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v

Zinc finger proteins (ZFPs) represent the largest family of eukaryotic transcription factors 
(TFs). ZFPs are engaged in a wide range of biological functions including transcription, 
DNA methylation, cell cycling, cell division, tumorigenesis, and others. There are distinct 
classes of ZFPs such as C2H2 fingers, C4 fingers, and CCHC fingers. Despite different 
sequence organization, all ZFPs are characterized by the tetrahedral coordination of zinc 
ions (Zn2+) with cysteines and histidines. The DNA-binding preferences of ZFPs have been 
extensively studied for decades. ZFP can recognize DNA in a relatively simple mode. For 
example, each C2H2 finger recognizes three or four DNA base pairs via residues −1, +2, +3, 
and +6 on the α helix of ZFP. Elucidation of the “recognition code” enables the design of 
custom ZFPs for targeting specific sequences in the genome. These artificial ZFPs have 
proven versatile tools to manipulate gene expression that, along with the recent addition of 
other DNA-binding systems such as TAL effector and clustered regularly interspaced short 
palindromic repeats (CRISPR), open the era of genome engineering.

By fusing with different effector proteins, ZFPs can be reprogrammed to upregulate, 
downregulate, or knock out targeted genes. When co-delivered with a repair template, 
engineered ZFPs can mediate targeted nucleotide substitution or gene integration. In 
 addition to serving as powerful research tools, ZFPs have demonstrated remarkable 
 therapeutic potential in human trials for treating various diseases including HIV infection, 
hemophilia, and Hurler syndrome. Moreover, ZFPs can be engineered to bind RNA 
sequence or as zinc ion sensor. Zinc Finger Proteins: Methods and Protocols is the second 
volume of the Methods in Molecular Biology series devoted to ZFPs. Since the first ZFP 
volume in 2010 (eds. Joel Mackay and David Segal), notable progress has been made on 
understanding the biological functions of ZFPs and on the applications of ZFPs. The 
 current book contains 19 chapters presenting the widely used methods and protocols in 
ZFP research.

Part I of this book presents methods and reviews for the basic biology of ZFPs and 
design and applications of custom ZFPs. Chapter 1 by Taniguchi et al. provides a protocol 
on investigating the role of ZFPs in cancer stemness. Chapter 2 by Najafabadi et al. presents 
a method to combine in silico prediction and ChIP-seq data to identify the in  vivo 
 DNA- binding sites of C2H2 ZFPs. Chapter 3 by Jeltsch et  al. reviews the background, 
design, and application of methylation-specific ZFPs. Chapters 4 and 5 by Minczuk et al. 
and Vandevenne et al. describe strategies for the design and applications of mitochondrial 
DNA-targeting ZFPs and single-stranded RNA-targeting ZFPs, respectively. Chapter 6 by 
Miyamoto et al. presents a unique method for the design of artificial RING fingers as E3 
enzyme for protein ubiquitination. Chapter 7 by Shannon et al. provides a method for ZFP 
fusions with the catalytic domain of modular recombinases for targeted DNA  recombination. 
Chapters 8 and 9 by Qin et al. and Ma et al. streamline the utilities of ZFPs as zinc ion 
 sensors or as protein transduction domains, respectively. Chapter 10 by Manotham et al. 
describes a protocol for editing patient-derived mesenchymal stem cells (MSCs) using zinc 
finger nucleases (ZFNs).

Preface
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Part II provides methods for the evaluation and prevention of ZFN-mediated 
 cytotoxicity. Chapter 11 by Sivalingam et  al. presents a comprehensive strategy for the 
examination of ZFN-induced genotoxicity in primary human cells. The chapters by 
Ikebukuro et al. and Zhang et al. describe methods for controlled ZFN delivery using DNA 
aptamers against Fok I nuclease or suicidal expression system respectively for reducing the 
off-target effects and cytotoxicity of ZFNs.

Recent studies have highlighted the delivery methods of engineered ZFPs. Part III 
provides a collection of the representative methods of ZFN delivery. Chapters 14–16 by 
Hilioti et al., Minczuk et al., and Dunham et al. present the utilities of electroporation for 
delivery of ZFNs into plant (tomato seeds), fish (catfish sperms and embryos), and mouse 
(mitochondria of mouse embryos), respectively. Chapter 17 by Heller et  al. presents a 
 stereotaxic surgical approach for the viral delivery of ZFP epigenetic editors in rodent 
brains. The last two chapters by Segal et al. and Gaj et al. provide protocols for  protein-based 
delivery of ZFP transcription factors and nucleases, respectively.

Tremendous progress has been made on ZFPs in the past decade, eventually leading to 
the transformation of ZFPs from a laboratory concept to clinical applications. The editor 
greatly appreciates the time and efforts of all contributing authors and sincerely hopes that 
the insights and methods provided in the book can prompt both the understanding of ZFP 
biology and the development of next-generation ZFP therapeutics.

Shanghai, China Jia Liu 
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Jia Liu (ed.), Zinc Finger Proteins: Methods and Protocols, Methods in Molecular Biology, vol. 1867,
https://doi.org/10.1007/978-1-4939-8799-3_1, © Springer Science+Business Media, LLC, part of Springer Nature 2018

Chapter 1

PRDM14, a Zinc Finger Protein, Regulates Cancer 
Stemness

Hiroaki Taniguchi and Kohzoh Imai

Abstract

PRDI-BF1 and RIZ homology (PR) domain zinc finger protein 14 (PRDM14) contains a PR domain 
related to the SET methyltransferase domain and zinc finger motifs. PRDM14 maintains stemness in 
embryonic stem cells and primordial germ cells via epigenetic mechanisms. PRDM14, however, is not 
expressed in normal differentiated tissues. We and other groups previously reported that PRDM14 expres-
sion is markedly higher in some types of cancers compared to the corresponding normal tissues. PRDM14 
confers stem cell-like characteristics upon cancer cells, such as sphere formation, dye efflux, chemotherapy 
resistance, proliferation, and distant metastasis. Cancer stem cells (CSCs) are thought to be responsible for 
tumor initiation, drug and radiation resistance, invasive growth, metastasis, and tumor relapse, which are 
the primary causes of cancer-related deaths. Because CSCs are also thought to be resistant to conventional 
therapies, an effective and novel therapeutic approach for CSCs is imperative.

RNAi silencing of PRDM14 expressed by breast and pancreatic cancer cells reduced tumor size and 
distant metastasis of these cells in nude mice. Inhibition of PRDM14 expression by cancer cells may be an 
effective and radical therapy for solid cancers. In this chapter, we discuss methods for studying CSC-like 
properties in cancer cells and describe the use of siRNA with a drug delivery system by systemic injection 
in vivo.

Key words PRDM14, Zinc finger protein, Cancer stemness, Breast cancer, siRNA therapy

1 Introduction

PRDM14 is a member of the PRDI-BF1 and RIZ homology (PR) 
domain containing (PRDM) family of transcription regulators with 
six Cys2His2 (C2H2)-type zinc finger (Znf) domains. The PR 
domain is related to the SET methyltransferase domain, but no 
histone methyltransferase activity has been reported [1]. C2H2 
Znfs are the most common DNA-binding motifs found in tran-
scription factors [2] and can bind to RNA and protein targets [3]. 
PRDM14 binds to the consensus sequence 5′-GGTC[TC]CTAA- 
3′ [4].

PRDM14 is specifically expressed in embryonic stem (ES) cells 
and primordial germ cells and promotes ES cell pluripotency [5, 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_1&domain=pdf
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6]. PRDM14 directly upregulates the expression of the transcrip-
tion factor OCT4 and localizes with other master regulators of 
pluripotency in ES cells [4]. PRDM14 was markedly expressed in 
many different types of cancer such as breast cancer, non-small cell 
lung carcinoma, testicular cancer, esophageal cancer, pancreatic 
cancer, ovarian cancer, renal cancer, and lymphoma [7–10]. Given 
the high level of PRDM14 expression in tumors and the ability of 
PRDM14 to mediate pluripotency in ES cells, we hypothesized 
that PRDM14 contributes to acquisition of the cancer stem cell 
(CSC) phenotype.

CSCs are thought to be responsible for tumor initiation, drug 
and radiation resistance, invasive growth, metastasis, and tumor 
relapse, which are the main causes of cancer-related deaths [11]. In 
solid tumors, the presence of CSCs was first demonstrated in the 
CD44+CD24−/low fraction of breast cancer cells [12]. CSCs express 
unique surface markers, exist in a side-population (SP) fraction 
possessing increased Hoechst-33342 efflux capacity, exhibit high 
aldehyde dehydrogenase-1 (ALDH1) activity, and form spheres 
when cultured under non-adherent conditions [13]. CSCs also 
show high tumorigenicity on xenografting into immunocompro-
mised mice [12, 13].

We previously reported that PRDM14 promotes tumor growth 
and metastasis in vivo and confers resistance to anticancer drugs 
and apoptosis, all of which characterize the CSC phenotype [9, 
10]. Using an in vivo therapeutic model with the PRDM14 chi-
mera siRNA [14] in combination with a novel drug delivery sys-
tem (DDS)-calcium phosphate (CaP) hybrid micelles [15] or 
poly(ethylene glycol)-poly(l-lysine) [16], the growth of estab-
lished tumors and distant metastasis can be inhibited by downreg-
ulating PRDM14 expression [9, 10]. This chapter reviews available 
methods for analyzing stem cell-like properties in cancer cells and 
the use of an innovative siRNA system against grafted tumor cells 
by systemic injection in vivo.

2 Materials

 1. Tumor cell lines obtained from the American Type Culture 
Collection.

 2. An adequate culture medium containing 10% fetal bovine 
serum (FBS).

 3. Phosphate-buffered saline (PBS).
 4. Antibiotic antimycotic solution (100×), stabilized.
 5. Liberase™ TL research grade.

 6. Costar® 6-well clear flat-bottom ultralow attachment multiple 
well plates, individually wrapped, sterile.

2.1 Tumorsphere 
Assay and Primary 
Tumor Cell Culture

Hiroaki Taniguchi and Kohzoh Imai
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 7. DMEM/F12 medium.
 8. Human epidermal growth factor and basic fibroblast growth 

factor.
 9. B27 supplement.
 10. PBS containing 4% paraformaldehyde.
 11. Bovine serum albumin (BSA).
 12. Triton X-100.
 13. Normal donkey serum.
 14. Fluorescent-labeled antibodies.

 1. Dulbecco’s modified Eagle’s medium (DMEM).
 2. Accutase.
 3. Reserpine, verapamil, or fumitremorgin C.
 4. Hoechst 33342 dye.
 5. PBS and FBS.
 6. Propidium iodide.
 7. 35 mm Cell strainer.

 1. ALDEFLUOR™ Kit (#01700; StemCell Technologies) 
including Dry ALDEFLUOR reagent, diethylaminobenzalde-
hyde (DEAB) 1.5 mM in 95% ethanol, 2 N HCl, dimethylsulf-
oxide (DMSO), and ALDEFLUOR Assay Buffer.

 2. Propidium iodide.

 1. Isoflurane.
 2. Female, 6-week-old BALB/c-nu mice.
 3. BD matrigel matrix growth factor reduced (BD Biosciences), 

stored as single-use aliquots at −20 °C, and thawed on ice.
 4. PBS.
 5. Custom siRNA or small interfering RNA/DNA chimera (so- 

called chimera siRNA).
 6. In vivo-jetPEI (polyethyleneimine; Polyplus Transfection) 

including 5% glucose solution.
 7. Doxorubicin hydrochloride, dissolved in sterile 0.9% saline, 

and sterilized by filtration.
 8. Docetaxel, diluted in PBS/DMSO (ratio 1:1) and sterilized by 

filtration.

2.2 Analysis 
of Cancer Cell SP 
Fractions and Surface 
Markers

2.3 Analysis 
of Aldehyde 
Dehydrogenase-1 
(ALDH1) Activity

2.4 siRNA 
Therapeutic Model 
for Orthotopic Graft 
and Lung Metastasis 
of Breast Cancer Cells
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3 Methods

Sphere formation assays are conducted to isolate cell subsets 
enriched with CSCs present in solid tumors and assess their self- 
renewal ability [17]. We applied the same method in a tumorsphere 
assay of cancer cell lines and primary culture using clinical tumor 
tissues.

