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Fot, P EAFR LA GHEHRRMERAFHRITALR, HERL
A SR, PLAHEE AR LiBTEIT AT I RIRAEE. 20014 3K
TR FEFFE 20065 K EBEZEN 2 KFHEFE, 2007455
2011F I ERFREF ANFHRLEHR; 201155 £2012F £ F T
BRF RN TITERRAZ R . FHRAL T LA TME LT Ao
R Z W T AEL B R R Z ENat Methods. Immunity. elife.
J Exp Med. Blood. J Immunol L& &% Rt X204 %, % Kt AF K
ARRAE FAUR A EE LR, 20145 AR A I9T73H X F F 4%
REM—A, PAEGRAFR. LM, £Nat Methods £ & & 49 FF 7% R
A I, HIeAR BBk 14 69 Cas9 & & F i TR 5 R R 69 fe % Bl 2 e
AIDR:AJE, fEsgRNAE®) 49 3 B LEDNA b, Jooom o 1 220 5T VA REALAY
B A Z AR T X — 7 F R T AT iR N 69 4% 2 DNAS 7] #E AT
%A, TAREAE TH ik, AT AT R TR E R Ih58, RH AELHIL
NN FE 5 & a .,

AIDNT SRR 5583 IEZLEIHIDNA
B dmiEFh R

LrE WX
(PR i i U ERL ST SE, 38 200031)

WE  ERFROSAFMTEE S HRG T ERR, RARMNMREF T2 F R, F
B R T H#AE) B A Felk % kR AAEE R . Rd, BRI T, 5 REZH AT R F R
HREQ TR, RkB KRG GG ERAREZFTRR LR, AR FREAR
REHELA R 09 e A KA, ERILE ek, AHEFAI AL RF A . mAR s ik
JitL o5 o B R Bl A~ 0 B AR %7 45 (targeted AID-mediated mutagenesis, TAM)4Z K, 7T VA f£sgRNA¥Z )
#9 K F4ADNA L, F Ao -Eue fo B 2o AU 6) A = N A 4t R, B = A BT R TR, 44618
1 ih ik, AT AT R TR R A RERFF RO RORA 2. FIaT, £—F % k9 %] 7] (uracil
glycosylase inhibitor, UGI) #9455 8) T, TAM¥] VA #5343 & 69 I 8o ) P Ao 4 3, SR I s a9ty
AR, AT ERTRRRF TR RREST L. AAZXRAHER, CEERWET B mIT,
AR T itk th EARE 69 vA AT 49 Imatinibt 25 M5 & B 3k, 4 A & 209 7H SL3h M DN AR % 431 44
AR, TAMT A 25 A TREO R LA, 4T3t FHRAKRR LT FARK.

KR PRREIRRA; FAE LR, A VEAIDA SRR RA AR (TAM)
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Targeted AID-Mediated Mutagenesis (TAM) — A New Technology for
DNA Base Editing in Mammalian Cells

Ma Yunqing, Chang Xing*
(Institute of Health Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200031, China)

Abstract A large number of genetic variants have been associated with human diseases. However, the
lack of a genetic diversification approach has impeded our ability to interrogate functions of genetic variants
in mammalian cells. Current screening methods can only be used to disrupt a gene or alter its expression. Here
we report the fusion of activation-induced cytidine deaminase (AID) with nuclease-inactive clustered regularly
interspaced short palindromic repeats (CRISPR)-associated protein 9 (dCas9) for efficient genetic diversification,
which enabled high-throughput screening of functional variants. Guided by single guide (sg)RNAs, dCas9-AID-
P182X (AIDx) directly changed cytidines or guanines to the other three bases independent of AID hotspot motifs,
generating a large repertoire of variants at desired loci. Coupled with a uracil-DNA glycosylase inhibitor, dCas9-
AIDx converted targeted cytidines especifically to thymines, creating specific point mutations. By targeting BCR-
ABL with dCas9-AlIDx, we efficiently identified known and new mutations conferring imatinib resistance in
chronic myeloid leukemia cells. Thus, targeted AID-mediated mutagenesis (TAM) provides a forward genetic tool

to screen for gain-of-function variants at base resolution.
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1 BEEHREERmERIR
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R IR RAS IR Z IR EALH I, H
TV B IL H R AR 3 DR o g R I SR 9 A IR
RALGHEKDIRER K F. K, 27 it TR
FESEN AL EREAS S R IR R, A KBS
1T RESRAZ 1A, AR T8I 78 B 1 IR R AR 5 2 R 2
REMIK R
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(N-ethyl-N-nitrosourea, ENU), 5| &5, 4% 1 R
RAZBAH BRI, RABHEN(1~1.5)x107°5, LTy
VRRCREAR, HP AR A T7 1 B, KA KRR AN
—, R TEATRI R, AT AR OR ) TAE R 2
& RAZHINL 5o

