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A B Y 38 R Ak S AR MAAR, FAT A RA AR mke laml. Blat, AALATAHEE
BAE AR B S EH ik, T FRNA(gRNA) G & 20k 4= 52 BT 4 B AR e Fml . AL
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Computational analysis in CRISPR/Cas genome editing
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Abstract:  Genome editing is a type of genetic engineering technique to alter genomic information, espe-
cially to insert, delete or change genomic DNA sequences. Currently, CRISPR/Cas system has been emerging
as a precise and powerful tool for genome editing, which is widely used in basic research and holds great

potential in therapeutics. The application of high-throughput sequencing and related computational pipelines
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in CRISPR/Cas-mediated genome editing achieves gene functional screening in a genome wide scale, and

also improves the analysis of genome editing efficiency and accuracy. Importantly, bioinformatic analyses and

machine learning, including deep learning, can also be used to evaluate/optimize gRNA design and to predict

the genome editing outcome. Here, we briefly describe the application of computational analyses in CRISPR/

Cas-mediated genome editing.
Key Words:

bioinformatics; machine learning; deep learning

S A5 K 1) B (8] S =2 &2 )7 47 (clustered regular
interspaced palindromic repeats, CRISPR) & —J37F
U B R B 5 E S DNAF A%, Foah 40 1 2 K]
ZH vh 1) [] [ > 7)) (spacer sequence)l@ I, 1 5 CRIS-
PR T 51 AH 5% () 85 1 2 R4 PR Oy Cas B [ (CRIS -
PR-associated genes)''. CRISPRAICas 5 4 (147t
Wit T 1A G ThRE B UIAASEEY, CasER () 25 5
T IXFRGH R G B R S 10 123Kk 45 . CRISPR
RNA(crRNA) A= B MU R B A DNA ) i . AifF T3
B, RERAR NGRS, SRk B T 2R 0 R A
DNA 751 ] LA 4 b () CRISPR/Cas R 4t il 1) . Ak
Y iprotospacer, Jffix 44 A F|4H 78 CRISPR
sk R e TN S 7 PN T VAR L= S TR v
Y TR P 0T B2 [F] — Fh A IR B ARDNANAZ I, KR
SE ¥ Cas R [ 7] AL S CRISPRIF I L7~ EcrRNA, 3
A 5 AMEDNA T A B ) A A e g P A, Rt
crRNATWR PIE NI FRNAJF ¥ (guide RNA,
gRNA), U5 /1 5 CastZ BR N DIBE X N 1R 1
HMIEDNAZEAT BEff, AT 2 I 20 5 0 M JRDNA )
Gy B, R erRNA AT LLSE ) 5| 5 Cast% 2 P
1) g 1) 1) 3128 100 B #4552 DN AT 1) 193X — e,
JinekZ:P A1 Cong 2! 1 VK CRISPR/Cas £ 45 v 1]
T0E B K ZHDNA 7 1 (1) e 4 f0is , SEBN 1 AR A
ZH KPP of HEE [r) FE DR 1) 15 4% #:4F (genetic engineering).
HAT, RIETBRAEEER B (Streptococcus pyogenes)
[JCRISPR/Cas9 % 4t 1 Jik K| £H 2 i A00358 (1) 9L FH £
21, Cas9fE —ERNAA FIDNANVIEE, @it
sgRNA(single guide RNA)JF %1 5| § K& HXPAM
(protospacer adjacent motif)/ ¥ 41 ¥R, SLILEE ]
DNAFFIMITIEI", AR ) CasTR A, WikE =
IHIA/T 5 4EPAMF 511 Cas 12(Cpf1) 9, 5571
HIRNAJT 51 (1) Cas 13 55 1 85 (410 o i 452 R W - 7
TR A wE. EHEEERS, AFCasHT

genome editing; CRISPR/Cas; gRNA; high-throughput sequencing; computational biology;

E 1A S RNAFAIAE, Cas9fh EE AtracrRNA
(trans-activating crRNA)FIcrRNA A= fsgRNA T 51|
N5 S, TMiCas12MICas13 H 7 EcrRNATE A
gRNAJF Y| 5| SRR H 4R . fEAH, B TER
AT T CasO ) JE [ A g B I, HAh 17 0 FAT ]
H A8 I gRNABEAT Hi A