 1. Culture tumor cell lines obtained from the American Type 
Culture Collection in an adequate culture medium containing 
10% FBS at 5% CO2 at 37 °C.

 2. For clinical tumor tissues, wash tumor samples three times 
with PBS supplemented with 1× antibiotics and an antimycotic 
agent and homogenize them into small fragments, using 
Liberase TL research grade.

 3. Culture prepared tumor cells in ultralow attachment 6-well 
plates.

 4. Add 20 ng/mL epidermal growth factor and 20 ng/mL basic 
fibroblast growth factor to 50 mL of DMEM/F12 medium.

 5. After adding 0.5 mL of B27 supplement, culture the cells at 
37 °C in 5% CO2.

 6. Culture the tumor cells for 2 weeks, after which is evaluated 
spheroid formation based on the number and diameter of the 
spheres. Tumorspheres are sometimes fused with each other, 
and therefore separating them is important (see Note 1).

 7. (Optional) Fix spheres for 20 min at room temperature in PBS 
containing 4% paraformaldehyde and then wash them three 
times with 1% BSA in PBS for 5 min.

 8. (Optional) Permeabilize and block spheres with 1% Triton 
X-100, 1% BSA, and 10% normal donkey serum in PBS at 
room temperature for 60–120 min (see Note 2).

 9. (Optional) After blocking, incubate the spheres with 10 μg/
mL fluorescent-labeled antibodies in the dark overnight at 
4 °C.

 10. (Optional) After washing the spheres three times with 1% BSA 
in PBS for 5 min, visualize the spheres under a confocal 
microscope.

The SP phenotype is characteristic of CSCs and associated with 
drug resistance [18]. SP cells can strongly efflux Hoechst 33342 
dye because of the action of ATP-binding cassette (ABC) trans-
porters [18, 19] (Fig. 1).

 1. Culture tumor cells at 37 °C in an adequate culture medium 
supplemented with 5% FBS.

3.1 Tumorsphere 
Assay and Primary 
Tumor Cell Culture

3.2 Analysis 
of Cancer Cell SP 
Fractions and Surface 
Markers
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 2. Suspend these cells in 4 mL of 5% FBS-DMEM (1 × 106 cells/
mL), after removing the cells from the dishes using Accutase 
and neutralize them with culture medium.

 3. Add 20 μM reserpine to 1 mL aliquots of the cell suspension. 
Then, incubate cells for 10 min at 37 °C. The ABC transporter 
can be specifically inhibited by drugs such as reserpine, vera-
pamil, and fumitremorgin C [20] (see Note 3).

 4. Add 5 μM Hoechst 33342 dye to both cell populations.
 5. Incubate tumor cells with shaking for 90 min at 37 °C, imme-

diately cool on ice, centrifuge for 5 min at 300 × g at 4 °C, and 
resuspend them in cooled 1× PBS-5% FBS solution. Repeat 
this procedure three times (see Note 4).

 6. (Optional) Suspend tumor cells in 50–100 μL of cooled 1× 
PBS-5% FBS solution.

Fig. 1 Side population of breast cancer cells. The side-population fractions of breast cancer cell lines (MCF7) 
[11] and human breast cancer cell lines derived from poorly differentiated adenocarcinoma. Reserpine, which 
blocks ABC transporters, was added as a negative control

PRDM14 Regulates Cancer Stemness
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 7. (Optional) Add 0.1–10 μg/mL antibodies to the cell suspen-
sion according to datasheets, and incubate in the dark for 
30–60 min on ice. Isolate CSCs by detecting unique surface 
markers such as CD24, CD26, CD44, CD90, CD133, and 
CD166 (Table 1) (see Note 5) [11].

 8. (Optional) Wash tumor cells three times in cooled 1× PBS-5% 
FBS solution.

 9. Add 2 μg/mL propidium iodide for discrimination of dead 
cells.

Table 1 
Representative unique markers of CSCs

Tumor type Representative unique markers

Leukemia CD34+/CD38−

Breast cancer CD44+/CD24−/lin−/ALDH1+

Colorectal cancer CD133+/CD44+/ALDH1+

EpCAM+/CD44+, CD166+

CD44+/CD24+

Lgr5/GPR49

Metastatic colon CD133+/CD26+

Gastric cancer CD44+

Head and neck cancer CD44+

Liver cancer CD133+/CD49f+

CD90+/CD45-

CD13+

EpCAM+

Pancreatic cancer CD133+/CD44+/CD24+/ESA+

CXCR4+

Esophageal cancer CD44+/ALDH1+

Lung cancer CD133+/ABCG2high

Brain cancer CD133+/BCRP1+/A2B5+/SSEA-1+

Multiple myeloma CD138−

CD19+

Prostate cancer CD133+/CD44+/α2β1high

Melanoma CD20+

ABCB5+

Hiroaki Taniguchi and Kohzoh Imai
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 10. Filter the samples using a 35 mm cell strainer to eliminate 
aggregated cells.

 11. Excite Hoechst 33342 dye by UV irradiation and measure 
fluorescence using both 675/20 (Hoechst Red) and 424/44 
(Hoechst Blue) filters by FACSAria (BD Biosciences, San Jose, 
CA, USA).

 12. Analyze data using FlowJo software (FlowJo LLC, Ashland, 
OR, USA).

CSCs exhibit high aldehyde dehydrogenase-1 (ALDH1) activity 
[13]. We performed an ALDEFLUOR flow cytometry-based assay 
to measure the ALDH1 activity of cancer cells.

 1. Dissolve dry ALDEFLUOR™ reagent in 25 μL of DMSO for 
1 min at room temperature. This is converted into the 
fluorescent- activated ALDEFLUOR™ reagent (containing the 
ALDH substrate BODIPY-aminoacetaldehyde (BAAA)) by 
treatment with 25 μL of 2 N HCl for 15 min. Dilute this 
reagent further with 360 μL of ALDEFLUOR assay buffer (see 
Note 6).

 2. Suspend tumor cells in 1 mL of ALDEFLUOR assay buffer 
(1 × 106 cells/mL).

 3. Add approximately 5 μL of activated ALDEFLUOR reagent to 
1 mL of the cell suspension and mix well (see Note 7).

 4. Immediately, add approximately 0.5 mL of the cell suspension 
to the tube containing 5 μL of the specific ALDH inhibitor, 
DEAB (1.5 mM in 95% ethanol).

 5. Incubate the test and control samples for 30–45 min in a water 
bath at 37 °C.

 6. Centrifuge the tubes at 4 °C for 5 min at 300 × g.
 7. Aspirate the supernatant without disturbing the pellet, which 

is resuspended in 0.5 mL of ice-cold ALDEFLUOR® assay 
buffer; place the samples immediately on ice.

 8. Add 2 μg/mL propidium iodide to detect dead cells.
 9. Detect brightly fluorescent ALDH1-expressing cells 

(ALDH1high) using the green fluorescence channel (520–
540 nm) of FACSAria (BD Biosciences).

 10. Analyze data using FlowJo software (FlowJo LLC).

Significant barriers limit the use of in vivo therapy models with 
siRNA. To overcome these barriers, it is important to select target 
genes with limited expression in cancer cells and select the sequence 
of siRNA while considering off-target effects and DDSs that 
 accumulates at tumor sites through the enhanced permeability and 
retention effect because of their narrow and uniform diameter. The 

3.3 Analysis 
of Aldehyde 
Dehydrogenase-1 
(ALDH1) Activity

3.4 siRNA 
Therapeutic Model 
for Orthotopic Graft 
and Lung Metastasis 
of Breast Cancer Cells
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“siDirect” program (http://sidirect2.rnai.jp/) can be applied to 
select adequate siRNA sequences. We examined the effects of 
PRDM14-siRNA administration with several DDSs on breast or 
pancreatic cancer cell growth and lung or liver metastasis in vivo 
[9, 10].

 1. Suspend breast tumor cells (1 × 106 cells/mouse) in 100 μL of 
PBS and mix with 100 μL of Matrigel on ice (see Note 8).

 2. Orthotopically, inoculate the mixture into the mammary fat 
pad of female nude mice at the age of 6 weeks.

 3. After tumor formation, measure the length and width of the 
tumor using a caliper. Tumor volume can be calculated using 
the formula: Tumor volume = length × (width)2 × 3.14/6.

 4. When the tumor volume exceeds 100 mm3, initiate treatment 
with siRNA and/or anticancer drug. Inject siRNA and in vivo- 
jetPEI (polyethyleneimine, PEI) directly into the tumors three 
times per week. siRNA (20 μg/mouse) is complexed with 
in vivo-jetPEI (2.8 μL/mouse) at an N/P ratio of 8, mixed 
with 40 μL of 5% glucose. Administer doxorubicin (1 mg/kg) 
or docetaxel (10 mg/kg) intraperitoneally once per week.

 5. Resect tumors immediately after the animals are sacrificed by 
CO2 inhalation. After tumor tissues are formalin-fixed and 
embedded in paraffin, stain the slices with hematoxylin and 
eosin (H&E) and incubate them overnight at 4 °C with anti-
bodies for immunohistological analyses.

 1. To create a mouse model for the treatment of pulmonary 
metastasis, inject MDA-MB-231 cells (1 × 106 cells/mouse) 
prepared in PBS into nude mice via the tail vein while under 
anesthesia (isoflurane).

 2. Initiate treatment with siRNA (40 μg/mouse) and in vivo- 
jetPEI (8.0 μL/mouse) with 250 μL of 5% glucose 48 h after 
tumor cell challenge; administrate this complex into the tail 
vein or the orbital venous plexus under anesthesia two or three 
times per week.

 3. Six weeks later, the animals are sacrificed by CO2 inhalation 
and assessed for lung weight and pulmonary metastasis.

 4. After the tumor tissues are fixed in formalin and embedded in 
paraffin, stain the slices with H&E and incubated overnight at 
4 °C with antibodies for immunohistological analyses.

Both protocols involve the use of PEI as the DDS; however, 
PEI has relatively high cytotoxicity. Please refer to the publication 
discussing an in vivo treatment model using CaP hybrid micelles 
[15] or polyion complexes [16] with very low toxicity in vivo for 
intravenous delivery of chimera siRNA to inhibit PRDM14 expres-
sion [9, 10] (Fig. 2) (see Note 9).

3.4.1 Therapeutic Model 
for Orthotopically Grafted 
Breast Cancer Cells

3.4.2 Therapeutic Model 
for Lung Metastasis 
of Breast Cancer Cells

Hiroaki Taniguchi and Kohzoh Imai
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4 Notes

 1. Tumorspheres are sometimes fused with each other. In this 
case, please consider adding 1% methylcellulose to the medium.

 2. 0.1–0.5% (v/v, in PBS) Triton X-100 is a commonly used 
detergent for permeabilizing cells. However, it is difficult to 
permeabilize the spheres with 0.1–0.5% detergents; therefore, 
spheres must be permeabilized with 1% Triton X-100.

 3. The side-population fraction is altered by ABC transporter 
activity in cancer cells and Hoechst 33342 dye concentration. 
Please test several concentrations of ABC transporter inhibi-
tors. First, try to add 50 μM reserpine, 50 μM verapamil, or 
10 μM fumitremorgin C to the medium.

 4. It is very important that the stained cells are always kept on ice 
and protected from light.

 5. Many markers for CSCs are also expressed on normal stem 
cells (Table 2) [11]. Therefore, the best way to separate CSCs 
from the other fraction of cells is to identify the molecules 
responsible for the unique properties of CSCs, but not normal 
cells, such as Dclk1 in colorectal CSCs and PRDM14 in breast 
CSCs.

Fig. 2 PRDM14 siRNA reduces the tumorigenicity of breast cancer cells in vivo. Intravenous injection of 
PRDM14 siRNA/CaP hybrid micelles with or without DOC reduced the tumorigenicity of PRDM14+ breast can-
cer cells [11]

PRDM14 Regulates Cancer Stemness
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 6. Aliquot the remaining activated ALDEFLUOR™ reagent and 
store at −20 °C for a maximum of 1 year.

 7. BODIPY aminoacetaldehyde (BAAA), a fluorescent nontoxic 
substrate for ALDH, enters viable cells. Intracellular ALDH 
converts BAAA into negatively charged BODIPY-aminoacetate 
(BAA), leading to increased fluorescence depending on ALDH 
activity.

