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11 sgRNA BF AN HEAE T 76 DNA /K- X SNVs 1
FERIE %, IR IL T 78 88 KSR E 28748 1)
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1Eo RN RN HBR T 2B FE A BRI i R 40
(AR ASN , BEs 788 ] 057 s 1) 2 4R SR A2 PPAl
SR RIS WMEE I, JUHIRE X R — SNV
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https://github.com/wendyw630/BE-dot.
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H python Bio #2 5 f ) Entrez.efetch ik, X URL
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SIGNIFICANCE” . “GENE_ID” . “CHRPOS” .
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) cDNA ZKF- [ 584815 B, W LAAH 3] SNV iy 2848
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ABEs; &7k G—Ca C—G, %1 CGBEs, #iE
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BE. K SNV FE KL BE 14 g 1 A0 &4 B 8
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(%) sgRNA A% 1% SNV $EA TR 1B 52 5 #5471
N BE A] 4B 1 B A SNV 58748 J5 15 5L, ) a] fiE
K294 (bystander editing) , U1 SNV A8 2
% R 55 g v LUE R SNV X H R A2, )
1% BE M AR B 1 sgRNAC K “Tal X"
1.2 FrEEEE R

BE-dot # It 7 I Jiit $ & 3% 19 T 2 A Cas-
OFFinder, CALITAS., CFD-score., uCRISPR,
BEdeepoff (1), Horfal FH-F Fl i i #8457 55 A4 T
FL A5 Cas-OFFinder fll CALITAS; u] f] T #il{l] BEs
FE IR AV A 4w B TR PR 9 T B A CFD-score
uCRISPR ., BEdeepoff, T IAMBEHLA & 1 T
R J& 3 T Cas-OFFinder A9 2 45 B b 17 S 5 06 P
T

Cas-OFFinder 7F 53T 1 3.0 A 58 /& i A v 4 i
T X DNA 2 . RNA YRI5 &, BIIA A7 7E
sgRNA 5 DNA Bt % o 9 25 i S 55O A0 45 79 B 4
TEARW ST, BE-dot i & B BIASBUR . fF1E
DNA [ 507 RNA [ 5 K{E M 1, sgRNA-
DNA S5 F 5t KAE M 3. CALITAS % B BN S
#rf DNA (™ AT RNA M S50 KN 2, sgRNA-
DNA S5 BCECH 3,
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designsgRNA_optl

OTprediction
_—

OTannotation
-

rsID or Candidate BEs OT sites OT products
SNV-+100 nt with sgRNA with efficiency functional annotations
- OT profile
designsgRNA_opt2 prediction tools: ANNOVAR )
€xonic:
. o . stop gain
Screening conditions: Cas-OFFinder nonframeshift substitution
BE type, CALITAS
nonsynonymous SNV
PAM, CFD synonymous SNV
editing window uCRISPR ynony
L1255 iid ncRNA _intronic
intergenic
[ |:BE-dot module : Third-party tools
Fig. 1 The overall workflow of BE-dot
Table 1 List of 5 OT prediction tools contained in BE—dot
Tool Mechanism OT site prediction Reference
Cas-OFFinder Alignment-based mismatch [14]
CALITAS Alignment-based mismatch [22]
CFD Hypothesis-driven mismatch+score [15]
uCRISPR Energy-based mismatch+score [16]
BEdeepoff Learning-based mismatch+score [17]

CFD 154y ] LAY A 37 sgRNA-DNA PR
LA FI PAM P 143, Horfr PAM P 411553 #
DU 2 25 F WL CRISPR/Cas9 454 #H [7] sgRNA . A
] PAM J7- 51 s g 0 35 AR 20, H PAM P41 11
TWEELE PAM T HI A NGG 1 AR L i 2 45
TRMEE FH . BE-dot %5 7+ T CFD 1343 H1 X PAM J751)
FIATHIER S, PREE T HXT sgRNA-DNA VL% DAY
15

BEdeepoff J& 3 T 1L 4] Y sgRNA- i 4! DNA (5
W, 2 A ABEmax A1 BE4max B0 3L 4
HHATTENUHE DNA FAYgniB R0, H a5 5] F A
1 ABEdeepoff, CBEdeepoff. 711 1) sgRNA-Ji

