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Prediction of CRISPR/Cas9 off-target activity using
multi-scale convolutional neural network

XIE Huanzeng, HUANG Lingze, LUO Ye, ZHANG Guishan”

College of Engineering, Shantou University, Shantou 515063, Guangdong, China

Abstract: Clustered regularly interspaced short palindromic repeat/CRISPR-associated protein 9
(CRISPR/Cas9) is a new generation of gene editing technology, which relies on single guide RNA
to identify specific gene sites and guide Cas9 nuclease to edit specific location in the genome.
However, the off-target effect of this technology hampers its development. In recent years, several
deep learning models have been developed for predicting the CRISPR/Cas9 off-target activity,
which contributes to more efficient and safe gene editing and gene therapy. However, the prediction
accuracy remains to be improved. In this paper, we proposed a multi-scale convolutional neural
network-based method, designated as CnnCRISPR, for CRISPR/Cas9 off-target prediction. First,
we used one-hot encoding method to encode the sgRNA-DNA sequence pair, followed by a bitwise
or operation on the two binary matrices. Second, the encoded sequence was fed into the
Inception-based network for training and evaluating. Third, the well-trained model was applied to
evaluate the off-target situation of the sgRNA-DNA sequence pair. Experiments on public datasets
showed CnnCRISPR outperforms existing deep learning-based methods, which provides an
effective and feasible method for addressing the off-target problems.
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Table 1 The distribution of positive and negative samples in the experimental dataset
hek iGWOS  1I5 116 k562 111 112 113 114
Number of positive 536 1 850 54 56 120 2273 52 3767 354
Number of negative 132378 443 071 95775 383 407 20 199 2580 10077 213966 294 180
Total 132914 444921 95829 383 463 20 319 4853 10129 217 733 294 534
IR" 1:246.97 1:239.50 1:1773.61 1:6 846.55 1:168.33 1:1.14 1:193.79 1:56.80 1:831.02
* IR, imbalance rate.
Production process of benchmark dataset
Raw Distribution of positive and Distribution of positive and negative Integration One-hot sgRNA-DNA Benchmark
dataset negative samples samples after undersampling with data encoding pairs dataset
hek Number of positive samples: 536 Number of positive samples: 536 1 i s
< Number of negative samples: 132 378 ™ Number of negative samples: 736 #16 | b o ol o
0 00 wl @ 0 o
Number of positive samples: 1 850 Number of positive samples: 1 850 B I ol 11 o
bl Number of negative samples: 443 071 Number of negative samples: 2 050 olol1 | lolelt
Number of positive Nucleabase] Encodings T TlTe i =
Number m:pusili-\c samples: 54_ i I\:umbcr olzposili}'c samples: 54_ L samples: 2‘6I0 ) A > Combine sgRNA-DNA > Benchmark
Number of negative samples: 95 775 Number of negative samples: 254 Number of negative L6 | ) e Tolo
samples: 3 616 C 10,0,1,0] 3 s S =TT
Number of positive samples: 56 Number of positive samples: 56 1 10,0,0.1] i1 T 3 1 HrE
Number of negative samples: 383 407 Number of negative samples: 256 1515 Tl
Number of positive samples: 120 Number of positive samples: 120 e e (1:\ tlele
202 Number of negative samples: 20 199 Number of negative samples: 320

1 HWEEREREEREE
Figure 1
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Flowchart of building the benchmark dataset.
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A A
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Previous layer

2 Inception vl 4544
Figure 2  Structure of inception v1.
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B 1x1,4x1 ., 8x1 B RIZ M 4x1 BtAL)Z).
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~ s

Conv2D Conv2D Conv2D MaxPooling2D
1x1 1x1 1x1 4x1
Conv2D Conv2D Conv2D
41 8x1 1x1

Batch
normalization

Dense

Dense Dropout
(128, relu) 0.25 (92, relu)

Dropout Dense
0.15 (23, relu)

Output layer )<

3 CnnCRISPR %244
Figure 3  Architecture of CnnCRISPR.

(3) CnnCRISPR nd: # CnnCRISPR Z#4 dropout
JZ; (4) CnnCRISPR nb: ¥ CnnCRISPR % BN
2. 4 RIRPTA BRI ROC 14 F1 PRC HhZk
fya#, "TLIAEF] ConCRISPR ) ROC F1 PRC
MR 390 TR A ki )7, FFH CnnCRISPR
i ROC <k T AU PRC #h4: T AL T34
MR RIAR A, AN, 3 2 0 SR AV IR R
TIN5 PEM A SR T LA i, TEie SRR |