 8. Dilute Matrigel with PBS containing cancer cells (1:1) and 
keep this solution on ice until injection into the mouse.

 9. Mix 1 mg/kg chimera siRNA (RNAi, Inc., Tokyo, Japan) with 
calcium phosphate (CaP) hybrid micelles (kindly provided by 
Dr. Kazunori Kataoka) according to the reference [15] and 
injected into the tail vein three times each week. Administer 
2.5 mg/kg docetaxel intraperitoneally once weekly.

Table 2 
Markers for both normal and cancer stem cells

Marker

Cell types

Normal stem or progenitor cells Cancer stem cells

ALDH1 AdSC (breast) Many types of carcinoma

Bmi-1 HSC, NSC, AdSC (intestine, breast, prostate) Many types of carcinoma, 
neuroblastoma, leukemia

CD29 AdSC (breast) Breast cancer, colorectal 
cancer

CD34 HSC, MSC, HProgC, EnProgC Leukemia, sarcomas

CD44 HSC, HProgC, PSC Many types of carcinoma

CD90 ProgC (thymus), MSC Breast cancer, glioblastoma, 
liver cancer

CD117 ProgC Breast cancer, ovarian 
cancer, lung cancer, 
glioblastoma

CD133 HSC, NSC, AdSC (colon) Many types of carcinoma, 
glioblastoma, melanoma

CDw338 ESC, HSC, AdSC Breast cancer, lung cancer, 
glioblastoma, melanoma

Nestin NSC, ProgC (brain), HProgC Liver cancer, glioblastoma, 
melanoma

Oct4 ESC, iPSC Many types of carcinoma

Abbreviations: AdSC adult stem cell, EnProgC endothelial progenitor cell, ESC embryonic stem cell, HProgC hemato-
poietic progenitor cell, HSC hematopoietic stem cell, ProgC progenitor cell, PSC pluripotent stem cell, and iPSC 
induced pluripotent stem cell

Hiroaki Taniguchi and Kohzoh Imai
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Chapter 2

Computational Methods for Analysis of the DNA-Binding 
Preferences of Cys2His2 Zinc-Finger Proteins

Berat Doğan and Hamed S. Najafabadi

Abstract

Cys2His2 zinc-finger proteins (C2H2-ZFPs) constitute the largest class of human transcription factors 
(TFs) and also the least characterized one. Determining the DNA sequence preferences of C2H2-ZFPs 
is an important first step toward elucidating their roles in transcriptional regulation. Among the most 
promising approaches for obtaining the sequence preferences of C2H2-ZFPs are those that combine 
machine- learning predictions with in vivo binding maps of these proteins. Here, we provide a protocol 
and guidelines for predicting the DNA-binding preferences of C2H2-ZFPs from their amino acid 
sequences using a machine learning-based recognition code. This protocol also describes the tools and 
steps to combine these predictions with ChIP-seq data to remove inaccuracies, identify the zinc-finger 
domains within each C2H2-ZFP that engage with DNA in vivo, and pinpoint the genomic binding sites 
of the C2H2-ZFPs.

Key words Cys2His2 zinc-finger proteins, Transcription factors, DNA motifs, ChIP-seq, Machine 
learning, Recognition code

1 Introduction

Cys2His2 zinc-finger proteins (C2H2-ZFPs) are by far the larg-
est class of human transcription factors (TFs), constituting 
roughly ~45% of all human TFs (~750 out of ~1700 TFs) 
[1, 2]. This class includes some of the most widely studied TFs 
with integral roles in gene regulation and genome organiza-
tion. Nonetheless, C2H2- ZFPs overall represent the least char-
acterized group of TFs—only ~20% of them have known 
sequence preferences, and even fewer have known roles in cell 
function and regulation [3].

Most C2H2-ZFPs contain an array of multiple zinc fingers 
(ZFs) (Fig. 1)—human C2H2-ZFPs on average contain ~10 ZFs 
per protein [4]. Each ZF domain adopts a single ββα fold and most 
often has the amino acid sequence motif “X2-Cys-X2–4-Cys-X12- 
His-X3–5-His”, where X represents one of the 20 natural amino 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_2&domain=pdf
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acids [5]. Each ZF typically recognizes three to four nucleotides 
[6], with DNA binding often limited to a subset of the fingers in a 
multi-ZF array. The DNA base-contacting residues of each ZF are 
most commonly defined as four canonical “specificity residues” in 
positions −1, +2, +3, and +6 relative to the start of the α-helix [7] 
(Fig. 1), although other residues may also contribute to sequence 
specificity [4].

The molecular principles that dictate the relationship between 
the amino acid sequences of TFs and their preferences for specific 
DNA sequences have been studied for decades [8]. For the 
C2H2-ZF class of TFs, the earlier studies mostly focused on the 
3D structure of the mouse Egr1 protein [6] and a limited number 
of mutation analyses [9] to derive models of DNA recognition by 
ZFs, and understand how different amino acids in different ZF 
positions dictate the DNA-binding preference. Extensive in vitro 
binding data from thousands of ZFs has enabled recent studies to 
derive more complex “recognition codes” by correlating the amino 
acid sequence of the ZFs with their binding preferences [4, 10–
12]. Despite their limitations [4], these machine-learning-based 
recognition models have enabled discovery of integral and unex-
pected roles for C2H2-ZFPs [13] and substantial new insights into 
their evolution [14, 15].

Importantly, these recognition codes have provided new 
means to analyze the in vivo binding maps of C2H2-ZFPs, in 
order to extract accurate models for the DNA sequence specific-
ity of these proteins. A recent study [16] has introduced an 
algorithm called RCADE that combines predictions from a 

Fig. 1 DNA recognition by C2H2-ZFPs. The DNA-binding preference of ZNF667 is 
shown as an example—the ZFs that bind to this motif are shown in black. Each 
ZF recognizes three to four bases, mainly through four “specificity” residues (i.e., 
the numbered residues at the bottom part of the panel)

Berat Doğan and Hamed S. Najafabadi
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machine-learning-based recognition code [17] with the in vivo 
maps of the genomic binding sites of C2H2-ZFPs (Fig. 2), in 
order to (a) identify “motifs” that accurately represent the 
 DNA-binding preferences of  full- length C2H2-ZFPs, and (b) 
identify the ZFs in the multi-ZF array that engage with the 
DNA.  RCADE starts by predicting the DNA- binding prefer-
ences of all possible combinations of adjacent ZFs using the rec-
ognition code. It then identifies the combinations that are 
enriched in the ChIP-seq peaks, and uses the peak sequences to 
optimize the predicted motif for each combination. Finally, it 
sorts the optimized motifs based on their ability to distinguish 
real peak sequences from their dinucleotide-shuffled counter-
parts—the top-scoring motif corresponds to the ZF domains 
that are most likely to engage in DNA binding (Fig. 2).

This chapter aims to provide a guide for understanding the 
basic steps necessary to use the C2H2-ZF recognition code, 
analyze ChIP-seq datasets using RCADE, and find the DNA-
binding motifs of C2H2-ZFPs as well as the ZF domains within 
each C2H2-ZFP that engage with those motifs. The protocol 
has been implemented as a semiautomated workflow in open-
source software, with each step documented in detail to pro-
vide reproducible and easily interpretable analyses, as outlined 
below.

Fig. 2 Schematic illustration of the process of prediction and optimization of the 
motifs by RCADE. The individual three-nucleotide motifs for the ZFs are predicted 
using the recognition code, and then the best combination of the ZFs is selected 
and optimized based on enrichment in the ChIP-seq peaks

Computation of DNA Binding of C2H2-ZFPs
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2 Materials

 1. Unix-compatible operating system: This protocol has been 
tested on Linux and macOS.  While we have not tested our 
 pipeline in Windows, in principle it should be possible to per-
form these analyses on Windows machines that support a Unix-
like environment, such as Cygwin (https://www.cygwin.
com/).

 2. In this protocol, commands that should be entered in the 
Linux console or the macOS Terminal are denoted with a “$” 
sign at the beginning of the line. This “$” sign, which sepa-
rates the command prompt from what you type in the console, 
is not part of the command itself, and should not be typed. In 
contrast, the “$” signs that appear in the middle of the lines 
are in fact part of the command. In the following example, the 
part that should be typed is underlined:
$ mkdir $HOME/tools

 3. Python: Some of the tools used in this protocol rely on Python 
scripts. The latest version of Python and installation instruc-
tions can be found at https://www.python.org/. Most Linux 
distributions come with a preinstalled version of Python.

 4. R and the required libraries: The core components of this pro-
tocol use the statistical computing language R. The latest ver-
sion of R along with installation instructions can be found at 
https://www.r-project.org/.
(a) Download and install R from a suitable mirror: https://

cran.r-project.org/mirrors.html. You can download a pre-
compiled binary distribution.

(b) Install the “randomForest” library, which is required for 
this protocol. To do so, in the Linux console (or Terminal 
if you are using macOS), execute the command:
$ R

This will take you to the R environment, where you can 
install packages. Type and execute the command:

install.packages("randomForest")

Once the package is installed, type and execute the follow-
ing command to exit the R environment:

quit()

 5. BEDTools: The BEDTools [18] is a software suite for han-
dling BED files, which are files that contain genomic coordi-
nates of a feature of interest, e.g., the in vivo binding sites of a 
TF. The most up-to-date instructions for installing BEDTools 

2.1 Software
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can be found at http://bedtools.readthedocs.io/. For the 
current version (v 2.25.0):
(a)  Create a folder where the tools required for this protocol 

will be installed. For example:
$ mkdir $HOME/tools

(b) Go to the tools folder:
$ cd $HOME/tools

(c) Download the source package (see Note 1):
$ wget --no-check- certificate

https://github.com/arq5x/bedtools2/releases/
download/v2.25.0/bedtools- 2.25.0.tar.gz

(d) Extract the package:
$ tar -zxvf bedtools- 2.25.0.tar.gz

(e) Go to the extracted folder:
$ cd bedtools2

(f) Compile the source code:
$ make

(g) Copy the executable files from the “./bin” folder to 
“/usr/local/bin”, or another folder that is included 
in the “PATH” environmental variable.

 6. MEME suite: The MEME suite [19] has several tools that are 
used in this protocol, including tools for manipulating FASTA 
files (such as extracting the central regions of a set of sequences, 
or creating dinucleotide-shuffled sequences). The latest ver-
sion of MEME suite can be found at http://meme-suite.org/
doc/download.html. For the current version (v 4.12.0):
(a) Go to the tools folder that you have created:

$ cd $HOME/tools

(b) Download the source package:
$ wget http://meme-suite.org/meme-software/ 
4.12.0/meme_4.12.0.tar.gz

(c) Extract:
$ tar zxf meme_4.12.0.tar.gz

(d) Go to the extracted folder:
$ cd meme_4.12.0

(e) Configure the settings for installation:
$ ./configure --prefix=$HOME/tools/meme --with-
url=http://meme-suite.org --enable-build- 
libxml2 --enable-build-libxslt

(f) Compile the code:
$ make
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(g) Test the compilation:
$ make test

(h) Install the binaries:
$ make install

 7. RCADE: RCADE [16] is the core algorithm that analyzes the 
peak sequences in order to identify C2H2-ZFP motifs. The 
most up-to-date version of RCADE along with installation 
instructions can be found at https://github.com/hsnaja-
fabadi/RCADE:
(a) Go to the tools folder that you have created:

$ cd $HOME/tools

(b) Download the package using Git (https://git-scm.com/):
$ git clone https://github.com/hsnajafabadi/RCADE

(c) Go to the downloaded folder:
$ cd RCADE

(d) Compile the code:
$ make

(e) Change the value of line 7 of the “RCOpt.sh” script to 
the path that contains the executable files for MEME suite 
on your computer. For example, if you installed MEME in 
“$HOME/tools/meme”, then line 7 of “RCOpt.sh” 
should be:
memebin=$HOME/tools/meme/bin

 1. The C2H2-ZF protein sequence: The recognition code 
requires the protein sequence of the C2H2-ZFP (in FASTA 
format) in order to predict the binding preference of each 
individual ZF. The examples folder in the RCADE directory 
contains protein FASTA files for a few C2H2-ZFPs (see 
Note 2). We will use CTCF as an example in this protocol:
$HOME/tools/RCADE/examples/CTCF/CTCF.fasta