HUDNA Y, FE T SAEEA . BRI
i, A itk BEdeepoff 7] X 1% A DNA B¢ RNA [y 2 119
OT {37 A AMUBL B 1% P () 50 . 1 F CFD FlluCRISPR
LB JC DNA 3% RNA (™2 1 OT 37 15 A ¥ %
[, A Cas-OFFinder $% £ (19 OT {37 45, b 5
sgRNA %5 B UL iy OT />~ CFD 11 uCRISPR ¥
B

JH 1247 BE-dot Y [l S8 SO A L), A 2%
BerE UL (I 2) f A FHN G =40, b,
OTprediction B AT 4 SR ML T BINE, B
J& mismatch _number ( 2R 1A {H HL 3) . DNAbulge
(ERINEHCT) . RNAbulge, (ERIMEHL).,

usage: BE-dot.py OTprediction [-h] -BE BE -grna GRNA [-genome <file>]
[-mis MISMATCH_NUMBER] [--DNAbulge DNABULGE]
[--RNAbulge RNABULGE] [-o OUTPUTPATH]

optional arguments:

-h, --help show this help message and exit

-BE BE BE to do OT-prediction

-grna GRNA Single gRNA sequence to analyse (20nt)
-genome <file>, --target_genome <file>

Genome to search off-target sites
-mis MISMATCH_NUMBER, --mismatch_number MISMATCH_NUMBER
Maximum mismatch number considered in aligning.

[default:3]
- -DNAbulge DNABULGE
[default:1]
--RNAbulge RNABULGE
[default:1]

Maximum DNA bulge number considered in aligning.

Maximum RNA bulge number considered in aligning.

-0 OUTPUTPATH, --outputPath OUTPUTPATH
Path of output file(s)

Fig.2 Screen shot of command lines of BE—dot OT prediction
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Y 15,5875 . BE-dot 4 OTannotation AR S B TR
A OT A 5 AT W i 25 SR A 755 4%, IR 45 A
MR G Bl ANNOVAR ) % A SCF
e

AR YRS B PRI BE 4 FK, BE-dot #4454
BE WY BSAE L 4RA R M i o 11, 3 D) JB A8 P 4] 1
AT R g fE 00 3, H 28 BT AT RE 9 10 A0 2 4 2 S
THL .

2 & R

2.1 i%itsgRNA® R B %645

rs80357410 j& A 17 5 YL IR A 5E 43 124 027
P T T 3 C Y% 5848, ClinVar ZE 2
(B s Hf T BRCAI 52K, ZWHF58 W%
SNV 55 2L B AN S ARG 2, Xf i, ffiH BE-
dot 1 sgRNA ¥ 11T e £ 1T A% 1F I o5 5845 1Y) BEs

F1sgRNA

iz T T oA
designsgRNA optl --jobID job001 --upSeq GCGTT-
GAAGAAGTACAAAATGTCATTAATGCTATGCAG
AAAATCTTAGAG--downSeq GTCCCATCTGGTA-
AGTCAGCACAAGAGTGTATTAATTTGGGATTCC
TATG --mut C --wt T --codon_frame 1 --outputPath /
path/, A A% SNV 7E dbSNP 4k 2 oA A G il 5k,
Frlhnliz {7454 . python BE-dot.py designsgRNA
opt2 --rsID rs80357410 --outputPath /path/

sgRNA 1% 3145 5 132 2, BE-dot AL A i i
YA P REXTIZ SNV R 1& B (14 Target-AID-NG,
xBE3. SpRY-PmCDAI., SpRY-BE4max. It4h, fE
TE 45 11 BT K P18 52 11 B8 5 2 4 4% A7 BE-PLUS
evoCDA1-BE4max. /& EATHI4HEE HNER T H
PR C, SO sy B 7 nt b A E—1 C,
HiZ C AL T 1Y %54 ATC, SE Hbrdm 49
ATT [F R S e 2R . 1 T BE-Hive ' H A6
FHYBEs REVA IR, fEARUAHIE P REEA T R AR
i ¢ A 4 CP-CBEmax-variants, H: Tl il {§
(Z-score) “H-0.19, WK T FEIHKFE,

python BE-dot. py

Table 2 BE-dot’s sgRNA design scheme for correcting rs80357410"

BE sgRNA BE-Hive
CTATGCAGAAAATCTTAGAGCGTCCCATCTGGTAAGTCAGC®
Target-AID-NG AGCGTCCCATCTGGTAAGTCag NA
xBE3 TTAGAGCGTCCCATCTGGTAag NA
SpRY-PmCDA1 GAGCGTCCCATCTGGTAAGTcag NA
SpRY-BE4max TTAGAGCGTCCCATCTGGTAagt NA
SpRY-BE4max CTTAGAGCGTCCCATCTGGTaag NA
SpRY-BE4max TCTTAGAGCGTCCCATCTGGtaa NA
BE-PLUS? AAATCTTAGAGCGTCCCATCtgg NA
CP-CBEmax-variants’ AAATCTTAGAGCGTCCCATCtgg -0.19

