name

FI¥IFESI(5-3")

Primer sequence(5’ =3")

pLA(pHBB)-F
pLA(pHBB)-R
pRA(pHBB) -F
pRA(pHBB)-R
pLA ( pHBB) -infusion-F
pRA( pHBB) -infusion-R

ACATTAAGACATGGAAATATGG

AGACTCACCCTGAAGTTCTCAG

TAACGTCTACACGGCAGCTCAC
TTAACGATGGATTTCAGTCTCCTC

TTAGGTACCGCGGCCGCAATACAGCCCGTACTATAAC
CTTCCCCTTACTCGAGCAGGCATCATTATCAGTGAT

F 4 AU hHBB F B 44 R mA 51975
Table 4 Primers used for PCR or infusion PCR of the human HBB gene

GIE/ BN

Primer name

ST E) (57 -3")

Primer sequence(5’=3")

hHBB(Ex1-3)-F1
hHBB(Ex1-3)-R1
hHBB( Ex1-3)-F2
hHBB(Ex1-3)-R2
hHBB( Ex1-3) -infusion-F
hHBB( Ex1-3) -infusion-R

GCACAAACAGACAACATGGTGCATCTGACTCCTGA
CAGGAGTGGACAGATCCCCAAAGGACTCAACCTCTGGGTCCAAGGGTA
TACCCTTGGACCCAGAGGTTGAGTCCTTTGGGGATCTGTCCACTCCTG
ATCAGGAAGGGGAACTTAGTGATACTTGTGGGCCA
GCACAAACAGACAACATGGTGCATCTGACTCCTGA
ATCAGGAAGGGGAACTTAGTGATACTTGTGGGCCA

1.2.5  PATTREYN ZR 00k S 2

BRSSO AN, F 25 400 weg/mL G418 20%FBS
() DMEM 24 i 55 52 5L 2457 5 d, M5 & 20% FBS
() DMEM }5 3R BLGkSE 5% 7 d, 256 12 KI5
R AL, FH B o Bk o AE RKOIRAS i  K/N A 38
(1) BR e AN i 11 3] 48 FLANRRES R4, R4 &
JE K 90% % HL i FE AN AL I AL , 7T PCR %7€ .

XIS 2] 1) SR B B 2 B R AT A, R AR T
60°C, 60 min; 95°C, 10 min, Lk 40 il 2 fi# 7= ¥
(gDNA) M, 43 5 3 % 5 A5 m A % 5E 5 | i it
T8, 51 P H K 5,

51 S 1 W R B B B S e 51, 5
2 XM 5 W) s 2 R IRV S S 1) R 3 X
AR S 51 Wy, =X 51 N AR & k. DNA 2
pL, Premix Ex Taq 10 pL, B FHES197 (10 pmol/L)
% 0.4 pL,ddH,0 #F R AT ZE 20 pL, K FRTFH
$9:98°C,1 min;98%C 10 s,65°C 30 s,72°C 1 kb/s,
PG 35 ¥ ;72°C ,5 min,

3 XFEAE G WA HEG X hy B A A0 R o AR
FRF] 12 FLARAR SR 7% AR AL A B 5 3 90% K LA

TR
1.2.6  ANUE{L HBB JEHE mi i A RE 26 & T
G TEE

EF X HBB JE D F A 1 T — % 48 78 1 A
ARtk R ai G Falide s IS E s,

K 1.2, 5 AR 2% 7 1) (DNA) A,
ai/ QAR ESIATY 1S, W51 sp-pHBB-
iden-F1 ( AGGCAGGATGCCGTTTAGAA) ; FiF5| %y
sp-pHBB-iden-R1 ( CACTATCACGTTGCCCAGGA ),
LA Z A . DNA 2 pL, Premix Ex Taq 10 }LL,J:T
W51 e E M 10 wmol/L 458X 0. 4 wL,ddH,0 #p 2
RAZE 20 wL, WV FRFFEZER 1.2.5,

RS OPTTREAME SR K ET Y

Table 5 Primers used for hHBB knock-in examination

FE AT Y JFH1(5°-3")

