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ABSTRACT

Although engineered nucleases can efficiently
cleave intracellular DNA at desired target sites,
major concerns remain on potential ‘off-target’
cleavage that may occur throughout the genome.
We developed an online tool: predicted report of
genome-wide nuclease off-target sites (PROGNOS)
that effectively identifies off-target sites. The initial
bioinformatics algorithms in PROGNOS were
validated by predicting 44 of 65 previously con-
firmed off-target sites, and by uncovering a new
off-target site for the extensively studied zinc
finger nucleases (ZFNs) targeting C-C chemokine
receptor type 5. Using PROGNOS, we rapidly
interrogated 128 potential off-target sites for newly
designed transcription activator-like effector nucle-
ases containing either Asn-Asn (NN) or Asn-Lys (NK)
repeat variable di-residues (RVDs) and 3- and
4-finger ZFNs, and validated 13 bona fide off-
target sites for these nucleases by DNA sequencing.
The PROGNOS algorithms were further refined by
incorporating additional features of nuclease–DNA
interactions and the newly confirmed off-target
sites into the training set, which increased the per-
centage of bona fide off-target sites found within
the top PROGNOS rankings. By identifying potential
off-target sites in silico, PROGNOS allows the selec-
tion of more specific target sites and aids the iden-
tification of bona fide off-target sites, significantly
facilitating the design of engineered nucleases for
genome editing applications.

INTRODUCTION

The efficiency of genome editing in cells is greatly
increased by specific DNA cleavage with zinc finger nucle-
ases (ZFNs) or transcription activator-like (TAL) effector
nucleases (TALENs), which have been used to create new

model organisms (1–6), correct disease-causing mutations
(7) and genetically engineer stem cells (8). However, both
ZFNs (6,9–11) and TALENs (5,8) have off-target cleavage
that can lead to genomic instability, chromosomal re-
arrangement and disruption of the function of other
genes. It is vitally important to identify the locations
and frequency of off-target cleavage to reduce these
adverse events, and ensure the specificity and safety of
nuclease-based genome editing. Although the emerging
systems utilizing clustered regularly interspaced short pal-
indromic repeats (CRISPR) and CRISPR associated (Cas)
proteins are highly active at their intended target sites,
recent publications indicate that they likely have much
greater levels of off-target cleavage than ZFNs or
TALENs (12–14).
Experimental identification of ZFN and TALEN off-

target sites is a daunting task because of the size of the
genome and the large number of potential cleavage sites to
assay. Previous attempts to identify new off-target sites
based entirely on bioinformatics search methods have all
failed to locate any off-target cleavage sites (1–4,7,15),
which has led to the belief that identifying off-target
activity based on sequence homology alone would not
be fruitful (10). In contrast, efforts using experimental
methods to characterize the specificity of nucleases have
successfully identified several off-target cleavage sites for
ZFNs (6,9–11,16) and TALENs (5,8). While most of these
characterization methods incorporate a bioinformatics
component to search through the genome, the final
decision of what sites to investigate is dictated by the
experimental data; for example, Perez et al. applied a clas-
sifier based on their characterization of the nucleases to
narrow the full list of 136 genomic sites with two or fewer
mismatches in each ZFN down to the top 15 sites they
chose to interrogate (16). However, these experimental
characterization methods, including SELEX (5,8,16),
bacterial one-hybrid (6), in vitro cleavage (9) or IDLV
trapping (10), can be very time consuming, costly and
technically challenging (Supplementary Note 2). This has
severely limited the number of laboratories undertaking
these experiments and the number of nucleases
characterized for off-target effects. There is a clear
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unmet need for a rapid and scalable online method that
can predict nuclease off-target sites with reasonable
accuracy without requiring the user to have specialized
computational skills, especially for application of nucle-
ases in disease treatment.

MATERIALS AND METHODS

Major features of PROGNOS ranking algorithms

All PROGNOS algorithms only require the DNA target
sequence as input; prior construction and experimental
characterization of the specific nucleases are not neces-
sary. Based on the differences between the sequence of a
potential off-target site in the genome and the intended
target sequence, each algorithm generates a score that is
used to rank potential off-target sites. If two (or more)
potential off-target sites have equal scores, they are
further ranked by the type of genomic region annotated
for each site with the following order: Exon>
Promoter> Intron> Intergenic. A final ranking by
chromosomal location is employed as a tie-breaker to
ensure consistency in the ranking order. Full descriptions
and formulae of each PROGNOS algorithm are provided
in Supplementary Method M1.
The average 50-base and RVD-nucleotide frequencies

for engineered TALEs were calculated by compiling
previously published SELEX results of nine engineered
TALEs (5,8,17) and calculating frequency matrices
(Supplementary Table S16).

PROGNOS Homology, RVDs and Conserved
G’s Algorithms

The ‘Homology’, ‘RVDs’ and ‘Conserved G’s’ algorithms
in PROGNOS all apply the ‘energy compensation’ model
of dimeric nuclease cleavage (9) to account for the inter-
actions between the two half-sites, but the scores for each
half-site are calculated in different ways. The Homology
algorithm can be applied to both ZFNs and TALENs and
is based largely on the number of mismatches relative to
the intended target sequence. The RVDs algorithm is
designed for use with TALENs and utilizes the RVD-
nucleotide binding frequencies of natural TAL Effectors
(18); alternate ‘5T’ and ‘5TC’ versions require either a
thymidine or a pyrimidine to be in the 50 position of
each half-site. The Conserved G’s algorithm is designed
for use with ZFNs and applies a weighting factor to the
Homology algorithm that biases the rankings towards
sites where intended guanosine contacts are maintained.
More details for these algorithms can be found in
Supplementary Method M1.