YThe marked sequence contains a SNV, upstream 20 nt, downstream 20 nt. The letter in red is a mutational base. Among sgRNA bases, letters in

blue represent the editing window of the corresponding BE and lowercase letters are PAM sequence recognized by BE on target site. ?Synonymous

correcting BEs, BEs without “b” mark are precise correcting BEs.

BE-dot 4§ A\ T CGBEs, I LS % 2 Ax 2 Al
HC—G R G—CHISNV L IE, HIFLIAANRE %
FIH ABEs. CBEs #1744 1) SNV A 1 7] G2 2
BI7% . Goit ClinVar BUE R hptic st “BomiE”
AL CTTRE EAT EORTE” A9 SNV gtk 43 925 4%,
HP C:GRAZNTARSNV G K, H200918
s ATRZE N G:CHISNV 1 15%, A 6 410
A5 C:G—G:C 5 11%, 37044 (K3a), FIH
BE-dot X L I 3 Fli 2 AR 2 RU (1) SNV S 1144 7 %8,

AR A B g R, w] LOXT
15 724 HAA AT e BA BORPER C.G—T: A RAE
AT IE, A:T>G:CRgEMNA 52721, C:G
—G:C A 4aA 13061 (E3b).
2.2 TRNBERY R 28 EE AT L H5 S BEsflsgRNA Ky
yrited

JEHE P PP, BEs U B E s T, FA i A
5P BEs A A vl g & R B I R B H . X F
rs80357410 B&iT 1 8 4~ 1l 11 BEs, #5445 A X}
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. B : Precise
T—G:
14%
25+
C:G—A:T
15%

C:G-T:A A:T-G:C C:G—G:C
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Fig.3 Pathogenic SNV type and BEs editable SNV ratio

i) sgRNA HEAT IS TN, 3 OT 4 B8 T BEdeepoff FUiI i #E 4 5 A5CR KT 0.2 (918 5% o
Y25 SR UL 4a, TSR, Cas-OFFinder #il  fH T° CFD £ uCRISPR H BEXT sgRNA Fl DNA K Jif
AR 2% 2 T CALITAS N ECE (Foxte  —SODCESH m R, R b g s i i e
K96, P=0.004 534) . A% T PAM J¥%1 NG Fl %13k [ Cas-OFFinder il CALITAS il 45 % v it G
NRN i BEZ: /I, PAM £51) 5 NGG i BE-PLUS FIl  DNA 8 RNA "W B350 o IS SRAEAE X 4 i 4
evoCDA 1-BE4max fé% PRI 2 90 B o8 T IR S s A R TS o HE 44 E%ZIK Ay, Hrb s
P BGERD, FrRtiios . FEAERCRE AT Pk B AL s T 17 5 G {4 1K 43 124 016~
DRl P EIN Elfa‘hq BT, BAGSEESE BE-PLUS 8% 43 124 0381, 5 sgRNA JF31] FEXFISHY 5355 12 457
evoCDA1-BE4max. DFEAEEEETE . 5B L Barbr, RSN FEE

BE-PLUS 7 it #8475 A ) 2 5 15 PE # i BE-PLUS X0 ) gRNA 18 17 5 4L {6 {A 43 124 016~
CFD. uCRISPR. BEdeepoffZ5ifi (£3). F3{f 43 124 038 AY/BLAL,

(a)

BE-PLUS
SpRY-BE4max-CTTA 2275
78
SpRY-BE4max-TCTT 2983
<
&
3)0 SpRY-BE4max-TTAG 1484 Software
% . : Overlap '
SpRY-PmCDAI 2342 : Cas-OFFinder
B :cALITAS
Target-AID-NG 940
xBE3 685
1000 2000
Quantity : CALITAS : Cas-OFFinder