YE Dy 40 w1 & B PE % % AL i, CRISPR
(clustered regularly interspaced short palindromic
repeats)/Cas9[(CRISPR)-associated protein 9]/& it 4F
ok J B — i A AR 1) 2 R A gm R FOR, W LA H A
L DRI IH B AN, X 26 8 # E T EsgRNAFK /i
TN, CasOR A TE H KRR VI, T UEEDNA T
%4 (double strand breaks, DSBs), M Ifij % 3 [X] 20 #3F 17
RS, BRILZ Ab, MRuvCEE ISR HNH S #35 [F]
IS} Ak T 2% 3 IR A5 I (D10A&HS40A; RuvC &HNH)),
CasO¥ AN HA IR EFIE 1, Al dCas9(dead Cas9)”,
[FAE AT DA B DR g 8 T . dCas9 BRI BT 1)
DNAFRE /1, (EAB SR W] LAEgRNA 5] 5 T 555 &
IDNAFF A& . B IR F R Y, iR Ry E 1 e
SEBOE R AR K1 5 dCasO E SRR &, REUE RS
T MO BR DT ERFE R 0K . i, dCas95 24N VP16
g #1k 5iKRAB(Kruppel-associated box domain)4h &
BEAT F WOE B . [F I 5 A L) D R S 2 A
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W RE AT R M BAL BRI,

HSRCRISPR/Cas9 /5 % 1] LI i i X DN ABEAT
U, (032 [R T [FJEDNATE & 1) RO AR B S,
VAR 2 B TR BRI R bR, Toidk mn R0™ 4 S
PR AR DR, o fe] v RCHB AR 40 B 9 5N AR
TR SR AR N g 2 DR o 48 0 ) B R PR 2 —

5 ORI AR AS 7], 3 S A 22 R S AE Bk
E2L 4 g 0 ok 2 e mT DA B4 A 2 R 4 1 R e X
SFEAT v B B, A — PSR AR J R AL, X
PRS2 A] 2 X AT m AR A2, 0 F- T BRI Bt J
AR PR, T CAHRAE AT B 10 AR AR, A
CoBAH MR 7 1 2K RO 5 5 1) i P E i 2
(activation-induced cytidine deaminase, AID) & &4
i AR AR o T FE il ATDHR it 1 e it S 356 T il
JRUERE, P2 AEU-GIRIE R . U-GHIBCA e 5 %
o BB—ME, WAL A L HE 5, FEDNA K
AR, PAEC-THMIG-ARRAS . 5 M2, U-GHETR
B R 165 I DN A BE 3646 B (uracil-N-glycosylase, UNG)
DR, F= A e e 7 o, @ s V) B s 5 5l AR
PR 1) B AZ IR AL . AT IBF R R W, 7E9EB
Y AR, AMERIE M AIDR A 8% 2 K| TR, H
AIDIVE FIAL s /D B g VED . D i iR X P A i)
AR H CRISPR/Cas94i A

BT IR 5, RATEE, BiddCas9®m B S
AIDREE, K Wil 7L 304 (7R 240 Ji v A0 5 A8 ) R ol A8 TR 1)

(A NLs

I8 MG R GE(CRISPR)ZE 4, dCas9 1] PATEsgRNA
IRE AR R, K ATDFA 55 251 1) X 35k, ¢ Ho v BL3E
I AIDI & R BE, A 80 = A g AIDAE FH [,
T AEBYH L rf B 55 4 s 356 DR S B AT SR AR, 7 AR 8
fEZHEVE(EN).