H£T-CRISPR/Cas £ 4t i) I 15 2] 1 Hmi 20
KB, TR RIS RMEE K H w5
Je ARG DR 2H R g i SR AR T — R
BRI BT AR R 2m " EONE BN, e
7 1M R I (high-throughput deep sequencing)
JAHTE VT E A o3 b B T 2 DR g BRI 9T, SEE
T AE A R R AH KT I 2 DL G A T R AL, R
KA FE T FRATNE AR i 3 Sh A 5 AR B AL 4 i
B — AR e B R R R PR R AR R R
(next-generation sequencing), A~[A]T1£4; ] Sanger
WP He A, AT [E] %k 2 PLE 5 B K FIDNA %3
FIAT R HIME , FEXNAFEDF . A RHL,
BN G R %) 3= DR 2L DA R e s 2EL 1R A 3 4 B R RT
Aeo HI Tl o R i B s, PR REE
PR T @k, X aFEFyIxr. 7
FIPHE . ZRMERE ST ILURES N 4% 55 5 I
JEWtFL, XLEHA] DL N T 2§ CRISPR/Cas )
BERAmwE. BN, V2 00EWE RS IR
]2 MR T gRNA BT $T #E (on-target) U8 LA
J i B2 (off-target) 25 S R N FO PP Al &5 s Ak PR 4
e 108 B I P B i R 43 A AT DA A T AR 280 P Ak 2 B
20 G 4R 1) P BE RN s &5 A e SR 5% 3 A i T LA
[Fi) s 5% 22 A A/ B 22 B0 e 11 ik TR 4 g 60 2K R 04T
RVl , T T RERREMEE ., &5, F
FH 25 D] 20 9 5 Pl = A2 (%) v o 2 00 7 K 38 T JE L
W), IR I T, Al LS AR
A7 R 22 DR 2H 2 B0 ORI N TR e T, 3K KK
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KA e 22 R 4H G B L FH PR 80%

ASCNTHE A 53 BT #EgRNA B 1. CRISPR/
Cas /T 1 FE D5 4H 2 o6 R0 3 AR S A4 Al .- CRISPR/
Cas/rF A B R A i & 7 T R PR ih, g
TR 2155 N T8 Be 73 T fECRISPR/Cas A 3 1
B gm IR A, DA SR BN AT
(A ST 78 2

1 gRNAZH AT EEYFESH

CRISPR/Cas £ 4t [11 4 7] 24 B 3 222 CasiZ R N
DI gRNA T 51 51 5 S FHoxH S 1) 67 23 I 1)
PAMF F1 iR B RSB . PAMR 513 1R 46 )F B
e 5 0B P SIAHAR, HoXFCasER (A 1 Th g KI5 A&
TR, TR CasEE AR, PAMFSIEF
i AR, fispCas9IPAM T 51 H5'-NGG-3',
Cas9% 5 [ 3L [N 4 4 i 7% EsgRNA A &5 K
K isgRNAF ffjtracrRNA 7 71 [i] @ AR, 3
FERM IS T EEI S5 ) FsgRNA E Cas4fi &
T A4 il sgRN A H R erRNA 7 21 ) 4 301t i AT LA 5
417 DNA B AM3E T 5] FsgRNA-Cas®E HE A 14
P EE [ DNASL 5 Rk, R & TH i sgRNAR]
5§ [m DNAGL i3 BRI PFI B AN X,  HEE R DNA
B BHE A G E I PAMST A1, sgRNA-Cas9E
H kAl LS & B4 S R TDNAYIE] . HE,
FE 52 bR B2 I 2 AN [F] sgRNA TR AT BE 2R AT 2 2
fI7250), X 5sgRNA L crRNAFFFI 1 4F 51k L%
) A7 PR A G AR T O B S LR A 00, DRl
s FZRA 20 i 22 Fh R 25 10 ToL 0 A5 28 m] DU T %l By
BT B S A A5 G R [ sgRNA P

BRI H g iR FR AR ) — A R B2
BN, T gRNATE 5 2 K 2 DNA T 71 45 & i
S — LRI, i R JERE 7 7 A5
g ARPS 0 [, R SRspCasOfk L4t A IRPAMJT:
HIHES-NGG-3', 4RifspCas9t 1] LKA 4 25 2 5|
5'-NAG-3'80# 5'-"NGA-3' I3 i [l 1 5eAs 227312

g b, EARgRNAM T 32 BLZ i i 4 4 5L A
7 512 B A AL S R R A A IE I PAMYT )
K TE R, A A2 2 3 o B8 1 R R S B R
Wit P gRNA AR RS — 2 Pk k. HAT, ¥
Z FOEE RV T BT K R T gRNA ST 471
BT (R 1), ARG T 5 IR 4 2 56 1) BIF 2 F0 .

