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A DI F B R E A RBCE IR A T %A B %48 Rk e LA R, AR & CRISPR/Cas9 % 4t
~F dsDNA HEARAEAR A Bl R EL020%, ABFR A X MATF # (Escherichia coli)FLAE#R AT [Li& &
B Lacl 538 90%F 7)) LacO 4 7+ M4 40045 &, i3 T 40 DNA B ARF BT ARG FLIE & G
A Lacl £ 3|5 M4k 3R H (Sreptococcus pyogenes) ik 49 SpCas9 A= 3% xR #] ) 3k H (Saphylococcus
lugdunensis) & 49 SugCas9-HF &k&- & 1%, @it PCR ¥4I\ A 5] LacO 5 dsDNA ks 4, MET
#1 A 49 CRISPR/Cas9-hLacl #:4K3E At % 4t (donor adapting system, DAS). & %&£ 3R%E HARKF Lt
Cas9 # BABEZ M. DAS /~F4) F /& 5| 914 2 (homology-directed repair, HDR)ZUE # 4T T B iE AL
e, HRERBAKFSENFHOEAREAHRBBRTT AN, FRLEF A CRISPR/SlugCas9-
hLacl DAS £ HEK293T 4@ LI T VEGFA 1L & 695 i, HEFHEL 305%, TH 5 THA
A, g EpE, KR LTHAE CRISPR/Cas9-hLacl A ERABBE L%, FF 7T
CRISPR/Cas9 2 R 4 HE AN K, ANEHERBBR S THRITFHAARRETHG L,
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A novel CRISPR/Cas9-hLacl donor adapting system for
dsDNA-templated gene editing

MA Baoxia, CUI Jieyu, QIAN Hongrun, ZHANG Xiaojun, YANG Sen, ZHANG Qijing,
HAN Yifan, ZHANG Zhiying, WANG Jiangang, XU Kun’

College of Animal Science and Technology, Northwest A&F University, Yangling 712100, Shaanxi, China

Abstract: During the gene editing process mediated by CRISPR/Cas9, precise genome editing and
gene knock-in can be achieved by the homologous recombination of double-stranded DNA
(dsDNA) donor template. However, the low-efficiency of homologous recombination in eukaryotic
cells hampers the development and application of this gene editing strategy. Here, we developed a
novel CRISPR/Cas9-hLacl donor adapting system (DAS) to enhance the dsDNA-templated gene
editing, taking the advantage of the specific binding of the Lacl repressor protein and the LacO
operator sequence derived for the Escherichia coli lactose operon. The codon-humanized Lacl gene
was fused as an adaptor to the Streptococcus pyogenes Cas9 (SpCas9) and Staphylococcus
lugdunensis Cas9 (SugCas9-HF) genes, and the LacO operator sequence was used as the aptamer
and linked to the dsDNA donor template by PCR. The Cas9 nuclease activity after the fusion and
the homology-directed repair (HDR) efficiency of the LacO-linked dsDNA template were firstly
examined using surrogate reporter assays with the corresponding reporter vectors. The
CRISPR/Cas9-hLacl DASs mediated genome precise editing were further checked, and we
achieved a high efficiency up to 30.5% of precise editing at the VEGFA locus in HEK293T cells by
using the CRISPR/SlugCas9-hLacl DAS. In summary, we developed a novel CRISPR/Cas9-hLacl
DAS for dsDNA-templated gene editing, which enriches the CRISPR/Cas9-derived gene editing
techniques and provides a novel tool for animal molecular design breeding researches.
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LAk, CRISPR A g 4B 4 A [H RE S 3
P PR IR R i R Bk sz B ) R E R LA
HFBE, -t E IS T gz 13
TEYBERR Z . TEm SR,
CRISPR/Cas9 FEH ARG ARYSE R 4] DNA XU
Z4(double-strand break, DSB)F= %3 o JF [F] YA
%13 1% $% (non-homologous end joining, NHEJ)#F/[r]
5] 3185 (homology-directed repair, HDR) 2 it
PLEIE BN, BEE BT PR A, HDR &
W X4 M LUK AR dsDNA - A R it i)
[A] Y5 # 2H (homologous recombination, HR). LLfi{
[ dsDNA AHAA A AR Y Al ] 958 A oy e 42
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(microhomology-mediated end joining, MMEJ).