PROGNOS Algorithms ‘ZFN v2.0’ and ‘TALEN v2.0’

The weightings of the parameters for the refined
PROGNOS algorithms ‘ZFN v2.0’ and ‘TALEN v2.0’
were developed by training the algorithms to maximize
recovery of previously confirmed off-target sites, as well
as the novel off-target sites found using the initial algo-
rithms developed in this study. For each algorithm, �105

randomly assigned parameter sets (within a constrained

range) were analyzed for their performance using the
Perl off-target-ranking script. The top performing param-
eter sets were further optimized by running further
analyses allowing each parameter to vary slightly from
the original value.

ZFN v2.0 Algorithm

The ZFN v2.0 algorithm was constructed based on the
binding of individual zinc finger subunits rather than
treating all mismatches equally. Specifically, the scoring
algorithm in ZFN v2.0 for each finger is based on: (i) an
initial score of 100 is given as a starting point, (ii) if there
is at least one mismatch, a ‘First_Penalty’ is sub-
tracted, (iii) if there are additional mismatches, an
‘Additional_Penalty’ is subtracted for each additional
mismatch, (iv) if a guanosine is the intended base at pos-
itions 2 or 3 and it matches the target sequence, a
‘G_Bonus’ is added, (v) if a guanosine is the intended
base at position 1 and it matches the target sequence, a
double ‘G_Bonus’ is added, (vi) if the resulting score is <0,
it is set to zero. We further introduced parameters to
model polarity effects by weighting the impact of each
of the 2nd–4th nucleotide triplets away from the FokI
domain. The score for each zinc finger subunit is
multiplied by the corresponding polarity parameter and
all scores for the half-site are summed together. The sum
is then divided by the score of a subunit that has a perfect
match to the intended target sequence of that half-site.
To allow for compensation between the two ZFN
dimers, the score for each half-site is raised to the power
of ‘Dimer_Exponent’ before being summed together,
divided by two, and multiplied by 100 to generate a
score from 0 to 100 (100 being a perfect match). More
details for the construction of the ZFN v2.0 algorithm
can be found in Supplementary Method M1.

TALEN v2.0 Algorithm

In constructing the TALEN v2.0 algorithm, a score
for each RVD-nucleotide interaction is calculated using
the same formula as in TALE-NT (18) (as in the
original RVDs algorithm) except that the RVD-nucleotide
frequencies used were derived from engineered TAL
domains instead of naturally occurring TAL Effectors. If
no RVDs are specified by the user in the PROGNOS
online input form, RVDs are assumed to follow the
standard code based on the intended target sequence:
NI!A, HD!C, NN!G, NG!T. Based on the
finding that the presence of the ‘strong’ RVDs NN and
HD are key to TAL binding (19), we hypothesized that
these RVDs may impart excess binding energy that could
compensate for local effects of adjacent RVD-nucleotide
mismatches. Accordingly, we developed two parameters,
‘Single_Strong’ and ‘Double_Strong’ that were applied to
the score of RVDs that were flanked on one or both sides
by NNs or HDs correctly bound to their respective
intended bases (guanosines or cytidines). If these criteria
are met, a fraction (defined by the parameter) of the dif-
ference between the mismatched RVD binding to its
intended base and the base at the potential off-target site
is subtracted from the score for that RVD-nucleotide
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interaction. Since a polarity effect exists in TAL–DNA
binding where mismatches further from the N-terminus
have a less disruptive effect (20), the scores for the 14th
RVD and any RVDs further towards the C-terminus are
all multiplied by the ‘Polarity’ parameter.

The scores of all positions in each half-site are summed
together to create the ‘Off_Target’ score for that half-site
and the full score for the potential off-target sites is
computed using the ‘Dimer_Exponent’ parameter and
the score for a complete match between the RVDs and
their intended target bases to yield a score from 0 to 100
(a perfect match). More details of the TALEN v2.0
algorithm can be found in Supplementary Method M1.

Nuclease construction

Four novel TALEN pairs and two novel ZFN pairs were
designed to target sequences near the A to T mutation that
causes sickle-cell anemia in the human beta-globin gene.
TALENs were assembled using the Golden Gate method
(21) and cloned into a mammalian expression destination
vector containing the wild-type FokI domain (available
through AddGene #40788). ZFNs were rationally
designed to target overlapping sites. As these ZFNs
target the same site, the activity and specificity of the 3-
finger (3F) and 4-finger (4F) ZFNs can be directly
compared. ZFN1-4F contains an additional finger added
to ZFN1-3F, extending the target site from 9 to 12 bp.
ZFN2-4F shares two proximal fingers with ZFN2-3F,
and uses a long linker between fingers two and three,
extending the target site from 9 to 13 bp (Supplementary
Figure S5). The coding sequences for the ZFNs were
ordered (IDT) and cloned into a wild-type FokI expres-
sion vector (Supplementary Data D2 and D3). The
PROGNOS search settings that were used for
investigation of the novel nucleases are available in
Supplementary Table S14.