Mo HEASERRZ, VL85 I MRS 27k
AT A T eRNAR B, BRI | gRNA
Bt iR, B, sgRNA Designerifiid SVM
(support vector machine) B A AT RFAEFREL, {4 H]
R [A])H 4r 25 %% (logistic regression classifier) 7l
SgRNAFT IR,

2 FIAREENFFIICRISPR/Casf - FHIEE
HImAE BRI TG

KRR, BLAE T RE AR (efficiency ) Fl i FE
NI (RRE P, specificity) ARG DAt 2 DX 21 4
PSS W G . H R B o B SO A 56 T VA
FEESHC U) %1 5256 (mismatch cleavage assays). Sanger
I (Sanger sequencing ) 46 A1 w7 i 5 W 2 A% 56
S5 o AT RS IOV H1 S A AN Sanger il Ao 46 1Y) i
RN R AR AR B s %), il 7 VR AT — Ik
PEXS R B T 2 iR LI KRR BEAT A I, fE/5
SR TE SR B o R A [ 1) 2% A4 5 X 23 AN 8] 1Y
B SCIR AL, Iy BERAS T O S 58 ) AL
H(E1).

XoF 2 667 Rt PR 2REL I i 3 VR FE U (targeted
deep-sequencing), AJ LIXS H )% B X4 Bl T 75
YR IR P 7 56, SIS G AR R Al B
it & A5 Hr b B9 A2 4R R Sl (variant calling)id
FEIEAL, X g 58 R0 1) B9 20 B B0 4 R R AR A
(mutation rate). d A (insertion)FlEk 2k (deletion)
ST AR PRI B I R 4 M AR
HH N (DAEFRAT JE AR5 & B Frreads: (2)%F
reads U X B S 5L A s (3)FIH F V%R B &7
RIRAR . FEANMGRRAB D (4R TH 52 B s
R 3% H AR AT A DR G i R R W 2 A
IR R IR RER, FHANSHESR, HElE X
S TR G 4 203 1) T SR AF AN RE AT CRISPR-GA.
GRISPRResso. BATCH-GE. Cas-analyzerll }
CRISPR-DAV FICRISPRMatch%5(322).

S o] R JEE U0 e R AR A T R T A 0 ) i A
AL, AHR BT A LE TO0I ) s 22 FE R 55, 1
VR S8 I AR M 4 T A Y00 35 R] 2L 9 4 ) I 28 20K
JER A g FErh, Castl [ YIHIFE R 4IDNA - A
A4 K 24 (double strand break, DSB), i it iH fjl 3
DRI 2 XU W 3R X 4 ] 28 g Cas SR A A AL B, JETT
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CRISPR.mit SpCas9 DNA 7 T Hsu, 2013%" Hsu, 2013%"
DNAJT %1
) SpCas9; S RID; . . Doench, 20165,
sgRNA Designer Rule Set 28 CFD™ 3(
SaCas9 JENID; Doench, 20145
HHF 4
Cas DNAJF; E-score®”;
asY;
E-CRISP B FAID; Xu, 20155, S-score” Heigwer, 20147
7E
FF 44 Doench, 20145
SpCas9; DNAF%1; CFD",
CRISPRscan LbCpfl; JEKID; Moreno-Mateos, 20155 Cong, 2013M; Moreno-Mateos, 20155
AsCpfl FEH 4 Hsu, 2013%"
DNAJT4;
WU-CRISPR SpCas9 FEKID; Wong, 20151 Wong, 20151 Wong, 20151
HEH 4
SscC SpCas9 DNAF7 Xu, 20158 X Xu, 20158
Rule Set 257
Prox GC#'2,
DNA/741; Xu, 20155 CFD"; §
CRISPOR 9FHPAM Haeussler, 2016
FE [R 4 [X 45 Chari, 2015™, Hsu, 201377
Housden, 20154,
Doench, 20145
6FPAM; " Chari, 2015™;
sgRNA Scorer . DNAF%| Chari, 2015™ ¥ »
H & X PAM Chari, 2017%%
SpCas9;
FE R X 455
GuideScan AsCfl; e Rule Set 2P CFD"! Perez, 2017
A
LbCpfl
CASPER E & XPAM  DNAJF %1 CASPER™ CASPER™ Mendoza, 2018