PLos Bk 5 OB O % PR (single-stranded
oligodeoxynucleotides, ssODN) #f i 4% DNA
(single strand DNA, ssDNA) MR AT H4% DNA
PR A 15 & (single-stranded DNA templated repair,
SSTR) LA K 43 N 1 ] 25 54 ) 91 4 ¢ 114 L 1R

K (single-stranded annealing, SSA)*!,

HDR BEBAR I THNEAEA DNA B E2H 5%
s Yive JEE e SPSEAER AN b R T iiE - SIS AN
(LI A g S LA A W 40 v ) RS P B i 24
TSRO A A AN . 9 T $ém HDR 24
K, WERFAAT T —RIIRB5 )1, R I
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DSB &4 JATTAMMEIY . DLAb AR AL K
SeR Ak F 4 40 77 25 55 3% 2 AT AN [ R 4
HDR 4 S R iR

% T HDR & —FiF|FHAME AL A DNA Btk
1T DSB B E A FE, HACRMK Ttk
DNA A H1 H A% DSB #4925 (] FI ] 2 7 .
TR R 8 FE AR S B R 4 s ) o 3 g
MM ABR, ¥4 DSB SEEMHA DNA 1Y
BT RE S HDR MCHE, BFFRRI, stk
DNA #| H4% DSB [t it B4 24 = HDR /5
R DR BRI U2 Cas9 555 RN R /65 S5
ol SNAP FEHMA , 7T LKA Y R hrid el 06-
R IE 5 IS (benzylguanine, BG)FRICHT ssODN/
dsDNA fIAZE4 5 DSB v 4, JF7EMiFL3h W an
LRI BV I Hh S 0 8 R0 35 PR ATl
ssODN 74 i 209 HUH YIRS Cas9 il
&, WHESCPLHEA DNA (9 DSB Z24E, N5
) HDR JEF g, 3F BibdiE, A
FLZH R R T AT 2 &R ¢ (donor adapting
system, DAS) S, FHIG BERER Y Gald F 5% A
F DNA %5448 (binding domain, BD)5 Cas9 @
4, R T CRISPR/SpCas9-Gal4BD {41 fip 5t
FETLEE NN

KIGFF R FUR BRI FH A Lacl 3 K 25 A5 1Y)
BH i 8 LS 3 D E5 I N-ui 25 1 38 (1-
62 aa). HZLEEHI(63-340 aa)Fl C-Jfif 4 # duf,
(341-357 aa). H:rp N-3h iy 5 i 2 FE A v 1Y)
XIEFR ALK, il ECHE X (4662 aa) S5H%.0 X
AR, F T R o-12 €5 LacO JEAIFE R4 G .
AWFFEFIF Lacl fHiE 2 115 LacO #9007 51 ¢
SPELE AR, DL Lacl & FIE 0 3dE I fe 5E
Rtk (adaptor) 5 Cas9 IRl 3Rk, DA LacO
JF A R i i+ 5508 L P 81 (aptamer) #1 dsDNA
ek P o AT &, PR T — MR
CRISPR/Cas9-hLacl DAS , DI #§ 52
CRISPR/Cas9 il dsDNA {4 DSB g i,
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T2 & HA ) S HDR L 4 fE sl

1 #HE5xZ

1.1 #

HEK293T 4HJ5 B PRAGZH A % . pAAV2-
SlugCas9-HF ik aZ M bk H R Tk B
CEALE0S , pET28a(+) . pJMB84-CMV-T2A-EGFP
pl13.7-U6-VEGFA .sgRNA-SpCas9-GGS5-yBD .
pBlue-VEGFA(Xba I).donor, SSA-EGFP #45%%,
{& \HDR-EGFP #f 5 #{& 1 HDR-USR #t45 &
FAREEYE A TR BRI . 51406 BRI 7
FH P 2 A BRR A R AT BR 2 w) sl v 22 4 R} A
YA w52, Bsal, Xbal, BamH Il EcoR 1%
REL ol 1 A e N VI A 2 H R AR 4R (b T
HIRAF . bLacl JEH R Bt LA pET28a(+)#k AN
Bt T PCR $7 343845, a1 ANIEAILfeny
hLacl J& [ 5 Bt i P54 R A 8 B A .