2 ¥ )M B I O B 4 B (targeted ATD-
mediated mutagenesis, TAM)R4 £E [a] {4 F0
=

ks IldCas9-AIDRR & 5 [ (1) 1% 1 IR R A8 AL
R, PATE A2 TH M R Y REG, WLkt
B AR A N203TH K 4L b, iZ4t B ROt &
1 R 4 N 28 1B RS FTAG, gh e AL
IRIEH FRIE, R UTAGRA [\ TAC/TATHY, &5
JEEAABRIER RIE . B, @i 8 M EGFPRH
PE 20 L Lo SR i 7 BRAR T R R AT A% . 7R A5 2
Jif o 3L % 7K sgRNAFIdCas9-AID W fif i ki, H:
sgRNAJE £ X EGFP 1 %151 TAGH) L R ii£100 bp
BT 4 sgRNA, [R5 B B ZH A8 i 75 20 i o F
HAID, R8G5 57 dii U, AIDA FIEGFP%
%10.2%, M 3 #dCas9-AIDFI4F X TAGZ 11 %5 1 1
[1)sgRNAZ [FJEGFP %A 2%, EGFP %43 210452
e SEIGZE FAEH], dCas9-AIDRE & 2K [ RE A %44 IE
GFPH & 1L 15 F(TAG).

N T HE— 4k HhdCas9-AID & 45 1 2k %, K

Linker

A: dCas9-AIDR & 25 (178 5 [&; B: #EsgRNA S [F1E T, dCas9-ATD 17 55 BIRE i, F8ARIE IR0 58 17 15 1) s e o
A: AID (activation induced deaminase) is fused to the carboxyl terminus of a catalytically inactive Cas9 protein (dCas9); B: when paired with single-

guided RNAs (sgRNAs), the fusion protein can be recruited to targeted genomic regions to deaminate cytidines in situ.
Bl dCas9-AIDE IR E
Fig.1 A schematic of dCas9-AID design
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fI1#+dCas9 -5 AN [7] B AIDZR AZ 44 fif A, H ), dCas9-
P182X(Cui 1% i th A7 5 Ml Bk T AID 5 A8 44) R4 36 B 1,
FHXSFdCas9-AIDZCRAF B2 f5 48 1. DRI, FRAT A8 H
dCas9-P182X(dCas9-AIDx) AT J& 4L 5156 . A T HIERA
ffy S /2 HH AIDx 5 dCas9fil & 74 K T dCas9-AIDx il &
HERTIR B IhRE, AR S T RS h 73
#Cas9. dCas9. dCas9-AIDx(E58Q)(AIDJIt & M 45 i
FAFAR), dCas9-AIDxFEF X EGFPH 24 11 %5 i 1~ 1114
AN sgRNA, H 4 dcas9-AIDxAEGFP ™% N5.2%, i HAth
M0, X —2 0 45 LR B, 155 2 AIDx 5 dCas9
LG A RN KRG BE PR RRE IR .

T8 U 2 KPR MEGEP % 1 7K ~F- >k 4
TN AT IR IR ANER, 1% R — P LR AR R B P4l
3, EEEE KGRI 570 R I Ik v 3 3 SR A i B
HAFRR ISR =K. DRI, FRAT iR n i I R 21
DNA, i#idPCR¥ H FI3E K EGFPIN 423k 7 %), 8l
illumina =y 388 S0 7 SR AS I A T R TR A

BN YL AIDX 2 1E EGFPHEAN FE R 38 51 7= A
AR ERRAE, IF B RBINE N G1%~2%, 51
R E W&, AR, HHdCas9-AID A £ %) 2% 11
FAD T4/ sgRNA IR 5 240, £920% 1) DNAZ 1
T BN RARGEE; I HIX S RAR FEE A
EGFP}: R P TAGZ L3451 1 R #5150 bp. S5AID
A By PRI AFBA, e g T PEE A dCas9-AIDAH (1) 3
BG5S RARRREE80% LA L.

X sgRNAHE [m] X I8k AT BAR 5 #r, Toib =AM
PEIERI EGFPI& & IR YERE R A4VS], dCas9-AIDxH]
BT L ] [X 3338 Tk 5.0 D P i AT L MEE Ay A AR
M AIDx H fE A% F20% 1 B JE 58 A8 . B L (1) A2,
5 AIDxKT L, dCas9-AIDxfi il 5 58 A AT R 15 1 105
FE v, B A DX IO R A A AR A 1 B4 107 (/B
VL 3), X AR R A T BN A R 0 e Bt
Feb, AR mAT R A K. IR RT L, MR IE T
dCas9-AIDx X il s g A1 5 i nd B & 2 g A1 E H o

3 TAMS|AZ#HHRTH BIERITAID
Xt — 2% e 51 B s 1

R4 AID ) A AL 1 57, ATDCKS o 15 g (C) st il i
FEAE R BE(U). Rk, a0 S AE JEBYH L N i Rk
AID, &7 ECIA TAIG [H] A B 3k 5 AR S A0, A Jy
TR = 1 2, dCas9 5 AIDXf A 2 Ji&, Bt 548
JFIE N2 ke . dCas9-AIDX 4 I A% IR 248