 2. The ChIP-seq BED file: The main output from the analysis of 
ChIP-seq raw data is often a BED file (Fig. 3), which contains 
the genomic coordinates of the peaks and their associated scores 
(see Note 3). An array of analysis tools exists in order to generate 
peak coordinates from the raw ChIP-seq data. The complete 
protocol for one such tool, MACS [20], can be found in [21]. 
The “examples” folder in the RCADE directory contains BED 
files for a few C2H2-ZFPs, based on ChIP-seq data described in 
[22]. We will use CTCF as an example in this protocol—The 
following file in the RCADE package contains the genomic 
coordinates for the 500 bp region around the summits of CTCF 

2.2 Data Files
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peaks in HEK293T cells (the coordinates are based on the hg19 
assembly of the human genome):
$HOME/tools/RCADE/examples/CTCF/GSM1407629.
summit_500bp.bed

 3. Genome sequence: RCADE requires the DNA sequence of 
the peaks in order to optimize the recognition code predic-
tions and identify the ZFs that engage with DNA. To obtain 
these sequences, a copy of the human genome sequence needs 
to be downloaded (in FASTA format). The hg19 assembly of 
the human genome can be downloaded from a variety of 
sources, including the GATK Resource Bundle:
(a) Create a folder where you want to store the human 

genome sequence. For example:
$ mkdir -p $HOME/resources/hg19

(b) Go to the folder:
cd $HOME/resources/hg19

(c) Download the FASTA file of the genome sequence:
$ wget ftp://gsapubftp- anonymous@ftp.broadin-
stitute.org/bundle/hg19/ucsc.hg19.fasta.gz

(d) Download the index file of the genome sequence:
$ wget ftp://gsapubftp- anonymous@ftp.broadin-
stitute.org/bundle/hg19/ucsc.hg19.fasta.fai.gz

(e) Unpack the files:
$ gunzip ucsc.hg19.fasta.gz ucsc.hg19.fasta.fai.gz

Fig. 3 The protocol that is explained in this chapter requires a peak BED file that 
has at least five columns, as shown in this figure
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3 Methods

The scripts provided in the RCADE package can be used to directly 
predict the DNA-binding preference of different ZFs in a given 
C2H2-ZFP. Here, we use CTCF as an example:

 1. Go to the directory where RCADE was installed:
$ cd $HOME/tools/RCADE

 2. Run the “RC.sh” script (see Note 4):
$ bash RC.sh CTCF_predictions ./examples/CTCF/CTCF.
fasta

 3. The output files will be located in “./out/CTCF_ 
predictions”:

(a) The file “results.RF_out.txt” contains the PFMs 
predicted for each individual ZF.

(b) The file “results.PFM.txt” will contain the con-
catenation of the position frequency matrices (PFMs) 
that are predicted for the ZFs, in a format similar to 
what is used in the CisBP database (http://cisbp.ccbr.
utoronto.ca/). This PFM reflects the predicted bind-
ing preference of the protein if it binds to the DNA 
using all of its ZFs (see Note 5).

(c) The file “results.ps” is a PostScript file that contains 
the motif logo presentation of the concatenated PFM.

(d) The files “log.info.txt, log.step1.txt” and 
“log.step2.txt” will contain the information mes-
sages produced during the analysis.

A more accurate approach for inferring the DNA-binding prefer-
ences of C2H2-ZFPs is to combine the recognition code predic-
tions with the in  vivo binding site information, such as those 
obtained from ChIP-seq experiments. By combining ChIP-seq 
data and recognition code predictions, we can correct the inac-
curacies in the predictions, identify the ZFs that contribute to 
DNA recognition, and pinpoint the in vivo binding locations of 
the protein.

 1. Identify the peaks that should be used for motif discovery: It 
is often preferable to use only the most reliable peaks for motif 
discovery, as these are less likely to include false-positive hits, 
and often show stronger enrichment of the preferred sequence 
of the TF (see Note 6).

(a) Go to the folder where RCADE was installed:
$ cd $HOME/tools/RCADE

3.1 Predicting 
the DNA-Binding 
Preference of C2H2- 
ZFPs from Protein 
Sequence

3.2 Recognition 
Code-Assisted 
Analysis of ChIP- 
Seq Data
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(b) Run the following command to sort the BED file (in this 
example the summits of the CTCF peaks) according to the 
scores in the fifth column, keeping only the top 500 peaks 
(see Note 7):
$ sort -r -g -k5 ./examples/CTCF/GSM1407629.
summit_500bp.bed | head -n 500 > ./examples/
CTCF/GSM1407629.summit_500bp.top500.bed

 2. Get the FASTA sequences of the selected peaks:
$ bedtools getfasta -fi $HOME/resources/hg19/ 
ucsc.hg19.fasta -bed ./examples/CTCF/GSM1407629.
summit_500bp.top500.bed -fo ./examples/CTCF/
GSM1407629.summit_500bp.top500.fasta

 3. Run the “RCOpt.sh” script to predict the binding prefer-
ences of individual ZFs and concatenate/optimize them based 
on the ChIP-seq peaks (see Note 8):
$ bash RCOpt.sh CTCF_ChIP ./examples/CTCF/CTCF.
fasta ./examples/CTCF/GSM1407629.summit_500bp.
top500.fasta

 4. The output files will be located in “./out/CTCF_ChIP”:
(a) The file “results.opt.PFM.txt” contains the PFM 

of the top-scoring optimized motif, in CisBP format.
(b) The file “results.opt.PFM.meme.txt” contains the 

PFM of the top-scoring optimized motif in a format com-
patible with the MEME suite (http://meme-suite.org/).

(c) The file “results.PFM.txt” contains all seed motifs 
(predicted directly from the protein sequence using the 
recognition code) and their optimized versions (the opti-
mized motif names end with the phrase “opt”). The motifs 
are in CisBP format.

(d) The file “results.ps” is a PostScript file that visualizes 
all the optimized motifs, sorted by their area under the 
ROC curve (AUROC) for distinguishing ChIP-seq peaks 
from dinucleotide-shuffled sequences.

(e) The file “results.opt.ps” is similar to results.ps, 
except that it only includes the top-scoring optimized 
motif (Fig. 4).

(f) The file “results.report.txt” contains a tab- 
delimited table summarizing the optimization results for 
the motifs.

(g) The files “log.info.txt, log.step1.txt” and 
“log.step2.txt” will contain the information mes-
sages produced during the analysis.

Computation of DNA Binding of C2H2-ZFPs
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The output of RCADE can be used for a variety of downstream 
analyses, including identification of potential binding sites within a 
given set of sequences. In this example, we use the RCADE motif 
for CTCF to pinpoint the binding site of CTCF within the ChIP- 
seq peaks.

 1. Go the folder where RCADE was installed:
$ cd $HOME/tools/RCADE

 2. Get the FASTA sequences of all the CTCF peaks:
$ bedtools getfasta -fi $HOME/resources/hg19/
ucsc.hg19.fasta -bed ./examples/CTCF/GSM1407629.
summit_500bp.bed -fo ./examples/CTCF/GSM1407629.
summit_500bp.fasta

 3. Use FIMO from the MEME suite to scan peak sequences 
for instances of the CTCF motif identified by RCADE (see 
Note 9):
$HOME/tools/meme/bin/fimo --o ./out/CTCF_ChIP/fimo_
out ./out/CTCF_ChIP/results.opt.PFM.meme.txt ./ex-
amples/CTCF/GSM1407629.summit_500bp.fasta

 4. The output files will be located in “./out/CTCF_ChIP/
fimo_out”:

(a) The file “fimo.html” is an HTML file containing the list 
of motif instances in the provided sequences.

(b) The file “fimo.txt” contains the motif instances in tab- 
delimited text format.

(c) The file “fimo.gff” contains the motif instances in GFF3 
format (see Note 10). The coordinates are relative to the 
peaks.

3.3 Using RCADE 
Motifs in Downstream 
Analyses

Fig. 4 An annotated example of the output of RCADE

Berat Doğan and Hamed S. Najafabadi



25

 5. Run the following command to convert the GFF3 file coordi-
nates to hg19-based coordinates:
$ awk -v FS='\t' -v OFS='\t' 'NR==1 { print $0 } 
NR>1 { split( $1, chr, ":" ); split( chr[2], coor, 
"-" ); $1=chr[1]; $4+=coor[1]; $5+=coor[1]; print 
$0; }' ./out/CTCF_ChIP/fimo_out/fimo.gff > ./out/
CTCF_ChIP/fimo_out/fimo.hg19.gff

 6. Upload the resulting GFF3 file on the UCSC Genome Browser 
to visualize and navigate the motif hits:

(a) Go to https://genome.ucsc.edu/index.html using a Web 
browser.

(b) From the “Genomes” menu on top, select “Human 
GRCh37/hg19”.

(c) On the new page, from the “My Data” menu on top, 
select “Custom Tracks”.

(d) On the new page, in the section titled “Paste URLs or 
data”, click on “Choose File”, and select the file “./out/
CTCF_ChIP/fimo_out/fimo.hg19.gff” that was cre-
ated in the previous step. Then click “Submit”.

(e) On the new page, select the option to view in “Genome 
Browser” and click on the “go” button.

(f) You can now use the UCSC Genome Browser navigation 
tools to browse the CTCF-binding sites.

4 Notes

 1. On systems that do not support the command “wget”, use 
“curl” with the “-kLO” options. For example:
$ curl -kLO https://github.com/arq5x/bedtools2/re-
leases/download/v2.25.0/bedtools- 2.25.0.tar.gz

 2. The amino acid sequences of most proteins can be down-
loaded in the FASTA format from UniProt [23] (http://
www.uniprot.org/).

 3. The BED file specifications are explained here: https://www.
ensembl.org/info/website/upload/bed.html.

 4. The general format for calling the RC.sh script in the RCADE 
package is as follows:
$ RC.sh <job_name> <C2H2_protein_fasta>

 (a) The parameter job_name is a label that is used to create 
the output and temporary directories.

 (b) The parameter C2H2_protein_fasta contains the path 
to the file that contains the amino acid sequence of the 
C2H2-ZFP of interest in the FASTA format.
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 5. In the output of RC.sh, the files results.PFM.txt and 
results.ps may contain multiple PFMs—this happens if 
the provided C2H2-ZFP sequence contains multiple 
“arrays”, i.e., multi-ZF stretches that are separated from 
each other by long linkers in the protein sequence (such as 
ZNF667 in Fig. 2).

 6. C2H2-ZFP-binding sites are often within repeat elements of 
the genome. These repeat elements may make it problematic 
to infer the DNA-binding preference of the C2H2-ZFP from 
its in vivo binding sites, given that these elements may share a 
substantial amount of sequence similarity. The identified 
motifs are often more likely to represent the bona fide binding 
preference of the protein if peaks that overlap repeat elements 
are removed from the analysis:

(a) Download a BED file containing the genomic coordinates 
of repeat elements, e.g., from the RepeatMasker track of 
the UCSC Genome Browser using the Table Browser 
tool: https://genome.ucsc.edu/cgi-bin/hgTables).

(b) Use the intersect tool from BEDTools to remove peaks 
that overlap repeat elements. For example:
$ bedtools intersect -a peaks.bed -b repeats.
bed -v > peaks_without_repeats.bed

 7. The number of top peaks that will be used for motif optimiza-
tion can be changed by changing the parameter passed to the 
head command. Usually, the top 500 peaks provide a good 
starting point for motif finding.

 8. The general format for calling the RCOpt.sh script in the 
RCADE package is as follows:

$ RCOpt.sh <job_name> <C2H2_protein_fasta> 
<ChIPseq_peaks_fasta>

 (a) The parameter job_name is a label that is used to create 
the output and temporary directories.

 (b) The parameter C2H2_protein_fasta contains the path 
to the file that contains the amino acid sequence of the 
C2H2-ZFP of interest in the FASTA format.

 (c) The parameter ChIPseq_peaks_fasta contains the 
path to the file that contains the nucleotide sequence of the 
ChIP-seq peaks that will be used for motif optimization. 
We recommend to use the 500 bp sequence surrounding 
the peak summits.

 9. The general format for calling FIMO in the MEME suite is as 
follows:

$ fimo [options] <motif_file> <sequence_file >

Berat Doğan and Hamed S. Najafabadi
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The full list of options for running FIMO can be found at 
http://meme-suite.org/doc/fimo.html.