1.2 FiFiiE

% blLacl 1 hLacl F:[H F BL 51 i% 32 2
pJMB84-CMV-T2A-EGFP Jfi ki %8 |, ##
bLacl Fl hLacl J:[HFREHIA, DL pl3.7 HEik
B, Z51H U6 il CMV JE 8 T ih CRISPR/
Cas9 Z4iH sgRNA il Cas9 #5135, ¥4 bLacl
il hLacl i id 5 4 GGS #Y linker fi4 %] SpCas9
1 SlugCas9 & F1HY C ¥ , 345 SpCas9/SlugCas9-
bLacl/hLacl fill 585 IR IR EA . £ X% VEGFA fif
A, BT A5 (5'-GCTCGGCCACCACAGGGA
AGC-3"), ¥ 751 7a e 5] SlugCas9-hLacl H U6
JA B F R, 8 sgVEGFA-SlugCas9-hLacl 3
KA, XFFAHA DNA, DUBRRE 4 R
pBlue-VEGFA(Xba I).donor WA #, #1154,
A3 FE 5" LacO JF51(5-GGAATTGTTATC
CGCTCACAATTCC-3") 5 J& 5% J¥ %1 (irrelevant
sequence, IS) ¥ %1 (5'-GCAGTGAGCGCAACGC
AATTAATGT-3"), ¥ 31 55 & A LacO J¥41 5
IS 41 dsDNA fLi&k 1),
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Table 1 Sequences of primer used in this study

Primer name Sequence (5'—3") Size (bp)
VEGFA-donor-LacO-F GGAATTGTTATCCGCTCACAATTCCGGGGGCAGCAGGAACAAGGG 45
VEGFA-donor-IS-F GCAGTGAGCGCAACGCAATTAATGTGGGGGCAGCAGGAACAAGGG 45
VEGFA-donor-R GCTCCGCCCCGCCGGGACCC 20

The LacO sequence and the IS sequence are the underlined parts.

1.3 RIS FRAngE 4

KA HEK393T 4l fifd R A TR S50, K557
5 90% DMEM K773 . 10% FBS #1100 pg/mL
I HEMBERER, £ 5% CO, (REUME0) .
37 CCHNM IR FRAR Th R . R EifE YEASEN 28
F] ) Hieff Trans™fg 442 R 1 Y i AR B vt
Wl SRR TR Y0, BT 24 bR A0 g
Pl 12 fLAR b, 7E20 AR B2 3R 3] 80%-90% ) i
ey, ALEE Y TR R 2 ng, B ik
B3 APATRR AL
1.4 SSA RESLIGHM Cas9 JEM

K SSA 45 RGN RlG hLacl 5 SpCas9
I SlugCas9 2& [ HIIE PEREA TR . pSSA-EGFP
AL EGFP 45 3% M b ] i T4 A ER
P HFHR P A MASBE IR & ik, 4 Cas9 H&H
i EGFP KR ATIE o SSA B ML AT
&5, i EGFP 1E# &k (B 1A, 251K
pCRISPR/SlugCas9-sgRNA . pCRISPR/SlugCas9-
hLacl-sgRNA | pCRISPR/SpCas9-sgRNA , pCRISPR/
SpCas9-hLacl-sgRNA 5 pSSA-EGFP i 15 2 /A L)
FEJR HE 1:1 56 YL HEK293T i 4504 48 h Ji7,
FEDOE B T AR IR SE AN, () BD
/N ] FACS Aria I A0 IAUXT EGFP BHE
(EGFPH)4H M 7114k
1.5 HDR #REXIITIE HDR &

i 7 HDR #f¢ 45 52360 %5 AN [F] BS-dsDNA fitf4&
/3 HDR RCR#177Hl . pHDR-EGFP ¢4
FAkrh EGFP #ii4 JL [N # CRISPR/Cas9 R 44T
S A i A DNA K1Y HDR AL S2 3
52 (8 1B)P), # pCRISPR/SlugCas9-sgRNA Fil
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pCRISPR/SpCas9-sgRNA 5 pHDR-EGFP #% 15 #k
AN 3 FARIE X I HE A DL R EE A 1:1:1 6%
HEK293T 4ifits, #1045 REH] 5'LacO-EGFP 4
i) HDR RCR o A T it — 200 A n et
FEIR EE, 43 9% 3T pCRISPR/SpCas9 2 ik #;
{&:pHDR-EGFP 45 2 /4 EGFP fit{4} 1:1:1 F1
1:1:2 PR EL ], DEATanpfafs g, 48 h ), Wede
Y A TR 2R AU AT, S (0 e e AT o L A7)
BA] Sz it HDR 25% .
1.6 HDR-USR HREXLW FHEERFHKE
S

