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ABSTRACT: This study developed a new rapid transcription
activator-like effector nuclease (TALEN) preparation protocol by
thoroughly redesigning the widely used Golden Gate TALEN and
TAL Effector Kit 2.0. The new protocol can be used to prepare any
custom 18-bp binding TALENs in just one day (about 12 h), more
rapidly than CRISPR. This protocol used a set of linear monomers, a
final TALE-FokI backbone plasmid, and a pipeline to assemble the
ready-to-use TALEN expression plasmid, which were all newly
developed for this study. The set of linear monomers can be easily
produced and reproduced by high-fidelity polymerase chain reaction
(PCR) amplification in a 96-well plate using a pair of universal
primers. Most important of all, our rapid TALEN construction
pipeline can easily obtain many positive colonies with high efficiency
(over 80%). By preparing five pairs of TALENs targeting five NF-κB genes (RELA, RELB, CREL,NFKB1, and NFKB2) and editing
these genes in different cell lines (293T, HepG2, and PANC1), this study demonstrated that the new protocol has high efficiency,
reproducibility, reliability, and applicability. Moreover, this study showed that the fabricated TALEN has much higher editing
efficiency than CRISPR. Finally, this study developed a dual-tagging system for simultaneously tagging target proteins and
successfully edited cells with a streptavidin-binding peptide (SBP) or AviTag via homology-directed repair, which could have wide
applications in protein (antigen) preparation, immunoprecipitation, and a transcription factor chromatin immunoprecipitation assay.

■ INTRODUCTION
A transcription activator-like effector (TALE) is a well-known
second-generation genome-editing tool, which has a program-
mable DNA-binding domain (DBD) consisting of tandem
repeats of 34 amino acid (aa) sequences (monomers) with
repeat variable diresidues (RVDs).1 The TALE has been
widely used to edit a genome by fusing with nuclease
(TALEN) (i.e., TALE-FokI).2 Due to its high targeting
efficiency,3 TALEN has already been used to produce the
universal chimeric antigen receptor T (UCAR-T) cells for
clinical cancer immunotherapy.4 However, with the advent of
CRISPR in 2013, CRISPR rapidly replaced TALEN due to its
simplicity. The Achillesʼ heel of TALEN is that it is time-
consuming (5 days), labor-intensive, and a low-efficiency
process of vector construction. Although some methods have
been developed to overcome this key limitation,2b,5 they still
did not make TALEN as easy as CRISPR due to its wide
reapplication. Therefore, new TALEN preparation methods as
easy as CRISPR are still in urgent need.
Attracted by its high specificity, we have ever tried to

construct TALEs using a widely used TALE assembly kit, the
Golden Gate TALEN and TAL Effector Kit 2.0 (Addgene Kit
2.0);2b however, we found that it was very difficult to obtain a
usable TALE plasmid in 5 days. Therefore, to provide a TALE
assembly protocol as convenient as CRISPR, we decided to

improve the TALE assembly kit and pipeline. By fabricating a
new set of linear monomers and a TALE-VP64/VPR backbone
vector and designing a new assembly pipeline, we developed a
new convenient and high-efficiency TALE preparation
protocol.6 Using this protocol, variant TALE-VP64/VPR
vectors could be easily prepared with high efficiency in 2
days, which is the same as CRISPR for activating various
exogenous and endogenous genes.6 This TALE-VP64/VPR
preparation protocol thus provides a new applicable alternative
to the current various CRISPR/Cas9-sgRNA-based gene
activators.
Although CRISPR is the current widely used genome-

editing tool, the off-targeting still challenges its clinical
application.7 By contrast, off-target activity appears to be less
of an issue for TALEN. TALENs are often built with 34 aa
sequences that are repeated 18 times. Due to the requirement
of FokI dimerization for its activity, TALEN often edits a target
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site with a pair of TALEN proteins that orient oppositely. The
binding sites of the two TALEN proteins often space 14−20
nucleotides. Therefore, TALEN has in fact a long (about 36
bp) DNA-binding site that is rarely found in genomes.
Although some degeneracy exists in the RVD−DNA-binding
code,8 TALEN rarely tolerates mismatch. For instance, a
previous study revealed that TALEN showed no off-target
activity in the human-induced pluripotent stem (iPS) cells.3

TALEN is known to have its relatively unconstrained target
site requirements and a high degree of specificity. Therefore,
TALEN has a significant advantage over CRISPR/Cas9 in

clinical application and still serves as an indispensable
alternative tool for genome editing.
Because the widest application of the TALE technique is

TALEN as a genome-editing tool, in this study, based on our
developed TALE assembly kit and pipeline, we constructed a
ready-to-use TALE-FokI (TALEN) backbone plasmid and
further simplified the TALEN assembly pipeline. We thus
developed a new high-efficiency TALEN preparation protocol
that is easier to use than CRISPR. Using this new TALEN
preparation protocol, any custom TALEN expression vectors
can be easily and rapidly prepared in just one day at very high

