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Despite rapid progress, many problems and limitations persist
and limit the applicability of gene-editing techniques. Making
use of meganucleases, TALENs, or CRISPR/Cas9-based tools
requires an initial step of pre-screening to determine the effi-
ciency and specificity of the designed tools. This step remains
time consuming and material consuming. Here we propose
a simple, cheap, reliable, time-saving, and highly sensitive
method to evaluate a given gene-editing tool based on its capac-
ity to induce chromosomal translocations when combined
with a reference engineered nuclease. In the proposed tech-
nique, designated engineered nuclease-induced translocations
(ENIT), a plasmid coding for the DNA-editing tool to be tested
is co-transfected into carefully chosen target cells along with
that for an engineered nuclease of known specificity and effi-
ciency. If the new enzyme efficiently cuts within the desired
region, then specific chromosomal translocations will be gener-
ated between the two targeted genomic regions and be readily
detectable by a one-step PCR or qPCR assay. The PCR product
thus obtained can be directly sequenced, thereby determining
the exact position of the double-strand breaks induced by the
gene-editing tools. As a proof of concept, ENITwas successfully
tested in different cell types and with different meganucleases,
TALENs, and CRISPR/Cas9-based editing tools.
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INTRODUCTION
The field of in vivo gene editing using engineered nucleases is in
strong development with the constantly increasing panel of available
tools and techniques for testing their efficiency. Those gene-editing
tools include meganucleases, transcription activator-like (TAL)
effector nucleases (TALENs),1 and the clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9 system2 (reviewed by Saada
et al.3).

Whatever the tools used, editing the genome is based on the generation
of double-strand breaks (DSBs), which will trigger DNA repair,
resulting in genomemodifications either through homologous recom-
bination (HR) or error-prone non-homologous end joining (NHEJ)
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processes. The modifications thus obtained include gene disruptions,
insertions, substitutions, and chromosomal rearrangements.4

The first and most important step in gene editing requires testing the
efficiency and precision of the engineered nuclease. This is mostly
based on detection of mismatches introduced in the target region
by NHEJ. Various methods are employed to this aim, but they are
all time-consuming and technically challenging.

The method of choice for the identification of precise mutations re-
mains direct detection via DNA sequencing. This requires multiple
steps prior to sequencing: establishment of a clonal cell population,
DNA extraction, amplification of the target sequence by PCR, its pu-
rification, and cloning. Aligning the DNA sequence eventually pro-
duced with the wild-type homologous sequence allows for mutations
to be screened at the cutting site. Easier and faster alternatives have
been proposed, such as screening for DNA mismatches by single-
stranded conformational polymorphism (SSCP) analysis5,6 or dena-
turing high-performance liquid chromatography (DHPLC).7,8 Those
techniques are based on the property of single-stranded DNAs to
adopt specific conformations that can be altered by a single base
change, resulting in modified migration in gel electrophoretic assays
(SSCP) or through a chromatographic column (DHPLC). Even
though more rapid, those methods still require multiple steps (a
PCR amplification, the amplicon denaturation, and annealing and
detection of differences in the mobility of the single-stranded
DNAs). Moreover, it is currently impossible to use this technique
to analyze fragments longer than 1,000 bp and also to locate the mu-
tation within the DNA sequence.9 Other techniques, like restriction
enzyme digestion-suppressed PCR (RE-PCR), T7 endonuclease I
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(T7EI) endonuclease assay, and the Surveyor assay, that are based on
detection of mismatches have been developed to circumvent the
abovementioned limitations. In RE-PCR, the genomic DNA is sub-
mitted to digestion with a restriction enzyme recognizing a sequence
that contains the cleavage site target of the gene-editing tool. If the re-
striction site is mutated via NHEJ, then the enzyme will not cut it, and
amplicons can be detected by PCR. In the absence of introduced mu-
tations, the restriction enzyme will recognize and cleave the targeted
DNA, and amplification will be suppressed.10 The problems with
RE-PCR are that it is a two-step technique that requires the use of
a specific restriction enzyme, and it is only qualitative and therefore
not suitable for assessing the cutting efficiency of engineered nucle-
ases to be tested. The T7EI assay and the Surveyor assay are both
based on recognition and cleavage of heteroduplex DNA at mis-
matches by mismatch-specific nucleases: the T7 endonuclease or
the Surveyor enzyme.11 Both techniques are widely used because
they are less time- andmoney-consuming compared with sequencing,
but they are not very reliable in terms of reproducibility. Indeed, the
presence of random mutations or polymorphisms in cell lines can
yield false positives. Moreover, there is an extreme variability in exist-
ing protocols that induces the problem of reproducibility (e.g.,
compare Fu et al.,12 Hou et al.,13 and Sedlak et al.14).

