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Zinc-finger nucleases (ZFNs), transcription activator-like en-
donucleases (TALENs), and CRISPR-associated Cas9 endonu-
cleases are three major generations of genome editing tools.
However, no parallel comparison about the efficiencies and
off-target activity of the three nucleases has been reported,
which is critical for the final clinical decision. We for the first
time developed the genome-wide unbiased identification of
double-stranded breaks enabled by sequencing (GUIDE-seq)
method in ZFNs and TALENs with novel bioinformatics algo-
rithms to evaluate the off-targets. By targeting human papillo-
mavirus 16 (HPV16), we compared the performance of ZFNs,
TALENs, and SpCas9 in vivo. Our data showed that ZFNs
with similar targets could generate distinct massive off-targets
(287–1,856), and the specificity could be reversely correlated
with the counts of middle “G” in zinc finger proteins (ZFPs).
We also compared the TALENs with different N-terminal do-
mains (wild-type [WT]/aN/bN) and G recognition modules
(NN/NH) and found the design (aN or NN) to improve the ef-
ficiency of TALEN inevitably increased off-targets. Finally, our
results showed that SpCas9 was more efficient and specific than
ZFNs and TALENs. Specifically, SpCas9 had fewer off-target
counts in URR (SpCas9, n = 0; TALEN, n = 1; ZFN, n = 287),
E6 (SpCas9, n = 0; TALEN, n = 7), and E7 (SpCas9, n = 4;
TALEN, n = 36). Taken together, we suggest that for HPV
gene therapies, SpCas9 is a more efficient and safer genome ed-
iting tool. Our off-target data could be used to improve the
design of ZFNs and TALENs, and the universal in vivo off-
target detection pipeline for three generations of artificial nu-
1466 Molecular Therapy: Nucleic Acids Vol. 26 December 2021 ª 2021
This is an open access article under the CC BY-NC-ND license (ht
cleases provided useful tools for genome engineering-based
gene therapy.
INTRODUCTION
Recent advances in genome editing nucleases has shown promising re-
sults in biotechnology, agriculture, and, in particular, biomedicine.1

Programmable nucleases, including zinc-finger nucleases (ZFNs),
transcription activator-like endonucleases (TALENs), and CRISPR-
associated Cas9 endonucleases, have been applied in the treatment
of human cancer,2–4 infectious disease,5–7 and genetic disorders.8 By
October 2020, there were 13, 6, and 42 registered clinical trials related
to ZFNs, TALENs, and CRISPRs, respectively, in ClinicalTrials.gov.
For example, ZFN-mediated CCR5 disruption of CD4+ T cells to resist
The Author(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. ZFNs, TALENs, and SpCas9 sgRNAs involved in this study

Nucleases

Target sites in HPV16 genes

URR E6 E7

ZFNs 3 – –

TALENs 1 2 1

SpCas9 sgRNAs 1 1 1
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HIV infection has entered seven phase I clinical trials (ClinicalTrials.
gov: NCT00842634, NCT01044654, NCT02225665, NCT02388594,
NCT03666871, NCT01252641, and NCT04201782), and one
completed study demonstrated the safety and efficacy of ZFNs to effi-
ciently reduce HIV DNA copy number in most patients.9 In addition,
universal chimeric antigen receptors (UCART19) modified by two
pairs of TALENs inducedmolecular remission in an 11-month-old in-
fant with B-cell acute lymphoblastic leukemia (B-ALL), who was inca-
pable of generating donor-derived CAR19 T cells.10 Currently, three
clinical trials related to CAR T cells using TALEN technology are
ongoing (ClinicalTrials.gov: NCT04142619, NCT03190278, and
NCT04150497). Alternatively, the first registered clinical trial of
CRISPR-Cas systems11,12 was launched in 2016. Since then, clinical
trials of CRISPR increased rapidly and involved widespread diseases,
including cancer (ClinicalTrials.gov: NCT03545815, NCT04037566,
and NCT04244656), viral infection (ClincialTrials.gov: NCT
04178382), hereditary diseases (ClinicalTrials.gov: NCT03855631
and NCT04122742), and hematological disorders (ClinicalTrials.gov:
NCT03655678 and NCT03745287). The data from the above clinical
investigations will generate valuable insights and will benefit patients
in genome editing-based gene therapy.

In clinical applications, onemajor concern is the on-target efficiencies
and the accompanied off-target activities of the programmed nucle-
ases. To date, evolving technologies have been developed to achieve
unbiased off-target detection of ZFNs,13–15 TALENs,16,17 and
CRISPRs,18 but with inconsistent results. For instance, it has been re-
ported that CRISPR-Cas9 showed higher editing efficacy than did
TALENs,19–21 while the off-target activities of CRISPRs seemed
more frequent than TALENs.22 In contrast, other studies found
that CRISPR-Cas9 and TALENs could achieve comparable editing ef-
ficiency and high specificity in human induced pluripotent stem cell
(iPSCs)23 and HEK293FT cells.23 Generally, the different conclusions
of the above studies may be due to different off-target detections and
their thresholds. Also, the data of direct comparison between ZFN,
TALEN, and CRISPR are still lacking for a more comprehensive un-
derstanding toward the three generation of the artificial nucleases.
Such evaluations will be important for further optimization of
genome editing technologies in clinical trials.