Figure 1. Schematic of the new TALEN protocol. (A) Schematic of monomers in a 96-well PCR plate. There are a total of 60 base-determinant
monomers and 2 linker monomers (dsDNA10.5 and dsDNA17.5). A TALEN backbone (TALE-FokI) plasmid was also constructed. (B) Structure of
TALENs expression plasmid. (C) Structures of linear monomers and the TALEN backbone plasmid. All monomers can be reproduced by a 96-well
PCR amplification using a pair of universal primers. CMV: cytomegalovirus promoter; N and C, nonrepetitive amino and carboxyl terminals of
TALEN; BsmBI: the cutting site of type IIs restriction enzyme BsmBI used for inserting the custom TALEN DNA-binding domain; LacZ: LacZ
expression cassette for a blue-white screen; NLS: nuclear localization signal; FokI: catalytic domain from the FokI endonuclease. (D) Schematic of
DNA cut with TALEN (left and right TALENs), which can produce site-specific double-strand breaks (DSB) that can enhance DNA HDR. (E)
Pipeline for constructing custom TALEN with linear monomers and the TALEN backbone plasmid. Time used in each step was given. The whole
procedure can be completed in one day. TALENs ready to transfect mammalian cells can be obtained in one day. GG, Golden Gate.
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efficiency. By preparing five pairs of TALENs targeting five
genes of the NF-κB family and editing these genes in three
types of human cell lines, we demonstrated that the
constructed TALENs could more efficiently edit all genes in
all cells than CRISPR. Moreover, in this study, we developed a
dual-tagging system for simultaneously tagging the target
protein and successfully edited cells with the streptavidin-
binding peptide (SBP) or AviTag via homology-directed repair
(HDR). This new HDR dual-tagging donor could have wide
applications in protein (antigen) preparation, immunoprecipi-
tation, and chromatin immunoprecipitation (ChIP) assays.

■ RESULTS

Preparation of Monomers and TALEN Backbone
Vectors. A new set of new linear monomers (Figure 1A)

was prepared from plasmids of the Golden Gate TALEN and
TAL Effector Kit 2.0 (Addgene) by polymerase chain reaction
(PCR) amplification using a set of PCR primers (Table S1).6

Additionally, two new linking monomers, dsDNA10.5 and
dsDNA17.5 (Figure 1A; Table S2), were designed. All of the
linear monomers produced can then be reproduced by
amplifying with a pair of universal primers (PCR-TAL-F/R;
Table S1) in a 96-well PCR plate. This set of linear monomers
can be used to construct any custom TALENs with 18-bp
target sequences (Figure 1B). For preparing functional
TALENs, a new TALEN (TALE-FokI) backbone plasmid
was also constructed, which harbors a LacZ expression cassette
to easily screen the final positive TALEN colony (white
colony) with a blue-white screen (Figure 1C). A strong
cytomegalovirus (CMV) promoter was used to enhance the
expression of TALENs in mammalian cells (Figure 1C).

Figure 2. Constructing custom TALENs with a new TALEN protocol. (A) TALEN plasmid-transformed E. coli colonies grew on an agar plate.
There were few blue colonies in all plates. (B) Colony PCR detection of randomly picked white colonies. Eight colonies were detected for two
RELA TALENs, and four colonies were detected for two TALENs of RELB, CREL, NFKB1, and NFKB2. The full-length PCR products are 2051
bp long. The ladder effect indicates a successful assembly. All colony PCR-detected colonies were cultivated to extract plasmids. The obtained
plasmids were digested with EcoRI in which the positive colonies produced a full-length 3537-bp TALEN fragment, but the negative colonies
(without inserted sequence) produced a 2143-bp band. (C) PCR and EcoRI detections of TALENs prepared with (up) or without (down) colony
screening. (D) Two colonies were screened for each CRISPR/Cas9-sgRNA. M1: DL2000 DNA marker (Code No.3427A; Takara); M2: DL10000
DNA marker (code no. 3584A; Takara); and M3: 100-bp DNA ladder (code no. 3422A; Takara).
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Pipeline for Constructing TALEN with New Plasmid-
Free Monomers. With the newly designed and produced
linear monomers (PCR fragments) and TALEN backbone
vector (Figure 1A−D), we designed a new pipeline to rapidly
construct the custom TALEN in one day (Figure 1E). As with
the Addgene kit 2.0, the pipeline also assembles a custom
TALEN using the Golden Gate method, in which different
cutting sites of two type IIs restriction enzymes, BsaI and
BsmBI, are used to cut linear monomers, pentamers, and
TALEN backbone vector. For constructing a custom TALEN,
four digestion−ligation reactions were first built with
monomers, BsaI, and T4 DNA ligase, which produced four
circular pentamers. Then, another digestion−ligation reaction
was built with four pentamers, TALEN backbone vector,
BsmBI, and T4 DNA ligase, which produced the final TALEN
vector that can be directly used to edit the genome. The final
TALEN plasmid vector can be obtained by bacterial

transformation, with or without colony PCR identification,
and plasmid extraction. The positive final TALEN plasmid
vector can be further rapidly confirmed by EcoRI digestion. In
comparison with this pipeline of rapid TALEN plasmid
preparation, the CRISPR/Cas9-sgRNA expression plasmid
has to be prepared by at least 3 days (Figure S1).

Construction of TALENs Targeting NF-κB Genes. To
verify the new TALEN assembly pipeline and gene editing
function, we assembled TALENs targeting NF-κB following
the assembling steps described in Methods, named RELA-left
TALEN, RELA-right TALEN, RELB-left TALEN, RELB-right
TALEN, CREL-left TALEN, CREL-right TALEN, NFKB1-left
TALEN, NFKB1-right TALEN, NFKB2-left TALEN, and
NFKB2-right TALEN. The final TALENs were transformed
Escherichia coli (E. coli), and it was cultivated on solid agar. The
results showed that many white spots were produced (Figure
2A). No blue spot was seen on the agar plate, indicating the

Figure 3. Editing NF-κB RELA with TALEN and CRISPR. (A) Schematic HDR donor with two different dual-tagging systems and their tagging
cells and target protein. SBP, streptavidin-binding peptide; SAV, streptavidin; HOM, homology arm; UTR, untranslated region; IRES2, internal
ribosome entry site 2. (B−D) Editing NF-κB RELA with TALEN and CRISPR in three cell lines and detecting with near-infrared fluorescence
(NIRF) imaging. The edited gene was repaired with a homologous donor with two different dual-tagging systems. (B) IRDye800CW-conjugated
streptavidin-stained cells in wells. (C) Quantified NIRF intensity of the wells. (D) NIRF imaging of cells collected from wells by trypsinization. Up,
NIRF imaging; down, bright field imaging. **p < 0.01 and *p < 0.05.
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high digestion−ligation efficiency of our protocol. The colony