DNA DSBs produced at two separate sites can induce chromosomal
translocations via NHEJ that can erroneously join the ends of two
broken chromosomes15,16 (reviewed by Iarovaia et al.17). Recently,
simultaneous expression of engineered nucleases targeting different
loci has been reported to induce specific chromosomal transloca-
tions in human mesenchymal precursor and epithelial cells.18,19

Here we propose to take advantage of this capacity to induce chro-
mosomal translocations to evaluate the efficiency and precision
of engineered nucleases. A one-step method referred to as engi-
neered nuclease-induced translocations (ENIT) is described. Based
on PCR, this technique is rapid, sensitive, reproducible, and cheap.
Using engineered nucleases targeting two different genomic loci
and specific primers, the described technique allows the visualization
and reliable quantification of genomic cleavage in fewer than 1,000
transfected cells.

RESULTS
PCR Detection of a Specific Chromosomal Translocation

Induced by Two Engineered Nucleases

ENIT is based on cellular co-expression of two engineered nucleases,
one of known specificity and proven efficiency and the other to be
tested. The expected result is a specific chromosomal translocation
that should be detectable by a simple PCR assay. To specifically
induce DSBs in two target loci of choice, we used two pairs of
TALEN subunits, one recognizing the MYC gene locus at 8q24
(TAL8F + TAL8R) and the other recognizing the IGH gene locus
at 14q32 (TAL14F + TAL14R), cloned into GFP-expressing plas-
mids. To this aim, HeLa cells were simultaneously transfected with
the four TALEN subunits and kept for 72 hr in culture. The obtained
transfection efficiency (ranging from 4% to 20% in different experi-
ments) was checked via GFP expression prior to extraction of
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genomic DNA. PCR was then performed with primers surrounding
the DNA sequences targeted by the TALENs. The two pairs of
primers corresponding to the MYC (MYC F + MYC R) and IGH
(IGH F + IGH R) gene loci produced the expected PCR bands in
both non-transfected (Figure 1A, lanes 2 and 3, respectively) and
transfected HeLa cells (Figure 1B, lanes 2 and 3, respectively).
When the MYC forward primer (MYC F) was used together with
the IGH reverse primer (IGH R), a single, �500-bp-long specific am-
plicon was observed specifically in HeLa cells transfected with the
TALEN plasmids (Figure 1B, lane 4, versus Figure 1A, lane 4), sug-
gesting that a t(8;14) chromosomal rearrangement had occurred
in transfected cells, producing a recombined MYC-IGH locus. For
further characterization, the amplicon was purified from the agarose
gel and sequenced. Aligning the obtained sequence with the
NCBI reference sequences of IGH and MYC (NG_001019.5 and
NG_007161.1, respectively) revealed a perfect match up to the begin-
ning of the TALEN cutting site where several mismatches were
detected (Figures 1C and 1D, highlighted in bold; Figures S1A and
S1B), as expected.

The t(8;14) translocation thus generated was further ascertained
in one experiment of fluorescence in situ hybridization (FISH)
performed on chromosome spreads from the TALEN-transfected
HeLa cells using probes for the MYC and IGH loci. We observed
one chromosome with colocalized MYC and IGH signals in one
spread of 100. A spread with metaphase chromosomes from one
cell containing the translocation (indicated by an arrow) is repre-
sented in Figure 2. No IGH-MYC translocation was ever observed
in untransfected HeLa cells used as controls. From these results,
ENIT thus appears to be a suitable approach for evaluating the capac-
ity of engineered nucleases to specifically target DNA sequences and
trigger testable chromosomal translocations.

ENIT Sensitivity

The cutting efficiency of TALENs is known to be relatively low.20

Further experiments were thus carried out to determine the mini-
mum number of transfected cells needed for the expected chromo-
somal translocation to be detectable by the PCR assay. DNA samples
prepared from non-transfected and transfected HeLa cells were seri-
ally diluted from 1,000 to 0.8 ng, followed by PCR amplification using
the MYC F and IGH R primers as described above. A minimum of
2,000 transfected cells (corresponding to �13.4 ng of DNA at 6.7
pg/cell21) is thus required for detection of the translocation using
ENIT (Figure 3A).The accuracy of dilution was checked by PCR on
the same samples using MYC F + MYC R primers (Figure 3B). The
primers are listed in Table 1.