J5 A B N —4k, TR T SR I s — 1A% R, AR
FEAE 2R — [ RAR A

H X P B % 6F dCas9-AIDx ) 28 A8 & 1 1% 4% 42
tH— PR AIDIER T S 8EDNA K HL s g (C) |,
A5f f P g 22 AR I PR B TE (U)o B JE U-GHE LA R
Fhaviz. 2B—Fhavig, XFEEE 7 KRB B R,
TEDNAK il HF 4% fR B, T BRC-TRIG-AT H A% 1 R
RAF, T Rhdris, SR UBUNGYIRR, TE R

GEEAFPRE L . T dCas9-AIDx & & 1 401 i 45 — %%
PEAR, MBI SR 77 10 B N 22 ek, Bt oA
TR 2 R4k, A R TR A AN R ) R SR,
T Ihae k.

B T B Bl 5L AR U5 W) 2 FEAL 2 41, dCas9-
AIDxZE AT 53 7h— Ml 5 2, dCas9-AIDxff AIDx
5 i % 4 72 DNA— 7 51 AR #i 1E . ATD R 5 i
W W I SR VA 1, R AR T 4R E I DNA— 447 771,
B A TERAE FH FE9(A/T)GCN(NTE AT B B )M, 4y
5145 1+ AIDxF1dCas9-AIDX 75 5 1) S8 A8 Bl = | T g
Bl L 2 %, A RABIECH H0AL. AIDxE A % K
E H ¥ 1 (A/T)GCN(NFE T B B %), 1 % T-dCas9-
AIDxH, 7E M HE FiE-1. 207, FliF+147, 4Ff
BRI 5140 4. PR, dCas9-AIDX[G: T B A & R
LA R 9 AR 6 71 R 2 R Ak 1) B A% R 98 T 1)
A, IR T ATDNA— 2551 1R .

4 UGHESTAMMZR, EEHRT LR,
1B HEDNA_EBO{E RIS

UGlI(uracil glycosylase inhibitor){F Jy — Ffi I
WEEH, MW R AR KA AT R, 7T LR B S 1)
FE K 41 %0 32 15 F UNG(uracil N-glycosylase) 115 &,
[ALt, UGLZ2 UNG i 77, fEUNG %44 AID ™ A
PIUVIRR, Toikse s P2, L dCas9-AIDx .
UG 5> sgRN A 51 1 R A4S R 15 2 1075 48
Ho BRILZ AL, IIAUGHS, AT W B s —, R
REC-THIG-AZAS,

UGI 8 H 54 #3217 48 7 dCas9-AIDx 1)
YEF #1125, LAPAM(protospacer adjacent motif))¥ 7]
FINGGH FINRONL . F i N7, R NIEH),
dCas9-AIDx == 22 75 [8] [ J7 41 [X 48038 i R 4%, 1 H
RAL B 151 i A FEPAMIT FI+12F0+1647 . B8 it ) A
TAMIX —F§ i, FATTAT AEDNA B 7= AR R 7 1) R
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S,

5 WESREFHR AR

A T PR PR 25 W, BB RE S I A 4R g
B DR & 1, A2 30 JL 4 R g I6 T 1 SR ik
J&, R J5 I DR S B B, AR 22 i yRg 0 6 2L 1
e T 2. Hoh, g Y FE SR H WDNAHY
AR FRAR T BRI, 2 I IR 24 R ot ik R 24 e A T
2 M () R DAY, 7R A8 MR 4 L I (chronic
myelogenous leukemia, CML)JVE T H, X Ji i 2
[KIBCR-ABLA £ 1) A7 5 5 JE (Imatinib) 25 4], J2& 58 —
AN TER BT B BE 0] P 25 %) ImatinibR] DA AMIATPSE
4+, 5 ABL(abelson murine leukemia viral oncogene
homolog)FiRF4: A, MM ABLE R AL TR G 1, #01
il bR ) AR AT ABAE SR AREA R I, TEABLAE
AT FR) 16 2 PR VA G PR 285 M IR AE IR T IR R AR, R
2525 & ImatinibF) B8 77, 77 AN 25 1. B0 X 48 5%
AR, 25 o3 W T R BEAETT AR — AR 77, BA%
Row N B . Bk, AT, WS ar LA S
Imatinib R i 24 1 FEAZ, W] DU BT 25 FF A 3k
AR 2 RN .