PCR detection of randomly picked colonies confirmed the

insert size and also revealed that typically over 80% of the

colonies were bona fide positive colonies (Figure 2B),

indicating the high efficiency of constructing the custom

TALEN with our method (Figure 1). The subsequent EcoRI
digestion of extracted plasmids further confirmed the results of

colony PCR, which indicates that typically 80% of the white

spots are the correct and successfully assembled final TALENs
(Figure 2B).
Due to the highly positive colonies, to further save time, we

removed the colony screening step from the pipeline. After the
bacteria were transformed by the TALEN plasmid, they were
directly cultivated in 5 mL of liquid media containing
antibiotics for 4 h (Figure 1E). The plasmids were then
extracted from the whole 6 mL of bacteria. The bacteria and
plasmids could also be confirmed by the colony PCR

Figure 4. Editing NF-κB RELA with TALEN and CRISPR. (A) Editing NF-κB RELA with TALEN and CRISPR in HepG2 cells and PANC1 cells
and detecting with visible fluorescence. The edited gene was repaired with a homologous donor with two different dual-tagging systems. The cells
were stained with Alexa Fluor 488-conjugated Streptavidin and imaged using a fluorescence microscope. The cells were imaged at 100×
magnification. (B) Quantitative analysis of the Alexa Fluor 488-conjugated Streptavidin-stained cells by flow cytometry. (C) Statistical results of
flow cytometry analysis. ***p < 0.001. (D) Statistical results of ImageJ analysis. ***p < 0.001.
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amplification and EcoRI digestion (Figure 2C). In this way, as
many as over 25 μg of plasmid could be produced for each
TALEN (Figure S2), which is sufficient for the transfection of
as many as 6.25 × 107 cells (125 wells of a 24-well plate with 5
× 105 cells/well). This method saves the overnight culture
time of bacteria on agar. In this way, the TALEN plasmid
needed for cell transfection could be obtained in one day
(Figure 1E).
With the TALEN expression vectors targeting NF-κB genes

(Figure 2C), to compare the TALEN editing with the
CRISPR/Cas9 editing, we also constructed Cas9/sgRNA
expression vectors targeting the same five NF-κB genes,
named RELA-sgRNA-Cas9, RELB-sgRNA-Cas9, CREL-
sgRNA-Cas9, NFKB1-sgRNA-Cas9, and NFKB2-sgRNA-
Cas9 (Figure 2D).
Investigation of Editing Efficiency with a Dual-

Tagging Homologous Recombination. To check the
reliability of our rapid TALEN preparing protocol and
compare the editing effect of two editing tools, we inserted a
dual-tagging DNA fragment at the end of the five genes of the
NF-κB family by HDR. Five pairs of TALENs and five sgRNA-
CRISPR/Cas9 were prepared targeting these genes. We
prepared two kinds of linear HDR donors, SBP-IRES2-

displaySBP and AviTag-IRES2-displayAviTag, in which the
SBP/AviTag was fused to the C-terminal of the target gene for
tagging the target protein, and the displaySBP/displayAviTag
was used to display the SBP/AviTag on the cell surface for
tagging cells (Figure 3A). If the HDR donors were successfully
inserted into target genes, the dual tags could be expressed
under the control of promoters of the target genes. The
displayed SBP/AviTag could be detected using the fluo-
rescently labeled streptavidin. The cells with the displayed
SBP/AviTag could also be separated with streptavidin-coupled
beads such as Dynabeads M-280 Streptavidin. The cell
transfection with AviTag also needed a plasmid expressing
pMy-BirA for biotinylating AviTag.
To evaluate the editing effects of two editing tools, we first

cotransfected three different cell lines, 293T, HepG2, and
PANC1, with TALEN/CRISPR targeting NF-κB RELA and
two kinds of HDR donors. Then, the transfected cells were
cultivated for 48 h and stained with IRDye800CW-conjugated
streptavidin. The stained cells were imaged using a NIRF
imager. The results indicated that the three cell lines were all
successfully edited by both TALEN and CRISPR using two
kinds of HDR donors (Figure 3B−D); however, the editing
efficiency of RELA-TALEN was much higher than that of

Figure 5. Editing five NF-κB genes with TALEN and CRISPR. (A) Editing five NF-κB genes with TALEN and CRISPR in HepG2 cells and
detecting with visible fluorescence. The edited gene was repaired by the homologous donor of the SBP dual-tagging system. The cells were stained
with Alexa Fluor 488-conjugated Streptavidin and imaged using a fluorescence microscope. The cells were imaged at 100× magnification. (B)
Quantitative analysis of the Alexa Fluor 488-conjugated Streptavidin-stained cells by flow cytometry. The control cells only transfected with
lipofectin showed no fluorescence (Figure S3).
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RELA-sgRNA-Cas9 in all cell lines (Figure 3B−D). Moreover,
the HDR donor SBP-IRES2-displaySBP was superior to the
AviTag-IRES2-displayAviTag (Figure 3B−D).
To further quantitatively evaluate the effects of the two