We confirmed this result with a real-time PCR approach. Because of
the sensitivity of the technique and to avoid the possible detection
of false positives, we made an adjustment to the ENIT and carried
out a nested PCR. The first PCR was carried out with the same
primer pairs that were used in the other experiments, MYC F +
IGH R and MYC F + MYC R. The second PCR step was per-
formed with MYC_in (F and R) or MYC_in F + IGH_in R primer



Figure 1. PCR Detection of a Rearranged DNA Sequence Resulting from t(8;14) Chromosomal Translocation

(A) PCR on DNA extracted from untransfected HeLa cells. The represented amplicons were obtained using the following primer pairs: lane 1, GAPDH F + R; lane 2, MYC

F + R; lane 3, IGH F + R; lane 4, MYC F + IGH R. M is the molecular weight marker. (B) PCR on DNA extracted from transfected HeLa cells with the four TALENS recognizing

theMYC and IGH genes. The represented amplicons were obtained using the following primer pairs: lane 1, GAPDH F + R; lane 2, MYC F + R; lane 3, IGH F + R; lane 4, MYC

F + IGH R. The experiments were repeated three times and representative gels are displayed. (C and D) Alignment of IGH (C) orMYC (D) wild-type NCBI reference sequences

(NG_001019.5 andNG_007161.1, respectively) with the sequence of the amplicon obtained fromDNA extracted from transfected HeLa cells and amplified withMYC F + IGH

R primers. The part of the alignment where the sequences are perfectly aligned is highlighted in light gray, whereas the parts of the sequences containingmismatches (in bold)

next to the TALENs cutting site and next to the place where the translocation occurred are highlighted in dark gray.
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sets (Table 1). Amplification curves of the corresponding products
were assessed after the second step PCR (Figures S2A and S2B).

In this case, we were able to detect an amplicon using 50 ng DNA at a
transfection efficiency of 10%, which corresponds to�700 transfected
cells. The specificity of the detected amplicon was confirmed by the
absence of any amplification in the untransfected sample amplified
with MYC F + IGH R primers (Figure S2C) while theMYC amplicon
was present (Figure S2D). As expected, a nested real-time PCR is
more sensitive than an endpoint PCR and may be used for detection
of translocations in a quantitative way.

Applying the same method of calculation, we found that approxi-
mately at least �7,000 cells were needed for the Surveyor assay and
twice as many for the T7 assay (Table S1). From these data, we can
conclude that the ENIT approach is at least as sensitive as the
currently commercially available techniques.

ENIT Efficiency in Other Experimental Systems

We then wished to determine whether the described method could be
employed with other TALEN combinations. Plasmids encoding the
Mol
TAL8F and TAL8R TALEN subunits were transfected into HeLa cells
together with another couple of subunits targeting the q35 locus on
chromosome 4 (TAL4F + TAL4R). Using the ENIT technique as
described above, an amplicon was obtained by PCR on transfected
but not untransfected cells (Figures 4A and 4B). We then tested
ENIT on MRC5-SV40 immortalized fibroblasts that were transfected
with TAL8 and TAL14 expression vectors. The expected t(8;14) PCR
amplification product was detected specifically in transfected but not
in non-transfected cells (Figure S3, lane 4).

As a further proof of concept, HeLa cells were co-transfected with the
TAL8F and TAL8R vectors and with CRISPR/Cas9 constructs de-
signed to target theEZH2 gene locus on chromosome 7.Again, a trans-
location-specific amplicon was found only in cells transfected with the
TAL8 plasmids and the CRISPR/Cas9 vector but not in the controls
(Figures 4C and 4D, lane 3). Similar results were obtained with a com-
bination of TAL8F + TAL8R and a plasmid vector expressing a mega-
nuclease targeting the 4q35 chromosomal region (data not shown).

Following the same experimental protocol, we finally tested a
CRISPR/Cas9 system targeted to the 4q35 locus but with a guide
ecular Therapy: Methods & Clinical Development Vol. 5 June 2017 45
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Figure 2. Chromosome Spread of HeLa Cells

Representative FISH image of a chromosome spread of

one HeLa cell transfected with the four TALENS targeting

the MYC and IGH genes. The chromosome indicated by

the red arrow exhibits the t(8:14) translocation, as evi-

denced by colocalizedMYC (red) and IGH (green) signals.