oW 1 % Imatinib i 25 Y A7 s, BT XTABLEE [H] 1)
V% 2 IR VBT 11 85 A 3 G A AT P 45 5 s 7 1) 1k
THsgRNA. TE1E PEBERE (1 10995 40 il RKS62( 7 BCR-
ABLF & FE R )b 2 57 F2 8 R 18 dCas9-AIDxF &
FIIA AL R, B J5 5% G5 5T AAVS 5K ABLIS B 45 1)
B (1sgRNAJE . I 2 3 17 Imatinib 24 47 4b #12~3 4
Jii, BRI S R AL (B YeAAVST sgRNAEY A 8 G2 F A

dCas9-AID

sgRNA)H L A= FBAE T, TS24 20 240 i g H P aa 3k,
PR gl RS TN 2 .

WL ER SR A T 2 4 200 i T RN AR 5 [RI 4HDNA J5,
XFABLFE R S 64 i T AT w7 . 204 o
HraR W, £930%IDNA%F T K EC44T, Bl R R K
AET3I5IRAS . T315LEAECMLIE A R R BLI S — A
M 24 A7 e BRIz A, FRATTIE IO HT A LR
AR o AEfa S sieH, BATEE— 0 UE B X H 5 AR AL
AR DA T K S621 24 74, 41 M i 24 £ (1 56 5 R
fif 345 3k AR HPORE L P AR R SR AR A R b . DAL
A, FRATT 45 SR B, R TAME AR 1T DA 2
O A 75 148 6T H0 1) R 52 1D R AR, AR A
/NG TR RH ELAE R R (1 2540 e - S AR 1 L

6 45

L5 Al R TR 2 8 7 [ R L, B ) PR SRS S T
(1 it e g it % B (ATD) A 5 19 4% 1 1% 9% 7% (targeted
AID-mediated mutagenesis, TAM)#T £ A H A MUEF1)
DhRg: (DIEAAFLEUGLIIYIE BL T, Mo g m LLBE HL
¥ 1) FoAth = AN B B AZ s (2)dCas9-AIDR & & H 1)
W PE AR H T sgRNA, 5 AIDF R 5 10— 2% 7 51 6
9%; (3)dCas9-AID A LA [ i 55 5 22 A i s e (1) 58 4%,
A 3% — 7 AN T DNA Y B FI4E 5, 7T BLKIE
P 1o BTN T 2 8 1Y) 0028, Tk 4 T DN UURE T
2 RN B L ERAE BT HOR, TAMAT L 53
RESRMI B AR, AT 12 N A5, o F it
o FERETT FILE BBRIE /KT | 0 B JE DR # e 1k
SRR AL 1 7 1 (E2) .

Phenotypic analysis

dCas9-AIDR 3 T, YisgRNAFH 5 R I ZE A AIDNA L, BEHLS 5 R0 e R RS 1) mi 5847, AT SEBLPR P S 2 DNAFP A1) 22 AL, Jdid i

ik, Fil T AL R AT DI RE -

Guided by sgRNAs, dCas9-AID fusion protein is recruited to endogenous genomic loci to induce somatic hypermutation in designated DNA sequence.

Subsequently through genetic screening are biological functions of SNVs characterized.
E2 FMdCas9-AIDRAERIFFER ARV RRENTEE
Fig.2 A carton showing to use dCas9-AID fusion protein to induce somatic hypermutation in mammalian cells
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SR -

bR 7 ERATHIE FEAE, S3— 8 FT K I, dCas9-AID
fil A8 A 45 A MS2-MCP(MS2 coat protein) £ 4t 1] LA
A R s g, ;A 2 R B R AR, I H 9w
R D EEINKR, fEPAM L R 50 bp!'™. FIFRATTHY
RINSEALL, 3 A TR 98 1.5 J5 R I, FEUGIAFAE 1)1
LR, nCas9(Cas9 D10A TR AL A) 5 A [\ 5 7 1) g s
W ot T R A5 T DA v 25 5 5 R e ) e g 2
A7, I H ISP RR PR T 18] B8 77 271 04 5 o Bl i,
A6 AT DA SIC I 1 06 (1) SRR R T 02, X LB
FU—HECUE B 5 o) A P e e Ot e A A i IR v 4
TR AAT R 5t il gt — i X
— R M RE VY RAR R R AL (A A/ TR S ) &
i) o
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