Cellular transfection of nucleases

HEK-293T cells were cultured under standard conditions
(37�C, 5% CO2) in Dulbecco’s Modified Eagle’s Medium
(Sigma Aldrich), supplemented with 10% FBS. Plates
were coated with 0.1% gelatin. Passaging was performed
with 0.25% Trypsin-EDTA. For TALENs, 2� 105 cells/
well were seeded in 6-well plates 24 h prior to transfection
with FuGene HD (Promega). Along with 80 ng of an
eGFP plasmid, 3.3 mg of each nuclease plasmid were trans-
fected with 19.8 ml of FuGene reagent. Media was changed
24 and 48 h after transfection. Seventy-two hours after
transfection, cells were trypsinized and the genomic
DNA extracted using the DNeasy Kit (Qiagen). A small
fraction of the cells were analyzed with the Accuri C6 flow
cytometer to determine transfection efficiency by GFP
fluorescence. For ZFNs, 8� 104 cells/well were seeded in
24-well plates and 100 ng of each ZFN was transfected
using 3.4 ml of FuGene HD along with 10 ng of eGFP
and 340 ng of a Mock vector containing FokI but no
DNA-binding domain. Seventy-two hours after transfec-
tion, cells were harvested and the genomic DNA extracted
using 100 ml of QuickExtract (EpiCentre). Mock transfec-
tions were performed similarly to the TALEN

transfections, except that 6.6 mg of the mock FokI vector
was transfected instead of TALEN plasmid.

PCR amplification of regions of interest

The primers designed by PROGNOS (ordered from
Eurofins-MWG-Operon, Supplementary Table S18) were
used in a high-throughput manner to amplify genomic
regions of interest in a single-plate PCR reaction. Each
25 ml reaction contained 0.5 units of AccuPrime Taq
DNA Polymerase High Fidelity (Invitrogen) in
AccuPrime Buffer 2 along with 150 ng of genomic DNA
or 0.5 ml of QuickExtract, 0.2 mM of each primer and 5%
DMSO vol/vol. Touchdown PCR reactions were found to
yield the highest rate of specific amplification. Following
an initial 2-minute denaturing at 94�C, 15 cycles of touch-
down were performed by lowering the annealing tempera-
ture 0.5�C per cycle from 63.5�C to 56�C (94�C for 30 s,
anneal for 30 s, extend at 68�C for 90 s). After the touch-
down, an additional 29 cycles of amplification were per-
formed with the annealing temperature at 56�C before a
final extension at 68�C for 10min. Reactions were purified
using MagBind EZ-Pure (Omega), quantified using a
Take3 Plate and SynergyH4 Reader (Biotek) and
normalized to 10 ng/ml.

High-throughput sequencing

Amplicons from each transfection were pooled in roughly
equimolar ratios and SMRT sequenced using the C2/C2
Chemistry and Consensus Sequencing options, according
to the manufacturer’s protocol (Pacific Biosciences).
Sequencing reads were aligned and processed using a
pipeline of custom Perl scripts, BLAST and Needle
(Supplementary Method M4).

Statistical analysis

P-values for off-target cleavage in Table 1 and
Supplementary Tables S6–S10 were calculated exactly as
previously described (9). Briefly, the t-statistic was
calculated based on the fraction of mutated reads in the
nuclease-treated sample compared to the fraction of
mutated reads in the mock-treated sample and the
number of sequencing reads was given as the degrees of
freedom. In a similar manner, 90% confidence intervals
were calculated by determining the upper and lower
bounds of the fractions of mutated sequences that would
yield P-values of 0.05.

Source code for PROGNOS search algorithm

PROGNOS exhaustively searches for matches by moving
the query mask iteratively across the entire genomic
sequence, base by base. PROGNOS was implemented
in Strawberry Perl 5.12 on a Windows machine
(Supplementary Method M3). Source code and user
manual are available at http://baolab.bme.gatech.edu/bao/
Research/BioinformaticTools/prognos.html or http://bit.ly/
PROGNOS. The probabilistic estimate of the number of
expected off-target sites in a genome with a given level of
homology is described in Supplementary Figure S1 and
Supplementary Method M5. Details of the online server
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implementation are available in Supplementary Methods
M6. The current list of genomes available on the online
server is available in Supplementary Table S15.

RESULTS

Construction of initial bioinformatics ranking algorithms

The initial PROGNOS algorithms codified several estab-
lished factors influencing nuclease specificity, including
sequence homology, zinc fingers’ preference for binding
guanine residues (6) and RVD-nucleotide binding
frequencies of natural TAL effectors (22). To improve
upon simple ‘mismatch counting’, we incorporated the
recently proposed ‘energy compensation’ model of
dimeric nuclease interactions (9). Using these factors,
three different algorithms were initially developed. The
‘Homology’ algorithm, which could be used for both
ZFNs and TALENs, generates a score based primarily
on sequence divergence from the intended target site,
including the number of mismatches in the left and
right nuclease half-sites, and the maximum number of
mismatches allowed per half-site. The ‘Conserved G’s’ al-
gorithm (for ZFNs only) ranks potential ZFN off-target
sites by counting the number of guanine bases and adding
a weighting factor to the homology score accordingly. The
‘RVDs’ algorithm (for TALENs only) weighs mismatches
based on RVD nucleotide preferences observed in natural
TAL effectors and then applies the energy compensation
model. Since all three of the TALEN off-target sites dis-
covered previously using experiment-based off-target pre-
diction methods contained a pyrimidine at the 50 position,
a ‘5TC’ version of the ‘Homology’ and ‘RVDs’ algorithms
was also applied to TALEN rankings that required a thy-
midine or cytidine in the preceding 50 position of each
half-site. For any given potential off-target site, these
algorithms generate a score that allows ranking of all
potential off-target sites in a genome for a specific
nuclease target site. Search parameters, such as target
sites, maximum mismatches per half-site and allowed
spacer lengths are entered as inputs using the online inter-
face (Figure 1A and Supplementary Note 4) and ranked
lists of potential cleavage sites in the selected genome are
given as PROGNOS outputs for further analysis.
Although two online tools—ZFN Site (23) and TALE-
NT (18)—exist to help search genomes for cleavage sites
with homology to intended nuclease on-target sites,
neither automatically ranks the potential off-target sites,
nor has led to a report of any new experimentally verified
off-target cleavage sites. In a direct comparison, we found
that TALE-NT was only able to predict two of the seven
bona fide TALEN off-target sites in unrelated gene
families—three sites from previous work (5,8) and four
from this work—while PROGNOS could predict six
(Supplementary Note 3). Recently, a new tool for identify-
ing TALEN off-target sites, TALENoffer, was published
(24). Although it performs better than TALE-NT and
does provide a rank-order for the potential off-target
sites, it is outperformed by the refined TALEN v2.0 algo-
rithm (Supplementary Note 3).