A A F1 4380, CnnCRISPR 58 (1) fir /5
PENFE PR T HAER, FB T CnnCRISPR
FRAERT T CRISPR/Cas9 M 4815 it 2 AT f%
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1.0 — 1.0
,I
,I
0.8 P 0.8F
,/
/,,
0.6F ,/’ g 0.6
o # Z
& Vs g
0.4+ P £ 041 .
’ s Fonfeiss - S
L+ Origin_inception (AUC=0.953) 8,15?;6”;;5;'0" %,
021 ,#7 ——CnnCRISPR (AUC=0.972) ) S e ety A=056E
# TCIERERR siave — CnnCRISPR ap (AUC=0.956)
. =——LaCRIBER ab (AUE=a-10) — CnnCRISPR nb (AUC=0.958) ™
' - .
ook b —ConCRISPR nd (AUC=0970) 0,0\ ConCRISPR nd (AUC=0.960) >
0.0 0.5 1.0 0.0 0.5 1.0
FPR Recall

4 CnnCRISPR 5HER T KA ROC ik (A)F1 PRC BhZE(B)
Figure 4 ROC curve (A) and PRC curve (B) of CnnCRISPR and its model variants.

7 2 CnnCRISPR fRERE R HIR B TR EOE KRR A TUN 14 BEEL 3R
Table 2 Comparison of prediction performance of CnnCRISPR standard model and its model variants on
benchmark datasets

Origin_Inception CnnCRISPR CnnCRISRP_ap CnnCRISPR nb CnnCRISPR nd
Accuracy 0.891 0.918* 0.907 0.912 0.911
Precision 0.863 0.905 0.886 0.895 0.895
Recall 0.885 0.902 0.897 0.900 0.897
F1 0.874 0.903 0.892 0.898 0.896
AUROC 0.953 0.972 0.965 0.970 0.970
AUPRC 0.933 0.961 0.956 0.958 0.960

*: Values in bold indicate the best score for each indicator.

A qof > B 10}
o il
4
4
0.8t 2 0.8
4
’
//,
0.6 | ,/ = 0.6
& ,/ Ig
X Pl 2
0.4 s a 04

,’, —— CnnCRISPR (AUC=0.971)

~
0.2r +»  ——CnnCRISPR_1x1 (AUC=0.941) 0.2 [—CnnCRISPR (AUC=0.963) s
i ——CnnCRISPR_4x1 (AUC=0.960) ——CnnCRISPR_1x1 (AUC=0.915)",
A —— CnnCRISPR_8x1 (AUC=0.962) ——CnnCRISPR 4x1 (AUC=0.945) ™\
00} "° ‘ . 0.0 —CnnCRISPR_8x1 (AUC=0.945) *
0.0 0.5 1.0 0.0 0.5 1.0
FPR Recall

5 CnnCRISPR 5HRA TR ROC BiZk(A)F PRC BiZ(B)
Figure 5 ROC curve (A) and PRC curve (B) of CnnCRISPR and its model variants.
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R ROC M2k Al PRC 4 34907 T H fh g 72
ARG HRZE F 7. 26 3 M45 T ki CnnCRISPR
F I 3 TS F B — RUBE 14 26 FRUR AR A 70 AR A 3
I CRISPR/Cas9 HEAE LAY SEIR A5 R, " LUE
i, CnnCRISPR F 5 BYTE A B9 PFA Fa bk
HOOLT AR AR, S350, A BRIZMR
SERNERBEE R 1x1 AR AR A, LT 4 R
e 2e, XULH Tz R AR (AOR BB AR 42 > 2| 7
SVBFRRIE . EREE R — LIk T 2 REAR
il 2 DR % PR BT AR L A o

Zi b, 2R EBBU4E W24 (1) B T RE M
AN [R) P 7 R4t 48 2 B0 B 5000 )RR AR, AT B
T AL (1) I B

2 EREGHN

2.1 HRBILER

ARATFEI MRS 4 CnnCRISPR 5
A A3 TR 2% > () CRISPR/Cas9 Jlii $E 7
J5 ik, A23E Charlier 2742 1 CNN, FNN FI
RNN i #8 F0 A 7 | Lin 280532 H A9 CNN _std
BRI LA K Lin 2148 1 () CRISPR-Net #5571,
N T BEAR I Hb AR, CRISPR-Net A5 iy gy
AT W, DI AR ST 3 Y 4 B
Ko LIEE LA 6 7R, CnnCRISPR [ ROC
M FaZe B, PRC & i FRA FF.
R 4 R ERERI TR TER, ATRLE N,