 10. The GFF3 file specifications can be found at http://useast.
ensembl.org/info/website/upload/gff3.html.
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Chapter 3

Design and Application of 6mA-Specific Zinc-Finger 
Proteins for the Readout of DNA Methylation

Johannes A. H. Maier and Albert Jeltsch

Abstract

Designed zinc-finger (ZnF) proteins can recognize AT base pairs by H-bonds in the major groove, which 
are disrupted, if the adenine base is methylated at the N6 position. Based on this principle, we have 
recently designed a ZnF protein, which does not bind to DNA, if its recognition site is methylated. In this 
review, we summarize the principles of the recognition of methylated DNA by proteins and describe the 
design steps starting with the initial bacterial two-hybrid screening of three-domain ZnF proteins that do 
not bind to CcrM methylated target sites, followed by their di- and tetramerization to improve binding 
affinity and specificity. One of the 6mA-specific ZnF proteins was used as repressor to generate a 
methylation- sensitive promoter/repressor system. This artificial promoter/repressor system was employed 
to regulate the expression of a CcrM DNA methyltransferase gene, thereby generating an epigenetic sys-
tem with positive feedback, which can exist in two stable states, an off-state with unmethylated promoter, 
bound ZnF and repressed gene expression, and an on-state with methylated promoter and active gene 
expression. This system can memorize transient signals approaching bacterial cells and store the input in 
the form of DNA methylation patterns. More generally, the ability to bind to DNA in a methylation- 
dependent manner gives ZnF and TAL proteins an advantage over CRISPR/Cas as DNA-targeting device 
by allowing methylation-dependent genome or epigenome editing.

Key words Zinc-finger protein, DNA methylation, Adenine-N6 methylation, Protein design, 
Bacterial gene expression, Epigenetic circuit

1 DNA Methylation and Methylation Readout

Epigenetic processes encode inherited information that control 
chromatin organization for gene expression regulation [1, 2]. One 
important epigenetic modification is DNA methylation, found in 
prokaryotes and eukaryotes. It does not interfere with base pairing 
and adds additional information to the DNA without altering the 
DNA sequence [3].
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In mammals, DNA methylation is mainly restricted to methylation 
of cytosines at the C5 position in 5′-CpG-3′ sequences, but it also 
occurs at non-CpG sites [4, 5]. Recently, N6-methyladenine has 
been discovered in mammalian DNA as well, but its biological role 
is still unclear [6]. Cytosine-C5 methylation plays crucial roles in 
cellular differentiation and often is involved in the onset and pro-
gression of diseases [7]. In particular, promoter methylation leads 
to gene repression, whereas methylation in gene bodies is observed 
in transcribed genes [8, 9]. Furthermore, DNA methylation is 
involved in genomic imprinting, X-chromosome inactivation, and 
silencing of transposable elements.

In bacteria, three types of DNA methylation occur, 5- methylcytosine 
(5mC), N4-methylcytosine (4mC), and N6-methyladenine (6mA) 
(Fig. 1). In each of these modified bases, the methyl group projects 
into the major groove of the DNA, where it can be recognized by 
DNA-binding proteins. Most of the known bacterial DNA meth-
yltransferases (MTases) are part of restriction/modification (RM) 
systems [3, 10–12]. These systems serve to protect prokaryotes 
from bacteriophage infections. RM systems employ a restriction 
endonuclease and a DNA MTase, which both recognize the same 
target DNA sequence, usually a 4–8 base pair palindromic site 
[13]. The restriction endonuclease cleaves the DNA at the target 
sequence only if it is in an unmethylated state, as found on incom-
ing phage DNA during the early steps of infection. The host cell 
DNA, however, is kept in a methylated state by the corresponding 
DNA MTase and hence is protected from cleavage. These systems 
are complemented by the adaptable CRISPR-Cas systems that 

1.1 Role of DNA 
Methylation 
in Mammals

1.2 DNA Methylation 
in Prokaryotes
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have been discovered only recently as an additional epigenetic 
defense system of bacteria and archaea against invading phages, 
which is independent of DNA methylation [14].

Aside from MTases being part of RM systems, there are so- called 
solitary or orphaned MTases that do not serve in protection of DNA 
from cognate endonucleases. The Escherichia coli deoxyadenosine 
DNA methyltransferase (Dam) and the Caulobacter crescentus cell 
cycle-regulated methyltransferase (CcrM) are two well-characterized 
enzymes of this kind [3, 10–12]. E. coli Dam methylates adenine resi-
dues in 5′-GATC-3′ sequences and is involved in DNA mismatch 
repair, initiation of chromosome replication, and regulation of gene 
expression [11]. Caulobacter crescentus CcrM methylates adenine 
residues in 5′-GANTC-3′ sequences and it is essential for C. crescen-
tus, at least under certain growth conditions, and plays a central role 
in regulation of the cell cycle [10, 15]. Moreover, there are certain 
phenomena in bacteria that resemble epigenetic mechanisms in 
higher organisms like heritable DNA methylation patterns involved 
in regulation of gene expression at the pap operon and the agn43 
gene, as well as IS10 and traJ transposons [10–12].

2 Natural Readout of DNA Methylation

DNA-binding proteins recognize the DNA sequence by two pro-
cesses, so-called direct and indirect readout [16]. In direct read-
out, the DNA sequence is identified by hydrogen bonds and van 
der Waals interactions between the side chains of critical amino 
acids and the edges of the target base pairs, mostly in the major 
groove of the DNA (Fig. 2). The direct readout mechanism had 
been predicted more than 40 years ago in a seminal paper by 
Seeman and colleagues [17] and validated in innumerable struc-
tures of proteins in complex with their specific DNA till now. Later 
it has been recognized that DNA adopts specific conformations 
including DNA bending, twisting, or unwinding. As the accessibil-
ity of specific conformations depends on the DNA sequence, this 
process can lead to an indirect readout of the sequence, in which 
proteins contact the backbone of the DNA, thereby enforcing a 
specific DNA conformation which is possible only on DNA with a 
defined sequence [18].

Readout of DNA methylation in general is based on the 
sequence- and methylation-specific DNA binding of proteins, 
which then cause downstream effects on gene expression and chro-
matin structure. In principle, one has to distinguish proteins that 
prefer binding to methylated DNA and others that prefer binding 
to unmethylated DNA.
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Two families of proteins which specifically bind to methylated CpG 
sites have been identified in mammals, the methyl-CpG-binding 
domain (MBD) proteins (MeCP2, MBD1-6, SETDB1-2, TIP5/
BAZ2A, and BAZ2B) and a C2H2 zinc-finger domain transcrip-
tion factor family including Kaiso, Zfp57, and KLF4 [19, 20]. A 
third family, the SET and RING finger-associated (SRA) domain 
proteins, recognizes hemimethylated CpG sites. They employ base 
flipping to identify the methylated cytosine [21] and will not be 
discussed here. MBD and Kaiso proteins play crucial cellular roles, 
since they are the link between the cytosine modifications and 
chromatin interpretation. They are involved in co-repressor com-
plexes with chromatin remodelers, splicing factors, and RNA- 
processing proteins; recruit proteins such as DNMTs to chromatin; 
and participate in DNA demethylation and repair [19, 20].

The MBD family is composed of 11 proteins all containing a 
characteristic highly conserved MBD domain. This domain binds 
with a variable degree of selectivity to methylated DNA. The first 
identified member of this group was MeCP2, discovered in the 
group of Adrian Bird [22]. Today, several crystal and NMR struc-
tures have been determined for MBD domains in complex with 

2.1 Proteins that 
Specifically Bind 
to Methylated DNA

Fig. 2 DNA binding and sequence recognition by zinc-finger proteins. (a) Structure of the Gfi-1 zinc fingers 
3–5 in complex with DNA (PDB ID: 2KMK, [49]). The individual zinc-finger domains are colored red, violet, and 
grey. The complexed zinc ions are shown as light grey spheres. The zinc-finger protein binds to the major 
groove of the DNA. (b-f) Major groove interactions of amino acid side chains with DNA bases via H-bonds and 
hydrophobic interactions. Picture modified from [50]
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methylated DNA showing that these domains bind with two loops 
asymmetrically to the symmetrically methylated CpGs in DNA 
(Fig. 3). The recognition of the methylated CpG site is based on a 
direct readout by Arg residues, in which the guanidinium group 
forms a classical double H-bond with the guanine base. In addi-
tion, the methylene part of the Arg and the methyl group of the 
5mC in the same DNA strand interact, forming a highly conserved 
5mC-Arg-G triad [23]. Depending on the protein, the recognition 
of the methyl group is further supported by additional aliphatic 
residues forming a small hydrophobic cavity.

Kaiso, the first identified member of the C2H2 zinc-finger 
domain family of methyl-binding proteins [24], contains three 
C2H2 zinc fingers. The preferential sequence determinants for 
DNA binding of Kaiso are two methylated CpG dinucleotides or a 
TG site. Kaiso recognizes the methyl group either in mCpG or TpG 
dinucleotides using a 5mC-Arg-Gua triad structure similarly as 
MBD proteins [20, 25]. Zfp57 belongs to the Krüppel- associated 
box (KRAB) zinc-finger family. It recognizes the TGCCGC motif 
containing a methylated CpG dinucleotide and also uses the 5mC-
Arg-Gua triad for methylated cytosine recognition [26]. A similar 
mechanism has been observed with KLF4 [27].

In addition, a recent study has shown that many more human 
transcription factors bind to methylated DNA with some preference 
over unmethylated [28], although not with full specificity. Often 
they can bind to binding sites either containing a TA or mCG site 
and a hydrophobic pocket is used for the interaction with the methyl 
group in T or 5mC, making the interaction methylation specific.

Fig. 3 Principles of methylation-specific binding to CpG sites by MBD domains and other proteins. (a) Schematic 
representation of the 5mC-Arg-Gua triad in MBD2 in which one critical arginine interacts with the methylated 
C and its adjacent G residue in the same DNA strand (pdb structure 2KY8). The methylene part of the Arg forms 
van der Waals contacts with the cytosine methyl group and the guanidinium group two classical hydrogen 
bonds with the guanine. Arg24 is shown in green, the DNA strands of the CpG site in blue and orange. The 
recognized methyl group is highlighted by a blue ball. (b) Schematic representation of the methyl CpG recogni-
tion by MBD1. The two 5mC bases in the fully methylated CpG are recognized by two separate protein recogni-
tion modules, formed by V20-R22-Y34 and R44-S45. Both arginine residues, R22 and R44, form Arg-triads. 
Figure adapted from [20]
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Based on the direct readout of DNA sequence in the major groove, 
which is employed by many families of transcription factors, many 
proteins are prevented from high-affinity interaction with their 
cognate DNA recognition sequences, when the DNA target site is 
methylated. Examples for this include transcription factors of the 
myc, CREB, and members of the E2F family. A recent study 
reported strong inhibition of DNA binding for 23% of all human 
transcription factors [28]. In addition, the CXXC domain proteins 
bind to DNA sites containing unmethylated CpG sites [29]. These 
domains are found in many chromatin proteins, where they con-
tribute to the methylation-specific targeting of these factors to 
chromatin sites.

3 Design of an Artificial mA-Specific ZnF Protein

As described, many DNA-binding proteins interact with DNA in a 
sequence- and methylation-specific manner. However, so far only 
few examples of designed DNA-binding proteins with 5mC speci-
ficity have been reported for ZnF [30] and TAL proteins [31]. 
One recent example is our design of a 6mA-specific ZnF protein 
[32] that will be summarized and discussed in this section.

ZnF proteins can recognize AT base pairs via asparagine or gluta-
mine residues and form specific H-bond contacts to the adenine 
base via the N6 and N7 position. Adenine-N6 methylation should 
prevent these H-bonds and hence strongly impair the binding of 
methylated AT base pairs (Fig. 4). In our previous work, we theo-
retically designed several 6mA-specific ZnF proteins consisting of 
three zinc-finger domains with target sequences that overlapped 
with the CcrM target sequence (5′-GANTC-3′) using the Zinc 
Finger Targeter (ZiFiT) [33, 34]. We then used a bacterial two- 
hybrid reporter assay [35] to test if the designed ZnF proteins spe-
cifically bind to their target sequences (Fig. 5). In this assay, 
expression of a lacZ reporter gene is driven by the recruitment of an 
RNA polymerase-Gal4 fusion protein to target promoters by a ZnF-
Gal11p fusion protein binding to its target sequence placed within 
the promoter of the lacZ. Four designed ZnF proteins were tested 
and reduced reporter gene activation was observed after DNA meth-
ylation for all of them. The most promising zinc-finger protein can-
didate (ZnF_1012) was used for further experimental steps. This 
ZnF protein binds to a 5′-GGAGAAGAA-3′ sequence, which can be 
overlapped with the target sequence of CcrM (5′-GANTC-3′) 
resulting in a 5′-GGAGAAG ATCA -3′ sequence (the ZnF-binding 
site is underlined, the CcrM target site is overlined, the methylated 
A is bolded) (Fig. 5). Binding of the ZnF protein to this site was 
shown to be inhibited by DNA methylation.