Left: enlarged image of the metaphase chromosome

containing the t(8:14) translocation. At least 100 meta-

phases were analyzed to detect one translocation.
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already tested by our group and known to be non-functional. In this
case, no specific band was observed in transfected HeLa cells regard-
less of the DNA concentration and primer combinations used (data
not shown).

Together, these results demonstrate that the ENIT technique can be
used with engineered nucleases of various types and in different
cellular contexts. Compared with the conventional techniques, the
method reported here saves time and is cheaper to perform.

DISCUSSION
ENIT Inherent Advantages

Engineered nucleases such as TALENs and CRISPR/Cas9 are
currently employed in a variety of applications, including cancer
research and gene therapy (reviewed by Barrangou and Doudna22).
They can be used to create targeted DSBs, point mutations, deletions,
or insertions in a given DNA sequence. One crucial step is to evaluate
their potential in terms of cutting efficiency and specificity. The
methods currently used are either not highly reproducible or time-
consuming and expensive. A fast, reliable, and time- and money-
saving method remained to be developed. Here we propose to exploit
the fact that induction of two DSBs in different chromosomes should
result in inter-chromosomal translocations.18,19 When combining
one nuclease with a known target site and efficacy and one to be
tested, specific translocations should occur only if both nucleases
cleaved specifically in the given cell. Translocations can then be
readily detected by PCR amplification, yielding products that can
be directly sequenced without prior cloning. In addition, the
ENIT method described here is both much cheaper and less time-
consuming than existing multi-step approaches.

ENIT Compared with Other Methods

DNA sequencing is probably the most precise and reliable approach,
but the time required to obtain the expected result (clonal cell popu-
lations must be established before sequencing, which is not feasible
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for all cell types) is often suboptimal. Other
techniques, like SSCP and DHPLC, are faster,
but they can neither evaluate fragments longer
than 1,000 bp nor determine the location
of the mutation produced within the DNA
sequence. The RE-PCR approach does not allow
determination of the efficiency of engineered
nucleases. The T7 assay and the Surveyor assay,
based on the recognition and cleavage of mismatches induced by the
introduction of mutation because of the error-prone NHEJ DNA
repair pathway, are the current standards. Compared with our tech-
nique, they are more expensive, time-consuming, and less or as sen-
sitive. ENIT therefore is an attractive and powerful tool to evaluate
newly engineered nucleases because it is simple, reproducible, and
money-saving while providing reliable results in just a few hours.

ENIT Limitations and Guidelines for Efficiency Optimization

Which cells are chosen as recipients may affect the sensitivity of the
method proposed here. Because of their higher genome instability,
tumor cell lines are more susceptible to chromosomal translocations
than normal cells. Indeed, it has been demonstrated that tumor cells
spontaneously display chromosome instability (deletions, transloca-
tions, and duplications); they also proliferate faster than normal
cells.23,24 For these reasons, translocations induced by engineered
nucleases are more likely to occur in tumor cell lines. We thus
recommend using cell lines such as HeLa or MRC5-SV40, as in
the present study (Figures 1 and S3, respectively). However, in prin-
ciple, ENIT should also be applicable to non-tumoral transformed
cell lines.

For reasons that require more investigation, we have been unable so
far to detect translocations when PCR primers were located in close
proximity (around 200 bp) to each other (data not shown) unless a
nested PCR is performed. We therefore suggest to design primers
on sequences located more than 200 bp away from the cleavage site
targeted by TALENs or the guide RNA in the CRISPR/Cas9 system
or to use a nested qPCR approach.

In ENIT, one TALEN or one CRISPR/Cas9 must be used with a
known cleavage site and efficiency to test the efficiency of the untested
engineered nuclease. In the present work, we have made use of a con-
trol TALEN targeting the promoter region of the MYC gene at 8q24.
Designed in our laboratory, this TALEN has induced chromosomal



Figure 3. Sensitivity of the PCR-Based Detection of

Translocations

(A) Intensity of bands obtained by the PCR amplification of

serial dilutions of the DNA obtained from HeLa cells

transfected with the four TALENS recognizing the MYC

and IGH regions. The amplicons were obtained with MYC

F and IGH R primers. (B) The intensity of each band was

related to the number of transfected cells from which we

obtained the DNA used for PCR. The reliability of dilutions

was calculated by amplifying the same samples with MYC

F + R and applying the same method of quantification.

