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The effect of the length of donor homologous arm on
the efficiency of ZFN-induced homologous recombination
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Guangzhou 510006, China)

Abstract: Zinc finger nuclease (ZFN) is composed of an engineered site-specific Cys,-His, zinc finger
domain and the nonspecific restriction enzyme Fok 1 cleavage domain, which is able to cut at a specified
genomic locus to generate double-strand break ( DSB) of DNA. The DSBs induced by ZFN are subse-
quently repaired through two different DNA repair mechanisms, either non-homologous end-joining
(NHEJ) or homology-directed recombination ( HDR). NHE] is prone to introduce sequence insertions or
deletions (indels) , and can therefore produce frameshifts in open reading frames and gene loss of func-
tion. HDR requires a donor template with the sequence similar to the genome to mend a lesion. By intro-
ducing a DNA donor with desired modifications, precise genomic modifications can be achieved at a fre-
quency improved 10° - 10*-fold as compared to the traditional gene targeting method. Currently, most
studies have focused on screening ZFN with higher activity, and improving the delivery efficiency of ZFN

and donor into host cells, less studies have investigated the relationship between the homologous arm
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length with the efficiency of ZFN induced homologous recombination. Here, we constructed a pair of ZFN

plasmids targeting to EGFP and verified its cutting activity. Then we designed a series of donors with dif-

ferent lengths of homologous arms. By introducing individual donor with ZFN into CHO cells harboring a

frame-shift GFP gene, we measured the homologous recombination efficiencies through the flow cytometric

analysis. We found that a 50 bp short homology arm was capable to support ZFN-mediated homologous re-

combination. Increasing the length of the homologous arms could improve the efficiency of ZFN-mediated

homologous recombination. A dramatic improvement (10*-fold higher than traditional method) requires a

homology arm longer than 1 000 bp.

Key words: zinc finger nuclease; double-strand break ; homologous recombination; donor; homologous

arm

BRGSO S U A
T EEA N A, (H R ARG Y B R A T A% M
B AR & R Z FIRG . FEHEIRNE (Zinc
Finger Nuclease, ZFN) J&—7#Fp5&7F J7 9% K 2H 9
BT, MEEEPITRE R SOR AR e Jr ik 1 100
~10 000 f%, ZFN & ¢ 5t U5 DNA 5 51 i
Cys2-His2 4525 ¥ SR 3E 45 5 VR A% IR N VIl Fok
I VIR A A, REMEAESE D 4 s s b gk A T
YI#E|, 5|# DNA X% W2 ( double-strand break,
DSB), %f ZFN 5I# g DSB, 4 g 7] i 1 JF [7] J5 K
W% (non-homologous end-joining, NHEJ) BY 3
[FJREEZH (homologous recombination, HR) PjflA
[ A AT 5 o A [ Y5 A o 32 4 S 2 8 Ty 284
DNA Jr BeARSm i A 7455, Je— o,
W H SAE ZFN YR ALmAb 7=: DNA B3l ARG
(Indel) . [F]¥5 20 AT AR AP 90 [6) 98 A4 41644 ( Do-
nor) VENRARIESE DNA W2, REGE XS B4 52 3]
KRB ALAEM 7 T AT AER , 7 A0
Hr ZEN 52 ) DSB fx =i g L 50% R HEAR & A [R] 4
EiEi g

HH ZFEN 4 5 1 ] 98 3 41 50 R 2 W T 2R
BB N R R R
PRI L TR0 2 L R s A A G SR IR 1B
Wi, oo, A-ELTHE Donor JrBHLEEM 0. 75
~2.3 kb AEE, TEAS R0 40 M FR bR AT B9 B4 A%
HA AR SR & T Donor ] VR K
JEXF ZEN A5 11 [] Y5 B 20 240 5 5 1) 1 BF 9 A0 A dfe
Z o AR — FRINAFH FE B Donor, TR E
ik EGFP ) CHO #liffirh, RS T ZFN /&
MR ZHR0%, KB ZFN W] LAFI A% % 50 bp Y
[ 5 B R SRR EE A, (H 22 SR R A )
IR, Rl K 8K %2 1 000 bp L |,
N4 TR AT Bt Donor S fIfESE