Validation of PROGNOS algorithms with previously
confirmed off-target sites

To validate the initial PROGNOS ranking algorithms, we
compared PROGNOS predictions with the off-target sites
of ZFN and TALEN pairs identified by others using ex-
perimental characterization methods. If the same number
of sites (1X) were interrogated as in the original studies, but
the sites were chosen by taking the top-ranked PROGNOS
predictions, (33±21)% (mean±SD) of the off-target
sites previously found in studies of ZFNs targeting CCR5
(9),VEGF (9) and kdrl (6) could be located. Since off-target
searches using the in silico PROGNOS predictions can be
scaled up readily, we tripled (3X) the number of sites
interrogated from PROGNOS top-ranked lists, and
found that PROGNOS could identify (65±24)% of the
off-target sites previously confirmed experimentally
(Figure 1B and Supplementary Tables S1–S3). Excluding
sites in highly homologous gene pairs such as CCR5/
CCR2, only three bona fide TALEN off-target sites had
previously been experimentally identified to date (5,8)
(Supplementary Note 5), making a rigorous analysis of
the predictive power of PROGNOS for ranking TALEN
off-target sites more difficult (25). Nevertheless, we found
that the ‘Homology-5TC’ and ‘RVD-5TC’ algorithms in
PROGNOS could predict several off-target sites confirmed
previously for TALEN pairs targeting the AAVS1 (8) and
IgM (5) loci (Figure 1C and Supplementary Tables S4–S5).
Since no single off-target analysis method has yet been
able to provide a comprehensive list of all off-target sites
of a nuclease (Figure 1D) (9,10), the comparison of
PROGNOS predictions with previously published results
may underestimate the power of PROGNOS. Specifically,
these comparisons are limited by the small number of
off-target sites experimentally validated previously, and
do not reflect the ability of PROGNOS to predict new
off-target sites.

Validation of novel CCR5 ZFN off-target site predicted
by PROGNOS

To date, the only nuclease pair to have its off-target sites
experimentally interrogated using two independent
methods is a ZFN-pair targeting CCR5 [analyzed using
in vitro cleavage (9) and IDLV (10)]. These two studies
located a total of 12 hetero-dimeric bona fide off-target
sites, verified by sequencing the resulting mutations.
A comparison between PROGNOS predictions using the
‘Homology’ and ‘Conserved G’s’ algorithms and those 12
sites identified experimentally shows that PROGNOS
[analyzing the top 3X number of sites interrogated
by Pattanayak et al. (9)] was able to predict 10 out of
the 12 off-target sites (Figure 1D and Supplementary
Table S1). Additionally, through investigating 16 potential
off-target sites predicted by PROGNOS, but not identified
by any other existing methods (9,10,16), a novel CCR5
ZFN off-target site was experimentally validated (Table 1
and Supplementary Tables S10–S11).

PROGNOS search output

PROGNOS provides ranked lists of potential nuclease
cleavage sites that can be used to guide experimental
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evaluation of ZFN and TALEN off-target activities
(Figure 2A). Specifically, for each pair of ZFNs or
TALENs, the user-friendly online interface of
PROGNOS (http://bit.ly/PROGNOS (13 December
2013, date last accessed) or http://baolab.bme.gatech.edu/
bao/Research/BioinformaticTools/prognos.html) allows
entry of the nuclease search parameters (the guidelines
for de novo investigation of nucleases are given in
Supplementary Note 4) and returns lists of the top-
ranked off-target sites according to the PROGNOS
algorithms, as well as a full list of un-ranked potential
off-target sites meeting the search parameters (Figure
2B). While the top-ranked sites provide a list of likely
locations in a genome where off-target cleavage may
occur, neither the PROGNOS rankings nor any published
method can yet directly correlate the ranking with the
precise level of observed off-target mutagenesis at a given
site (Supplementary Figure S3). Furthermore, to aid