Fig. 4 OT quantity and BE-PLUS system’s OT site distribution
(a) Number of OT sites predicted by Cas-OFFinder and CALITAS for each editing scheme. (b) The Circos plot shows the OT site distribution of
BE-PLUS editing scheme on the reference genome (hg38).
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Table 3 BE-PLUS cleavage efficiency on OT sites corresponding to different prediction tools
OT seq Chrom Strand Start_position CFD uCRISPR BEdeepoff
AAATCTTAGAGtGTCCCATCTGG 17 - 43124016 0.54 3.15 0.71
AAATCTTACAGtGTCCaATCTGG 17 - 43 168 169 0.14 0.77 <0.2
AAATITTAGAGgGTCCCATaAGG 14 + 78 409 864 0.14 0.61 <0.2
AAATCTTAGAGCagaCCATCTGG 21 + 20 364 525 0.00 0.38 <0.2
AgAT-TTAGtGtGTCCCATCAGG 6 + 106 973 011 NA NA 0.29
cAgTCTTAGA-CGTCCCgTCAGG X - 153 703 521 NA NA 0.29
AAATCT-AGAGttTCCCATCAGG 2 + 89 961 281 NA NA 0.28
AAAT-cTAGAGUHTCCCATCAGG 2 - 89 221 144 NA NA 0.28

2.3 xR SEAREE PR T I G I RR AU L AR 2445
XiF 1 7 1Y BE F1 sgRNA 247 I #8513 19 70 By
J&, WAL LA FH BE-dot Xif iR XU Al 6 #EA7 s 0E A
FEE I T . 454 rs80357410 5] R B3
3 TR 0y 4 A~ B f e DA g 4R TS PR AL,
Cas-OFFinder 121745 R HiX 4 /7 i B9 AH N 12 5 92
WSk, VB Ryt A SCH 4ots BE PLUS.txt, 1547
4> python BE-dot.py OTannotation -BE BE-PLUS -i
4ots BE PLUS.txt -o /path/, RV AJ 5 2 4 fit i #0

SNV A A 1ENL, A5 7 RkzAdsR (F£4). #
FH ANNOVAR SCH 5T g v B8 )5 15 81 & A= fE 4 2
T XA SNV A 114>, J& T BRCAI FEH N F 17
SRS 43 124 03517, JE[A LRAE; KAETE
PR TR IR ] X% SNV 3645 647,

LE4A DL E4y T, BE-PLUS % 7 ) gRNA JL 45
FESERIZH AT A e RO TG M o, R A
FEAR S IE R B =W . B~ A A E

IS4
2 uﬁl o

Table 4 The list of all possible editing products on BE-PLUS 4 OT hot sites

Chrom Start End Wt Mut OT site, strand [editing position]
17 43 124 035 43124 035 G A CCAGATGGGACACTCTAAGATTT, —[5]
17 43 168 188 43 168 188 G A CCAGATTGGACACTGTAAGATTT, -[5]
17 43 168 184 43 168 184 G A CCAGATTGGACACTGTAAGATTT, -[9]
17 43168 184 43 168 188 GTAAG ATAAA CCAGATTGGACACTGTAAGATTT, - [5, 9]
21 20364 530 20 364 530 C T AAATCTTAGAGCAGACCATCTGG, +[5]
21 20 364 537 20 364 537 C T AAATCTTAGAGCAGACCATCTGG, +[12]
21 20364 530 20 364 537 CTTAGAGC TTTAGAGT AAATCTTAGAGCAGACCATCTGG ,+[5, 12]
3 i i DN = My I RETE R SE R iR . O FH P 4R AR

Bl B AR B B T IZ N T, R
AR B E SE 1 sgRNA B 28k 3 7 5K o
X, ©F ZA4 sgRNA & it T H [m i, 41 BE-
designer. BE-FF. beditor. 4 /YA HF 1iilll BE
IR AN Y T HA 2 Iy T el 28 ML T LU X Y Cas-
OFFinder 3 fin 8| 3& TR . HTHLA . BT
At S Z RS AL TH e 20 AR OC )
B2, Ay TEX sgRNA . i
PO RGO PA BT U 1) D) R 1 2 50 B ok AR A T
A, B XS BEs B S AL Ih REAH R Y 20 T R AL
AV

T, ARXHFK T BE-dot, L TANTHH
FURAE SNV, B AT 52 A sgRNA BT, Jid #4501 7

DNA 7KV FilE [ B K P B 5 5 — SNV I i Al 3k
JH ) BEs LA & Al #% 3 sgRNA . BE-dot | ] 4~
AL ) L N A P, S ) M A A
ML, R TR - T HA R LA, BE-dot
ATLLE sh 5128 AR A7 s AL BT vl RE R SR, IF
%3l ANNOVAR 728 53 7R BEIr 2R (A% =X, (45
FH P e 77 8 PR AR A5 R S e ™ A A D e S T