Targeted konck-in primer Primer sequence(5’ =3")

sp-hHBB-iden-F CCAATAGAAACTGGGCATGTGG
sp-hHBB-iden-R AATCCAGCCTTATCCCAACC

sp-LA-iden-F ATTCGTTACGCGGGGAAGAG
sp-LA-iden-R GCACTTTCTTGCCATGAGCC
sp-RA-iden-F CATGCCTCTTTGCACCATTC
sp-RA-iden-R CCCTCCCTTTCTTTTCTGAGTTG
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1.2.7 N4t HBB JEHTERE 27 4 20 i rh 22 381

RGN F1%E HBB FE[H CDS X [ 22 5%, % it —
XHEExE NG HBB R GRS e 519, L5149
hHBB-iden-qF1 ( CTGAGGAGAAGTCTGCCGTTAC) ,
T 51 % hHBB-iden-qR1 ( CAGGCCATCACTAAA
GGCAC) . $REUATEAL HBB 3L [H K& A4 5 5 A 4l
MIARAY S RNA, Bl 5 S 5% 5% o eDNA, IS & 519
hHBB-iden-qF1/R1 AR, 4% Sk R B 2R 4
RNA 500 ng, Anchored Oligo (dT) 18 1 pL,2X TS
Reaction Mix 10 L, TransSeript RT/RI Enzyme Mix 1
nL,RNase-free Water M BRI 2 20 pL, VT
$7.42°C ,30 min 5 H .

PCR WA % 4 :cDNA 1 wL,Premix Ex Taq 10
L, B FIESI M E A 10 pmol/L 451X 0.4 uL,
ddH,0 %M 2 2 20 pl, &N #JFH:98%C, 1 min;
98°C 10 s,62°C 30 s,72°C, 13 s, P& 35 ¥ ;72°C
Smin, [R5 [ W0E Ry xsd BE e BRI T PO 4K 3R
KRN R AT 1

ES

JETNER HBB B R LB 4T

il 1F MegAlign7 ¥ {4 Construct-Test Neighbor
joining Tree SEEEXM AR /Nl S k55 8 R FLE3h
Y15 N HBB JEPMZR G2 K B W b, 45 R R B N
HBB AL H B 5 RAK KWWy Il , U # , #5 H:
YR/ BIAREE TN, %% 5 A28 HBB JE A
BB BT (18 1A) . FATHE— B UniProt
Wk 7E LR B AF Clustal Omega XF A B A/ R B — 2R
HHEIERR T SN IEAT X, AR RS A B~
PRER LR — BN 80% , i 5 N B-BR A
B — BN 3k 3 85% (1 1B) , B2, LI

A

4% Ovis aries

4 Bos taurus

¥ Sus scrofa
L Equus caballus
,_: HERE Pan troglodytes

A Homo sapiens

I—Wﬁ Macaca mulatta

I /B, Mus
L XH Rattus norvegicus

SIS
N

T T T T T T 1
12 10 8 6 4 2 0

DNAZBRBHAR (< 100)

Nucleotide substitutions (x 100)

SEREUR H B-BRE Y E e LB S A
B—ERE 1 I AL, W5 /R LARE HBB 2K (1 R AR A
P g 2R R RRASLALL s N H 2 ML
2.2 CRR-sgRNA RiEFHAFHEIIELE R

RGP E T 11 558 0 sgRNA, 43 ) % 42
CRR JFURL, #2 AE 11 4~ CRR-sgRNA ik 3044,
43315 CRISPR/ Cas9 ik 4R A LFE YL 2 PKI1S 4
Wi, 48 hJE , SEHCAIAIE K 2] DNA 1ER PCR B4R,
FHYES Y PCR, 738 7= Wy R 4T T7 BE-UIF0EE e
UGS e . A5 ARS8 5 W)X #2sgRNA 53
JEr Y R BE K /N 913 bp, T7 B U1 G R Be K /Ny
364 bp 1549 bp; 872 51| P1XF#11sgRNA 334 )5 7= 1)
FBR/NR 877 bp, T7 BV B BE K /IN R 393 bp FlI
484 bp ,#2sgRNA Fl#11sgRNA 3X Wi & 8T U136 M = 1
HAo (Kl 2),
2.3 NBEULITHHEMELER