IR Tk

L1 w8

CHO 2 Jif iy F 3¢ B ATCC AR 9y 5% I v O
pEGFP — N1 Il -F Clontech /A #],
1.2 A&
1.2.1 ZFN Rk &ApMHE  ASCPPTER AN ZFN
P Maeder et al "' Hb [ 8 ] EGFP 3L A (1 — %
ZFN (EG502A pairA) ,

fdiFH Vector NTI B4 AR 45 2 BE 2 1y 91) B 4 Y
ZFP [{) DNA 41, il Fok I FEoIBHESG, ditE T4
WA wl AT T NEACIRAL S & . JH EcoR 1 F
Not 1 Xf pEGFP — N1 47 3UEGY), #4& ) DNA
BGOSR, A —XF ZEN [ RB8IA
1.2.2 EGFP # # % % & 4k pEGFP-N1-FS (frame
shift) a9 PIXS5I4) (£ 1), Ll pEGFP - NI
NN, PG A AR A2 (FSLarm)
A (FSRarm) WAy Beo Hp3 4 FSLarm ()R
7514 FSLarm R F4" 3% FSRarm [ L #5149 FS-
Rarm F ) 5" s s 1 AR W BGUIAL o §7 45753
¥) FSLarm Fl FSRarm 43 B FZREH] T 24K, FH EcoR
LATAAL TN T #ifAk B FSLarm BV, 55—
AT 24K E 1) FSRarm P28 & 4 T H 5 H) EGFP
BB (EGFP —FS). J Hind LI Xba 1 ¥ EGFP
-FSYI'R, sekEit pEGFP — NI /&, 3k75 pEGFP
- NI - FS FREAR, 2k Er) EGFP BRI 54 8
AR A (B 1), fif EGFP ™ A #5718,
Tk IEH RBGNIIEA
1.2.3 mpestd  CHO 4I7E S A ¢ =10% Jif4:
MIFHPT (100 U/mL 5% 2R A1 100 mg/mL. 5%
) 1 DMEM BigrHk b A K2 80% ~90% L4
I, oM PBS UE¥ M, SRJ5 FH BRI AL 2 min,
BEJE AL T 2 1k AL, Bl A0 )5 iy 40 i e s =
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~
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\\\ fl s\ingle strand DNA orig
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‘transcription start point

NeoR
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K1 pEGFP - NI - FS Kk A&l
Fig. 1 pEGFP - N1 - FS vector map

15 mL (B0 AT B0, 70 B3 S PR PBS PEik
— i AT L. BOETE BIE, AR HEE
Buffer R (Life Technology) VAR EE AN, 840 My
HEIREA mL 1.0 x 107 M40, A 2 g Bk,
{fi ] Neon 54t 24 (Life Technology) X} CHO 4§
MO R e e g o BRSO M 1 650 V, fik
10 ms, RO 3 o AR gL E HRh 2 I
THEHUERR) DMEM 838 B rp B3 ef, 24 h J5
B FRdk, WINBT, 18 ¢ =5% K1) CO, ., 37 T4
PR AkZe SR 2 d e #EAT iR = B OB A i
FEHL DNA A7 )5 22525 .

1.2.4 #4% %k ik pEGFP - N1 #= pEGFP — N1 - FS
49 CHO mfe #3543  CHO 404y 5 i 5% ¢ pEGFP
~ N1 1 pEGFP — N1 - FS JFokif5, 7E40fks 5L
VSN 800 ng/mL (1) G418, #4741 14 ~20 d [y i
ik , ﬁ’%”%ﬁ%*ﬁ%%‘:{ﬁ pEGFP - NI E/‘J CHOECFP*H

FS site
900

pEGFP = N1 = FS () CHO cpp_ s 20 MRS .

1.2.5 T7EI Bgbpteml o 4141/ 40 B 32 B )
& (OMEGA 7 /]) $2HUH0 M i 3L R 41, fi
D1024 5|¥4T PCR 41 Hi 43 & ZFN U507 53 1Y
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M& (Axgene A1) #lifk PCR =¥, 4lifb)5 1
PCR =5 e il A YE, R4 B4 FRIE k
eI WU DNA, (i ] TTE T X} Bk =ity
Y], W ZEN A G, 23774 442 bp F1 588 bp
IS R BE, BT ATE w = 3% B IR AL -h 43 P
Ko HJEiET Image J AT ZFN (80 BIRE,
iSRG o

1.2.6 AKX JoH w=1% W EE E R L
EE[Y) CHO 4 fid, FIA/DF 300 wL PBS H i HA
AL, 1300 H U8 MR Ak uE B s,
FACSAria I1 3 X 4t il 3 164X #5% 53 2% EGFP [H % 44
Wi, $ERIESE . F FACScalibur 33X 241 il 43 B A
3BT A L 2 L ] 5 R

1.2.7 ARFE KA Donor 8938 L) pEGFP - N1 %
FiAR, fdFH S 4% D489 . D1024 . D1550, D1792
I D2043 (F(EFCRY 1 R B i) 47 PCR
Py, B U S 43 ) 3k A% O 8] 4 FE /9 Donor:
7489 . 71024 . 71550, Z1792 F1 72043 (|&2).