Error bars represent the variation of band intensities ob-

tained in one transfection experiment. The experiment

was repeated twice, and representative graphs from one

experiment are displayed.
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translocations with high efficiency, probably because its target is
localized within a transcribed region with an open chromatin struc-
ture.25 These specifics should be taken into account when designing
other control nucleases.

In summary, ENIT is a very powerful method to test the cutting
efficiency of a newly designed gene editing tool, simplifying and accel-
erating the very first steps in exponentially growing numbers of
biological applications of genomic editing.

MATERIALS AND METHODS
TALENs and Guide RNA-CRISPR-Cas9 Design and Assembly

TALENS targeting genomic locus regions 8q24 (MYC), 14q32 (IGH),
and 4q35-facioscapulohumeral muscular dystrophy (FSHD) region
were designed in our lab and produced by Life Technologies using
Gateway cloning for genome editing.26

The sequences of interest were cloned into pcDNA6.2_N-EmGFP-
DEST_A341 vectors. The CRISPR guide RNA (gRNA) targeting the
locus 7q36.1 (EZH2) was designed in our laboratory using the online
CRISPR design tool (http://crispr.mit.edu/). The targeted sequences
are listed in Table 2.

Briefly, DNA sequences of gRNAs with the highest scores were
selected for further cloning in a plasmid kindly provided by Dr.
Khaled Mehdi (Institut Gustave Roussy). DNA oligonucleotides
were then ligated into the BsmBI-digested plasmid containing the
U6 promoter and a Cas9 expression cassette (kindly provided by
Dr. Khaled Mehdi) using T4 DNA ligase (New England Biolabs)
Table 1. PCR Primers Used in the Current Study

Forward Primer

MYC (TAL-8) GGCCGTTTTAGGGTTTGTTGG

MYC_in (TAL-8) AGGAGGTGGCTGGAAACTTGT

IGH (TAL-14) CCCAGCCCTTGTTAATGGACT

IGH_in(TAL-14) CTGAATGGGGATGGCATGGGT

4q35 (TAL-4) AGTTTGCACTGGAGCAGAGATG

EZH2 CCATGCACAATATTTAGTTGGC

Mol
following the manufacturer’s instructions. The following gRNA was
used for EZH2: 50-TTCATACGCTTTTCTGTAGG-30.

Cell Lines and Transfection

HeLa cells (ATCC #CCL-2) were seeded at 2 � 106cells/25-cm2
flask

24 hr before transfection and cultured in 5 mL of DMEM (Gibco,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS) (Gibco) and 1% penicillin/streptomycin (Gibco) (complete
medium) at 37�C with 5% CO2. Transfections were done with
GFP-labeled TALENs designed for the MYC gene (TAL-8F-GFP
and TAL-8R-GFP), the IGH gene (TAL-14F-GFP and TAL-14R-
GFP), 4q35-specific TALENs (TAL-4F-GFP and TAL-4R-GFP),
and EZH2-specific CRISPR-Cas9 plasmids. Cells were transfected
with two couples of TALENs or a couple of TALENs and a
CRISPR/Cas9 simultaneously.

For each co-transfection, 3 mg of each plasmid were diluted in one
tube with sterile 150 mMNaCl to a final volume of 500 mL. In another
tube, 3 mL of JetPEI (Polyplus-transfection) reagent per each micro-
gram of DNA were diluted with sterile 150 mM NaCl to a final
volume of 500 mL. Both mixes were combined and incubated for
30 min at room temperature. The mixture was added to the cell cul-
ture with 5 mL complete medium, and cells were cultured for 72 hr at
37�C with 5% CO2.