73 CnnCRISPR fRERE K 3 N & 8 —RTERBRAE B TR 7E 2 0E HIR S A FUN 4 BEEL 4L

Table 3 Performance comparisons for CnnCRISPR and three variants with single convolution kernel size on

benchmark dataset

CnnCRISPR CnnCRISPR 1x1 CnnCRISRP 4x1 CnnCRISPR 8x1
Accuracy 0.913* 0.875 0.896 0.905
Precision 0.894 0.825 0.863 0.878
Recall 0.905 0.897 0.900 0.902
Fl 0.899 0.860 0.881 0.890
AUROC 0.971 0.941 0.960 0.962
AUPRC 0.963 0.915 0.945 0.945
*: Values in bold indicate the best score for each indicator.
1 5 B ol
0.8+ 0.8
0.6} £0.6
(24 k%
o ‘D X
= o4l , £ 041~ CnnCRISPR s
’ _#"— CnnCRISPR (AUC=0.971) ' (AUC=0.961) s
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Figure 6 ROC curve (A) and PRC curve (B) of CnnCRISPR and other deep learning-based off-target

prediction methods under 8%23 coding mode.
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Table 4 Performance comparison of CnnCRISPR and other methods on benchmark dataset

CnnCRISPR CNN FNN RNN_modified CNN_std CRISPR-Net
Accuracy 0.907* 0.866 0.845 0.892 0.824 0.800
Precision 0.873 0.817 0.782 0.858 0.791 0.759
Recall 0.915 0.885 0.882 0.895 0.797 0.779
F1 0.894 0.850 0.829 0.876 0.794 0.769
AUROC 0.971 0.941 0.917 0.958 0.915 0.870
AUPRC 0.961 0.922 0.882 0.942 0.882 0.829

*: Values in bold indicate the best score for each indicator.
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Figure 7 ROC (A) and PRC (B) of CnnCRISPR and existing models on independent test set under §x23
encoding mode.
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Table 5 Generalizability comparison of CnnCRISPR with other methods on independent test sets

CnnCRISPR CNN FNN RNN_modified CNN_std CRISPR-Net
111
Accuracy 0.595* 0.541 0.555 0.536 0.527 0.546
Precision 0.537 0.536 0.607 0.502 0.475 0.546
Recall 0.965 0.138 0.141 1.000 0.105 0.177
F1 0.690 0.220 0.229 0.669 0.172 0.267
AUROC 0.686 0.567 0.632 0.668 0.541 0.567
AUPRC 0.628 0.524 0.561 0.593 0.487 0.513
112
Accuracy 0.747 0.788 0.721 0.711 0.833 0.839
Precision 0.020 0.019 0.016 0.017 0.020 0.017
Recall 1.000 0.804 0.902 1.000 0.647 0.549
F1 0.039 0.037 0.032 0.034 0.038 0.034
AUROC 0.966 0.861 0.869 0.938 0.840 0.781
AUPRC 0.136 0.067 0.031 0.197 0.062 0.042
113
Accuracy 0.956 0.926 0.930 0.956 0.924 0.886
Precision 0.116 0.053 0.083 0.146 0.056 0.031
Recall 0.235 0.194 0.305 0.314 0.215 0.185
F1 0.155 0.083 0.131 0.199 0.089 0.053
AUROC 0.700 0.721 0.726 0.679 0.724 0.580
AUPRC 0.078 0.048 0.051 0.067 0.046 0.029
114
Accuracy 0.849 0.739 0.777 0.895 0.735 0.637
Precision 0.008 0.004 0.005 0.011 0.004 0.003
Recall 1.000 0.972 0.991 0.997 0.966 0.818
F1 0.016 0.009 0.011 0.022 0.009 0.005
AUROC 0.988 0.956 0.928 0.986 0.928 0.826
AUPRC 0.141 0.070 0.022 0.233 0.015 0.015

*: Values in bold indicate the best score for each indicator.

=6 LEREXRHMFIE CnnCRISPR B8

Table 6 Performance comparison of CnnCRISPR before and after resampling

Accuracy Precision Recall F1 AUROC AUPRC
Rawdata 0.998* 0.622 0.265 0.372 0.985 0.406
Benchmark 0917 0.892 0.915 0.903 0.973 0.963

*: Values in bold indicate the best score for each indicator.
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Figure 8 sgRNA-DNA 4x23 bitwise or encoding.
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Figure 9 ROC curve (A) and PRC curve (B) of CnnCRISPR and other deep learning-based off-target

prediction methods under 4x23 coding mode.
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Table 7 Performance comparison among models under 4x23 encoding method

CnnCRISPR CNN FNN RNN_modified CNN_std CRISPR-Net
Accuracy 0.936* 0.898 0.908 0.892 0.882 0.890
Precision 0.926 0.888 0.902 0.909 0.879 0.889
Recall 0.926 0.877 0.884 0.835 0.845 0.520
F1 0.926 0.882 0.893 0.870 0.862 0.870
AUROC 0.980 0.963 0.967 0.961 0.953 0.960
AUPRC 0.972 0.953 0.951 0.953 0.932 0.946