experimental analysis, PROGNOS also provides PCR
primer sequences that can be used to amplify the potential
nuclease cleavage sites in a high-throughput manner
(Supplementary Method M2), a unique feature not
present in other online search tools. Automated design of
PCR primers significantly facilitates the analysis of off-
target sites, since an initial experimental study of off-
target cleavage by a single pair of nucleases typically
requires at least 40 primers (1,8), and an in-depth investi-
gation of nuclease off-target effects may require >250
primers (6,9). Although tools such as Primer3 (26) can
assist in primer design, they require a large amount of
effort to generate primers optimal for off-target analysis
due to specific requirements of where the nuclease site
must be positioned within the amplicon. Although PCR
amplification is an essential step in examining a potential
off-target site, in previous investigations the success rates
of amplifying off-target loci varied from 31% (1) to 95%
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Figure 1. PROGNOS search interface and comparison to previous prediction methods. (A) The PROGNOS online interface allows users to enter the
target site of their nuclease pair and specify search parameters and primer design considerations. (B) A comparison of PROGNOS predictions to
previously reported methods identifying off-target sites for different ZFNs (6,9). The Homology and Conserved G’s algorithms were used to
determine what percentage of the sites with previously identified off-target activity fell within the top fractions of PROGNOS rankings. The ‘1X’
top fraction corresponds to searching the same number of top PROGNOS sites as were investigated in the original paper and ‘3X’ corresponds to
searching three times as many PROGNOS sites as were investigated in the original manuscript. (C) A comparison of the PROGNOS search
algorithms to previously reported methods identifying off-target sites for TALENs (5,8). The top PROGNOS rankings using the Homology-5TC
and RVD-5TC algorithms were searched to determine what percentage of off-target sites found to have activity fell within the top fractions of
PROGNOS rankings. (D) Venn diagram displaying the 13 known off-target sites identified for the heterodimeric CCR5 ZFNs during development
and testing of the original PROGNOS algorithms (9,10). The sites ranked at the top of the PROGNOS Homology and Conserved G’s in silico
algorithms [allowing 3X the number of sites searched by Pattanayak et al. (9)] are compared to the 12 sites identified previously and one site
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(8). In contrast, the primers automatically designed by
PROGNOS had a robust 95% success rate across the 116
potential off-target loci interrogated in this study (Figure
2C and Supplementary Methods M1). PROGNOS also
provides the sequences, the sizes of expected cleavage
products of the amplicons, and site of expected cleavage.
This information is used when testing for nuclease-induced
mutations—typically short insertions and deletions (indels)
resulting from error-prone resolution of the DNA double-
strand break through the non-homologous end-joining
(NHEJ) repair pathway—using methods such as the
Surveyor Nuclease assay, high-throughput sequencing
or Sanger sequencing of TOPO-cloned fragments
(Figure 2D).

Determination of NHEJ-mediated indels using
high-throughput SMRT sequencing

To experimentally measure nuclease activity at on-target
and potential off-target sites identified by PROGNOS, we
used single molecule real-time (SMRT) sequencing of the
PCR amplicons. The consensus sequencing mode of the
SMRT platform provides highly accurate long length
reads (27) that allowed determination of nuclease
activity and specificity with reasonable sensitivity, and at
a lower cost per run than other deep sequencing platforms
(other advantages of SMRT sequencing for smaller
laboratories are described in Supplementary Note 7).
The good agreement between SMRT sequencing results
and Sanger sequencing of TOPO-cloned samples further
confirmed the accuracy of the SMRT-based analysis of
nuclease cleavage (Figure 3A). Further, the high quality
of the SMRT consensus sequence reads allowed us to
achieve a much better signal to noise ratio for the
mutation analysis than other sequencing methods (1).

We found that only three sequencing reads from mock
treated control cells (�0.003% of the total) contained
indels flagged by the analysis and all three were from the
same genomic site, which in retrospect should have been
excluded from sequencing analysis due to several long
adjacent homopolymer stretches known to be error-
prone during the sequencing process (Supplementary
Tables S6–S9 and Supplementary Data D1).
Although the spectrums of indels induced by ZFNs (6)

or TALENs (1,28) have been investigated previously, the
long SMRT read lengths provided a more comprehensive
analysis (Figure 3B). We found that ZFNs induced pre-
dominately 3-, 4- and 5-bp insertions or deletions,
with just a small number of large deletions. In contrast,
TALENs induced indels over a much broader range,
centered at 5–20 bp deletions, possibly due to the flexibility
of the+63 C-terminal TAL domain (29).

Prediction and validation of off-target sites for
novel nucleases

To demonstrate the application of PROGNOS in
analyzing newly designed nucleases, we investigated the
off-target cleavage of four pairs of TALENs and two
pairs of ZFNs (Table 1). TALENs containing the Asn-
Asn (NN) RVD have been shown to be less specific than
corresponding TALENs containing the Asn-Lys (NK)
RVD (29); however the difference in off-target activity
of NN-TALENs and NK-TALENs has not been
demonstrated in a genome-wide context. For ZFNs,
although both 3F and 4F ZFNs have been shown to
have off-target cleavage (6,9,10), there has been no
direct comparison of off-target cleavage induced by
3F- and 4F-ZFNs that target the same DNA sequence.
We expressed the TALENs and ZFNs in HEK-293T
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Analyze amplicons for nuclease

induced mutations and indels
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Hockemeyer et al.
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Tesson et al.
Huang et al.

Full Plate 
High-Throughput 

PCR

Sample Output

d

100%0%

ZFN-3F Off-Target Site in ATG7
Mutations in 7 of 1334 sequences ≈ 0.5%      o

TGGAGTTGACTCCGCCCTTGgCCCATGGTTGGGGCAAGGTAGTTGGGA WT
TGGAGTTGACTCCGCCCTTGGCCCAtggtTGGTTGGGGCAAGGTAGTT +4 x3
TGGAGTTGACTCCGCCCTTGGCCCATGGTtggTGGGGCAAGGTAGTTG +3 x2
TGGAGTTGACTCCGCCCTTGGCCCAtggTGGTTGGGGCAAGGTAGTTG +3 x1
TGGAGTTGACTCCGCCCTTGGCCCAtggttTGGTTGGGGCAAGGTAGT +5 x1