In this study,we set out to systematically evaluate the on-target cleavage
efficiencies and genome-wide off-target activities of ZFNs, TALENs,
and CRISPRs in the setting of human papillomavirus 16 (HPV16)
gene therapy. Of note, all three programmed nucleases have ongoing
clinical trials in eliminatinghigh-riskHPV infection (ClinicalTrials.gov:
NCT02800369, NCT03226470, and NCT03057912). The pre-clinical
studies of ZFNs,24 TALENs,7 and CRISPR-Cas925 all exhibited
prospective applicability in the treatment of HPV infection. For the first
time, we developed a new GUIDE-seq (genome-wide unbiased identi-
fication of double-stranded breaks enabled by sequencing) method to
detect genome-wide off-targets of ZFNs and TALENs and established
a feasible and universal experimental approach for the direct compari-
son of ZFNs, TALENs, and CRISPRs. Our aim is to help researchers in
this field to design and select the best ZFNs, TALENs, and CRISPRs
with maximum on-target effects and minimum off-target effects. Our
data provide new insights into the clinical decision for genome editing
strategies of eliminating HPV infections, as well as many other genome
engineering-based gene therapies.

RESULTS
The capture of double-stranded oligodeoxynucleotides

(dsODNs) for SpCas9, ZFNs, and TALENs

Programmed nucleases used in this study were designed based on
three critical genes of HPV16, including the non-coding upstream
regulatory region (URR), E6, and E7 (see Materials and methods).
Using T7 endonuclease 1 (T7E1) and dsODN breakpoint PCR ap-
proaches,26 we were able to screen out efficient targets for each pro-
grammed nuclease (Table 1). Specifically, 3 ZFNs targeting the
URR gene (out of 14 ZFN pairs) showed high gene editing efficiencies
toward HPV16 DNA (Figure 1A). One TALEN targeting URR, two
TALENs targeting E6, and one TALEN targeting the E7 gene were
observed with cleavage activities (Figure 1A; Figure S1). For SpCas9,
all three designed single guide RNAs (sgRNAs) (URR:1, E6:1, E7:1)
displayed genome editing effects (Figure 1A; Figure S1). After cleav-
age of the programmed nuclease, double-stranded breaks (DSBs)
created in situ could be integrated by dsODNs (Figure 1B), which
acted as anchors in GUIDE-seq detection methods.27

Before GUIDE-seq library construction, dsODN breakpoint PCR
could determine the activity of target-specific engineered nucleases
and serve as a quality control. In the URR gene, for example, all sites
of each programmed nuclease exhibited products of expected sizes
(Figure 1C; ZFN Wolfe-161/162/165 z250 bp; TALEN
T93z350 bp; SpCas9 z330 bp). Sanger sequencing results showed
the right integrations of dsODN tags, indicating that GUIDE-seq
had the potential to detect off-targets for ZFNs, TALENs, and SpCas9.

Start positions of GUIDE-seq reads mapping revealed distinct

DSB patterns induced by the three nucleases

First, we examined the distribution of start positions of GUIDE-seq
reads on targets, which represented the dsODN tag integration sites.
Generally, the variability levels of ZFNs (Figure 2A) andTALENs (Fig-
ure 2B) were higher than those of SpCas9 (Figure 2C), which may be
due to unfixed cutting sites and the overhangDSBs generated by ZFNs
and TALENs. Specifically, the dsODN integration sites of ZFNs
located mainly around the spacer, and the most frequent locations
of 72 and 96 h in spacers were different (at 72 h, ZFN Wolfe-161 =
the 1st base of the right zinc finger, ZFN Wolfe-162 = the 5th base,
and ZFN Wolfe-165 = the 2nd base; at 96 h, ZFN Wolfe-161 = the
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1467
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Figure 1. The off-target detection basis of ZFNs, TALENs, and SpCas9

(A) Target design of ZFNs, TALENs, and SpCas9 in the HPV16 URR gene. (B) Schematic overview of dsODN integration after cleavage of ZFNs, TALENs, and SpCas9. (C)

Parallel comparison of dsODN integration of ZFNs, TALENs, and SpCas9 targeting the HPV16 URR gene. The gel image showed products of dsODN-PCR under the same

PCR cycles, and the dsODN incorporation was confirmed using Sanger sequencing.
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2nd base, ZFNWolfe-162 = the 5th base, and ZFNWolfe-165 = the 6th

base) (Figure 2A). The spacer length of TALENs was 14 bp and was
longer than the 5–6 bp of ZFNs. Thus, the dsODN integration
locations spanned in a wider range surrounding the spacers with
scattered distant ones (Figure 2B), indicating relatively larger deletions
in the TALENs repair process than that in the ZFN repair process.28

Still, the most frequent spacer integration sites of 72 and 96 h were
different (at 72 h, T49-aN-NN = the 9th base, T49-bN-NN = the
10th base, and T49-wild-type (WT)-NN = the 9th base; at 96 h:
T49-aN-NN = the 9th base, T49-bN-NN = the 9th base, and T49-
WT-NN = the 10th base) (Figure 2B). In the contrast to ZFNs and
TALENs, the intensely concentrated dsODN integration sites of
SpCas9 exhibited consistent mapping peaks between the 72- and 96-
h experiments (Figure 2C).