MRC5 SV40 fibroblasts were kindly provided by Patricia Kannouche
(Institut Gustave Roussy). They were seeded at 0.7� 106 cells/25-cm2

flask 24 hr before transfection and cultured in RPMI medium supple-
mented with 10% FBS and 1% penicillin/streptomycin at 37�C with
Reverse Primer

CTTTTCTCTCCCTCCACCACC

CGCTATGCTGGATTTTGCTGCA

AGGTCCCCTTGCTCTAGAAGT

TCCCCTCCCTTCTGAGTCTGC

GGGATACCGACAGCAATAGTCC

TCT AAAGATTTCAGAGCAATCCTCAAGC
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Figure 4. ENIT Can Be Used to Detect the Efficiency

of Various Gene-Editing Tools and Targets

(A) PCR on DNA extracted from HeLa cells transfected

with the four TALENS recognizing theMYC and 4q (FSHD)

regions. The represented amplicons were obtained using

the following primer pairs: lane 1, 4q F+R; lane 2, MYC

F + R; lane 3, MYC F + 4q R. (B) PCR on DNA extracted

from untransfected HeLa cells. The represented ampli-

cons were obtained using the following primer pairs: lane

1, 4q F + R; lane 2, MYC F + R; lane 3, MYC F + 4q R. (C)

PCR on DNA extracted from HeLa cells transfected with

the two TALENS recognizing the MYC region and the

CRISPR/Cas9 for the EZH2 gene region. The represented

amplicons were obtained using the following primer pairs:

lane 1, MYC F + R; lane 2, EZH2 F + R; lane 3,

EZH2 F + MYC R. (D) PCR on DNA extracted from un-

transfected HeLa cells. The represented amplicons were

obtained using the following primer pairs: lane 1, MYC

F + R; lane 2, EZH2 F + R; lane 3, EZH2 F + MYC R.
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5% CO2. For TAL8 and TAL14 co-transfection, 3 mg of each plasmid
were mixed in one tube with Opti-MEM (Thermo Fisher Scientific)
to a final volume of 390 mL. In another tube, 2.6 mL of Lipofectamine
2000 transfection reagent (Thermo Fisher Scientific) per each micro-
gram of DNAwas mixed with Opti-MEM to a final volume of 390 mL.
Bothmixes were combined and incubated for 20min at room temper-
ature. The mixture was added to the cell culture with 4.4 mL of com-
plete medium, and cells were cultured for 72 hr at 37�C with 5% CO2.

To assess the rate of transfection, after 72 hr, the cells were trypsinized
and resuspended in 5 mL complete medium, and the percentage of
GFP-positive cells was analyzed by flow cytometry (BD Accuri C6
cytometer, BD Biosciences).

PCR Amplification and DNA Electrophoresis

DNA was extracted from transfected and untransfected cells with the
NucleoSpin tissue kit (Macherey-Nagel) according to the manufac-
turer’s instructions. The extracted DNA was used for PCR, which
was performed in a 20-mL reaction mixture containing 10 mL of
2XFastStart SYBR Green Master mix Rox (Roche), 1 mL of 10 mM for-
ward primer, 1mL of 10mMreverse primer, and, if not stated otherwise,
250 ng of DNA. Primers were designed using Primer3 (http://bioinfo.
ut.ee/primer3-0.4.0/primer3/) from the following NCBI reference se-
quences: NG_007161.1 (MYC), NG_001019.5 (IGH), AY028079.1
(4q35), andNG_032043.1 (EZH2); their sequences are listed in Table 1.
All possible primer combinations (gene1 forward + gene2 reverse,
gene1 reverse + gene2 forward, gene1 forward + gene2 forward, and
gene1 reverse + gene2 reverse) were tested to detect translocation.
48 Molecular Therapy: Methods & Clinical Development Vol. 5 June 2017
PCRs were performed in a Geneamp PCR
System 9700 (Applied Biosystems) with the
following cycling conditions: one cycle of 95�C
for 10 min, 40 cycles of 95�C for 30 s, 57�C
for 1 min, 72�C for 1 min, and one cycle of
72�C for 10 min. Samples were loaded on 1%
agarose gel, and the size of amplicons was determined by comparison
with a 1Kb Plus DNA ladder (Thermo Fisher Scientific).

Sequencing of PCR Products

PCR products were run and isolated from 1% agarose gel using the
NucleoSpin gel and PCR clean-up kit (Macherey-Nagel), according
to the manufacturer’s instructions, and analyzed by sequencing
(Eurofins Genomics, Cochin Sequencing Platform). Sequence data
were aligned using Seqman, version II (DNASTAR).