*: Values in bold indicate the best score for each indicator.
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Figure 10 ROC (A) and PRC (B) of CnnCRISPR and existing models on independent test set under 4x23
encoding mode.
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Table 8 Generalizability comparison of all models on all test sets under 4x23 encoding method

CnnCRISPR CNN FNN RNN_modified CNN_std CRISPR-Net
111
Accuracy 0.542 0.521 0.617* 0.483 0.545 0.494
Precision 0.506 0.494 0.560 0.475 0.511 0.480
Recall 0.991 0.924 0.848 1.000 0.681 0.996
F1 0.669 0.644 0.675 0.644 0.583 0.648
AUROC 0.713 0.608 0.693 0.742 0.593 0.699
AUPRC 0.639 0.567 0.638 0.685 0.538 0.627
112
Accuracy 0.656 0.815 0.688 0.569 0.844 0.767
Precision 0.015 0.025 0.016 0.012 0.029 0.020
Recall 1.000 0.922 0.980 1.000 0.902 0.941
F1 0.029 0.048 0.031 0.023 0.056 0.039
AUROC 0.973 0.926 0.953 0.964 0.938 0.912
AUPRC 0.200 0.070 0.109 0.289 0.095 0.124
113
Accuracy 0.944 0.926 0.936 0.918 0.916 0.949
Precision 0.088 0.060 0.071 0.072 0.055 0.075
Recall 0.241 0.223 0.224 0.316 0.236 0.173
F1 0.129 0.095 0.107 0.117 0.089 0.104
AUROC 0.637 0.631 0.634 0.574 0.616 0.535
AUPRC 0.065 0.045 0.054 0.089 0.042 0.053
114
Accuracy 0.902 0.852 0.880 0.870 0.818 0.819
Precision 0.012 0.008 0.010 0.009 0.006 0.007
Recall 0.997 0.963 0.989 0.991 0.977 0.989
F1 0.024 0.015 0.019 0.018 0.013 0.013
AUROC 0.993 0.976 0.983 0.990 0.967 0.982
AUPRC 0.254 0.176 0.114 0.334 0.056 0.260

*: Values in bold indicate the best score for each indicator.
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Table 9 Performance comparison of CnnCRISPR
under 8x23 and 4x23 encoding methods

AUROC AUPRC
0915 0.894 0.971 0.961

Accuracy Precision Recall F1

8x23 0.907 0.873

4x23 0.936*  0.926 0.926 0.926 0.980 0.972

*: Values in bold indicate the best score for each indicator.
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Table 10 Generalizability comparison of CnnCRISPR
under 8x23 and 4x23 encoding methods on all test
sets

Accuracy Precision Recall F1 AUROC AUPRC

111

8x23 0.595*  0.537 0.965 0.690 0.686 0.628
4x23 0.542 0.506 0.991 0.669 0.713  0.639
112

8x23 0.747 0.020 1.000 0.039 0.966 0.136
4x23 0.656 0.015 1.000 0.029 0.973  0.200
113

8%23 0.956 0.116 0.235 0.155 0.700 0.078
4x23 0.944 0.088 0.241 0.129 0.637  0.065
114

8x23 0.849 0.008 1.000 0.016 0.988  0.141
4x23 0.902 0.012 0.997 0.024 0.993 0.254

*: Values in bold indicate the best score for each indicator.
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Table 11  Performance comparison of CnnCRISPR
and other methods on k562 dataset

CnnCRISPR RNN CNN_std CRISPR-Net

Accuracy 0.988* 0.976  0.797 0.981
Precision 0.300 0.196 0.018 0.209
Recall 0.833 1.000 0.611 0.778
F1 0.441 0.327 0.034 0.329
AUROC 0.996 0.991 0.845 0.981
AUPRC  0.651 0.618  0.060 0.562

*: Values in bold indicate the best score for each indicator.
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Table 12 Performance comparison of CnnCRISPR
and other methods on hek dataset

CnnCRISPR RNN CNN_std CRISPR-Net

Accuracy 0.995* 0.965  0.949 0.978
Precision 0.421 0.102  0.063 0.144
Recall 0.790 0.963  0.827 0.914
F1 0.549 0.184  0.117 0.248
AUROC 0.996 0.990 0.970 0.992
AUPRC  0.698 0.560  0.201 0.587

*: Values in bold indicate the best score for each indicator.
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Table 13 Performance comparison of CnnCRISPR on different datasets

Accuracy Precision Recall F1 AUROC AUPRC
Benchmark 0.936 0.926* 0.926 0.926 0.980 0.972
k562 0.988 0.300 0.833 0.441 0.996 0.651
hek 0.995 0.421 0.790 0.549 0.996 0.698

*: Values in bold indicate the best score for each indicator.
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