i LAk 5 CRISPR/SlugCas9-hLacl DAS
%} HEK293T #fiJifl VEGFA 7 s 17 s it . LA
DR i SOIAA 0 BORL AL A R, @St PCR
51 5'-BS 3 AFHI ¥ BS-dsDNA Fil 1S-dsDNA
fbiA, b AZE A R B3R 500 bp 42
i, BRI sgRNA HE S )G 751 48 2 17
(protospacer adjacent motif, PAM)¥J 545 Jy FI2 i
P N Y i (restriction enzymes, RE) /4., i id R
P B 2 8P (restriction fragment length
polymorphism, RFLP)/fr ¥4l HDR 4B 5505
K FH IR 0938 19 pHDR-USR 45 2 At
KL DK i PRV A M 4T % . pHDR-USR ey
Ak ) APuro JEEE Cas9 #En S5, SEHEH
Puro & K AT/ A APuro %L [F3if i3 HDR &
HIrFRBE 10", #Ye)5 24 h, FSAER
FERMIEFRILORIE 3 d, B HIE H B IR Sk ek
IR 2d, WHESHMM, FBOEHE 4 DNA, PCR
P14 5 0B R Bt AT R ] e o B0 T 1k 5
¥ K% RFLP 43#7.
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. s Cas9

—{CXIY ~JBGHRBIR] Repes]Taret| Repea JEGRERH
l Double stand break

A

Repeat
T

l SSA

—(owy — G —

C

) ‘Cas9 Double stand break

"y

APuro |
[—1_IL6_>|_ngNA ! CMV>) PuroL _PuroR T2A

4 5'-N, NNGG-3'

e ) ﬁargetﬂa;(:quence PAM
i : L AT ——
s E@RNA;*SM%C%‘H "
\ / { =

sgRNA H CMV Puro T2A

)

1 AERERZEIEREE  A: SSA-EGFP #4524 53R 2 K", B. HDR-EGFP #i45 2 45 i 3

RNEEP] C. HDR-USR 45 2 48 i R & e )
Figure 1

Schematic diagram of different report systems. A: Schematic diagram of the SSA-EGFP report

system'®). B: Schematic diagram of the HDR-EGFP report system!”.. C: Schematic diagram of the HDR-USR

report system[lg].

1.7 SECHR BRI

¥ege12h )5, EBREFRIE, H 500 pL #ERR
2% h L % W (phosphate buffered saline, PBS)Ji it
2 ¥k, FBERETEAL, 900 r/min &0 3 min, 7L
f, H 500 uL PBS ¥ aufdE:, of g3 n e
i, f#i ] BD 2] FACS Aria IR 400G
EGFP FHYE(EGFPH)A fd i1 71T 2 LAPEAS Lacl 36
KA. Cas9 i1k LUK DAS 413 HDR &
SEFEAR
1.8 Western blotting 18

1 6 fLBUhHYY, 72 h 5 BRI, H
PBS iH¥E 238, MIA 100 pL &4 1 mmol/L ZEH
FLAitk 19 S (phenylmethanesulfonyl fluoride, PMSF)
FA i 53 4 92 L %€ I %E (radio immunoprecipitation

http://journals.im.ac.cn/cjben

assay, RIPA)ZH il 24 iV , FH 4 M%) 0 W46 4 i 22
1.5 mL B.OAE T, FoK B2 30 min, 12 000 r/min
4 °CE§.L> 10 min, WA BIEW . A 5xSDS F#f
ZZvhi, 100 °C/K¥ 10 min, F 12% SDS-PAGE
LUK, SR B TR VA B R AW &
J#ii(poly vinylidene fluoride, PVDF)# I, &R ¥}
1 1h, 4 °CiEE —Hi(Hi GFP BURFCREPUA, W
H R 28 A IR BRA w2, Tris 22
Eh 7K 5 2% vl MR (Tris buffered saline tween,
TBST)UEME 3 ¥, M E —H 1 h CGEH
IgG-HRP, W F R 20 A IR BRA |,
TBST WM 3 W, K B 80 o 4k 2 kOt
(enhanced chemiluminescence, ECL)ETEfL22 K
6 A B AR I AR 1 A5 TR R
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1.9 WGt

i Tmage J H /5T DNA S35 04 1R B Xt
Fe4#r, it GraphPad Prism 8 444647 i 2Pk
Ko o BT A iR I3 2 /08 3 A AT E R Sir
B, B EE X7 R, i t
K IeEA T BRI . *: P<0.05 WEREE,
: P<0.01 NZE 5l