TG, LI IR 4] DNA i di, #) 2 [R) 5 28
& pGH-LA-RA , Hih 725 1. 062 x 10°, 77/ 1. 024
x 10°, H, FHRE S PCR 77 Bk A HBB %875 {4
i A\ pGH-LA-RA 1) W A~ [m] 58 2 [, 44 2l i A
NIGAL HBB FE [ 925 14 (-CTTT) 1 [w] 5 H 2H 2 2%
& pGH-LA-hHBB-RA , #E1T sanger Il J¥> 56 30E , I /¥
SERW A A JRAL HBB FE K 575 (R iy [ Y
H BRI T, B 3 Frn A& “-CTTT” 4§ 5 il
P 725 S e L nT R R — 2 e g
2.4 BREARMKLEESER

FIFH | 5 L %% Yt ¥5 CRISPR/Cas9 Ji ki,
#2sgRNAF1#11sgRNA 2 pGH-LA-hHBB-RA [a] i #
2 B[R] e A B 8 i DL 4T 4R 40 i, 28 G418
e ARAT T 99 PRIpTEREANAL A HIEE B
YE T WX R AR TR AL HBB IR 98 28 R i PCR
Pat PB S BOR /N 1105 bp, B RS 45 54

B

A Homo sapiens MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQREFFESFGDLSTPDAVMGNPK

/MR Mus musculus MVHLSAEEKEAVLGLWGKYNVDEVGGEALGRLLVVYPWIQRFFES FGDLSNADAVMGNPK

% Sus scrofa MVHLTDAEKAAVSCLWGKVNSDEVGGEALGRLLVVYPWTQRYFDSFGDLSSASATMGNAK

¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ *

VKAHGKKVLGAFSDGLAHLDNLKGTFATLS ELHCDKLHVDPENFRLLGNVLVCVLAHHFG
VKAHGKKVLQSFSDGLKHLDNLKGTFAKLS ELHCDQLHVDPENFRLLGNVIVVVLARRLG
VKAHGKKVITAFNDGLNHLDSLKGTFASLS ELHCDKLHVDPENFRLLGNMIVIVLGHHLG
Wk kkkkky gk Kk kkk Ak kkkEk Kk rkk kg kkkkkkkkkkkk kg Kk gpk

KEFTPPVQAAYQKVVAGVANALAHKYH Idendities
HDFNPNVQAAFQKVVAGVANALAHKYH 80 %
KDEFTPAAQAAFQKVVAGVATALAHKYH 85 %
APER R s ey

AR G 8 P FL s S5 N HBB R AR S E BT B A FEHVNR B-BRE A & M7 51 b Xt
B 1 eBS JER/NR HBB R 51

Note. A. Building the phylogenetic trees for HBB genes of 8 different mammals. B. Identities of B-globin amino acid among human, pig and mouse.

Figure 1

Identities of the HBB gene sequence among human, pig and mouse
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Note. gR1~11. Cell samples transfected with sgRNA1~ 11 plasmids respectively. EGFP. Control cell sample transfected with EGFP plasmid. M1.

100 bp DNA ladder marker. M2. 200 bp DNA ladder marker.

Figure 2 T7 Enzyme digestion for Pig HBB gene sgRNA activity examination

CCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTA’

CCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTE==J6AGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTA

o Attt

3 (AU L F TR AR A 4 R

Figure 3 Homologous recombination targeting vector sequencing results
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Note. A. Amplification result of transgene identification primer. M. 100 bp plus DNA Ladder Marker. P. Positive control. WT. Wild type control. 1~
5. The number of cell clones identified. B. Number of positive and negative cell clones.

Figure 4 Amplification result of transgenic negative and positive identification primers
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Note. A. Identify primer amplification results across the left homology arm. M. 1 kb DNA ladder marker. 1~6. The number of cell

clones identified. B. Number of positive and negative cell clones.

Figure 5 Identify primer amplication results across the left homology arm
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Note. A. Identify primer amplification results across the right homology arm. M. 1 kb DNA Ladder Marker. 1~5. The number of cell clones

identified. B. Number of positive and negative cell clones.

Figure 6 Identify primer amplication results across the right homology arm
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Note. A. Sequence comparison of swine wild-type HBB gene, human wild-type HBB gene and human mutant HBB gene. B. Identification of 15

homozygous and heterozygous site-specific knock-in cell lines. C. Identification results of humanized HBB gene expression in targeted knock-in cell

lines.

Figure 7 hHBB genotype and mRNA expression examination in the pig fibroblasts
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