GUIDE-seq detected massive off-target sites for ZFNs

The ZFN off-target identification was calculated based on three
criteria: (1) the mismatches of each half-site were no more than
four; (2) the distance between the dsODN integration site and the
right zinc finger protein (ZFP) start site should be as short as possible,
and (3) the ZFP pairs should be heterodimeric (Figure 3A; see Mate-
rials and methods).
1468 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
To assess the specificity and efficiency of zinc fingers at different re-
action times, we performed two sets of experiments, reacting for 72
and 96 h. In total, at 72 h, there were 966, 280, and 65 off-targets de-
tected for Wolfe-161, Wolfe-162, and Wolfe-165, respectively, while
at 96 h, there were 1,856, 1,365, and 287 off-target sites, respectively
(Figure 3B; Table S1), indicating that the longer reaction time accu-
mulated more off-targets. Still, off-target sites of Wolfe-161, Wolfe-
162, and Wolfe-165 at 72 h shared 699, 259, and 61 common events
with those at 96 h, respectively (Figure 3B; Table S1), accounting for a
large proportion of off-target sites at 72 h (Wolfe-161, 72.4%; Wolfe-
162, 92.5%; Wolfe-165. 93.9%). The on-target and top 10 common
off-target diagrams of Wolfe-161, Wolfe-162, and Wolfe-165 showed
that the number of mismatches varied from 1 to 3 bp (Figure 3C). For
those common off-target sites, the normalized GUIDE-seq read count
exhibited a high correlation between 72 and 96 h for three ZFNs
(Figure 3D, Wolfe-161, R = 0.80; Wolfe-162, R = 0.81; Wolfe-165
R = 0.81).

In addition to the original detection method,2–4 we also developed
an extended mode by additional potential targeted sequences
derived from the engineered endonuclease database EENdb (see Ma-
terials and methods). Using the extended mode, we were able to
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Figure 2. Distribution of GUIDE-seq reads start positions for on-target sites of ZFNs, TALENs, and CRISPRs

Red shows experiments at 72 h; blue shows experiments at 96 h. (A) Distribution of GUIDE-seq read counts for ZFN Wolfe-161, ZFN Wolfe-162, and ZFN Wolfe-165’s on-

target sites. Bars above and below the x axis refer to reads aligned to the plus strand and minus strand, respectively. The displaying window covers both the spacer

(underlined in blue) and flanking sequences. The numeral positions were reranked from 1 in the start of the spacer, left and right ZFP. The most frequent dsODN integration

positions are marked. (B) Distribution of GUIDE-seq reads start for T49-aN-NN, T49-bN-NN, and T49-WT-NN on-target sites. The displaying window covers both the spacer

(underlined in blue) and 20-bp flanking sequences. The numeral positions were reranked from 1 in the start of the spacer, left and right TALE. The most frequent dsODN

integration positions are marked. (C) Distribution of GUIDE-seq read counts for CRISPR E6, CRISPR E7, and CRISPR URR on-target sites. The displaying window covers

both the 23-bp target and the 5-bp flanking sequences. The most frequent dsODN integration positions are marked.
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detect more off-targets of Wolfe-165, Wolfe-161, and Wolfe-162
(Figure 3E). Specifically, the off-target sites of Wolfe-161, Wolfe-
162, and Wolfe-165 at the 72-h experiment increased by 1,518,
354, and 1, respectively, and the off-target sites of Wolfe-161,
Wolfe-162, and Wolfe-165 at the 96-h experiment increased by
3,210, 2,128, and 6, respectively (Figure 3E; Table S2). To verify
the accuracy of the two detection modes, we validated common
off-target sites in original and 96-h off-targets in extended modes
of Wolfe-165 by the molecular inversion probe (MIP) sequencing
method (Table S3). The results showed that the verification rate of
the original mode (ratio of 46/61, 75.4%) was higher than that of
the extended mode (ratio of 2/6, 33.3%) (Table S3). We also
observed a positive correlation between the indel ratios of MIP indel
rates and the normalized GUIDE-seq read count in either the orig-
inal mode (R = 0.65) or extended mode (R = 0.91) (Figure 3F).

To better understand the features of the off-target site, we con-
structed a web-logo plot for each ZFN (Figure 3G; Figures S2A
and S2B), which involved distributions of spacer lengths and mis-
matches of zinc fingers. We noted the guanines were more
conserved than other nucleotides, and the number of mismatches
was mostly 0 when the intended target nucleotide triplets of the
zinc fingers contained two guanine nucleotides (Figure 3G). Consis-
tently, in top 10 common off-targets sites of three ZFNs, when the
intended target nucleotide triplet had a higher G content (the C in
display of the left ZFN target), there were fewer mismatches in those
sites (Figure 3C).

The spacer length of ZFN was mainly 5 and 6, but the spacer lengths
of a small part of Wolfe-161 off-target sites were 15 and 16 (common
off-targets of 72 and 96 h in original mode; n = 34; Figure 3G). Mis-
matches of each zinc finger protein were mainly 0 and 1 bp (Wolfe-
161, 86.3%; Wolfe-162, 86.9%; Wolfe-165, 91.3%). The total number
of mismatches for the entire zinc finger was mostly distributed in 3–
5 bp (Wolfe-161, 78.5%; Wolfe-162, 75.7%; Wolfe-165, 77.1%).
Furthermore, there were few off-target sites whenmore than twomis-
matches were on both the left and right half-site simultaneously
(Wolfe-161, n = 110; Wolfe-162, n = 22; Wolfe-165, n = 1). As the
number of mismatches increased, there were significant declines in
normalized GUIDE-seq reads at off-target sites (Wolfe-161, p =
1e�09; Wolfe-162, p = 0.0027; Wolfe-165, p = 0.00062; Figure S3),
indicating that sites with more mismatches had weaker cleavage
activities.