Preparation of Chromosome Spreads

Adherent HeLa cells (approximately 5 � 106) were synchronized
in G2/M phase by overnight treatment with the CDK1 inhibitor
RO-3306 (Sigma-Aldrich) at a final concentration of 5 mM. After
rinsing in 1� PBS and mild trypsinization, cells were blocked in
metaphase through a 45-min treatment with colcemid (final con-
centration, 0.1 mg/mL) at 37�C. After one wash in 1� PBS, cells
were gently resuspended in 18 mL of a preheated 75 mM KCl hy-
potonic solution and incubated for 13 min at 37�C. Swollen cells
were then pre-fixed by addition of 1 mL of freshly prepared fixation
solution (3:1 methanol:acetic acid) and incubated for 5 min at
room temperature (RT). After centrifugation (5 min, 150 relative
centrifugal force), cells were well resuspended in 6.5 mL of the
fixing solution and incubated for 20 min at RT. Cells were then pel-
leted by centrifugation for 10 min at 400 � g, fixed again in 6 mL of
the ice-cold fixing solution for 15 min at 4�C, centrifuged for
10 min at 400 � g (4�C), and resuspended in 0.5 mL of the ice-
cold fixing solution.

http://bioinfo.ut.ee/primer3-0.4.0/primer3/
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Table 2. Genomic Sequences Targeted by TALENs

Targeted Sequence 50–30

MYC (TAL-8) tcccccgctggaaaccttgcacctcggacgctcctgctcctgcccccacctga

IGH (TAL-14) tggcatcgcccttgtctaa

4q35 (TAL4) tgctacagcactagtgaaactgcaataccacagacagccaactggggaagaaa
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Mitotic spreads were prepared by dropping the fixed swollen cells
onto clean and dry microscopic slides from a height of approximately
10 cm. The resulting chromosome slides were air-dried and processed
immediately for FISH or stored at �20�C until use.

FISH of Chromosome Spreads

“RainbowFISH” probes used for hybridization and staining of
human chromosome loci 8q24 (MYC gene locus) and 14q32 (IGH
gene locus) were provided by Empire Genomics. The MYC probe
was labeled with SpectrumOrange and the IGH probe with
SpectrumGreen. Slides with chromosome spreads prepared as
described previously were incubated in 20% glycerol (Euromedex)
in 1� PBS for at least 1 hr at RT. Slides were then submitted three
times to freezing/thawing in liquid nitrogen and further incubated
in 0.1 M HCl (20 min, RT). Possible traces of RNA were digested
by incubation (1 hr, 37�C) in 200 mg/mL RNase A (Sigma-Aldrich)
diluted in 2� saline sodium citrate (SSC) (Euromedex). After three
washes in the 2� SSC buffer, the slides were stored at 4�C in 50%
deionized formamide (Bio Basic) in 2� SSC. For hybridization,
probes were denatured (5 min, 75�C) in a Thermomixer (Eppen-
dorf) in the hybridization buffer provided with the probes. Simulta-
neously, the slides with the chromosomes spreads were denatured
by incubation in 70% formamide for 5 min at 75�C in a dry block
heater (Bio-Techne). Hybridization was carried out by incubating
the slides with the probes for 5 days at 37�C in a humid chamber.
The slides were then rinsed in 50% formamide in 2� SSC (5 min,
37�C), followed by washing twice in 2� SSC (5 min each, RT).
Slides were then washed three times in 1� PBS (5 min each, RT),
mounted using DAPI-containing Vectashield (Vector Laboratories),
covered with a coverslip, and analyzed immediately or after storage
at 4�C.

DNA Dilutions and Gel Band Intensity Quantification

DNA from transfected cells was serially diluted starting from
1,000 ng DNA to 500, 100, 50, 20, and 0.8 ng DNA. Genomic PCR
was carried out on each DNA dilution in duplicate as described
above. PCR products were then collected and loaded in 1% agarose
gel for electrophoresis. The size of amplicons was determined
by comparison with the 1Kb Plus DNA ladder (Thermo Fisher
Scientific).

Bands were quantified using ImageJ software (NIH); the integrated
density parameter of each band was measured and adjusted by elim-
inating the integrated density value of the background. The minimum
number of cells for detecting a translocation (n) was calculated
considering the amount of DNA used for PCR, the average amount
Mol
of DNA present in one HeLa cell21 (6.7 pg), and the percentage of
transfected cells as follows:

Nðnumber of transfected cells whose DNA was used for PCRÞ=
ng of DNA used for PCR=ng of DNA in a HeLa cell �% of

transfected cells:

Those parameters were plotted together with the intensity of each
visible band. Graphs were obtained using GraphPad prism version
5.00 (GraphPad).