editing tools and HDR donors, we performed three biologically
replicated HepG2 and PANC1 transfections with TALEN/
CRISPR targeting NF-κB RELA and two kinds of HDR
donors. The transfected cells were stained with Alexa Fluor
488-conjugated Streptavidin and then quantitatively analyzed
by flow cytometry. The results also indicated that the editing
efficiency of TALEN was much higher than that of CRISPR/
Cas9 (Figure 4A−C) and the HDR donor SBP-IRES2-
displaySBP was better than the AviTag-IRES2-displayAviTag
(Figure 4A−C). The cells were also quantitatively analyzed in
another way, if flow cytometry was not available, in which the
collected cells were dropped on slides and imaged using a
fluorescence microscope in both the light field and
fluorescence channel, and then the cells were counted using
ImageJ (Figure 4D).
Although the length of the SBP-IRES2-displaySBP (1076

bp) and the AviTag-IRES2-displayAviTag (1028 bp) is similar,
a vector expressing biotin ligase pMy-BirA has to be
cotransfected when using the AviTag-IRES2-displayAviTag.
Subsequently, the more concise HDR donor SBP-IRES2-
displaySBP was selected for further investigation. We trans-
fected the HepG2 cells with the HDR donor SBP-IRES2-
displaySBP and TALENs targeting five genes of the NF-κB
family, respectively, to check the TALEN ability to edit
different genes. The transfected cells were similarly stained
with Alexa Fluor 488-conjugated Streptavidin and then
quantitatively analyzed by flow cytometry. The results
indicated that all five genes were efficiently edited by the
TALENs that were prepared using the new pipeline (Figure 5).
To further confirm the TALEN editing and compare it with

CRISPR, we detected the TALEN/CRISPR edited cells by
qPCR that amplified the edited genes with a pair of primers
annealing with the target gene and fused SBP coding
sequences, respectively. The gDNA was extracted from the
transfected cells, and the same amount of DNA was used as
PCR templates. The results indicated that all five genes were
successfully edited and repaired by the HDR donor (Figure
6A). The HDR donor was correctly fused to target genes
(Figure 6B). TALEN showed a much higher editing efficiency
than CRISPR in all five genes (Figure 6C).
Screening of Positive Cells and Validation of NF-κB

Proteins. Using the HDR donors, a tag peptide SBP/AviTag
was displayed on the surface of successfully edited cells. Not
only are the displayed tags useful for easily detecting editing
efficiency (as we did above) but also could be used to screen
positive cells. We isolated the positive cells using the
streptavidin-coupled magnetic beads (Dynabeads M-280
Streptavidin) (Figure 7A). The bead-captured cells were
cultivated and again stained with Alexa Fluor 488-conjugated
Streptavidin (Figure 7B) and analyzed by flow cytometry
(Figure 7C). It was found that the positive cells were highly
enriched (increased from 10 to 30%) after a single round of
magnetic isolation. Of course, the positive cells can also be
enriched by flow cytometry with an isolation function. Finally,
to further validate the target protein tagging, we treated the
enriched cells with TNFα. The nuclei were isolated from cells
and detected by immunohistochemistry using Alexa Fluor 488-
conjugated Streptavidin. The results indicated that the TNFα

treatment induced a significant nuclei translocation of SBP-
tagged NF-κB RELA (Figure 7D).

Figure 6. Editing five NF-κB genes with TALEN and CRISPR. (A)
Editing five NF-κB genes with TALEN and CRISPR in HepG2 cells
and detecting with qPCR. The edited gene was repaired by the
homologous donor of the SBP dual-tagging system. The gDNA was
prepared from the edited cells and detected by qPCR using a pair of
primers, respectively, annealing with the target gene and inserted tag.
(B) Visualization of the qPCR products by agarose gel electro-
phoresis. M1: DL2000 DNA marker (code no. 3427A; Takara). (C)
Statistical results of qPCR detection. Fold, the fold of editing
efficiency, calculated as (CtTALEN/CtCRISPR) × 10. ***p < 0.001.
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■ DISCUSSION

In this study, we edited the NF-κB RELA gene with both
TALEN and CRISPR/Cas9 in three different cell lines, 293T,
HepG2, and PANC1, and edited five different NF-κB genes,
including RELA, RELB, CREL, NFKB1, and NFKB2, in
HepG2 cells. The results indicated that TALEN showed much
higher editing efficiency than CRISPR in all edited cells and
genes. These results demonstrate that TALEN is a better gene-
editing tool than CRISPR in regard to editing efficiency.
However, TALEN was rapidly replaced by CRISPR due to the
simplicity of the latter. TALEN lost due to its cumbersome,
time-consuming, and low-efficiency construction process of the
expression plasmid. In this study, we focused on addressing the

problem. We ultimately established a new TALEN preparation
protocol, which consists of a set of linear monomers, a final
TALE-FokI (TALEN) backbone plasmid, and a one-day rapid
TALEN construction pipeline. The set of linear monomers can
be easily reproduced by high-fidelity PCR amplification in a
96-well plate using a pair of universal primers. Our rapid
TALEN construction pipeline can obtain many usable colonies
at high efficiency (over 80%). Moreover, using the pipeline to
prepare the TALEN expression plasmid just in one day (Figure
S2), we found that as many as over 25 μg of plasmid could be
obtained for each TALEN. This amount of plasmid is sufficient
for the transfection of as many as 6.25 × 107 cells, from which
as many as 6 × 106 positive cells (i.e., successfully edited cells)