ERE QM

sk

2

2.1 Lacl EEEBEFMRALER
% 8 2 J5UR AR W R LA v 45 2 ) 8 ) i

2SR, YT bLacl KT RBFFH ,

TEH LB W A i oA — i BE A SRR AR
JeXf bLacl B Pk T %1 N IRk AL

I A A RIS T hLacl &R Hfik

S T HRIA Lacl JE % RS- AR S 7E s 2L 3h )
YA B FRIRAE O, A IS IS T AR
¥iZeik 3k pIMB84-CMV-bLacl-T2A-EGFP #I
pIMB84-CMV-hLacl-T2A-EGFP., 4354 bLacl
Fl hLacl H& A Y A% Ik 8 M4R5% J« HEK293T 21
L, 48 h JEFEDOE B F AR (B 24), FFift
Frim A BT B A, 45 R W] : hLacl-EGFP

o g <«
& 30 2910
5 875
g 2
B E505
£ 10 R~
&
m a.
0 Z 0.0
S5 X
Q" & & &
NN NN
B
JMB84-CMV- JMB84-CMV- JMB84-CMV-
W T2A-EGFP bLacl-T2A-EGFP hLacl-T2A-EGFP
sx1dh st JMB84-CMV-hLacl-T2A-EGFP — — -+
h . JMB84-CMV-bLacl-T2A-EGFP - + -
b IMB84-CMV-T2A-EGFP -+ - -
SF EGFP| -
| 0sxa0°
. GAPDH| wee e e

FITC-A

B2 Lacl 2EZWBFRUBIERIEKFERNMNER A-C: bLacl fl hLacl ELAZERFIAL YL 48 h J5 40
Moo S E(A) . T B (B AR gl AR E(C). D-E: bLacl fl hLacl ELAZ KA EE YL

48 h 5 HEHUAN MR A WB AS I 25 S (D) FI K B 43 45 S (E). *: P<0.05; **.

P<0.01. HIR=100 pm

Figure 2 Expression of the Lacl genes before and after codon optimization. A—C: Fluorescent photographs (A),
flow counting analysis (B) and bar graph of flow counting results (C) of the HEK293T cells transfected with the

bLacl and hLacl eukaryotic expression vectors for 4

8 h. D-E: Western blotting result (D) and its gray analysis

(E) of the protein expression of the HEK293T cells transfected with the bLacl and hLacl eukaryotic expression

vectors. *: P<(.05; **: P<0.01. Scale bar=100 pum.
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4 (B (5 G I H A7) 2 215 T bLacl-EGFP 41
(P<0.01, & 2B. 20). #F—ME A %REED
(Western blotting, WB) ki Il 45 ;& & 9] |

hLacl-EGFP ZH#1 bLacl-EGFP ZH 40 iR 21k
EGFP %11, H hLacI-EGFP ZH 4l b i 55
T bLacl-EGFP #H (& 2D 2E), FiR%EH A #
WERA T 5 Z BRI Y bLacl 1 hLacl J:[H X B %L
ik, HEMTFILIE R hLacl JEH FRBHER B
FEOLTOALRTH bLacl, SASHIFSY J5 S50 3 %

A SlugCas9+SSA
report vector

SlugCas9-hLacl+
SSA report vector

EGFP

100 um 100 pm

HT hLacl 2,
2.2 SSA RESLWARNMELS hLacl [FHY
Cas9 JEMH

4 sgRNA.SpCas9/SlugCas9-hLacl FikF A
FIAH N (4 SSA-EGFP #ft 5 # & 3t 4% e &
HEK293T Ziffih, 48 hJ5 k4o i AR
IR, G5REH . SlugCas9-hLacl 4 #1 SlugCas9
41 EGFP PR 40 i e 1)1 (.25 72 57 (K] 3A-30),
{H SpCas9-hLacl 1Y) SpCas9 44 Lk, EGFP [H