The accuracy of DNA dilutions was controlled by amplifying the
same DNA using MYC F and MYC R primers. The PCR products
were then collected and loaded on a 1% agarose gel. The size of
amplicons was determined by comparison with the 1Kb Plus DNA
ladder (Thermo Fisher Scientific).

Nested Real-Time PCR

DNAwas extracted from transfected anduntransfectedHeLa cells with
theNuceloSpin tissue kit (Macherey-Nagel) according to themanufac-
turer’s instructions. The extracted DNA was used for the first PCR
(PCR1) step that was performed with the MYC F + IGH R or MYC
F+MYCRprimer pairs as in previous experiments. ThePCR1 product
at a final dilution of 1/100 was used for the second amplification step
(PCR2). PCR2 was carried out using inner primer sets. MYC_in F +
IGH_in R or MYC_in F + MYC_in R was used to amplify the
amplicons derived from theMYC F + IGHR orMYC F +MYC R am-
plifications, respectively. PCR1 and PCR2 reaction mixtures were pre-
pared as described previously. Real-time PCR was performed in a
StepOnePlus real-time PCR system (Applied Biosystems) with the
following cycling conditions: PCR1: 95�C, 10min followed by 25 cycles
(95�C, 15 s; 60�C; 30 s; 72�C, 1min); PCR2: 95�C, 3min followed by 25
cycles (95�C, 15 s; 60�C; 30 s; 72�C, 30 s). Melting curves were also
assessed to determine the absence of false amplicons.
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Supplementary Figure 1. PCR detection of rearranged DNA sequence resulting from t(8;14) chromosomal translocation. 

Alignment of IGH (A) or MYC (B) wild types sequences (NG_001019.5 and NG_007161.1, respectively) with the sequence of the amplicon obtained from 

DNA extracted from transfected HeLa cells and amplified with MYC F + IGH R primers. In red are highlighted the mismatches between the two sequences and 

in grey is highlighted the sequence recognized by the TALENs. 
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Supplementary Figure 2. Nested qPCR analysis of ENIT sensitivity. 
Amplification plots of the second step of a nested PCR of serially diluted DNA extracted from TAL8/14-transfected HeLa (10% transfection efficiency) or non-
transfected HeLa and amplified in PCR1 with MYC F + IGH R primers or MYC F + MYC R primers, and with the corresponding internal primers in PCR2 
(MYC_in F + IGH_in R primers or MYC_in F + MYC_in R primers, respectively). Water was used for negative control of amplification. X-axis: number of PCR 

cycles; Y axis: the magnitude of the fluorescence signal generated during the PCR over time (Rn).  
a. PCR2 amplification curves: DNA from TAL8/14-transfected HeLa cells, amplified with mixed MYC F + IGH R primers in PCR1 and MYC_in F + IGH_in R 
primers in PCR2;  b. PCR2 amplification curves: DNA from TAL8/14-transfected HeLa cells, amplified with control MYC F + MYC R primers in PCR1 and 
MYC_in F + MYC_in R primers in PCR2; c. PCR2 amplification curves: DNA from untransfected HeLa cells, amplified with mixed MYC F + IGH R primers in 
PCR1 and MYC_in F + IGH_in R primers in PCR2; d. PCR2 amplification curves: DNA from untransfected HeLa cells, amplified with control MYC F + MYC R 
primers in PCR1 and MYC_in F + MYC_in R primers in PCR2. 
The experiment was performed at least three times, and every sample was run in triplicate for both PCR2 and PCR1.
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Supplementary Figure 3. Nested ENIT can be used to detect the efficiency of various gene 

editing tools in different cell types 

PCR on DNA extracted from MRC 5 cells transformed with SV40 and transfected or not with the four 

TALENS recognizing the MYC and IGH regions. The represented amplicons were obtained using the 

following primer pairs and samples: Lane 1 - transfected cells MYC F+R, Lane 2 - transfected cells 

IGH F+R, Lane 3 untransfected cells MYC F+ IGH R, Lane 4 transfected cells MYC F + IGH R. M is 

the molecular weight marker. 
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Supplementary table 1. Sensitivity of the existing methods for testing engineered nucleases 

efficiency 

 

Method Minimal amount of 
DNA required for 
detection, ng 

Minimal number of 
cells required for 
detection 

Reference 

T7 100-800 ng 15,000-120,000 
1-4

 
 

Surveyor 50 -200ng 7,500-30,000 
5-6 

RE-PCR 500 ng 75000 
7 
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