2 GRS
2.1 ZFN 3% EGFP 5 EHA B A=
Rt : STERE Rk EGFP 1) CHO o

J e e ZFN ek gk, 3 d J5 R A G E R
B IOLFRB L, SR (K3 A) ML,

CMYV promoter F1 single strand original
'..,...’.OQ:C,Q:Q:QQ.QC‘.Q.C.:O..:O’
MCS
g 753 1241
71024 753 1778
Z1550 394 1843
Z1792 394 2185
72043 143 2 185

ZFN N.O.site: 1 189~1 194

&l 2 Donor 75 B &
Fig. 2 Schematic diagram of disgned Donors
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Feife ZFN FkFORLEY CHOgop AL EGFP B Y
AMABCRH BN Z (3. B). Hilntrki,

5 um

¥ete ZFN )5, CHOyep 4 EGEP BHE A 41 1 Y
FEBIREAR T 12.95% (3. C),
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[ 3 ZFN X} CHO . 2t il EGFP 2 B 1 R 53 A
Fig. 3 Detection of the knock out effect of EGFP gene in CHO g cells by ZFN
A: CHOyp9EHR A5 B 5% ZFN J5 9 CHO g A IEZEOEIR A5
C: WA EGFP P4 L fil; + = . P <0.01
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2.2 TTEI EgYI# ZFN BE0 21 iE
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&
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g
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z
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5
=
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&l 4 CHO 4iffiBRit Yy GFP 5 ZFN J5 197 s0R i 25 5
Fig. 4 Flow cytomety analysis of CHO cells transiently
transfected with GFP and ZFN expression vectors
% %, P <0.01

N1 JFkrJ5 48 h, DL J%z CHOpp 4 M55 e ZFN 35
JEALJE 48 h, S BIEREGE R 41 DNA i#47 T7EI i)
Kl ZEN 4 S () EGFP 2848 fii %, 25 L An il 5
7%, ZFN X} WBERT 3235 EGFP flfa 5 335 EGFP iy
CHO 41 v ¥y EGFP J [K 35 47 B S (9 4T #0241
oo ok I EGFP SEPR U1 EI30%R R ik 67. 66%
XA AERL R A ) EGFP SEJR (4 i ) FI 3R ik
11.54% , 3% 5570 K U WL 3] EGFP BH A 41 ffd kb
BIREAR A 25 3o — 3

ZFN502
CT T-1 T-2 Marker
Skl —
0 2 000
J 1 000
' 750
500
250
100

K5 T7EI fgb)4h
Fig. 5 T7El assay reswlts
M. DS2000 DNAMarker;
CT: REEYL ZFEN ORI B 5
T —1: CHO AUl #% 4 ZFN 23k Fobi i
pEGFP — N1 JFOkL (4 it 5
T -2: CHOyepp ANAEHEHE ZEN IR JFORLIIRE i 5
VYA P a2k SR ZIEAE S DA 8
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555 &

2.3 ZIN N EHRBEEA

FI 257 3% 19 75 75 A 800 ng/mL G418 i
PR pEGFP — N1 - FS 35 74 ZFN & 45 ] DL
o RS IR LA T AR EGFP %
PRI S BN REIE 5 1 EGFP LR, ASHIFFE o A
SN 489 bp 11 024 bp HYPH Donor 7489 F1 71024 ,
55 ZFN IR ORI AL Y CHO oo 401, 7 d J538
19t WA EE WA R BLAT M [m] 5 < BE A Ry 50 bp
A5 1) Donor 7489 11 ZEN /EFHIT, RILIB I %872
(1) EGFP LA, i3 73 CHO g ps 40 i B2 8T 235
EGFP & (KEl6: A, B), f[FIEE# A Donor
71024 1€ ZFN VEH T o] PLEEER 4> CHO yopp_ps 40 Y
K EGFP ik (K 6: C, D), W 0Hrgi ke
7, 5 HEEYE Donor FXT REAH L, 4% Y4 Donor F
ZFN J5 CHO gpp _ s 20 BURE H 11 B EGFP FHE 20 1Y
LR T X UL SRR W], 7E Donor fEFERT,
ZFN 0] DLAE CHO gy 20 M0 Hh 8 5[] 95 5 2H 18 52
EGFP 34,
2.4 EIRERKEX ZFN /SR EIREAZZEZN