Figure 7.Magnetic isolation of edited cells. The HepG2 cells edited by TALENs targeting five NF-κB genes and repaired by the homologous donor
of the SBP dual-tagging system. (A) Cells isolated with streptavidin-coated magnetic beads. (B) and (C) Enriched cells were cultured for 48 h and
stained with Alexa Fluor 488-conjugated Streptavidin. The stained cells were imaged using a fluorescence microscope (B) and quantitatively
analyzed by flow cytometry (C). (D) Detection of NF-κB RELA tagging by staining nuclei of the edited cells with Alexa Fluor 488-conjugated
Streptavidin. The stained cells were imaged using a fluorescence microscope (left) and quantitatively analyzed by flow cytometry (right). The
edited cells were treated with TNFα for NF-κB RELA activation. The cells were imaged at 100× magnification.
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can be obtained according to the editing efficiency of about
10%.
In this study, we used an HDR dual-tagging system to

evaluate the editing efficiency of two editing tools, in which the
successfully edited cells can be labeled by an SBP tag or
AviTag displayed on the cell surface. The successfully edited
cells were easily found by fluorescent streptavidin staining and
quantitatively analyzed by flow cytometry. Moreover, it is
worth emphasizing that we found that the fluorescent
streptavidin (both IRDye800CW-conjugated streptavidin and
Alexa Fluor 488-conjugated Streptavidin) can be directly
added to the cells cultural media to stain cells. The stained cells
can then be easily quantitatively analyzed and enriched by flow
cytometry at the same time.
In this study, all studied genes were successfully edited in all

detected cells by two editing tools, and TALEN showed much
higher editing efficiency than CRISPR/Cas9. However, it
seems that the total editing efficiency of both tools is not high.
The TALEN only obtained about 10% editing efficiency and
CRISPR only 3%. This low editing efficiency is related to our
characterization of editing efficiency with HDR. In fact, two
kinds of repair systems, nonhomologous end joining (NHEJ)
and HDR, functioned in cells with the TALEN/CRISPR-
mediated DNA DSB. Generally, the NHEJ is prior to the
HDR; however, the NHEJ is not detected in our approach.
The NHEJ has to be detected by other methods such as PCR
amplification in combination with the T7 endonuclease I
(T7EI) assay or sequencing. Anyway, NHEJ detection is
beyond the interest of this study. This study only detected the
cells successfully repaired by HDR. Therefore, the true editing
efficiency should be higher than observed.
In this study, we developed a dual-tagging system, SBP-

IRES2-displaySBP and AviTag-IRES2-displayAviTag, in which
the SBP/AviTag was fused to the C-terminal of the target gene
for tagging the target protein, and the displaySBP/
displayAviTag was used to display the SBP/AviTag on the
cell surface for tagging cells. We demonstrated that both HDR
donors worked effectively in the studied cells. However, the
SBP-IRES2-displaySBP is more concise and efficient. More-
over, a more plasmid expressing biotin ligase (pMy-BirA) has
to be cotransfected when using the AviTag-IRES2-displayAvi-
Tag. We found that the more concise the HDR donor SBP-
IRES2-displaySBP was the most ideal the HDR donor was for
future applications. Nevertheless, the high binding affinity
between biotin and streptavidin (Kd = 10−14 mol/L9) may
make the AviTag-IRES2-displayAviTag a good choice in future
applications. In this study, to avoid the construction of
homology arm vectors using 700−800 nt,10 we used a shorter
homologous arm of 35 nt,11 making it easier for us to prepare
the HDR donor SBP/AviTag-IRES2-displaySBP/AviTag for
other interested genes.
Currently, the widely used approach to isolate the

successfully edited cells is drug screening, which is very time-
consuming and very difficult to obtain the pure positive cell
colonies. Long-term drug treatment also seriously affected cell
growth. Our dual-tagging system provides a drug-free cell
screening method. Our study revealed that the positive cell
could be rapidly isolated from the edited cell pools without
damaging cell viability. An easy single-round magnetic isolation
increased the percentage of positive cells to 30%.
The target protein purification is important to various life

science fields. The purified protein can be used as an antigen to
produce antibodies that can interact with proteins in its natural

state or structure, such as ChIP-grade antibodies. The purified
proteins is essential for analyzing their structure by X-ray
crystallography or cryo-electron microscopy. However, many
proteins do not have their immunoprecipitation (IP)-grade
antibodies. These proteins have to be produced by
constructing a vector that expresses them in prokaryotic or
eukaryotic cells, in which a tag such as the His tag has to be
fused at N-terminals or C-terminals for purification. However,
the proteins expressed in prokaryotic cells may have lost their
natural modification. In our dual-tagging system, an SBP tag
was fused to the C-terminal of the target protein, in which a
GS linker was used. The SBP tag is a 38-residue peptide with
higher binding affinities for streptavidin.12 The SBP tag can
interact with streptavidin at a high binding affinity (Kd = 10−10

mol/L),13 which is higher than the binding affinity of most
antibodies (Kd = 10−6−10−9 mol/L). The SBP tag is helpful for
purification of the target protein. A cut site (such as thrombin)
can also be placed before the GS linker, and the target protein
can easily be cut down from streptavidin-coated magnetic
beads to remove the GS linker and the SBP tag from the
purified target protein. This kind of protein is more useful for
analyzing the structure and antibody production.
Our study edited five genes of the NF-κB family, the SBP-

tagged transcription factors (TFs) in cells can be used to
enrich their binding DNA via ChIP without ChIP-grade
antibodies. Many TFs do not have their commercially available
ChIP-grade antibodies for identifying their target DNA and
genes to clarify their function in gene regulation. Our dual-
tagging system may provide a practicable antibody-free ChIP
assay for these TF proteins. In this case, the cells can be
transfected with a pair of TALENs targeting the interested TF
and the HDR donor SBP-IRES2-displaySBP. The transfected
cells can then be enriched with streptavidin-coated magnetic
beads. The nuclei can be subsequently isolated from the
enriched cells, which can then be used to prepare chromatin
for precipitating the target TF and their complex DNA and
other proteins using streptavidin-coated magnetic beads. The
transfected cells can also be directly used to complete the ChIP
assay without cell enrichment.
A limitation of the new TALEN protocol is that it can only

be used to assemble TALENs binding an 18-bp sequence. This
study focused on TALENs of this length because TALENs
typically consist of 34 amino acid sequences repeated 18 times.
With the constant T base, TALENs constructed with the new
protocol can bind 19-bp target sequences in genomes. This is a
frequently used length of TALEN with high specificity. This
study revealed that different target genes could be effectively
edited with the constructed 19-bp binding TALENs in various
cells. In addition, using the same strategy to make linear
monomers in this study, other monomers can be similarly
manufactured for preparing longer TALENs if needed.