Genome-wide profiling of different TALEN backbones and

modules by tailored GUIDE-seq pipeline

In this study, the TALEN off-target algorithm is described in Mate-
rials and methods (Figure 4A). In applications, many efforts have
been made to evolve TALEN architectures to accommodate any N0

bases, such as the N-terminal domain modification from WT to
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1469
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Figure 3. Massive off-target activities of three URR-targeted ZFNs

(A) Flowcharts of ZFN off-target identification algorithm. (B) Summary of log10-transformed normalized on-target reads, off-target reads, and off-target counts for three ZFNs

at 72 and 96 h. (C) Schematic of on-targets and top 10 off-targets of three ZFNs at 72 and 96 h. The on-target was at the top line followed by off-targets with mismatches

(legend continued on next page)
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aN/bN. This provided unconstrained DNA targeting capacity.29

Meanwhile the degeneracy of single-nucleotide repeat variable diresi-
due (RVD) codes of TALEN binding nature resulted in weighing be-
tween on-target effectiveness and off-target side effect. For example, a
previous study showed that the NNmodule was permissive for both G
and A while the NH module was more specific in binding G with a
certain trade-off of efficiency.30 To investigate TALEN cleavage
comprehensively, we applied the GUIDE-seq method in one URR-
targeting, one E7-targeting (Figure S4), and seven E6-targeting TAL-
ENs (T46/T49 and derived variants with NN/NHmodules or aN/bN
N-terminal domains) (Figure 4B; Figure S1).

The detected off-targets (Figure 4C) showed that TALEN could
tolerate numerous mismatches from 16 to 24 bp (Figure S5). We
further compared the on-target of different backbones and modules
for T49/T46. Briefly, for three different N-terminal TALENs, the
on-target efficiency of aN and WT were comparable (T49-aN-
NN, N_reads_72h = 4.57; N_reads_96h = 4.22; T49-WT-NN:
N_reads_72h = 4.58;N_reads_96h = 4.30) and far exceeded bNN-ter-
minal TALEN architecture (T49-bN-NN, N_reads_72h = 3.25;
N_reads_96h = 3.98) (Figure 4D). Generally, the on-target perfor-
mance of the NN module was better than that of the NH module
with either aNN-terminal architecture (T46-aN-NN,N_reads_72h =
4.80; N_reads_96h = 3.45 versus T46-aN-NH, N_reads_72h = 2.98;
N_reads_96h = 1.23) or bN N-terminal architecture (T46-bN-NN,
N_reads_72h = 3.86; N_reads_96h = 3.18 versus T46-bN-NH,
N_reads_72h = 0.94; N_reads_96h = 1.61) (Figure 4E). The above
data were also in line with that the efficiency performance of aN out-
performed that of bN with either the NN or NH module.

As for the off-target sites, in the 72-h experiment groups, we were able
to detect four, three, and two off-targets of aN, bN, andWTN-termi-
nal TALENs, respectively, in T49 (Figure 4D; Table S4). The T49 off-
target numbers increased when editing time extended to 96 h (aN, n =
68; bN, n = 34; WT, n = 28; Figure 4D; Table S4). T46 with NH mod-
ules had no off-target activities with either aN or bN backbones in
any experiments (Figure 4E). Meanwhile, T46 with NN modules
showed increased off-target numbers (T46-aN-NN, from three to
seven; T46-bN-NN, from five to six) when editing time extended
from 72 to 96 h. The above data showed that although the aN back-
bone and NN module enhanced on-target activities of TALENs, they
also induced more off-targets.

Meanwhile, we found only three common off-target sites shared by
three differentN-terminal backbones, which reflected that theN-termi-
highlighted in color. The specific cleavage positions and normalized GUIDE-seq read c

reads between 72 and 96 h in common off-target sites for three ZFNs. Spearman correla

modes for three ZFNs. (F) Correlation betweenMIP indel rates and normalized GUIDE-se

coefficients for original and extended mode are shown separately. (G) WebLogo of ZFN

from off-targets sequences corresponding to left ZFP, (2) the distribution of spacer lengt

the right ZFP. The contents from left to right of bottom panel are (1) the distribution of off-

distribution of off-target mismatches to intended sequences of Wolfe-161 ZFN, and (3) th

zinc finger.
nal structure affected TALENoff-targets largely through different bind-
ing affinities (Figure 4F). Furthermore, we validated the 96 h-generated
off-target sites of T49-WT and T49-bN by using MIP sequencing
methods. There were 11 (11/28, 39.3%) and 9 (9/34, 26.5%) off-target
sites for T49-WT-NN and T49-aN-NNwithR0.1% indel rates (Table
S5). Similar to ZFNs, the validated indel rates of TALEN off-targets ex-
hibited positive correlation with normalized GUIDE-seq reads (R =
0.43; Figure S6). For the specificity comparison of two TALENs target-
ing HPV-E6, we observed more off-targets in the T49 (96 h: T49-aN-
NN, n = 68; T49-bN-NN, n = 34) than T46 (96 h: T46-aN-NN, n =
7; T46-bN-NN, n = 6), which was due to the shorter DNA-binding
sequence of T49 (L19_S14_R16) than that of T46 (L20_S14_R20).16

To explore the relationship between modules and nucleotides, we
calculated the frequency of 4 nt in each target position of three T49
backbones using 96-h off-target data (Figure 4G; Figures S7A and
S7B; Table S6). We found that any module had non-exclusive binding
activities yet with the dominant nucleotide following the RVD codes.
For instance, the most frequent binding nucleotides of NN modules
were G (n = 16), A (n = 11), C (n = 2), and T (n = 1) for three TALENs
(Table S6), consistent with the conclusion that the frequency of nucle-
otides recognized by NN is sorted as follows: G>A>C>T (3). Of note,
we observed that the most frequent nucleotide was not T or C in the
N0 base among off-targets of three-TALEN architecture (WT, left N0