2.2 Proteins that 
Specifically Bind 
to Unmethylated DNA

3.1 Design 
of a 6mA-Specific ZnF 
Protein
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Fig. 4 AT base pair sequence direct readout by asparagine or glutamine residues 
with two hydrogen bonds. This interaction is blocked by adenine-N6 methylation. 
This figure has been taken from [32] with permission

Fig. 5 Design of a ZnF module specifically interacting with unmethylated DNA. (a) Scheme of a three-finger 
ZnF protein able to bind to nine base pairs of DNA. (b) Scheme of the bacterial two-hybrid system used to 
select ZnF modules, which specifically bind the target sequence [35]. (c) Results of the screening with the best 
candidate protein ZnF_1102 [32]. A control ZnF protein binds its GCAGAAGCC target sequence, and this inter-
action is not altered by expression of the CcrM MTase in the cells. In contrast, ZnF_1102 binds more strongly 
to its GGAGAAGAA target sequence. When this site is overlapping with a CcrM site at the end, DNA binding is 
reduced if CcrM is expressed, indicating a methylation-specific interaction. Data were taken from [32]

Although showing reduced binding in the presence of DNA meth-
ylation in the bacterial two-hybrid system, we realized that for this 
individual ZnF module the ΔG difference in binding to methyl-
ated and unmethylated DNA might be insufficient for biological 
applications. Hence, we followed classical design principles of 
nature and fused a coiled-coil domain for dimerization [36] to the 

3.2 Improvement 
of Methylation- 
Specific Binding 
by Multimerization
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ZnF protein to induce its dimerization in the cell. We expected 
that the dimeric repressor would bind palindromic DNA-binding 
sites with two reading heads, similarly as most bacterial repressors 
(Fig. 6a, b). Importantly, DNA binding of both reading heads is 
regulated by DNA methylation leading to a doubling of the 
expected ΔG difference (ΔΔG) of binding to methylated and 
unmethylated DNA. However, later gene expression studies 
(described in Subheading 3.3) still showed an insufficient repres-
sion of gene expression by the dimeric repressor [32].

Taking natural repressor systems as paradigm, we next fused the 
synthetic zinc-finger protein to the coiled-coil domain from GCN4-
p-LI, which mediates tetramerization [37]. The resulting tetrameric 
ZnF protein could simultaneously bind to two palindromic double-
recognition sites, both regulated by DNA methylation (Fig. 6c). We 
introduced additional palindromic double-binding sites for the ZnF 
repressor upstream and downstream of the transcriptional start site. 
The first double-binding site was designed to surround the -35 region 
of the promoter as shown in Fig. 6b. The second double-binding site 
was placed 100 bps upstream of the first one in a manner resembling 
the arrangement of pseudo-operator sites in the lac operon [38]. A 
third double- binding site was placed downstream in the operon. All 

Fig. 6 Enhancement of methylation-specific DNA binding by multimerization of the ZnF protein. (a) Scheme of 
the dimerization of the ZnF module using a coiled-coil domain. (b) Scheme of the palindromic double-binding 
site recognized by the dimeric ZnF. The CcrM recognition site is printed in red and the adenine residue meth-
ylation of which prevents DNA binding of the F1 domain is highlighted by a red circle. The binding sites sur-
round the -35 region of a bacterial gene promoter allowing to employ the ZnF protein as methylation-specific 
repressor. (c) Tetramerization of the ZnF protein allows simultaneous interaction with two palindromic recogni-
tion sites via DNA looping, similarly as observed in bacterial repressors, for example the lac repressor
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Fig. 7 Scheme of an artificial methylation-sensitive expression system. In the off-state, the synthetic ZnF 
repressor binds the promoter region of a reporter gene (GFP) and silences gene expression. In the on-state, the 
promoter region is methylated, repressor binding is hindered, and the gfp gene is transcribed. Filled and open 
lollipops represent methylated and unmethylated 5′-GANTC-3′ sites

these binding sites can be methylated by CcrM to regulate repressor 
binding, leading to a system which featured very tight inhibition in 
the absence of DNA methylation and strong reporter gene expression 
when the recognition sites were methylated [32].

We designed an artificial expression system that is regulated by DNA 
methylation (Fig. 7). In this system, one palindromic methylation- 
sensitive ZnF-binding site was placed surrounding the -35 region of 
the promoter of a GFP reporter gene showing a methylation-depen-
dent repression of reporter gene expression [32]. Next, we aimed to 
design an artificial epigenetic memory system, in which the methyl-
ation-dependent promoter was used to regulate the expression of a 
CcrM MTase gene. By this, a system with positive feedback was 
obtained, which was supposed to exist in two stable states, an off-
state and an on-state (Fig. 8). The off- state should be maintained by 
the engineered zinc-finger repressor and the on-state by constant 
promoter methylation by CcrM, which hinders zinc-finger DNA 
binding. An enhanced green fluorescent protein gene was used as a 
reporter in front of the ccrM gene and this setup was called reporter-
maintenance operon.

However, as mentioned above, we faced the problem that the 
off-state of the initial system using a dimeric ZnF protein was not 
stable, indicating insufficient repression. To this end, the methylation- 
sensitive promoter repressor system was further enhanced by using 
the tetrameric ZnF protein and introducing the additional palin-
dromic binding sites as described in Subheading 3.2. With this sys-
tem, we were facing the problem of an instable on-state, which was 

3.3 Application 
of the mA-Specific ZnF 
in Synthetic Circuit 
Design
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due to the accumulation of the ZnF repressor in the cells over several 
hours and competition of the repressor with CcrM for target-site 
binding. To overcome this problem, we introduced an additional 
double-binding site for the ZnF repressor in the promoter region of 
its own gene in order to maintain a low steady-state level of repressor 
molecules by autoregulation (Fig. 8). This autoregulatory binding 
site was designed not to overlap with CcrM sites; hence, it cannot be 
methylated and repressor binding is independent of CcrM expres-
sion. This approach mimics several bacterial repressor systems, which 
employ autoregulation to maintain a low and stable expression of the 
repressor and minimize stochastic fluctuations of repressor protein 
amounts in the cell. The final system illustrated in Fig. 8 showed 
biphasic behavior with stable on- and off-states.

Next, we showed that the expression of the reporter- 
maintenance operon could be initiated either by loss of the ZnF 
protein binding due to thermal instability during a heat shock or 
by introduction of DNA methylation at the ZnF-binding site by an 
externally expressed CcrM [32]. The external CcrM expression 
system could be coupled to different input signals like nutrients 
(arabinose) or DNA damage (ultraviolet light or cisplatin) induc-
ing a switch from the off- to the on-state. After appearance of the 
external transient trigger signal, the maintenance CcrM MTase 
methylates the promoter region of the reporter-maintenance 

Fig. 8 Schematic circuit design of a synthetic epigenetic memory system with ZnF repressor (ZnF4) and 
reporter-maintenance operon, consisting of an egfp gene and a ccrM gene. In the off-state, the ZnF repressor 
inhibits transcription of the reporter-maintenance operon by binding to the unmethylated promoter region 
(empty lollipops). Once the system is switched to the on-state, EGFP and CcrM are expressed and binding of 
the ZnF repressor to the promoter region of the reporter-maintenance operon is prevented by DNA methylation 
(filled lollipops). CcrM constantly re-methylates the operator ZnF-binding sites and keeps the system in the 
on-state. The zinc-finger repressor regulates its own expression in a manner not affected by methylation 
(indicated negative feedback with dashed lines). The image is taken from [32] with permission
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operon and keeps the system in the on-state even after cessation of 
the trigger signal. These designed synthetic epigenetic memory 
circuits were able to sense different transient stimuli and store this 
information in the form of DNA methylation patterns for many 
cellular generations in Escherichia coli [32]. Further, the epigenetic 
nature of the developed system could be exploited and it was 
shown that the system is resettable by addition of regulated protein 
degradation tags to the methyltransferase [32]. Potential applica-
tions and extensions of the system are in the field of bacterial life 
biosensors.

4 Outlook: Application of ZnF Proteins as Methylation-Specific  
DNA-Binding Proteins

Designer ZnF proteins were developed as programmable DNA- 
binding devices [39–43]. They are representing the first example 
in which a rational design of a DNA-binding protein with prede-
termined specificity was possible—a true scientific breakthrough. 
Later CRISPR/Cas systems were discovered in several bacteria 
[44, 45]. The CRISPR/Cas9 system targets DNA with a short, 
single-stranded, so-called sgRNA that forms a double-stranded 
RNA/DNA hybrid structure with one strand of the target site. 
Since target recognition is based on simple Watson/Crick base 
pairing, retargeting the CRISPR/Cas9 complex only requires 
introduction of a new sgRNA sequence, while in ZnF and TAL 
systems more complicated protein design has to be conducted to 
change the DNA binding specificity. For this reason, CRISPR/
Cas9 is expected to outcompete proteinaceous DNA-targeting 
 systems in many applications in genome and epigenome editing 
[14, 46–48]. However, the targeting of CRISPR/Cas9 based on 
Watson/Crick base pairing between the sgRNA and the target 
DNA is insensitive for DNA methylation, because this does not 
affect Watson/Crick base pairing. In contrast, the binding of ZnF 
and TAL proteins to DNA can be designed to be 5mC or 6mA 
specific, which gives these targeting systems an important advan-
tage over CRISPR/Cas9 systems in special applications. 
Methylation-specific interaction with DNA can be used for the 
design of artificial gene expression circuits [32]. It could also be 
applied in the context of a human cell, where DNA methylation- 
specific genome or epigenome editing could be triggered, which 
would allow to address cells in specific physiological states, defined 
cellular subtypes, or small subpopulations characterized by a spe-
cific epigenetic state. Hence, the potential for a combined reading 
of DNA sequence and DNA methylation may spur the develop-
ment of a new generation of ZnF and TAL protein applications in 
genome targeting.
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Chapter 4

Enhanced Manipulation of Human Mitochondrial DNA 
Heteroplasmy In Vitro Using Tunable mtZFN Technology

Payam A. Gammage and Michal Minczuk

Abstract

As a platform capable of mtDNA heteroplasmy manipulation, mitochondrially targeted zinc-finger nucle-
ase (mtZFN) technology holds significant potential for the future of mitochondrial genome engineering, 
in both laboratory and clinic. Recent work highlights the importance of finely controlled mtZFN levels in 
mitochondria, permitting far greater mtDNA heteroplasmy modification efficiencies than observed in early 
applications. An initial approach, differential fluorescence-activated cell sorting (dFACS), allowing selec-
tion of transfected cells expressing various levels of mtZFN, demonstrated improved heteroplasmy modi-
fication. A further, key optimization has been the use of an engineered hammerhead ribozyme as a means 
for dynamic regulation of mtZFN expression, which has allowed the development of a unique isogenic 
cellular model of mitochondrial dysfunction arising from mutations in mtDNA, known as mTUNE. 
Protocols detailing these transformative optimizations are described in this chapter.