■ CONCLUSIONS
This study developed a new rapid TALEN preparation
protocol, which can be used to prepare any ready-to-use
custom TALEN expression plasmid vectors in just one day
(about 12 h). The prepared TALEN expression plasmid
vectors can express TALEN proteins that can bind an 18-bp
binding site. This protocol used a set of linear monomers, a
final TALE-FokI backbone plasmid, and a pipeline to assemble
a ready-to-use TALEN expression plasmid, which were all
newly developed in this study. By preparing five pairs of
TALENs and editing five NF-κB genes in different cell lines,
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this study demonstrated that the new protocol has high
efficiency, reproducibility, reliability, and applicability. This
study also showed that TALEN has much higher editing
efficiency than CRISPR. Additionally, this study also
developed a dual-tagging system for simultaneously tagging
target proteins and successfully edited cells, which has wide
applications in protein (antigen) preparation, immunoprecipi-
tation, and the TF ChIP-seq assay.

■ EXPERIMENTAL SECTION
Preparation of Linear TALEN Monomers. The linear

TALEN monomers were prepared using the Golden Gate
TALEN and TAL Effector Kit 2.0 (Addgene Kit 2.0; Addgene)
by PCR amplification with primers and oligos listed in Tables
S1 and S2 as we previously described.6 The prepared total of
62 linear TALEN monomers were arrayed in a 96-well plate as
PCR templates. The monomers were reproduced by a 96-well
PCR amplification using a pair of universal primers (PCR-
TAL-F/R; Table S1). All PCR reactions (240 μL) contained 5
μL linear monomer, 10 μM PCR-TAL-F, 10 μM PCR-TAL-R,
and 1× PrimeSTAR HS DNA polymerase (Takara). The PCR
program was 96 °C for 3 min, 28 cycles of 96 °C for 20 s, 72
°C for 30 s, and 72 °C for 3 min. The PCR products were
detected by 1% agarose gel electrophoresis. The PCR products
were purified by phenol/chloroform extraction and precipi-
tated with anhydrous ethanol. The PCR products were
resuspended in water.
Construction of TALEN Backbone and sgRNA-

CRISPR/Cas9 Plasmids. The FokI fragment was cloned
from pTAL3-His (Addgene Kit 2.0) by PCR amplification, in
which the EcoRI and NotI sites were introduced up- and down-
stream. The PCR reaction (30 μL) consisted of 1 ng of
pTAL3-His, 10 μM of FokI-F (Table S3), 10 μM of FokI-R
(Table S3), and 1× PrimeSTAR HS DNA polymerase. The
PCR program was 96 °C for 3 min, 28 cycles of 96 °C for 20 s,
58 °C for 20 s, 72 °C for 30 s, and 72 °C 3 min. The cloned
fragment was ligated into pPIRES2-EGFP (Takara). The
prepared plasmid was named pPIE-FokI (Supporting Informa-
tion). The pPIE-FokI was verified by DNA sequencing. The
TAL (LacZ) fragment was cut out from pTAL2 using the
Golden Gate TALEN and TAL Effector Kit 2.0 with BamHI
and ligated into PIE-FokI. The prepared plasmid was named as
the TALEN backbone plasmid (Supporting Information).
A Cas9 and sgRNA coexpression plasmid was constructed

for transfecting mammalian cells. A lac operon sequence with
BbsI and BsaI (New England Biolabs) sites at both ends was
cloned from the empty pEASY-Blunt-simple (Transgen,
CB101−01) by PCR amplification with PrimeSTAR HS
DNA polymerase using primers Lac-px-F and Lac-px-R
(Table S3). This lac operon sequence was ligated into px459
(Addgene plasmid ID: 62988) to construct px459-lac
(Supporting Information). The custom Cas9 and sgRNA
coexpression plasmid can be constructed with px459-lac via a
blue-white screen. The px459-lac was verified by sequencing.
Preparation of Homology Arm Cloning. Five genes of

the NF-κB family, including RELA, RELB, CREL, NFKB1, and
NFKB2 were chosen as targets. The SBP-IRES2-displaySBP
and AviTag-IRES2-displayAviTag dual-tagging donors were
synthesized (Supporting Information). Homology arms (only
35 nt) targeting various genes were designed as the terminals
of the primers (Table S3) for amplifying dual-tagging donors
by PCR. The PCR reaction (30 μL) contained 1 ng of SBP-
IRES2-displaySBP or AviTag-IRES2-displayAviTag, 10 μM of

hom-F (Table S3), 10 μM of hom-R (Table S3), and 1×
PrimeSTAR HS DNA polymerase. The PCR program was 96
°C for 3 min, 28 cycles of 96 °C for 20 s, optimal annealing
temperature for 20 s and 72 °C for 1.5 min, and 72 °C for 5
min. The PCR products were purified using a Gel Extraction
Kit.

Design of TALEN and CRISPR Targets. A pair of
TALENs (left and right TALENs) was designed for each gene
by an online program TAL Effector Nucleotide Targeter 2.0
(https://tale-nt.cac.cornell.edu/) (Table S4 and Figure S4).
The Cas9/sgRNA target sites were designed using the online
program CHOPCHOP (https://chopchop.rc.fas.harvard.edu/
) (Table S5 and Figure S4).