G = 34%, right N0 T = 31%; aN, left N0 T = C = G = 28%, right N0 T =
28%; bN, left N0 G = 31%, right N0 C = 34%; Table S6), contrasting to
the reported stringent affinity of the N0 domain binding to T or C.31

Parallel comparison of cleavage efficiencies and genome-wide

off-targets among SpCas9, ZFNs, and TALENs

GUIDE-seq results of three SpCas9 sgRNAs showed high specificity
and efficiency. No off-targets were identified for URR sgRNA while
E6 (72 h, n = 4; 96 h, n = 2; common = 2) and E7 sgRNA (96 h,
n = 4) had several detectable off-targets (Figure 5A). All of the above
off-targets were validated by MIP sequencing (threshold, R0.1% in-
del rate) (Figure 5A; Table S7), and the indel rates showed a positive
correlation with normalized GUIDE-seq reads (R = 0.88; Figure S8).
Log10-transformed normalized GUIDE-seq reads revealed that the
cleavage efficiencies of SpCas9 were better at 96 h (URR on-target,
4.84; E6 on-target, 4.88; total off-target, 4.53; E7 on-target, 4.87; total
off-target, 3.06) than at 72 h (URR on-target, 3.24; E6 on-target, 3.26;
total off-target, 3.19; E7 on-target, 3.59) (Figures 5B–5D). As the off-
target activity of SpCas9 was related to cell line diversity, we also
transfected the same three sgRNAs into pB-HPV16 stable cell lines
(HEK293T containing the whole HPV16 genome; see Materials and
ounts are shown at the right of each site. (D) Correlation of normalized GUIDE-seq

tion coefficients are shown. (E) Summary of off-target counts of original and extended

q reads forWolfe-165 common off-targets at 72 and 96 h. The Spearman correlation

Wolfe-161 off-targets. The contents form left to right of top panel are (1) the weblogs

hs from off-targets, and (3) the weblogs from off-target sequences corresponding to

target mismatches to intended sequences of the left ZFP and each zinc finger, (2) the

e distribution of off-target mismatches to intended sequences of right ZFP and each
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methods) and harvested them in 96 h (Figure S9A). Interestingly, we
were able to detect the same off-target sites in pB-HPV16 cell lines as
in SiHa cell lines (Figure S9).

Eventually, parallel comparisons of the on/off-target activities of
ZFNs, TALENs, and SpCas9 targeting URR, E6, and E7 of HPV16
were performed. Based on URR editing data at 96 h (Figure 5E),
the cutting efficiency of the three gene editing tools ranked as
following: CRISPR (4.84) > TALEN (3.89) > ZFN (3.38), while off-
target damage was opposite (CRISPR, no off-target; TALEN, 1.91/1
site; ZFN, 5.11/287 sites). We further compared the specificity and ef-
ficiencies of SpCas9 and TALEN at the E6 and E7 sites (Figures 5E–
5G). SpCas9 outperformed TALENs in E6 targets (SpCas9 on-target
reads: 4.88, off-target count of 2; T46-aN-NN on-target reads: 3.45,
off-target count of 7; T49-aN-NN on-target reads: 4.22, off-target
count of 68) and E7 targets (SpCas9 on-target reads: 4.87, off-target
count of 4; T164 on-target reads: 2.85, off-target count of 36). There-
fore, as for HPV genome editing, SpCas9 had enhanced cutting effi-
ciency and fewer undesired off-targets than did TALENs and ZFNs.

Furthermore, we compared the dsODN toxicity of three programmed
nucleases throughmeasurement of ODN insertion sites. We extracted
qualified dsODN integration sites for all nucleases used in this study
(Figure 5H; Tables S8 and S9). Compared with the control group (n =
16), tremendous dsODN integration sites were observed in ZFNs
(Wolfe-161, 19,274; Wolfe-162, 10,404; Wolfe-165, 1,296), followed
by TALENs (average = 1,169.5) and SpCas9 (average = 573), indi-
cating that SpCas9 also triggered less genome stress than did TALENs
and ZFNs.

DISCUSSION
In this study, we established a universal approach to evaluate the ef-
ficiency and specificity of ZFNs, TALENs, and SpCas9 in vivo. For the
first time, we employed GUIDE-seq methods in detecting off-targets
of ZFNs and TALENs and developed novel bioinformatics pipelines
correspondingly. Our data provide new insights into the intrinsic
cleavage features of three programmed nucleases.

As the first generation of the genome-editing tool, the three URR-tar-
geted ZFNs in our studies showed distinct massive off-target counts
(96 h: Wolfe-161, n = 1,856; Wolfe-162, n = 1,365; Wolfe-165, n =
287; Figures 1A and 3B). In contrast, a previous in vivo genome-
wide off-target detection method for ZFN only identified four off-tar-
Figure 4. TALEN off-target spectrum in HPV E6-targeted sites

(A) Flowcharts of TALEN off-target identification algorithm. (B) All TALEN variants targeted

and log10-transformed normalized GUIDE-seq on-target reads, are summarized for all va

h. The on-target is at the top line followed by off-targets, with mismatches highlighted in

as well as log10-transformed normalized GUIDE-seq reads are displayed at the right o

reads, off-target reads, and off-target counts for each T49 TALEN. Both the 72- and

GUIDE-seq read counts (left) and off-target numbers (right). (E) Bar plots of the log10-tr

counts for T46-aN-NN/NH and T46-bN-NN/NH TALENs. Both the 72- and 96-h data

read counts (left) and off-target numbers (right). (F) Venn diagrams illustrating overlap