SpCas9-hLacl+
SSA report vector

SpCas9+SSA
report vector

100 um

100 um

C
o
0 10 5 ks
210
[=8
4
B 5
@)
= [
> TS s 8 s
T
&S

3 SSA RELEHMELE hLacl f§ Cas9 FEMERILER  A-C: sgRNA.SpCas9/SlugCas9-hLacl £ ik 7,
T H SSA-EGFP #45 # ik 4% Je |5 DO EI(A), TTHEU BT I (B) R 2 HEE SRR (C). **:

P<0.01; ns: Jo&g &2 (HAIR=100 pm)
Figure 3

Results of SSA reporter assay for the activity of Cas9 fused with hLacl. A—C: Fluorescent

photographs (A) (scale: 100 um), flow counting analysis (B) and bar graph of flow counting results (C) of the
HEK?293T cells with co-transfection of sgRNA.SpCas9/SlugCas9-hLacl and SSA-EGFP vectors. **: P<(.01, ns:

No significance (scale bar=100 pum).
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P40 I L5 B 5 T R (P<0.01) (8] 3A-3C), KM
hLacl g5 #2 A% SpCas9 I +THE 1G24 K
{HX} SlugCas9 JEMERA W& m ., Kk, AW
5% J5 B2 920 F BRI CRISPR/SlugCas9-hLacl
DAS HEATAHSCAT I
2.3 HDR HREXIH M CRISPR/Cas9-
hLacl DAS 7758 HDR &

CRISPR/Cas9-hLacl DAS £ sgRNA.Cas9-
hLacl Fik# A LacO-dsDNA HEAAH AR 5 74
IYe N THiRE LacO 7415 dsDNA {4 i
A, T 3 FORTEIAY LacO-dsDNA
itk (& 4A). X HDR-EGFP 45 5 48 it
CRISPR/Cas9-hLacl DAS 45/ HDR #CE 1T
PE Al o B sgRNA.Cas9-hLacl % ik 3% 1K |
LacO-EGFP fit{AF1 HDR-EGFP 45 7k {4 7 e
% HEK293T 4ifit(1&l 4B), Bin[i#id EGFP fHE
At O 2 AN X A LA T8 BT AL CRISPR/
Cas9-hLacl DAS 45/ HDR #0% . 45 R%H
%}F CRISPR/SpCas9-hLacl DAS, 5’ LacO-EGFP
ZH (%) EGFP FHAE: 40 A bb ) i 5 i F oA 3 4l (&
4C-4D); XfF CRISPR/SlugCas9-hLacl DAS, 5'
LacO-EGFP 41/ EGFP FHYEANM LBt & T
HAt 3 Ayt (& 4E. 4F), gk — %t
sgRNA.Cas9-hLacl Fik#kik . HDR-EGFP %
AR F LacO-EGFP HEIA [ 4 e LU A T AL,
ZEREWI AR 1:1:2 BF HDR %4 5 (&
4G-4H), i BTk, AR mA s CRISPR/
SlugCas9-hLacl DAS #1 5’-LacO-EGFP A1
Je 82 () 35 TR 4 4 4
2.4 CRISPR/SlugCas9-hLacl DAS 7+ SH
H[H A mEE

J T B3F CRISPR/SlugCas9-hLacl DAS 4
S AR, AR EMA T E
HEK293T 4ififih sgRNA 1EPEH 5 ) VEGFA 17
A, MR T AR EY sgVEGFA.SlugCas9-hLacl 2
IKEAAFN 5' LacO-VEGFA fitik  7EfbiAfib -

&: 010-64807509

51 Xoal BN A5 , 4 VEGFA i 5 % 4= HDR,
FOA 5 PAM T A9 48 M5 ARIBFOIN 5, FTLA
W3 RFLP 43 #r A6l HDR Zwig50%, 3051k —
UFTHE  [RIEE Rasfil Bh— A8 3k, 72X R AT dsDNA
BEA ) 5454 T 25 bp 5 hLacl % 45 G 6E
FIEE I SCE5# TE R P41 1S

K P % HDR-USR 45 55 4 R 4010y
PLSZERXT HDR 2 BH P 20 0 e S P 3 A (A
1C). sgVEGFA.Cas9-hLacl #ik#{/A . HDR-USR
45 w5 AT LacO-VEGFA A4 1:1:2 Hotsil
LAY HEK293T 41 M, 7% 4% 72 h J5 ST IEERS 25
Rimve, WERAN, $REUER4] DNA, PCR
PHATHRRE S, SR Xba IE§VISZEGAS T HDR
AR AOF(K] 5A). Z59L37H, CRISPR/SlugCas9-
hLacl+5'LacO-VEGFA #1) HDR %% % N
30.5%, f.# T CRISPR/SlugCas9+5'LacO-VEGFA
2[(25.8%)#1 CRISPR/SlugCas9-hLacl+5'IS-VEGFA
2H(24.6%) (K1 5B, 50).