Key words Genetic engineering, mtZFN, Mitochondrial disease, mtDNA, Heteroplasmy, Gene ther-
apy, mTUNE

1 Introduction

Human mitochondrial DNA (mtDNA) is a ~16.5 kb, circular, 
multi-copy molecule encoding structural components of the 
respiratory chain, ATP synthase, and all RNA components 
required for translation by mitochondrial ribosomes [1]. The 
mitochondrial genome is found within the mitochondrial matrix, 
tightly associated with the inner mitochondrial membrane, pack-
aged into nucleoids by the mitochondrial transcription factor A 
(TFAM). In human, there are typically ~100–10,000 copies of 
mtDNA per cell, varying significantly between cell types. As a 
multi-copy genome, accumulation of mutations in mtDNA can 
lead to a phenomenon termed heteroplasmy, where multiple 
mtDNA variants (i.e., wild type and mutant) can coexist. Such 
heteroplasmic mtDNA mutations account for a substantial pro-
portion of primary mtDNA disease in humans [2]. The hetero-
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plasmic nature of such pathogenic mtDNA mutations permits a 
unique approach to gene therapy, relying on the selective recog-
nition and degradation of mutant mtDNA molecules based on 
mtDNA sequence discrimination and introduction of a double-
strand break (DSB). In so doing, mutant mtDNA copy number 
is specifically diminished, and replication of the spared wild-type 
mtDNA molecules will result in the cell recovering to initial 
mtDNA copy number with altered heteroplasmy. The basis for 
sequence-specific targeting, DNA break introduction, and het-
eroplasmy shifting of mtDNA has been demonstrated through 
the use of mitochondrially targeted restriction enzymes [3–8], 
mitochondrially targeted transcription activator-like effector 
nucleases (mitoTALENs) [9–12], and mitochondrially targeted 
zinc-finger nucleases (mtZFN) [13–17].

When manipulating heteroplasmy of mtDNA bearing a 
single- point mutation, a mtZFN pair is assembled: one muta-
tion-specific monomer that binds mtDNA including the muta-
tion, and a mutation- nonspecific monomer that binds a proximal 
mtDNA sequence on the opposite strand, contained within 
both wild-type and mutant genomes (Fig. 1a). Cleavage of 
mtDNA requires dimerization of the nuclease domains, which 
only occurs when both mtZFNs are bound to the mutant 
molecule.

In previous work, we have described the development and 
application of an effective mtZFN architecture [15, 17]. More 
recently, we have identified the importance of fine-tuning 
mtZFN expression levels to avoid off-target effects, likely both 
at the target site and at other loci in mtDNA, which would oth-
erwise produce undesired, nonspecific depletion of mtDNA copy 
number [16]. In this chapter, we describe two methods for con-
trolling expression levels of transiently transfected mtZFNs: (1) 
by means of differential fluorescence-activated cell sorting 
(dFACS) and (2) by means of an engineered hammerhead ribo-
zyme (HHR) incorporating an inhibitory, tetracycline-binding 
aptamer, named 3K19 [18] (Fig. 1b, c). In addition to signifi-
cantly enhanced mtZFN efficiency, the capacity to produce a 
range of distinct mtZFN expression levels in a transient system 
allows for the generation of cell lines with variable heteroplasmy 
from an initial heteroplasmic cell line [16]. Use of this method 
largely circumvents issues of clonal variation observed for cyto-
plasmic hybrid (cybrid) cells [19] and analysis of cells bearing 
variable levels of m.8993T>G generated using these methods, 
known as mTUNE cells, has allowed identification of previously 
unknown mechanisms of metabolic rewiring in response to phys-
iological mitochondrial dysfunction [20].
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It is assumed that, before attempting to enact this protocol, a 
cybrid cell line bearing a mtDNA mutation of interest and a cor-
responding library of ZFPs specific to this mutation have been 
acquired. Published protocols are available for design of ZFPs [21–
27] and creation of cybrids [28, 29]. As an example for this proto-
col we use cells bearing the m.8993T>G point mutation and ZFPs 
specific to this mutation.

Fig. 1 Fine-tuned mitochondrially targeted ZFNs for manipulation of mtDNA heteroplasmy. (a) A general strat-
egy for targeting mtDNA point mutations using mtZFNs, contextualized using the m.8993T>G mutation. The 
mutation-specific monomer (red) recognizes the mutation site and dimerizes with the companion monomer 
(blue), which is bound to mtDNA on the opposite strand. Dimerization leads to specific introduction of a DNA 
double-strand break, followed by degradation of the mutant haplotype only. (b) An example of a flow cytometry 
dot plot, where mCherry/GFP double-positive events have been separated into two distinct populations, based 
on fluorescence intensity, which should be correlated with mtZFN expression levels. (c) Schematic of ham-
merhead ribozyme (HHR) incorporation into a mtZFN transgene. The HHR is placed downstream of the stop 
codon, before the polyadenylation signal (BGH pA). Once transcribed, the HHR either can be stabilized by bind-
ing of tetracycline or can initiate self-directed cleavage of the transcript, leading to degradation by endogenous 
RNases. The extent to which these two processes compete determines the resulting protein expression level 
of transiently expressed mtZFNs. Figure adapted from [16]
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2 Materials

pcDNA3.1(−)_mCherry_3K19 vector (available from Addgene, 
104499).

pTracer CMV/bsd vector (Thermo Fisher Scientific, cat. no. 
V883-20).

KOD DNA polymerase.
Nuclease-free water.
Restriction endonucleases and buffers.
T4 DNA ligase.
Gel extraction kit.
PCR purification kit.
Miniprep kit.
DNA-loading dye.
UltraPure agarose.
SYBR Safe DNA gel stain.
DNA ladder.
1× TBE electrophoresis buffer: 90 mM Tris, 90 mM boric acid, 

pH 8, 2 mM EDTA.
DH5α competent cells.
TYE bacterial medium.
Ampicillin.
Midiprep kit.

Tissue culture plastics:

75 cm2 flask.
6-Well plate.
15 mL Conical tubes.

5 mL Polystyrene round-bottom tube.
CellTrics cell suspension filter.
1× DMEM, supplemented with 4.5 g/L d-glucose, Glutamax, and 

100 mg/L sodium pyruvate.
1× PBS, without CaCl2 or MgCl2.
10× Trypsin-EDTA solution.
Fetal calf serum.
Tetracycline hydrochloride, prepared at 1000× concentration in 

MilliQ filtered water (see Note 1).
Opti-MEM, reduced serum media.

2.1 Molecular 
Cloning

2.2 Tissue Culture, 
Transfection, and FACS
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Lipofectamine 2000.
FACS-capable flow cytometer.

BCA protein assay kit.
4× Western sample buffer.
DTT.
Bolt™ 4–12% Bis-Tris polyacrylamide gels.
20× MES SDS running buffer.
iBlot 2™ dry transfer cell.
iBlot 2™ nitrocellulose transfer stack.
Coomassie brilliant blue stain.
Nonfat milk powder.
Antibodies (Table 1).
1× Western lysis buffer: 50 mM Tris-acetate, pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1% (w/v) Triton X-100, 1× proteinase 
inhibitor cocktail.

1× Western incubation buffer: 1× PBS, 5% (w/v) nonfat milk 
powder.

1× Western washing buffer: 1× PBS, 0.1% (w/v) Triton X-100.
ECL detection reagents.
Empty gel cassettes 1.0 mm.
X-ray film.
XCell SureLock™ mini-cell.

KOD DNA polymerase.
Nuclease-free water.

2.3 Protein 
Extraction 
and Western Blotting

2.4 mtDNA 
Heteroplasmy 
Measurements

Table 1  
Antibodies required for western blotting

Epitope Source (Cat. No.) Dilution

Primary antibodies

HA Roche (1186743100) 1:500

FLAG Sigma (F3165) 1:2000

β-Actin Sigma (A2228) 1:100,000

Secondary antibodies

Goat anti-mouse IgG HRP Promega (W402B) 1:2000

Goat anti-rat IgG HRP Santa Cruz (SC2065) 1:1000
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Radiolabeled dCTP [α-32P]—3000 Ci/mmol−1, 10 mCi/mL−1, 
250 μCi.

SmaI restriction endonuclease.
UltraPure agarose.
1× TBE electrophoresis buffer.
DE81 ion-exchange paper.
Gel dryer.
PhosphorImager or X-ray film with developing system.
DNA extraction spin column kit.

0.5 mL Tubes.
1.5 mL Tubes.
Standard PCR thermal cycler.
DNA mini gel tanks.
Power pack.
Spectrophotometer.
Tube roller.
Tilt platform.
Benchtop centrifuge.
UV transilluminator.
Gel-imaging system.

Human osteosarcoma line 143B, NARP m.8993T>G cybrid [30] 
(kindly donated by Prof. Eric Schon, Columbia University, NYC).

3 Methods

Carry out all procedures at room temperature unless otherwise 
stated. All solutions are prepared using ultrapure (deionized, puri-
fied) water and analytical grade reagents, and can be stored at room 
temperature unless otherwise indicated.

Using pcDNA3.1(−)_mtZFN(+)2G/pcDNA3.1(−)_mtZFN(−)2G 
constructs available from Addgene (Nos. 62798 and 62799), the 
pre-generated library of paired ZFPs must be cloned into their 
respective +/− backbones, as described previously [17]. The 
resulting constructs must then be assembled into pcDNA3.1(−)_
mCherry_3K19 (Addgene No. 104499), which contains the 3K19 
HHR, and then subcloned into appropriate expression vectors by 
restriction cloning.

2.5 General 
Laboratory 
Consumables 
and Equipment

2.6 Noncommercial 
Biological Materials

3.1 Incorporation 
of HHR into MtZFN 
Monomers 
and Expression Vector 
Cloning
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 1. Using 5′ XbaI and 3′ KpnI restriction sites, digest 2 μg of 
pcDNA3.1(−)_mtZFN(+/−)2G and pcDNA3.1(−)_
mCherry_3K19, following the manufacturer’s recommendations.

 2. Take the entire reaction, resolve on a 0.8% agarose gel, and run 
at 7 V/cm for 1 h. Visualize DNA using a UV light box, excise 
appropriate bands using a scalpel, and then purify DNA from 
the gel using a gel extraction kit.

 3. Ligate mtZFN(+/−) fragments into pcDNA3.1(−)_
mCherry_3K19 backbone using T4 DNA ligase, following the 
manufacturer’s instructions (see Note 1). Take 5 μL of the liga-
tion reaction, incubate with DH5α competent cells, transform 
using the heat-shock method, plate cells on dishes of TYE 
media supplemented with 50 μg/mL ampicillin, and incubate 
at 37 °C overnight. Select colonies and amplify in TYE broth 
supplemented with 50 μg/mL ampicillin at 37 °C overnight in 
an incubator fitted with shaking platform. After the overnight 
incubation, isolate plasmid DNA using a miniprep kit, accord-
ing to the manufacturer’s instructions.

 4. Repeat XbaI-KpnI double digestion and agarose gel electro-
phoresis from step 2 using isolated plasmid DNA from the end 
of step 3 to confirm the presence of mtZFN(+/−) within the 
pcDNA3.1(−)_mCherry_3K19 backbone, and then confirm by 
Sanger sequencing using T7 forward and BGH reverse priming 
sites located adjacently to the multiple cloning site (MCS) of 
pcDNA3.1(−).

Once incorporation of mtZFN(+/−) into pcDNA3.1(−)_
mCherry_3K19 is confirmed, the entire MCS of either 
mtZFN(+)_HHR or mtZFN(−)_HHR be re-cloned into a vec-
tor capable of co-expressing mtZFNs and GFP simultaneously 
in mammalian cells. The vector used in our work is pTracer 
CMV/Bsd (pTracer). The MCS of pTracer is flanked at the 5′ 
and 3′ ends by PmeI restriction sites, as is the MCS contained 
within the original pcDNA3.1(−)_mCherry_3K19 vector. 
There is no apparent benefit to mtZFN(+/−) being co- 
expressed specifically with mCherry or GFP, though in the fol-
lowing examples mtZFN(+) is cloned into pcmCherry and 
mtZFN(−) is cloned into pTracer.

 5. To re-clone the mtZFN(+)_HHR construct into pTracer, digest 
2 μg of pTracer and mtZFN(+)_HHR with 10 U of PmeI, 
according to the manufacturer’s instructions, treat briefly with 
alkaline phosphatase, then resolve the digested fragments on a 
0.8% agarose gel run at 7 V/cm for 1 h, and cut gel slices con-
taining relevant bands using a scalpel. Repeat gel extraction, 
ligation, transformation, digestion screening, and sequencing 
confirmation as laid out in steps 2 and 3 (see Note 2). Once 
plasmids of correct composition and orientation have been 
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obtained, produce a concentrated plasmid DNA stock for all 
plasmids, including empty vectors, using a midiprep kit.