A B RN . 2 A5 72 BLFEBLESS . GUIDE-
seq. HIGTSLL K Digenome-seqa% #fl & 5t T b J5 B
o 0 5 K] 2 56 1) 2 5 DR 2H Bt B A% . . BLESS/2 0%
WU W 2L RIDNA R o FH AR W) 302, 1 kG o
F 2 (streptavidin) 4 3 & 48 I 5 AEAT 4347571,

GUIDE-seq /& /E DN A XU 8 W7 24 [X 35 4% A dsODN
(double-stranded oligodeoxynucleotide)>K 471 DSB
T AT 20 1% HTGT S i Ks 95 4> XUBE e
XA H1TERE, LLS I (translocation) K ric 3
FERIBEAT 0 HT*; - Digenome-seq I 7E (44145 D) A7
AT AR AR AL I R A AT A AT . I LR

VEHESASCHE T, T e BRI A S E )Tk
F M Cas & 1 V) E 7= A2 FTDN A XU W7 24 5K 2 B0 R 4
LA, FRBUES, B8 R & IR ) I e AL
Mo M, REINEWMAESERRRME,
BLESS H &8t Wil [ 5 20 o ik I (1) Wy 24 67 5

GUIDE-seq % 245 = 1 dsODNs# 4L 20 % . HIGTS
WH T+ WA LA L DSBA s E 4, MiDige-
nome-seq & (ER MG MIDSBIAEAE L, b4k, 4
FE K H I (whole genome sequencing)if i 1 4 4
AN RV 2H SR R I ST R, TR Y B 22 R
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Replicate 1

Calling results

Target 1 Target? Pooling library Indel Editing
—_— —— frequency (%) rate (%)
Target3 TargetN | — . Target 1 (Rep 1) 10 20
—— ———— High-
. —_— ——— throughput Target 1 (Rep 2) 30 10
Replicate 2 ——— sequencing Target 1 (Rep 3) 20 10
Target 1 Target2 Target 2 (Rep 1) 33 34
| —— L - .
—— —g— | - Target 2 (Rep 2) 34 44
Target 3 ‘Ta:ggﬂ\l Target 2 (Rep 3) 40 45
B | Target 3 (Rep 1) 1 40
Replicate 3 Target 3 (Rep 2) 3 30
' Target 1 Target 2 Target 3 (Rep 3) 1 20
| pee—— | —
——
- — —_—
Target 3 Target N Target N (Rep 1) 40 10
| T me— Target N (Rep 2) 60 12
T t N (Rep 3 49 9
PCR product of target sequence arget N (Rep 3)
1 SEENFENERRENRTEE
&2 CRISPR/CasERE4migmBENFHIEST TR
THA e Rk 2R
CRISPR-GA T [E YR 2 4H 2R DL R AR AR R 2 BLAT alignment Guell, 2014

CRISPR-Resso BT HAMAFIGL AR, T RARR

3 A B AR B P B (— A 2
&), VIR DA PR B Y L 2H A

BATCH-GE

TR B E, SRftHo 8RE B

Cas-analyzer

3 KT R AT A4 CRISPR/Cas 5 [ 25 4 1 i &

CRISPR-DAV
G or MRS E O NAREGIEVNGIISS

CRISPRMatch  {HHAH NFIG 2, ATRLAL Hox 5 5

Mt GRISPR-GA B VE, HAHLE

Pinello, 20165
sequencing errorfllmapping errorff) 2% [

Burrows-Wheeler Aligner (BWA) Boel, 2016”7

A javascript based algorithm Park, 20175

BWA; Assembly Based ReAlignment Wang, 20175

BWA for alignment, SAMtools, Picard for
You, 2018"*
mutation calling

WU P R P P S R BT R TR R
S 2 W7 A SR B T 517 200

3 BAREBNFSHXITESH, FIR
CRISPR/Casfr R EFARBLNLER
487k T B E RIZh BE ik

I FA 3 4= 3L R ZH KPR gRNASC%E,  CRISPR/
CasA\ 3 11 5% 5] 40 2 3 T DATE 4 5 DR 41 7K P X AN ]
FIZhReFE R/ P A 3 AT gm0, I A il