Recognized nucleotide frequencies of each RVD derived from T49-WT-NN off-targets.
gets for CCR5-targeted ZFN,13 which may indeed possess 15,882
potential off-targets identified by another in vitro machine-learning
method.15 In this study, the massive off-targets of Wolfe-161 and
Wolfe-162 indicated that our detection method for ZFN had much
higher sensitivity compared to the previous in vivo method.13 Addi-
tionally, the verification rate of Wolfe-165 achieved 75.4%, further
confirming the reliability of our methods. Taken together, we think
that our data can bring two aspects of value to researchers in this field.
First, the massive off-targets generated by our method could provide
precious materials for machine learnings to predict ZFN off-targets
and improve ZFN designs.15,32 For instance, that three similar
ZFNs differed largely in specificity was due to the counts of middle
G in six ZFPs (Wolfe-161, n = 0; Wolfe-162, n = 2; Wolfe-165, n =
4), which was reversely correlated with off-target counts. Second,
our ZFN off-target detection approach could be applied widely in
genome editing-based gene therapy, especially for clinical studies to
evaluate ZFN genome editing performance.3,5,24

Compared to ZFNs, the specificity of TALENs was considered better
than that of ZFNs. Still, different TALEN target sites exhibited
distinct off-target profiles. URR-targeted TALEN T93 had only one
off-target detected in 96 h (Figure 5E), while the E6-targeted TALEN
T49-aN-NN had 68 off-targets in 96 h (Figure 5F). Meanwhile, we for
the first time described and compared the off-targets of TALENs with
different N-terminal architectures and NN/NH modules (for G
recognition). Our data showed that the modification of both N-termi-
nal architectures (96 h on-target, T46-aN-NN = 3.45 versus T46-bN-
NN = 3.18) and RVD modules (96 h on-target, T46-aN-NN = 3.45
versus T46-aN-NH = 1.23) increased on-target efficiency, but
induced more off-targets (96 h off-target, T46-aN-NN = 7 versus
T46-bN-NN= 6, T46-aN-NN= 7 versus T46-aN-NH= 0; Figure 4E).
Therefore, the actual application of TALENs required screenings of
specific and effective targets and architectures, and our method pro-
vides an easy-to-perform option for this purpose. Furthermore, our
study profiled massive off-targets of TALENs, which could help to
explore the mismatch patterns of TALEN binding requirements
and furthermore improve the design of TALENs. For example, the
non-T/C of the N0 observation in our off-target data suggested that
we should consider all kinds of upstream nucleotides in predicting
off-targets of TALENs.

The specificity of SpCas9 is the biggest concern in its clinical applica-
tion. Unlike the common concept that SpCas9 was less specific than
the HPV16 E6 gene. The engineered N-terminal domains, containing NN/NH RVDs

riants. (C) Schematic of on-targets and top 10 off-targets of three T49 TALENs at 96

color. The specific cleavage positions, TALEN-NT 2.0 scores of left and right TALEs,

f each site. (D) Bar plots of the log10-transformed normalized GUIDE-seq on-target

96-h data are shown. The double y axis represents log10-transformed normalized

ansformed normalized GUIDE-seq on-target reads, off-target reads, and off-target

are shown. The double y axis represents log10-transformed normalized GUIDE-seq

ped off-target of three T49 TALENs. Both the 72- and 96-h data were used. (G)
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TALENs,22 our data showed that SpCas9 outperformed TALENs in
both on-target efficacy and off-target side effects in all three HPV16
critical target genes (Figures 5E–5G). This is probably due to the
improved CRISPR designing algorithm to pick the best sgRNA with
maximized on-targets and minimized off-targets.33,34 We think that
the same improvement in the designing software for ZFNs and
TALENs could bemade by learning the patterns of massive off-targets
of ZFNs and TALENs that were produced in this study. For the un-
dergoing clinical trials using ZFNs, TALENs, and CRISPRs to elimi-
nate HPV16 infections, we suggested that SpCas9 was the most effec-
tive and safest programmed nuclease.35 Additionally, we also noticed
that the on-target activity of SpCas9 was higher at 96 h than at 72 h,
while the on-target activities of ZFNs and TALENs were higher at
72 h than at 96 h. Meanwhile, from 72 to 96 h, the off-targets of
ZFNs and TALENs increased significantly in the cells. The results
indicated that the clinical application of ZFNs and TALENs should
be more cautious with respect to duration and clearance.

In summary, our study for the first time compared the on-target/off-
target effects of ZFNs, TALENs, and SpCas9 in parallel. Based on our
data, SpCas9 was the most effective and safest programmed nuclease
in treating HPV infection. Furthermore, we provided a new universal
pipeline for evaluating the three generations of programmed nucle-
ases. Our data could help to improve the designs of ZFNs, TALENs,
and CRISPRs and guide clinical decisions in many gene therapies.

MATERIALS AND METHODS
Cas9 sgRNA design and plasmid construction

For SpCas9, sgRNAs targeting HPV16 genes were designed using
Cas-designer36 (http://www.rgenome.net/cas-designer), and we chose
sgRNAs with the highest on-target efficacy and low off-numbers in
human GRCh38 references. SpCas9 plasmid was purchased from
Addgene (plasmid #42229). Then, SpCas9 and sgRNA sequences
were synthesized and purified by GENEWIZ Biotech (Suzhou, China)
and cloned into the PX330 and PXZ vectors, respectively. All sgRNA
sequences targeting the HPV16 genome are listed in Table S10.