Construction of Custom 18-bp TALENs. All TALENs
with an 18-bp binding site (Table S4) were prepared in two
steps. First, Four Golden Gate reactions, including N1-N2-N3-
N4-N5, N6-N7-N8-N9-N10, dsDNA10.5-N11-N12-N13-N14, and
N15-N16-N17-dsDNA17.5-N18, were performed to produce four
pentamers. Each reaction (20 μL) contained 10 U BsaI, 400 U
T4 DNA ligase (New England Biolabs), 1× T4 DNA ligase
buffer, 2 μg bovine serum albumin (BSA), and 200 ng each of
five monomers. The reactions were incubated as follows: 3
cycles of 37 °C for 5 min and 16 °C for 10 min; 50 °C for 5
min, and 80 °C for 5 min. Into each reaction were then added
1 μL of Plasmid-Safe nuclease (10 U/μL; Epicenter
Biotechnologies) and 1 μL of ATP (10 mM). The reactions
were incubated at 37 °C for 15 min and 70 °C for 15 min.
Second, a new Golden Gate reaction was performed to prepare
the final TALEN vector. The reaction (20 μL) contained 75 ng
TALEN backbone plasmid, 10 U BsmBI (New England
Biolabs), 400 U T4 DNA ligase, 1× T4 DNA ligase buffer, and
200 ng each of four pentamers. The reactions were incubated
as follows: 3 cycles of 37 °C for 5 min and 16 °C for 10 min;
50 °C for 5 min, and 80 °C for 5 min. The reaction (20 μL)
was then used to transform the competent E. coli DH5α
(Tiangen, China). Then, 800 μL of lysogeny broth (LB) media
was added to the transformed DH5α (200 μL) and incubated
at 37 °C for 1 h. The transformed DH5α (100 μL) was then
cultured on agar containing 100 μg/mL of kanamycin
overnight at 37 °C. The plate was imaged using a Bio-Rad
gel imager (Gel Doc XR + imaging system). The colonies were
then identified by colony PCR using primers TAL-F and TAL-
R (Table S1). The colony PCR reaction (30 μL) contained 3
μL of colony suspension, 1× Premix Taq (Takara), 10 μM of
TAL-F, and 10 μM of TAL-R. The PCR program was 96 °C
for 10 min, 30 circles of 96 °C for 20 s, 55 °C for 20 s and 72
°C for 3 min, and 72 °C for 10 min. The PCR products (10
μL) were run with 1% agarose gel in 1× Tris-acetate−EDTA
(TAE). The positive colonies were cultured in liquid LB media
containing 100 μg/mL kanamycin and plasmids were extracted
using a QIAprep Spin Miniprep Kit (Qiagen) following the
manufacturer’s instructions. The plasmids were further
confirmed by EcoRI digestion. The EcoRI reaction contained
1 μg TALEN plasmid, 15 U EcoRI, and 1× EcoRI buffer. The
reaction was incubated at 37 °C for 30 min. The reaction was
detected with 1% agarose gel in 1× TAE. The plasmids used
for transfecting mammalian cells were extracted with the
EndoFree Plasmid kit (CWBio, China) according to the
manufacturer’s instruction.
For preparing the TALEN expression plasmid just in one

day, at the end of the second Golden-gate cut-ligation reaction,
a total of 20 μL of the reaction solution was then used to
transform the competent E. coli DH5α. The transformed
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DH5α (200 μL) was added into 800 μL of LB media and
incubated at 37 °C for 1 h. Then, a total of 1 mL of bacterial
fluid was added into 5 mL of LB media containing 100 μg/mL
of kanamycin and cultured at 37 °C for 4 h. The bacterial fluids
were directly detected by PCR as described above. At the same
time, plasmid DNA was extracted from the whole 6 mL of
culture media using the EndoFree Plasmid kit. A total of 120
μL of DNA (containing over 25 μg of plasmid DNA) solution
was obtained for each TALEN. The plasmid DNA was
quantified using a NanoDrop. The extracted TALEN
expression plasmids were also confirmed by EcoRI digestion.
Construction of sgRNA-CRISPR/Cas9 Targeting NF-

κB. For preparing CRISPR/Cas9 vectors, to generate a single
Cas9-sgRNA-puroR expressing vector, a modified pX459-lac
expression vector expressing CMV-Cas9-puroR and sgRNA
was linearized with BbsI digestion, and gel purified. A pair of
oligos (Table S6) for each targeting site was annealed and
ligated to the linearized pX459-lac. SgRNA was inserted into
px459-lac for PCR validation and sequencing. We constructed
five sgRNA-CRISPR/Cas9 plasmids targeting the NF-κB
family, named RELA-sgRNA-Cas9, RELB-sgRNA-Cas9,
CREL-sgRNA-Cas9, NFKB1-sgRNA-Cas9, and NFKB2-
sgRNA-Cas9. To prepare the plasmids used to transfect
mammalian cells, the competent E. coli DH5α was transformed
with the constructed sgRNA-CRISPR/Cas9 plasmids, respec-
tively. All plasmids were extracted from the cultures of the
colony PCR-verified as positive colonies using the EndoFree
Plasmid kits according to the manufacturer’s instruction. All
plasmids were further verified by DNA sequencing.
Cell Culture and Transfection. 293T, HepG2, and