M FF A RTHE  #r SEIL D Re R R e e g . 5
G FIRNA T3 R (RNA interference, RNAi) A
[f], CRISPR/Cas/ 3 L | £ K ZHDNA
AKX B R R OA R AR, B TR T A X
B, HWrERTREREX. B, s
e 2 5% 7 A1) X AT Dy ee v ik ot e, HL L 4R K
I BAR T RNAGE AR, R4 FHE AR, T
CRISPR/Cas( 7 Z & CRISPR/Cas9)F A fit) 4= 3L [K 20,
ik By 9335 CRISPRAEL [ (knock out) ),
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CRISPRF#L(CRISPR interference, CRISPRi)*/f11
CRISPR % (CRISPR activation, CRISPRa)""",
CRISPR ¥ E 42 F F CasHR [ 10 4% R i 3 14 X 3
A DNAXUEE EAT )], SR 5 3 it IR HE
[ )5 K iy 3% % (nonhomologous end joining, NHEJ) /7
XS UIEIL S BT DNAB R, BT 3F A VAR i &
$en] DL DN A7 B 1 5148 N\ 5Bk (inser-
tion and deletion, INDEL), 33 1fij fifi 153 [X| 4 i [X 35§,
RA RS AV R R IA R v TR A Al
CRISPRFHLEA ZH] FH V) FI e 71 2% 1% 1) Cas9(dead
Cas9, dCas9)iEH, M4 & HEAVIFEIDNAMT
1P By RS VAR S 2 PSRRI RS- 22 P
BT N He S A PR 1 25 45 R BHLAG 22 TR 1) % S
B0 R AR ) H ), il 7R A DN AU
Wi 24 51 2 (f 41 i 75 1Y CRISPRI IS U /2 i it
dCas9 R e S0 I 1 51 N B st i A B ik
MR R RE™ . TR T dCasE A M5
LR, TR ARG ) F17E £, CRISPRiY
CRISPRax 3 [ ({115 S 3 Al (1 i #7,

BE T CRISPR ) 35 PR 2H 7 126 R R 3 22 2 i ad 4%
A el S P AR DT T e . S R
B — N M R — M8 15 1025 1 gRNA SR T 5
BT, DAMRIER — N0 R — AN R P 51 b
SESOUTER A0 R AE A S 2% A CAnIn N 245490 ) i i Ak 2

Jei > Ik I W R R AR S T AR A A A
gRNAF: FEFE I AL FT f5 A8, HEWTHH R gRNA
PR L N ) B 5 AR R AL 2 TR AR T 1
R HE A2 1 773 53 B CRISPR sy & i ik (1)
D 25 FEt s HERR AR BH 4 A BA 1 0o 54K AH 5 3
RESEN B OCE B, ST EOR LR 22 1H L gRNA
F AT RAFEFERZN, gRNAER T Z W
WA TR 51 AR %S (barcode), 38 I K 7 % A 7
BT 2 I 71 L %oF 31 gRN A RTRRBR 7 21 A 2% 2 1 1)
S A b, 0] DL 45 S8 i b o A ok S R
FOARSHER T E Y. BEA — RIS
Mr T H AL AT DA CRISPR iy 5 i e HE47 505 o0 #r
(#£3). H, MAGeCK/&Z % — k% T CRISPRE
B 7 348 4 SR AT R AL TR A BT, S st T
% 1 f4EHiTSelect. CaRpools., BAGEL. HiT-
SeekRFIENCoRE&S i1 73t T H A TR T
CRISPRI il E ik, 534, HTALHERNAIGIE
Bk LS RIS RIGER, 7] LA T-CRISPR
F1 e R B s a7 45 SR AR T