3 WibE4£&#®

7t CRISPR/Cas9 4154k [H] i 48 i 44 8 1) 24
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Figure 4 Results of HDR reporter assay for the HDR efficiency mediated by CRISPR/Cas9-hLacl DAS. A:
Diagram of different LacO-EGFP donors. B: Flow chart of the detection process by HDR-EGFP report system. C-D:
HDR efficiency mediated by CRISPR/SpCas9-hLacl DAS and different donors. E-F: HDR efficiency mediated by
CRISPR/SlugCas9-hLacl DAS and different donors. G-H: The results of the optimization of the transfection ratio of
sgRNA. Cas9-hLacl expression vector, HDR-EGFP reporter and LacO-EGFP donor. *: P<0.05; ns: No significance.
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Figure 5 Genome editing of VEGFA locus by CRISPR/SlugCas9-hLacl DAS. A: Schematic diagram for the
detection of HDR editing efficiency at VEGFA locus. B—C: The detection results of the HDR editing efficiency

at VEGFA locus. **: P<0.01.
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#* 2 A[E CRISPR/Cas9 SR E E4wiE R G R LLER
Table 2 Comparation of different CRISPR/Cas9-derived donor adapting systems

Cas9-adaptor fusion design Adaptor type Adaptor Source Optimization Aptamer Donor type = HDR References
size (aa) method names type
Cas9 X SNAP | SNAP-tag 181 - - 0°-BG 0°-BG-ssDNA SSTR [13]
Cas9 16aa| Avidin | Avidin 152 - - Biotin Biotin-ssDNA SSTR [9,12]
Biotin-dsDNA HR
Cas9 | seRNA-SIm Streptavidin 159 - - Biotin Biotin-ssDNA SSTR [33]
Cas9 | H4-2 | pcv ssDNA.BD 109 Virus - PCV.BS BS-ssDNA  SSTR [15]
Cas9 X VirD2 ssDNA.BD 455 Agrobacterium — T-DNA.BS BS-ssDNA SSTR [34]
Cas9 |30aa| N57 Sleeping 57 Transposase  — N57.BS BS-dsDNA ~ MMEIJ [28]
beauty SB100X
transposase BD
| Cas9 | 16 aa | THAP11 | Transcription 105 Human - THAP11.BS BS-dsDNA  HR  [26]
factor BD
| Cas9 | 15 aa | GAL4BD | Transcription 146 Yeast - Gal4BD.BS BS-dsDNA  HR  [17]
factor BD
| Cas9 | 15 aa | Lacl |Repressor 361 E. coli Codon LacO LacO-dsDNA HR  This study
humanized

X: The linker between the Cas9 protein and the adapter is unknown; S1m: RNA sequences, linked to sgRNA for the recruitment
of streptavidin, DBD: DNA binding domain; BS: Binding sequences; HDR: Homology-directed repair, including homologous
recombination (HR), single-stranded DNA templated repair (SSTR) and microhomology-mediated end joining (MMEJ). —: No detail.