PANC1 cells (Shanghai institutes for biological sciences,
Chinese Academy of Sciences; China) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (HyClone)
containing 10% fetal bovine serum (FBS) (HyClone), 100 U/
mL penicillin, and 100 μg/mL streptomycin in a humidified
incubator with 5% CO2 at 37 °C. The cells were seeded in a
24-well plate with a density of 5 × 104 cells/well, and
incubated for 24 h. The cells were then transfected with
plasmids using Lipofectamine 2000 (Invitrogen). All vectors
used for transfection were isolated using the EndoFree Plasmid
kits. Before transfection, the medium was removed carefully.
HepG2 and PANC1 cells were then rinsed with phosphate-
buffered saline (PBS), but the 293T cells must not be rinsed
with PBS. Subsequently, 500 μL of opti-MEM (Invitrogen)
containing 2 μg of Lipofectamine 2000 and 800 ng of plasmid
was added to each well of the 24-well plates. The cells were
incubated for 4 h. The transfection media were removed, and
the fresh complete medium was added. The cells were cultured
for an additional 24 or 48 h.
Detection of the Efficiency of Gene Editing. 293T,

HepG2, and PANC1 cells cultivated in the 24-well plates were
cotransfected with 400 ng of TALEN vectors (200 ng left
TALEN and 200 ng right TALEN) and 400 ng of homology
arm donor. 293T, HepG2, and PANC1 cells cultivated in the
24-well plates were cotransfected with 400 ng of sgRNA-
CRISPR/Cas9 and 400 ng of homology arm donor. The cells
were cultured for an additional 24 h. When the donor AviTag-
IRES2-displayAviTag was used, the cells were cotransfected
with an additional 100 ng pMy-BirA (Addgene).
One microliter of the IRDye800CW-conjugated streptavidin

(1 mg/mL stock; Li-COR Bioscience) was added to the cells
in the wells and cultivated for 4 h. The cells were rinsed with
PBS and imaged using the Odyssey Infrared Imaging System

(Li-COR Bioscience) at the channel of NIRF 800 nm. One
microliter of the Alexa Fluor 488-conjugated Streptavidin (0.9
mg/mL stock; YEASEN, China) was added to the cells in wells
and cultivated overnight. The cells were rinsed with PBS and
photographed using a fluorescence microscope, IX51 with
DP71 (Olympus), and quantitatively analyzed using a flow
cytometer, Calibur (BD). At this point, the efficiency of gene
editing was also determined by estimating the fraction of the
fluorescent cells using a fluorescence microscope and ImageJ
counting.

Homologous Recombination Validation by RT-qPCR.
The HepG2 cells cultivated in the 24-well plates were
cotransfected with TALEN vectors or CRISPR/Cas9-sgRNA
together with a homology arm donor. The elution buffer of the
EndoFree Plasmid kit was used as a blank control. At 72 h
post-transfection, the genomic DNA (gDNA) was extracted
using the gDNA extraction kit (Tiangen, China). The gDNA
was detected by the quantitative PCR (qPCR). The PCR
reaction (20 μL) consisted of 100 ng of gDNA, 10 μM of
forward primer (RELA-F, RELB-F, CREL-F, NFKB1-F, or
NFKB2-F), 10 μM of IRES2-R, and 2× SYBR Mix (Roche).
The PCR program was 95 °C for 3 min, 40 cycles of 95 °C for
15 s, and 60 °C for 1 min. In this qPCR detection, a region
around the TALEN/CRISPR cutting site was amplified using a
pair of PCR primers (Table S7), one annealed with the target
gene sequence and the other annealed with the inserted IRES2
coding sequence. The PCR products (3 μL) were detected
with 1.5% agarose gel, including the addition of 3 μL of the
quantitative DNA marker in one lane. The gel was exposed to
15 V/cm until all bands were clearly separated.

Screening of Positive Cells. HepG2 cotransfected with
the TALEN vector and the homology arm donor or
cotransfected with the sgRNA-CRISPR/Cas9 and the
homology arm donor were collected by trypsinization. The
cells were resuspended in 500 μL of magnetic bead sorting
buffer and then mixed with 5 μL of Dynabeads M-280
Streptavidin beads (10 mg/mL; Invitrogen). The cells were
incubated at room temperature for 30 min and gently shaken
at an interval of 10 min to avoid precipitation of the magnetic
beads. The cells were separated using a magnetic separator for
5−8 min, and the cells unbound to the magnetic beads were
discarded. The bead-bound cells were washed three times with
1 mL of magnetic bead sorting buffer, and then cultured at 37
°C for 48 h to remove the magnetic beads.

Immunofluorescence Assay. The unedited HepG2 cells
and the enriched edited HepG2 cells with RELA-TALEN were
seeded in the wells and incubated for 24 h at 37 °C in 5% CO2.
The cells were then stimulated with TNFα (Sigma) with a final
concentration of 10 ng/mL for 30 min. The cells were stained
with Alexa Fluor 488-conjugated Streptavidin and imaged
using a fluorescence microscope. Then, the cells were washed
with cold PBS and collected by trypsinization. The collected
cells were washed with cold PBS, and partial cells were
immediately quantitatively analyzed by flow cytometry. The
remaining cells were solidified in 1% (w/v) formaldehyde
(Sigma) for 10 min at room temperature. The crosslinking was
terminated by adding glycine at a final concentration of 0.125
M. The cells were precipitated by centrifugation at 1500 rpm
for 10 min at 4 °C. The cells were lysed with 500 μL of lysis
buffer (10 mM Tris−HCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl2, and 0.1% IGEPAL CA-630). The nuclei were collected
by centrifugation at 1500 rpm for 10 min at 4 °C. The nuclei
were permeabilized with 0.1% (v/v) Triton X-100 for 15 min
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and then incubated with Alexa Fluor 488-conjugated
Streptavidin overnight at 37 °C. The nuclei were washed
twice with PBS. Finally, the nuclei were imaged using a
fluorescence microscope, IX51 with DP71 (Olympus), and
analyzed by flow cytometry.
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