23016 Poten�al Off-target Sites Rankings Mismatches PCR Product Size …
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Introns: Intergenic: 3—ATG7 1 298 bp …
9671 11366
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Figure 2. Using PROGNOS to identify nuclease off-target sites. (A) Outline of the procedure to identify nuclease off-target activity. (B) Sample
outputs of the PROGNOS online software showing all sites found and what types of genomic regions they are located in as well as rankings of the
top potential off-target sites. The rankings include the closest gene, the number of mismatches, the size of PCR product from the automatically
designed primers, and other helpful information. (C) Comparison of the success of the automatically designed PROGNOS primers used in high-
throughput full-plate PCR of off-target sites to primers designed in other off-target publications. (D) Sequencing reads of an off-target location for
the 3F ZFN pair that show evidence of NHEJ. In the wild-type (WT) sequence, the ZFN binding sites are highlighted in yellow and mismatches to
the intended target sequence are lowercase red. In the sequencing reads, inserted bases are lowercase and highlighted in blue. The size of the indel is
displayed to the right of the sequence, along with the number of times that mutation was observed.
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cells, and analyzed the PROGNOS top-ranked off-target
sites (Table 1 and Supplementary Tables S6–S9).
We found that TALENs exclusively using the NN RVD
to target all of the guanosine nucleotides in the target
sequence imparted higher activity level than TALENs
exclusively using the NK RVD at corresponding pos-
itions, in agreement with previous reports (1,29).
However, the NN-TALENs tested in this study had
higher off-target cleavage activity than the corresponding
NK-TALENs. For the first time, off-target cleavage by
NK-TALENs was uncovered, as well as bona fide
TALEN off-target sites with substantial (>5%) sequence
divergence from the intended target that lacked a 50 pyr-
imidine and a site with a spacer >24 bp (Table 1). For
ZFNs, we found that the 4F-ZFNs had higher on-target
activity [consistent with previous reports that additional
fingers increased activity (31)] and much lower off-target
activity compared with the corresponding 3F-ZFNs tar-
geting the same DNA site. Specifically, all six of the off-
target sites found for the 3F-ZFNs had equal or greater
activity than the off-target site of the 4F-ZFNs (a single
site with 0.2% activity), with three sites having activity
>1% (Table 1).

Refinement of PROGNOS ranking algorithms

Although the set of initial PROGNOS algorithms (two for
ZFNs and four for TALENs) performed well in locating
bona fide off-target sites for newly designed nucleases
based solely on in silico prediction, a user would still
need to choose a specific algorithm or use all the available
algorithms without knowing a priori which one would be
most predictive for their nuclease. Using the expanded set
of bona fide off-target sites including those found in this
study (Table 1) as well as new insights into TALEN-DNA
binding (19,20), we refined the PROGNOS algorithms so
that they are more sensitive, efficient and user friendly
compared with the initial algorithms. Although the
‘Homology’, ‘Conserved G’s’ and ‘RVDs’ algorithms
(including the ‘5TC’ version for TALENs) all located
bona fide off-target sites, no algorithm was consistently
superior across all ZFNs or all TALENs studied
(Figure 1B and C and Table 1). In developing the
refined algorithms, we were able to unify the different al-
gorithms for each type of nuclease into a single algorithm
(ZFN v2.0 for ZFNs, TALEN v2.0 for TALENs).
Compared with the original PROGNOS algorithms,
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Figure 3. Using SMRT Sequencing to analyze nuclease activity. (A) SMRT sequencing produced very similar results to standard TOPO sequencing
over a range of mutation rates from �20% to �76%. Error bars are 90% confidence intervals. S2/S5 NK and S2/S5 NN are the TALENs targeting
beta-globin compared in this study. S116/S120 and J7/J8 are NK-TALENs targeting beta-globin and CDH1, respectively (30). (B) Comparison of the
range and frequency of different sizes of indels observed in cells treated with TALENs or ZFNs. The observed frequencies of the different sizes are
normalized to the frequency of the most common indel size for each nuclease type.
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ZFN v2.0 and TALEN v2.0 predicted a larger total
number of bona fide off-target sites within the top 16
rankings (representing the minimum recommended size
of a small-scale off-target analysis), located higher mean
percentages of known off-target sites per nuclease across
all nucleases tested (within the top 3X rankings for previ-
ously investigated nucleases and within the same number
of sites as in the PROGNOS-based investigations,
Supplementary Table S17), and had lower standard devi-
ations of the mean percentages, demonstrating that the
refined algorithms performed more consistently across
all nucleases tested.

In developing the refined and unified ZFN algorithm,
we added factors weighing a model of the binding energy
of each zinc finger subunit (9) and polarity effects reflect-
ing the distance of a mismatch from the FokI domain and
allowed more flexible models of the previous concepts
of energy compensation between the two half-sites of a
nuclease pair and a stronger affinity for guanosine
residues (Supplementary Method M1). This new ‘ZFN
v2.0’ algorithm outperforms the initial ‘Homology’ and
‘Conserved G’s’ algorithms for ZFNs in terms of both
identifying a larger set of bona fide off-target sites for

the nucleases tested and having a superior true discovery
rate in the Top 16 rankings (Figure 4A). The Top 16
ranked sites were chosen as a cutoff (instead of the
Top 24, as recommended in Supplementary Note 4)
because by necessity nearly all of the novel off-target
sites found were within the Top 24 rankings of one of
the original algorithms since that was their initial criteria
for being selected for investigation. Therefore, a stricter
cutoff was required in order to observe differential per-
formances between the algorithms for these new sites.
Recently, Sander et al. (11) used Bayesian machine