AR T BHETWY FHEHT 28 SpCas9
F—FRBT UL fi B A SlugCas9-HF, — & Vi P4 A
U, HJE 2 EA R S AN A ) R s B
4 SpCas9 I SlugCas9 437l 5 Lacl @& R85,
SpCas9 I 32 RN A2 MK, 1T SlugCas9 {14
WA Z BB, XrFES Cas9 &R/
DLRCFE S A G . AR5 4 R Al CRISPR/
SlugCas9-hLacl DAS, 7 HEK293T 4 fifd Hh 4t %
VEGFA i s 5580 T =441 HDR g . {H st ik
B, B A7 EMX1 ALK 2H S 4B S50
K E] B B ) HDR RCRIETE, 550 CRISPR/
SlugCas9-hLacl DAS H]REEA —E M7 5 25 5
M ATy A6 5T 22 28T 18 20 i Hp A g B 22 S R 2 A7
ST SR 20 I RIE . 5340, KA RFLP 5%
HDR ZCRVEATREM, SR AL, [HAGRIR
T Hb S e HDR (55030720 B 3ol A it
A EES, 2 YBERT iR L & 45 HDR Zi’E
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PO F DR R A SR s 200 M O ok T B B Ui
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TEZIAY CRISPR/Cas9-Gal4BD DAS #F5%
A R B ILE B F (45 A P9 B HOT
ANHESR D HDR FAIHCR!T, 1K 4 v 57/3"-55 3 LacO
RSN 25 A B AR B T3 — i, R A
KA dsDNA HEHAMEFIRTREAF TEH. 5
CRISPR/Cas9-Gal4BD DAS o4t R—ak, A
WFFE i & BUKE B TP SIS INFE. dsDNA 5"
AT, I dsDNA AR 3-lEss i vl e
HBFRIVEEH, W 57353 LacO MIEIINRIN
FMAF . Aad Fad el i Rt — 0 5eiE .



O=EE Z/—MIFEAY CRISPR/Cas9-hLacl J§% DNA X ERERRIBRSR 4215

J38b, Lacl I UE—ME V FRRUERA, FIH
N-UZs I % [X (46-62 aa)Zh & DNA, 155420y
PEARBIFSR H AT LA FEAG I Lacl ZE RS, Bt
HASEIL, RIS I RIRTER TR EHEEXT Cas9
TEPERYSE, ST ORIERE R HDR ZCR A R0

DNA %44 % H(DNA-binding protein, DBP)
SRS DNA FPHI 456X T BEAZ A YA s A
P I R ST R B o EEE AR, FA

TS DNA MHEAERX — 53, Rk B % s
fitt SB100X AY N57 DNA #5445 . AN FE =N
F THAP11 # Gal4BD % 5 Cas9 LS,
WHEGSHR = HDR &M g sg 720, % 3
PE—2 5% T — S R 5 T = S5 3h ) L B A
YR P DNA 4558 1 AR R S P45 & 7
G, sF AT DAVE R B A BT B B A
1 C R i R G IR o

*3 —LBZHATEEIERN dsDNA A EREERERGNERREQREME

Table 3 Several proteins already or may available as adaptors for dsDNA donor adapting systems

Source Protein type Protein or domain name Sequence of binding DNA (5'—3") References
Artificial Transcription factor BD ZFP Artificial combination [35]
Transcription factor BD TAL Artificial combination [36]
Higher Transcription factor BD ATF3 GGTGACGTCATC [26]
animal Transcription factor BD PDRI1 TCCGCGGA [26]
Transcription factor BD T-box AATTTCACACCTAGGTGTGAAATT [37]
Transcription factor BD c-Myc CACGTGGTTGCCACGTG [38]
Drosophila Drosophila Engrailed ENH TAATNN [39]
homeodomain
Yeast Transcription factor BD Gal4BD TCCGGAGGACTGTCCTCCGG [17]
Transcription factor BD CBF1 RTCACRTG (R is purine) [40]
Transposase Sleeping beauty transposase BD N57 N57.BS [28]
Bacteria Repressor AraC araO1l, araO2, aral [41]
Repressor Lacl GGAATTGTTATCCGCTCACAATTCC [42]
Repressor TrpR GAACTAGTTAACTAGTACG [43]
Repressor LexA CTGTATATATATATACAG [44]

VAR, JH DR O A R, B i 2
4 4% (base editor, BE)5 4 % %4 (prime editor,
PE)J/a Bl , BERS 70 i F T PR AL 4 5 /)
Fr B3l AR gk )iz 0 (HR,
BE {XBR T HsbL 2 [8] (1) 2 46, PE BORBESEBLR A
B m AR , 1B pegRNA B2 24 | R
AERC!2 LR ARSI K R B A 32 AR
#i T CRISPR/Cas9 Z SE/1 3 1) HDR K& [ 4 4 5
W& . [E, HDR BCRAER AT Z — A i A i o
(R4 0] 8, CRISPR/Cas9 LA Fit 3 5 4 6 22
e TF RAT R BAT F B Rl R SCR A A

2R BAnA, AR TR CRISPR/

&: 010-64807509

Cas9-hLacl XUHE DNA LA e Ik Rl i 22 48
I+ K HAkAL )G B CRISPR/SlugCas9-hLacl DAS
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