TEVEW] ZEN 7E CHO g ps 20 i HH BAT A0 2[5
BEANINREZ G, AUFFEE— i L e ZFN
F3B BTRL A 55 A 3 Fh ZE K T W] YR %) Donor:
71550, 71792 F1 72043 (& 2), LIS I ] 5 R K
FEXT IR BRI, Y5 7 d, @il won

Z489+ZFN

100 pm

100 um

Z1024+ZFN

100 um

100 pm

GFP positive ration /%

BMBEIEE AT LUK, 5 721024 Donor ([ 6: C,
D) #HEE, Donor [F#EEIER S, CHOpow o AHMEHE
PRI EGFP KRB B2 T (8 7: A -
F) o AT G RARUEN] CHO yopp o A NEIAE A 42
ZIAMIYKE T EGFP %Kik (K 7: G), H4iMi+
(R 24 9 D' 5 B2 55 %) REAH LU o A W 3 MR I d v
(KB 7: H), {£3X 3 £ Donor H1, HHr Z1792 Donor
FAEE 21550 Donor, HAG MU [A] PR 4E K T 242 bp, 7E
ZEN AEF T B R B R S m 729 2% (1A
7. G); 72043 Donor AH Et 21792 Donor, JH: 72 [F]
JEAE R T 251 bp, 7E ZFN fF 1T 52 30 ) 95 20
BRI E T 12.5% (B 7. G), Donor 7489 5
71024 1t ZFN > SR EEHEN T, HEEd
0.8% 2247 1) CHO g _ps ik 2 EGFP £k (K
6: E), HWEZMERARE (K7: 1), 1
Donor 21550, 71792 F1 72043 #£ ZFN 451 [5) 5
HAEM T, 70 % GE % 8.67%, 10.24% FiI
23.15% Yy CHO oy _ps AR EGFP L35 (I 7:
G)o ZiE LS Fh Donor 75 ZFN A I H S2 BL IR I
HAMRCRE, ALK Y (6 I 8 (A S0 bp
If, RPnrsEBUAT RCCHE ZEN A R Rl R 4, Bl
A R I RE R S A, [ 905 B 2 P9 805 AT P v
S B R R PR 2, W] U R
FERZF 1000 bp AL (EI8, 1),

H Donor

B Donor+ZFN: **

0.8+

0.6+

0.4

0.2 1

0.0

-

7489 71024

Bl 6  CHOygpp_ AN H ZEN 4 1 [F) P E L1 45 2R
Fig. 6 Homologows recombinaton in CHO¢pp_ps cells mediated by ZFN
A: HEYY Donor 7489 [N HEA; B: %% 4% Donor ZA89 FlI ZFN 323k it kr (1) 5L 554 5
C: HFeYL 71024 YR IRZH; D2 g Donor 21024 il ZFN 35 FORLA) S50 2H 5
E: iR EGEP FITEANM L] ; = = . P <0.01
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GFP positive ration /%

72043

100 um 100 um 100 um

Z1556+ZFN Z1792+ZFN 720434+ ZFN

100 um 100 pm 100 pm
S N 2 ! g !
= 3%[="poNor § 0[=DONOR = E ;O = DONOR .
£ 25|= DONOR+ZFN| E 50 =DONOR+ZFN g 2(5) = DONOR-+ZFN |p
2 20 . 3 s
2 g 2001 2
5= 15 8 | sk - 3= 15
E - ok . 3 150 o 2 10
: . S 1001 . : o
I B N 5 3
0 l I | J g | I : ! J
Z1550 Z1792 72043 < 0 21550 21792 72043 71550 71792 72043

K7 3 FAIE KB Donor 7E ZFN A T 52 B [a] Y5 8 4 1) 8% LG
Fig. 7 Comparison of the homologows recombinaton efficiencies of three donors with disferent length medrwted by ZFN
A HEEYL 71550 Donor FXTREAL; B L% ZFN F3k BTkl 21550 Donor Y5254 ;
C: HE:YL 71792 Donor BXFREZH; D Shibye ZFN 335 BRI 21792 Donor 452564 ;
E; R 72043 Donor fXTHRLL; F. dLiEYL ZFN 325k ki Fl Z2043 Donor (15256540 ;
G: WA AR ECFP PR Lefl s H: S A ARG I 20 Hh - 56 R
Lo B —SCIR g S AR A XS B2 EGFP FHPEANMI L 22085 = * : P <0.01