ZFNs design and plasmid construction

For ZFNs targeting the critical genes of HPV16, we designed six and
eight paired ZFNs using online tools (https://mccb.umassmed.edu/
ZFPmodularsearch.html) and ZiFiT software32 of the CoDA module
(http://zifit.partners.org/ZiFiT/Disclaimer.aspx) with default param-
eters, respectively. The customized pcDNA3.1 ZFN plasmids with
heterodimeric EL/KK ForkI were constructed in a previous study.24

Then, the Zinc Finger sequences were synthesized and cloned into
pcDNA3.1 ZFN plasmids (GENEWIZ Biotech, Suzhou, China). All
14 plasmids were confirmed using Sanger DNA sequencing. Protein
and target sequences of three effective ZFNs are listed in Table S11.
read counts (left) and off-target numbers (right). (G) Bar plot of log10-transformed GUIDE

targetedSpCas9andTALENs. The96-hdatawereused. Thedouble y axis represents log1
(H) Plots of log10-transformed normalized GUIDE-seq reads of dsODN integration sites

distinguished by different shapes. The corresponding on-target and off-targets are highli
Design and plasmid construction of TALENs

TALENs targeting HPV16 URR, E6, and E7 genes were designed us-
ing TALEN Targeter 2.0 online software (https://tale-nt.cac.cornell.
edu).31 The customized design parameters are as follows: (1) fixed
spacer length of 14 bp, which had the highest cleavage effect in
ND152/C+18 TALEN architectures;37,38 (2) the upstream bases
were T or C; (3) module NN and NH were both attempted to bind
G nucleotides; and (4) the genome of Homo sapiens was used to pre-
dict off-target sites. To maximize the successful rate by obtaining
dispersed target sites of each gene, for predicted results, we further
selected sites with high scores of on-target activities, including one,
two, and one sites targeting URR, E6, and E7 genes, respectively.
The protocol for the assembly of the TALENs targeting HPV16 was
described previously.13 The module and array plasmids of each
TALEN were ultimately constructed into pcDNA3.1(+) backbone
plasmid (V790-20, Invitrogen) with heterodimeric EL/KK ForkI
and an ND152/C+18 backbone. RVD and target sequences of each
TALEN are provided in Table S12.

Plasmid extraction

The two-in-one SpCas9-sgRNA plasmids, ZFN plasmids, and
TALEN plasmids were extracted using E.Z.N.A. Plasmid Mini kit II
(Omega Bio-tek).

pB-HPV16-transfected stable cell line

The pB-HPV16 plasmid was constructed by amplifying the HPV16
whole genome from pBR322-HPV16 plasmid39 and cloning it into
the pB-CMV-MCS-EF1a-GFP-Puro plasmid (purchased fromMiaol-
ing, Wuhan City, China). Then, the HEK293T cell line (purchased
from the American Type Culture Collection [ATCC]) was transfected
with 2 mg of pB-HPV16 plasmid using X-tremeGENEHP (Roche) and
maintained in Dulbecco’s modified Eagle’s medium (C11995500BT,
Gibco, USA) containing 3 mg/mL puromycin for 5 days. The HPV16
DNA was validated by PCR and Sanger sequencing before nuclease
transfection (Figure S10).

SiHa cell line culture and transfection

The human cervical cancer cell line SiHa (HPV16-positive) was pur-
chased from ATCC and cultured in Dulbecco’s modified Eagle’s me-
dium (C11995500BT, Gibco, USA) supplemented with 10% fetal
bovine serum (10270-106, Gibco, USA) at 37�C in a humidified 5%
CO2 chamber.

SiHa cells (program DN-100) were transfected on a Lonza 4D-Nucle-
ofector using the SE cell line 4D-Nucleofector X kit (V4XC-1024,
Lonza, Germany) according to the manufacturer’s protocol. The
same dsODN as used in a previous study40 was synthesized by Sangon
Biotech (Shanghai, China). For SpCas9, 2 mg of Cas9, 2 mg of sgRNA
-seq normalized on-target reads, off-target reads, and off-target counts among E7-

0-transformednormalizedGUIDE-seq readcounts (left) andoff-target numbers (right).

for all used nucleases in this study. Both the 72- and 96-h data are involved and

ghted in blue and red, respectively.
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plasmid, and 100 pmol of dsODN were transfected into six-well
plates. Cells were harvested 96 h after transfection. For TALENs
and ZFNs, 2 mg of each pair of plasmids and 100 pmol of dsODN
were transfected into six-well plates. The DNA was harvested after
72 and 96 h to fully exposure the off-target sites.
DNA extraction and dsODN-tag breakpoint PCR

DNAwas extracted with a kit (69,506, QIAGEN, Germany). The PCR
reaction was conducted using Q5 hot start high-fidelity 2� master
mix (M0494S, New England Biolabs, MA, USA). The primers used
are listed in Table S13. The dsODN-PCR process is displayed in
Figure S11.
T7E1 analysis

Genomic DNA was prepared with the DNeasy blood and tissue kit
(69504, QIAGEN, Hilden, Germany). For the PCR amplification of
sgRNA-targeting genome regions with the corresponding primers,
we used the TransTaq DNA polymerase high-fidelity (HiFi) kit
(K10222, TransGen Biotech, Beijing, China) according to the sup-
plier’s protocols. Then, the purified PCR products were digested
with 0.5 mL of T7 nuclease (M0302L, NEB, USA) in a 50-mL volume
at 37�C for 20 min.
GUIDE-seq experiments