MRIEHAT IR EE R > 2, LT 554 BEs
JIEHE B DR 2R 0 TC A B B 4598 . BE-dot % [ % i 41
FAY T B i sgRNA JFFIARRIE S R B, 55
Ak, YT RAS () BE-dot BY 2 BE AN T [ 5 K 4
GRCh38, ko ZFiEHal, ¥ RHN P
I
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ARWFSEEESE T — % SNVs BT BA T L 4 5 7
SN AR T W AR A T e G 25 4y
#r I H——BE-dot (https:/github.com/wendyw630/
BE-dot) . BE-dot fE T Ms I gl 7 Rl & T
27 f CBEs Ml 12 f ABEs. BE-dot A {424t T 7F
DNA K F RSB E 5, 4t T & i
KV LR SUER 5, BEFHC AR BEs XL
AIREZ 1 SNVs S it Iy 58, [, B =
J5 T.H BE-Hive X} g 77 58 B bR 2 i 350K 57 7 90
W FEVPAL g8 07 2 AR AW B, BE-dot 44 A

T2 T, TR E I A,
Y 5 P A 7 R G e R TR ) R Y S
BE-dot fE 2 7> {151 2 Jir 5 1T BE 114 i 0 25 i = )
FEATHT T UL =40 A7 T P 35 A1 £ X 3 L2 B 0o 3[R
LIHERY RN . fdi ] BE-dot 1 sgRNA I g,
FH P BRI SNV 1 rsID 849, & SNV 78 4 23
101 nt () DNA 741 J2 SNV Jiff &b (1) 42 FE 18R % 5 1 )
BEHE . 4RI BE-sgRNA i )7 5 L K H An g 1) 3k
PRI 2 SCA B AT R T R A7 A e T

55 H Al 5 AR T, BE-dot B K SEEL T ik 3T
SNV BRI 58 . AR PEAL LK #E 2 68 52 i 114 ¢
R, X G R ARG AR RO D &Eﬂﬁlﬂ%{ﬂ\“
EHMAAT T M. BN EY R8T
AEEE SNVs B4 7 R IE0 7 %%L\i\ﬁéﬁ
LT IE =

Z %X x
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BE-dot: a Tool for sgRNA Design and Off-target Profile Prediction of
Base Editing”

WANG Ze-Lu, LIANG Jun-Bo™, WANG Xiao-Yue™

(Department of Biochemistry and Molecular Biology, Institute of Basic Medical Sciences CAMS, Institute of Basic Medicine PUMC, Beijing 100005, China)

Abstract Objective As a powerful tool in correcting genomic point mutations, base editors (BEs) show a
promising prospect for biotechnology development and therapeutic applications. While editing the target single-
nucleotide variant (SNV), it’s primary to select competent BEs and design single guide RNA (sgRNA). Currently,
although there are multiple sgRNA design tools, no tools are available for integrating the design of sgRNA with
the assessment of the specificity of BEs. Methods 27 cytosine base editors (CBEs) and 12 adenine base editors
(ABEs) were used to design base editing schemes. BE-Hive, a third-party tool, was provoked to predict the
editing efficiency. The off-target profiles of editing schemes were evaluated by using a combination of multiple
off-target prediction tools. Finally, all possible off-target editing products were calculated by considering both
base editor types and off-target sites, and then ANNOVAR, a variant annotation tool, was called for functional
analysis of off-target products. Results We propose a comprehensive tool, BE-dot, which enables the complete
process from a given SNV to designing sgRNAs, predicting off-target profiles, and annotating off-target
products’ functions. Besides providing precise correction schemes at DNA level, in order to expand the range of
editable SNVs, BE-dot can perform synonymous corrections at protein level by degeneracy. When predicting oft-
target profiles of single base editing systems, BE-dot integrates multiple tools such as Cas-OFFinder, CALITAS,
CFD, uCRISPR and BEdeepoft, which allows BE-dot to evaluate the specificity of single base editing systems
more comprehensively and provide users with consultations about BEs and sgRNA selection. In addition, BE-dot
can automatically analyze all possible editing products at off-target sites, and convert them into avinput format for
functional annotation by ANNOVAR, avoiding the tedious manual annotation. Conclusion BE-dot designs
editing schemes for applying base editing to correct or introduce SNVs, and comprehensively evaluates the

editing scheme in terms of editing efficiency, off-target profile, and off-target functional impact.
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