learning to re-analyze the original results of the in vitro
cleavage experiments for CCR5 and VEGF ZFNs (9) and
subsequently developed two separate classifiers that
ranked all sequences in the human genome for their
potential as off-target sites of either the CCR5 or VEGF
ZFNs, respectively. Their work validated 25 new bona fide
off-target sites for the CCR5 ZFNs and 26 new sites for
the VEGF ZFNs, but did not locate—among any of the
15 882 possible off-target sites predicted for the CCR5
ZFNs by their classifier system—the novel off-target site
for the CCR5 ZFNs predicted by the PROGNOS algo-
rithms near CSNK1G3 that was validated in this study.
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Figure 4. Improved performance of the refined PROGNOS algorithms. (A) The performance of the two initial ZFN algorithms and the refined
‘ZFN v2.0’ algorithm are compared for their ability to predict off-target sites for all the ZFNs in the training and validation sets. Percentages of off-
target sites located were calculated according to 3X limits for previous studies and within the number of sites interrogated for PROGNOS-based
studies (typically the top 24 ranked sites). Error bars represent SD. (B) The expanded landscape of 38 total heterodimeric off-target sites for the
CCR5 ZFNs found by four different experiment-based prediction methods and the refined ‘ZFN v2.0’ PROGNOS algorithm. The PROGNOS sites
are drawn from the top rankings spanning 3X the number of predictions by the Bayesian abstraction of the in vitro cleavage profile. (**) Note that
only six of the sites found using ChIP-Seq were provided by Sander et al. (11), so the full degree of overlap of all ChIP-Seq sites with sites found by
other methods is unclear. (C) The performance of the four original TALEN algorithms and the refined ‘TALEN v2.0’ algorithm are compared for
their ability to predict off-target sites for all TALENs in the training and validation sets.
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Although the analysis by Sander et al. combined machine
learning and in vitro cleavage experiments, it was unable to
locate all the known off-target sites for the CCR5 ZFNs.
Details of the comparison to the Sander et al. analysis (11)
can be found in Supplementary Note 6.
Since the 51 new sites found by Sander et al. (11) were

not part of the training set for the ‘ZFN v2.0’ algorithm,
this provided an opportunity to test the new algorithm for
its ability to locate additional off-target sites. By extending
the standard PROGNOS search limit recommendations
(Supplementary Note 4) for the CCR5 ZFNs to allow
for a larger number of possible off-target sites (3X the
number of possible off-target sites considered by Sander
et al.), we found that the refined ZFN algorithm success-
fully identified more than half (13 of 25=52%) of the
new off-target sites for those ZFNs (Figure 4B and
Supplementary Note 5). For the VEGF ZFNs, the
standard PROGNOS search provided enough potential
off-target sites to make an appropriate 3X comparison
to Sander et al. (11), and the refined algorithm again
located more than half (18 of 26=69%) of the new off-
target sites for those ZFNs (Supplementary Note 5). Three
additional pairs of ZFNs (a 3F pair, a 4F pair and a 5F
CompoZr pair from Sigma-Aldrich) which had previously
been investigated using the Homology and Conserved G’s
PROGNOS algorithms (Mussolino,C. et al. and
Abarrategui-Pontes,C. et al., manuscripts in preparation)
were also re-analyzed using the refined algorithm and all
six of the previously located bona fide off-target sites were
highly ranked by ZFN v2.0 (Supplementary Table S17).
Taken together, these results provide significant evidence
that the refined ZFN algorithm was not over trained to
existing sites during its development and is able to
robustly predict additional bona fide off-target sites. An
analysis of each of the components of the ZFN v2.0 algo-
rithm showed that while all play a part in the improved
performance, some parameters are more critical to the al-
gorithm than others (Supplementary Figure S7).
In developing the refined and unified TALEN algo-

rithm, we added new parameters based on compensatory
effects of strong RVDs (NN and HD) (19) on adjacent
mismatches and polarity effects indicating that
mismatches further from the N-terminus are less disrup-
tive (20). These new considerations were combined with a
model of dimeric nuclease interactions, as well as RVD-
nucleotide association frequencies. To improve upon the
RVD-nucleotide association frequencies derived from
natural TAL effectors (18), as were used in the initial
‘RVDs’ algorithm and the TALE-NT online tool (18),
we calculated association frequencies based on
SELEX data from engineered TAL domains (5,8,17)
(Supplementary Figure S6 and Table S16). Importantly,
this generated an association frequency for the 50 ‘Position
0’ in the TALEN-binding site that allowed us to use this
parameter to unify the ‘5TC’ and unrestricted versions of
the ‘RVDs’ algorithm. Further, we found that while the
nucleotide frequencies for the RVDs NI, HD, NK and
NG did not appreciably vary between engineered
TALEs and natural TALEs, the results for NN were sub-
stantially different. Although the NN RVD is still the least
specific of all the standard RVDs, in engineered TALEs it

showed a stronger preference for its intended base (guano-
sine) and a reduced preference for adenosines and cyti-
dines compared with that of naturally occurring TALEs
(Supplementary Table S16). We found that the new
unified ‘TALEN v2.0’ algorithm outperforms the four
initial algorithms for TALENs in terms of both finding
a larger number of bona fide off-target sites in the Top 16
rankings and locating a higher mean percentage of known
off-target sites per nuclease across all nucleases tested
(Figure 4C). The refined TALEN algorithm was addition-
ally able to predict several bona fide TALEN off-target
sites not in its training set that were found using the
initial PROGNOS algorithms (Supplementary Table
S17, Mussolino,C. et al., manuscript in preparation),
demonstrating that the refined algorithm was not over
trained during development and retains robust predictive
capabilities. An analysis of each of the components of the
TALEN v2.0 algorithm showed that while all play a part
in the improved performance, some parameters are more
critical to the algorithm than others (Supplementary
Figure S8).

Sensitivity and specificity of PROGNOS
search algorithms

When applying the initial PROGNOS algorithms to iden-
tify off-target sites for newly constructed NN-TALENs
and 3F and 4F ZFNs, we obtained a very manageable
average false positive ratio—defined as the number of
interrogated sites with no detectable activity compared
to the number with detectable activity—of only �11:1,
which is less than 2-fold greater than current experimental
prediction methods (Figure 5A and Supplementary Table
S12). When interrogating three additional pairs of NN-
TALENs with the initial algorithms, we observed a simi-
larly low false positive ratio of 11:1 (Mussolino,C. et al., in
preparation). For NK-TALENs, the false positive ratio
was higher (�21:1); however, since no previously
published method has identified any off-target sites for
NK-TALENs, we were not able to make a meaningful
comparison of the false positive ratio with experiment-
based prediction methods. As the new ‘ZFN v2.0’ and
‘TALEN v2.0’ algorithms have a higher true discovery
rate among the top 16 rankings, we would expect that
their false positive ratios would be even lower than the
initial algorithms when used as the basis for investigations
of novel nucleases.