The dsODN anchor is a quantitative measurement for cleavage effi-
ciency, which is adopted byGUIDE-seq technology.27 Specifically, after
the genome cleavage induced by programmed nucleases, the end-pro-
tected dsODN was incorporated into DSBs through non-homologous
end joining (NHEJ) pathways. The frequencies of dsODN integration
actually reflected the DSB amounts cut by programmed nucleases.
Meanwhile, the end-protected strategy improved the dsODN integra-
tion frequencies, which helped the detection of low-frequency off-tar-
gets. Therefore, both the on-targets and off-targets were able to be
captured and quantified through measuring the efficiency of the
ODNanchor integration into the dsDNAbreaks. Furthermore, by add-
ing unique molecular identifier (UMI) tags during the PCR process,
GUIDE-seq library construction could avoid the PCR bias and truly
detect the on-targets and off-targets quantitatively. In this study,
GUIDE-seq experiments were performed as previously described.27,40

GUIDE-seq libraries were sequenced using Illumina NextSeq500
sequencer with customized settings for 16-bp UMIs.
General data analysis of GUIDE-seq

Data were first demultiplexed using Illumina’s bcl2fastq software and
then analyzed using GUIDEseq v1.1 as described previously.41 The
off-targets of CRISPRs were identified using the original standards
with mismatches %7.27 For ZFNs and TALENs, we developed
different algorithms to identify off-target sites. Finally, for parallel
comparison, the sequencing reads of GUIDE-seq were normalized
(referred to as N_reads) according to the formula: normalized reads =
reads/consolidated reads � 1,000,000. Consolidated read numbers
were GUIDE-seq reads after merging UMI molecules and removing
duplication.
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ZFN off-target identification algorithm

For ZFNs, to identify the binding half-site of ZFNs around the
dsODN integration sites, we extracted the 60-bp window sequences
flanking each dsODN integration site based on the characteristic
that repair of ZFN-induced DSBs had deletions shorter than
60 bp.42 Meanwhile, most off-targets (57/58; 98.3%) of three-finger
ZFNs had fewer than or equal to four mismatches at each half-site
among validated off-targets of ZFN targeted to VEGFA in vivo
(Table S14) in a previous study,15 and the heterodimeric ZFNs
had no cleavage effect at homodimer off-target sites as a previous
study reported.13 Therefore, we scanned only heterodimer off-target
sites in the 60-bp flanking region around the dsODN integration
site for the nearest and most homologous sequences (each half-
site % 4-bp mismatches), and results above were referred to as
the “original mode.”

Additionally, 7-aa variable regions of each finger bind to a triplet
component. The binding rule is still not fully understood. For
example, the first variable region “RSDNLTK” had eight docu-
mented binding triplets in EENdb (CTG, GTA, GTC, GCG, GTG,
GTC, GTG, and GCG).43 Therefore, we developed an “extended”
mode for off-target identification of ZFNs. Specifically, we listed
all possible ZFP-binding targets based on the EENdb resource and
scanned the 60-bp flanking region for the nearest and most homol-
ogous sequences to each binding target (each half-site % 4-bp
mismatches).

TALEN off-target identification algorithm

For TALEN, in silico tools of TAL Effector-Nucleotide Targeter
(TALE-NT) 2.0 can predict off-targets of TAL effectors to aid re-
searchers in selecting a highly targeting TALEN design with the few-
est off-target number.31 The original C-coded version restricted the
N0 base (the 50-most base of a TALE-bound sequence) of potential
off-target sites to either T or C. To accommodate any N0 bases, we
modified the C-code of the “pairedtalesf” program, and the modified
program had an 88.9% (32/36) consistency rate (Figure S12; Table
S15) using 36 validated off-target sites from a previous study.16 Spe-
cifically, among a total of 36 validated off-target sites, there were 32
predicted sites with scores lower than 4-fold the best possible score
for the RVD sequence, including 29 sites (N0 base: T/C) and 3 sites
(N0 base: not T or C) (Figure S12). Only four off-target sites had sores
greater than 4-fold the best possible score for the RVD sequence. The
above data confirmed the ability of the modified TALEN-NT 2.0 al-
gorithm to predict off-targets in further GUIDE-seq downstream
detection. Then, we implemented the modified algorithm after the
general GUIDE-seq analysis. Specifically, after identification of the
dsODN integration sites, we extracted the upstream/downstream
60-bp sequences as potential off-target windows. Then, we ran the
modified script with parameters “-t 4 -d 1 -m 12 -x 30” to detect
off-target sites according to the following criteria: (1) any N0 base,
(2) heterodimeric model, (3) the potential spacer length is 12–30,
and (4) the score of each monomer should be lower than 4-fold the
best possible score for the RVD sequence (recommended by TALE-
NT 2.0 software).31
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MIP probe design and data analysis

To validate off-target sites, we designedMIP probes byMIPgen44 with
the parameter “-min_capture_size 150” and “-max_capture_size
250,” and synthesized them through GENEWIZ Biotech (Suzhou,
China). For data analysis, after quality control of the raw sequencing
data by fastp with default parameters,45 pair-end reads were merged
into one read by FLASH software.46 Then, all reads were aligned to
designed MIP sequences by BWA-MEM.47 The Python package py-
sam and the rewritten python script from the CRISPRMatch pack-
age48 were used to extract and count sequences flanking 10 nt around
the predicted targets, and indel rates were calculated, including se-
quences with either insertions or deletions. Control experiments
were conducted without adding nucleases to exclude the indels caused
by background mutation or sequence errors. The cutting efficiency of
each site was represented by the mean indel rate of the experiment
group subtracting that of the control group.

Statistical analysis

All tests were performed using R programming language 3.4.2 with a
two-sided p value provided. p < 0.05 was considered statistically
significant.

SUPPLEMENTAL INFORMATION
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