25 * F 1 ZFN A E A5 B Y
] HECRTFI IR £ e
20 A Table 1  Length of homologous arm of donors used in
= homologous recombination mediated by ZFN
151 — —
e AT
e & /bp K/ bp
7A89 439 50
51 ki 71024 439 585
|—'—| 21550 798 752
0 71792 798 994

7489 71024 Z1550 Z1792 72043
72043 1 049 994

Bl 8 AN[FEHEE R Donor £ ZFN /EFH T
S [R) R T 2 P ROR A
Fig. 8 Comparison of the homologows 3 ‘E,TJ‘ i/e

SR 7 15 D50 45
‘e P <0.01 DNA RSB E , BoCHE Y — LB DNA R

’ WEEFITE R, X T B3 — R R 4R

1ok 2 5 DNA it S fiis o i A, X e 4
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FHHEATE RecA Zjk DNA B2 H (RecA - family
DNA - repairing proteins ), F 4% DNA %45 & & H
(single — stranded DNA binding proteins) , H 4 77
#H (recombination mediator proteins), iE Kk H
(annealing proteins) % % R G " . T4
FERE A AR R 2 A e/ Donor KRR A f5c /)
EE RN A BE ( minimum effective processing seg-
ment, MEPS) ™', ¢ 32 38 5 i [F) I 41 vp =
(PRI 5 A G o Z AT AIBIFGE A B H MEPS Sy
50 ~ 100 bp, i LAY 200 ~400 bp'™

ANTR) b e ] 5 5 448 52 % T Donor 1K,
WP SRR R AERERE AT LU S8 & 30 bp
%) Donor SEBE ZFN 4 S ) HDR, i { & (%) 5 2H 4b
FARH AR AT, (AR 5 A NHE]T 4 4 5
SRAIEEEEFPE, U Yarrowia lipolytica, H75 4 [A] 7R
BRT 1 kb ARSI RAB L™ . (EL
O ERZAEY R, BOR B R A 2 25 bp [
F LI 4y T [A] B 4H  (intermolecular recombination )
AN, B R R DA A S B g R A [
41, Donor KHEEFH R T 1 kb, SR 4 [V 5 51
2 kb DL b, [ 95 2H AR i ] A R
e U, b T4 HDR A%,
e A R Y R R L R Y (BN N

AWIFFE K A MR P A 50 bp 1) Z489 Do-
nor RV R i [] 5 B 2H 48 &2 98 8 1) EGFP L[ (4]
6: A, B, E), KW ZFN 7£ CHO ZHffarr, n] LIF
A% Z 50 bp Y[R PR BVE, Of HAEDI BRI m 5 75
BB 5 AR AL AR BRI 242 bp WYTELL T, LB
W RIREHBE L, X685 RadS1 &I RE
B AAY 2R 50 bp MY R RISE

ZEN JE SR BB TR . 5RGmIEHAT
E R, A ZEN #E TR B Z e, A
2 043 bpf#) Donor 0] 2P 23. 15% [y R EELL, %KL
RPLET 23 000 £% (23.15% vs 107%) JEBH T
ZFN Z—Fhm s s R gl TR . o, A5
KB, FEA Donor 1, 2o Ay [) P50 K B AT 42 5 W] 5
FLH MR, [A) Deng 7EAL GE 5L R THE h 45 21 A 45
80", CHO gy AHIE 41 EGFP B 58
AL LT ZEN PIRIAL g 20 294 bp 4, A
J& B Donor 1 22N [l P B4 S5, [R]5 H 4 A9 0%
R R . XRY, ERFEEHABE S
£, TIRETT 2 Donor A DSB 22 A — Z5 i 28 28 37
FIBA I BRE A R, B LAABFSE b ZFN 4
S 1 T 8 e X A [ 1% 118 B B A e )
Ko 220 [F]EE ) A A A I 23 CMV S 31

Wk P81, JUHJE 22043 Donor 1) =M 7] I 41
T 143 ~394 bp X B CMV 5 37 IR0 XK,
TR Donor (NN, 7E 7 J5 AL H, Al fiEg
PR BE AL 51 (38 2> 4 i 205 T EGFP, SR id
BRI SRR (B 7. 1), FAVIER AT LU
PR A0 ] 5 A J P LA e [ 9 e R

ZEN - 14 [7] Y50 B 20 303 B ) 0V I e 3
Ry 24 A U VR AR S A 1 000 bp
i, FIEEARCRA BRI e R . AT
PEZRAESL v ity BEM I ZFN 25 5L R 21 2 4 TR 51
BRI IR IR A%, £ Donor fif, N fif ]
TR FARE R RE IR E 1000 bp DL L
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