As mentioned above, to date only a single nuclease pair
(the heterodimeric sites of the CCR5 ZFNs) has had its
off-target cleavage investigated by independent experi-
mental prediction methods (9–11), and it is therefore the
only pair for which a false negative rate analysis can be
conducted. Defining the false negative rate as the percent-
age of all known off-target sites that are not predicted
by the particular method within a top portion of the
rankings, the PROGNOS algorithms had false negative
rates equal or superior to the IDLV and in vitro
cleavage experimental prediction methods (Figure 5B
and Supplementary Table S13). An ROC-like analysis
of the different predictive methods for the CCR5 ZFNs
using the false discovery and true positive rates also

e42 Nucleic Acids Research, 2014, Vol. 42, No. 6 PAGE 10 OF 13

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
``
''
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
-finger
-finger
,
-finger
manuscripts 
 and under review
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
``
''
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
'
``
''
TALEN 
``
''
standard versions
``
''
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
``
''
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
- 
-finger
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1
manuscript under review
al
``
''
``
''
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1326/-/DC1


demonstrates that the PROGNOS algorithms perform
comparably to experimental based prediction methods
(Supplementary Figure S4).

DISCUSSION

Engineered nucleases can readily be designed and
optimized to target specific endogenous sequences in a
genome. However, to reach their potential for generating
model research systems and treating human diseases, the
specificity of engineered nucleases must be better under-
stood. However, the analysis of the location and frequency
of TALEN and ZFN off-target effects has been beyond
the reach of most laboratories due to the limitations of the
existing methods. We created PROGNOS, an online
search tool solely based on bioinformatics and the
current understanding of nuclease–DNA interactions,
which allows users to predict potential nuclease off-
target sites by following a simple set of instructions
(Supplementary Note 4), and to evaluate the sites using
standard molecular biology techniques if so desired
(Supplementary Figure S2). The novel bioinformatics
ranking algorithms in PROGNOS predict many of the
off-target sites of the CCR5 ZFNs that were identified
previously using experimental methods and also identified
a novel off-target site that was missed in those studies.
However, there are several very active (>5% mutation
rate) off-target sites for these ZFNs that PROGNOS did
not rank highly, suggesting that there are still unknown
factors influencing ZFN off-target activity that are not
accounted for in our current models. Future unbiased
genome-wide analyses of off-target activity [such as the
IDLV method (10)] will be critical to build a larger
database of sites with low sequence homology from
which further insight into the factors affecting off-target
activity can be gained. Nevertheless, PROGNOS is able to
successfully predict many off-target sites and overcomes
the drawbacks of the current experiment-based prediction
methods that limit the number of nucleases tested, as
evidenced by the fact that no bona fide off-target sites
for new ZFNs or TALENs have been reported over the

last 2 years (5,8) (see Supplementary Note 5). The
improved performance of the refined ‘ZFN v2.0’ and
‘TALEN v2.0’ algorithms over the initial algorithms high-
lights a key advantage of bioinformatics-based predic-
tions: as more bona fide off-target sites are discovered,
increasingly better predictive models can be incorporated.
PROGNOS allowed interrogation and comparison of

the off-target activities of several novel nucleases targeting
the beta-globin gene. We directly compared 3F versus 4F
ZFNs that targeted the same site, and compared
NK-TALENs versus NN-TALENs that shared target
sites. We found that these NN-TALENs and 3F ZFNs
had more off-target activity than the corresponding NK-
TALENs and 4F ZFNs, respectively. While NN-TALENs
generally have high on-target cleavage, this may be
accompanied by decreased specificity leading to high off-
target activity. To confirm the conclusion that the
4F-ZFNs targeting this site are more specific than the
3F versions, we interrogated several of the validated
3F-ZFN off-target sites in cells expressing 4F-ZFNs and
found no statistically significant off-target activity
(Supplementary Table S9). Our comparison of the speci-
ficity of NN-TALENs versus NK-TALENs is somewhat
limited by the fact that the NN-TALENs had higher
on-target activity than the corresponding NK-TALENs,
but the dramatic difference in off-target activity at HBD
for the S2/S5 NN- and NK-TALENs (Table 1) strongly
supports the notion that NK-TALENs have improved
specificity over NN-TALENs. The nature of the new
off-target sites and their implications are discussed
further in Supplementary Note 1.
In summary, PROGNOS provides a user-friendly, web-

based tool for rapid identification of potential nuclease
off-target cleavage sites that can be evaluated using
standard molecular biology techniques. The bioinfor-
matics-based ranking algorithms in PROGNOS identify
most nuclease off-target cleavage sites found by existing
experimental methods. PROGNOS has relatively low
false positive ratios and comparable false negative rates
to experiment-based predictions, making it a robust
method that can be readily implemented by most
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laboratories. Screening potential target sites using
PROGNOS can facilitate the selection of superior
nuclease target sites that minimize the number of likely
genomic off-target sites. PROGNOS allows nuclease off-
target analysis to become a routine component of nuclease
design and testing, facilitating the discovery of new off-
target sites for ZFNs and TALENs, which expand the off-
target database and may improve future versions of the
PROGNOS algorithms. These capabilities give
PROGNOS the potential to help expand and expedite
the application of engineered nucleases for a wide range
of biological and medical applications.
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