4 HBEFIEERAREFEFHINA

HLS 5 ) 3 B i x Adis 1) A 40 AL &5 8 3
et HIEERE, A O BERER I, JFRZA
KR FNE SE BN TR R 4 ™. R B384 5

%3 CRISPR/CasmiBENaE EEFEREIT LR

T.HRA4 T R7S SR
RNAi [ CRISPRi i i Ty i 5 K HE

RIGER e Rank sgRNA score Luo, 2008
Fr e it ide
SRR R S G i T REFEIN &, A negative binomial model,o-RRA algo-

MaGeCK N Li, 2014
fF5im rithm
AT PLLCRISPRIGHEN 447 26 o , -

MaGeCK-VISPR Maximum-likelihood algorithm Li, 20157

DR(EUHE % SR R i 126 )
LI R 2H R Bk S 06 5 146 T RE Aoz i B

HiTSelect o
ERepiilc
CaRpools 2 B DR 4L ok S 3 7 228 T e A A
BAGEL 2 R R 4 R ok 7 14 T e B TR
) 4 5 LR 28] g o 7 e Ty e A R % T

HiTSeekR .

e

4 LR 2] g o S B0 i s T e A 2%
ENCoRE

(ERepiili

A random effect model

Wilcox, DESeq?2 or a rank based model
Bayes probability

T test, SSMD, Bayes probability

A normal z-test

Diaz, 20157

Winter, 2016"”
Hart, 2016""

List, 2016

Trumbach, 2017
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LA 2.4 B CRISPR/Cas 5 45 5 [F 4 55 50K 45 R 1)
KB LRI Ay, @il EkE %3RS
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ROR B, ST N T 0 R AE Sk v B 70 4
MRBIH . 20144 LIk, HLE % ) I ELE
R R H T AR, ARG gRNA B ke
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PR/Casi il & i i D g2 NS a2 132
¥R 2

%1, CRISPRpred /%A HFC-RES# 4 4
(BLIEERE 17N, 355 3105 gRNA KT $E RN
M%), BT PR EUAL BRI R AE, BT SRR
LA T 206 g RN A P FT 48 23087 38 A7 7 21
CRISTA U R Fi G 01 Ryt 308 2550 7 1) s i 2 00 3 A S 9
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A 15 LB SR A, 2 T DUk 7 40 A ok
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Py Je T s SR 22 ¢ L #L, X%} FCRISPR/Cas R4t
M, BRI EE: ()FEEE™,
AFEGCH . ATCGIIIRFFIE . % SLHH 5 (1) 45
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[ S AR ERY B) Y B FURASHRIE, 35
DNAF AL B/ AT 2 75 A TR U
SOOI () HAB M SSHFAE, WL [ AL 5 S PAMF
FURIFISHALE . 4IH R AR R
FRESAT AL 2 I W Re = = AE M E KIS R,
A A FE 3% R FH T I R AE

HF B2 2% (convolutional neural net-
work, CNN)FJUR 2% 3] SR WLa% 5 2] I i —Ff,
HEKZEHEmAN, BEmAZR. BRE. b
2. EEGEEZANBRZEN0HE, 528535
LR RINESNENSH, WAZEEEZN,
FAF T M BB 5t 4 ot 2 18] 1) B 2R

PERL, B BRI, R ST S
Xt LA o i O R BN 2 4R, 4T
RRAESR L SE A A 4h ML A%, 8 1 [ NCARRAE 1
35 8 17 36 PR P 8 SR 21O A A A 8 X 4 U B
S ST 7510 7 FH 5 TR G A R A T, ) e
gRNAJF B FIHE 7 51 i 7 REGAD v LK 1 5145 S
HEH AL BN TEE, B FRA R
ZRE TN, 38T N NIk R R X 45 BT
WSR2 . i, T Cpfl )% 2 [ DeepCpfl
J5iEPY, S X CRISPR/Cpf1 4: 3k [K 41 gRN A G 45 52
B 25 BB IR B A S L

5 REERE

HFCRISPR/Cas R M F A miEH A, &
Gz N TR R RN R
DA R ok 356 G 5 S5 JEE A RE 5 R0 W R i 91 82 FH F
T 36 3k vy 3 5 W AN U AR ) 40 B T DA AR
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WRRIEFE,  AH G I RNAZK V- G 5 250408 46 F0 i 5 07 7%
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