In order to assess the effects of variable mtZFN expression levels 
on mtDNA heteroplasmy, a population of cells transiently express-
ing mtZFN monomers and/or empty vectors must be obtained. 
Transient expression of mtZFNs in cells allows for permanent 
mtDNA heteroplasmy modification, without the need for genomic 
integration of transgenes/selection cassettes and prolonged cul-
ture, and can be beneficial for work in cell cultures. Our preferred 
method to this end is fluorescence-activated cell sorting (FACS), 
followed by further assessments of mtZFN expression and activity. 
Throughout the protocols described below, cultured cells are 
maintained in standard conditions (37 °C, 5% CO2).

 1. On the day prior to transfection, seed cells at a density of 
2 × 106 cells per 75 cm2 flask and leave overnight to attach. On 
the day of transfection, aspirate the original media, pipette 
fresh media onto plates, and transfect cells with a total of 25 μg 
of plasmid DNA (12.5 μg pcmCherry_mtZFN(+) with or 
without HHR, 12.5 μg pTracer_mtZFN(−) with or without 
HHR, or 12.5 μg of either empty vector) using Lipofectamine 
2000, according to the manufacturer’s instructions (see Note 
3).

 2. After 6 h, aspirate media containing transfection reagents and 
replace with fresh media (see Note 4). If using HHR, this 
medium should be supplemented with desired concentrations 
of tetracycline (see Note 5). With regard to data from [18], we 
use 25 mM (11 μg/mL) and 250 mM (110 μg/mL).

 3. At 24 h post-transfection, wash cells with 1× PBS, trypsinize, 
and then collect cells in 15 mL Falcon tubes by centrifugation 
at 300 g for 5 min. Resuspend the cell pellet in 750 μL 1× PBS 
and transfer to 5 mL round-bottomed tube by passing through 
a CellTrics strainer. It is essential that all samples are kept at 
4 °C from this point (see Note 6).

 1. Load untransfected cells into the FACS sorter. After selecting 
monodisperse events, based on forward and side scatter profile, 
set fluorescence gating using the untransfected and GFP/
mCherry-only cells, and then sort experimental samples, col-
lecting double-positive cells (see Note 7). If attempting to 
manipulate mtZFN dosage by dFACS, the double-positive 
population should be sorted in separate groupings, giving 
“high-expression” and “low-expression” conditions (Fig. 1b), 

3.2 Assessment 
of Tunable MtZFN 
Expression 
in Heteroplasmic Cells

3.2.1 Transfection 
of mtZFN DNA Constructs

3.2.2 Fluorescence- 
Activated Cell Sorting 
(FACS)
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with downstream analyses performed as described in Subheading 
3.2.3.

Samples should be sorted in a sterile environment and col-
lected in sterile tissue culture media in autoclaved 1.5 mL tubes, 
which are immediately placed on ice once obtained.

Samples acquired by FACS should be divided into two groups at a 
ratio of 1:1. These groups are (1) cells to provide a DNA sample, 
and (2) cells to provide a protein sample, allowing confirmation of 
mtZFN expression as manipulated by HHR and tetracycline addi-
tions. It is expected that at least 5 × 105 cells are collected per sam-
ple. If this is not achieved, modify the volumes given in steps 1 and 
2 in Subheading 3.2.3 appropriately.

 1. With group (1) cells, intended for DNA analyses, pellet cells in 
a 1.5 mL tube by centrifugation at 300 g for 5 min. Aspirate 
media and extract total DNA using a DNA extraction spin col-
umn kit, according to the manufacturer’s recommendation. 
Elute DNA in a small volume of nuclease-free water, typically 
~30–50 μL, and measure DNA concentration by nanodrop.

 2. With group (2) cells, intended for protein analyses, pellet an 
identical number of cells per sample in separate 1.5 mL tubes 
by centrifugation at 300 g for 10 min (see Note 8). Aspirate 
media and resuspend pellet in 60 μL western lysis buffer in a 
0.5 mL tube. Incubate on ice for 10 min, then add 22.5 μL 4× 
western sample buffer and 4.5 μL 1 M DTT, mix thoroughly 
by vortex, and incubate the sample at 95 °C for 5 min. At this 
point the sample can either be stored for up to a year at −20 °C 
or analyzed by western blotting, as detailed in Subheading 
3.2.5.

 1. To analyze protein extracts for variable mtZFN expression by 
western blotting, load ~20 μL of extract from group (1), and 
appropriate protein molecular weight markers, onto a 10-well 
bolt SDS 4–12% Bis-Tris gel and run at 180 V in 1× MES buf-
fer for ~30 min.

 2. When resolved, transfer proteins from the gel to a nitrocellu-
lose membrane using iBlot 2 transfer stack and transfer cell. 
Once proteins have been electrotransferred, wash the mem-
brane briefly in 1× PBS and then block in 1× PBS with 5% 
nonfat milk (w/v) (PBS-M) for 1 h at room temperature on a 
roller. Incubate the gel in Coomassie brilliant blue stain for 
several hours, and allow to destain in water for several further 
hours; this allows fast, reliable confirmation of equal protein 
loading and efficiency of electrotransfer. Image the gel using 
gel documentation system, and then discard.

3.2.3 Analysis of Tuned 
mtZFN Activity in Cells

3.2.4 Detection of mtZFN 
Expression
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 3. Once the membrane has been blocked, remove blocking solu-
tion, apply primary antibody in 1× PBS-M, and incubate over-
night on a roller at 4 °C. On the following day remove the 
primary antibody solution, wash the membrane three times 
with 1× PBS with 0.1% Triton X-100 (w/v) (PBS-T) for 
10 min on a roller at room temperature, and then incubate 
with the secondary antibody in 1× PBS-M on a roller for 1 h at 
room temperature. Remove the secondary antibody solution, 
wash the membrane three times with 1× PBS-T for 10 min, 
then develop using ECL reagents, and expose to X-ray film in 
a darkroom. A list of all primary and secondary antibodies used 
for western blotting is given in Table 1.

Examples of western blot data obtained using dFACS and 
HHR in different tetracycline concentrations are presented 
(Fig. 2a, c).

Measurements of mtDNA heteroplasmy can be made by various 
means. Often the best method for such analyses will change, based 
on the variant studied and available techniques/resources. 
Measurements of heteroplasmy, in our hands, typically consist of 
restriction fragment length polymorphism (RFLP), Southern blot-
ting, ultra-deep amplicon resequencing, and pyrosequencing anal-
yses, though numerous further methods are available. Changes in 
heteroplasmy of the m.8993T>G mutation, as manipulated by 
dFACS- or HHR-tuned mtZFN treatments, are measured by PCR 
amplification of a portion of mtDNA containing the mutation, 
with incorporation of radiolabeled nucleotides in a final PCR cycle 
to negate heteroduplex formation. The radiolabeled PCR products 
are then purified and analyzed by RFLP, based on a unique 
SmaI/XmaI restriction site created by the m.8993T>G mutation. 
This approach to measurement of m.8993T>G has been described 
in detail previously [17]. Briefly, the procedure is as follows:

 1. Prepare 50 μL PCR reactions with 100 ng DNA template 
obtained from group (2). Prepare three additional reaction 
volumes: two for 143B wild-type and N100 digest control 
conditions (see Note 9), and one further to store on ice. Adjust 
cycling conditions to repeat the PCR program for a total of 15 
cycles.

 2. Following completion of the 15-cycle PCR, take the single 
additional reaction volume, store on ice, add 2 μL dCTP 
[α-32P] mixing well, then pipette 5 μL of this spiked mixture 
into each PCR tube, mix thoroughly using the pipette tip, and 
then place tubes in a thermal cycler for a final PCR cycle. Once 

3.2.5 Assessing 
the Effects of Tuned mtZFN 
Treatment 
on Heteroplasmy

Payam A. Gammage and Michal Minczuk



53

Fig. 2 Comparison of differential FACS and HHR approaches for tunable mtZFN activity on mtDNA hetero-
plasmy. (a) Western blot analysis of mtZFN-expressing cells, and controls, obtained through dFACS at 24 h 
post-transfection. Arrows indicate “high” and “low” conditions. HA hemagglutinin, FLAG FLAG epitope. β-Actin 
and Coomassie brilliant blue (CBB) stain are shown as loading controls. (b) Quantification of wild-type hetero-
plasmy following dFACS treatment with mtZFN. Densitometry of RFLPs from three biological replicates is 
shown. *p < 0.05. **p < 0.01. (c) Western blot analysis of mtZFN-expressing cells, and controls, obtained by 
FACS under HHR control at 24 h post-transfection. Tunable, tetracycline-dependent expression of mtZFNs can 
be achieved. Dox doxycycline. Tet tetracycline. FLAG FLAG epitope. β-Actin and Coomassie brilliant blue (CBB) 
stain are shown as loading controls. (d) Quantification of wild-type heteroplasmy following HHR-controlled 
treatment with mtZFN. Densitometry of RFLPs from three biological replicates is shown. **p < 0.01. Figures 
and data adapted from [16]
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this is completed, purify PCR products using a PCR purifica-
tion kit. Elute PCR products in 50 μL nuclease-free water.

 3. Prepare 10 μL SmaI digest reactions for all samples, including 
digestion controls. Allow reaction to proceed for 2 h at 25 °C, 
and then resolve on a 1% agarose gel run at 7 V/cm for 50 min. 
Dry the gel onto DE81 paper using gel dryer. Expose the dried 
gel to a phosphor screen overnight and image using the 
PhosphorImager.

In the example data shown (Fig. 2b, d), 143B cybrid cells 
bearing m.8993T>G targeted by NARPd(+) and COMPa(−) and 
lower expression levels of mtZFNs, by either dFACS or HHR 
methods, lead to more efficient shifts in heteroplasmy. Conversely, 
higher expression levels of mtZFNs result in less efficient shifts in 
heteroplasmy, which have also been correlated with copy number 
depletions in our recent work [16]. Importantly, using the HHR 
method, control of expression levels can be used to generate a 
range of heteroplasmies from a single cell line, without clonal selec-
tion (Fig. 2d).

The relative mtDNA heteroplasmy modification efficiency of 
either dFACS- or HHR-tuned mtZFN treatments is dependent 
on, among other factors, the steady-state copy number of the cells 
being used and the degree of mtZFN expression exerted (Hoitzing 
et al., submitted. Pre-print available at https://doi.
org/10.1101/145292). It is, therefore, likely that varying results 
will be achieved across different cellular contexts, and that some 
applications of mtDNA editing technologies will require further 
optimization in more challenging circumstances (e.g., cell lines 
with very low mtDNA copy number). However, the modifications 
to previous mtZFN protocols [17], detailed in this chapter, should 
be capable of significantly enhancing mtZFN activity in most het-
eroplasmic cell lines.

4 Notes

 1. T4 DNA ligase is sensitive to guanidinium thiocyanate, con-
tained in buffer QG from the QIAquick gel extraction kit. To 
limit the impact of this sensitivity on ligation/transformation 
efficiency, ensure that the total volume of gel-extracted mate-
rial in ligations is not >20% of the final volume.

 2. Digestion with PmeI produces blunt ends, and half of the suc-
cessful ligations will result in insertion of transgenes in the 
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opposite orientation. Select several clones to ensure a properly 
ligated product.

 3. In order to set gating parameters, untransfected cells and 
single- fluorescence cells need to be prepared alongside experi-
mental samples transfected with both GFP- and mCherry-
expressing plasmids. Without these “single-stained” controls, 
it is not possible to ensure homogeneity of the sample.

 4. Lipofectamine and similar reagents can have cytotoxic effects if 
left to incubate with cells for extended periods. Although 
potentially marginal in most cases, this step could be important 
for some cell types.

 5. Tetracyclines are well-known inhibitors of bacterial translation, 
and have similar activity on mitochondrial translation at rela-
tively low concentrations [31]. As such tetracycline is only ever 
present for ~18 h in these experiments. Additionally, tetracy-
cline is exquisitely light sensitive, and steps to protect stocks/
media containing tetracycline from exposure to light should be 
taken.

 6. If cells are likely to be left for >30 min while other samples are 
sorted, survival of cells sorted, particularly for continued cul-
ture, is greatly enhanced by keeping samples at 4 °C prior to 
reintroduction to standard tissue culture conditions. If <30- 
min wait is required, sorting cells directly into a tissue culture 
dish without storing at 4 °C could be advantageous also.

 7. In our FACS experiments, GFP signal is excited by a 488 nm 
laser and emission detected by photomultiplier tube (PMT) 
with 530/30 band-pass and 502 long-pass filters. mCherry 
signal is excited with 561 nm laser and emission detected by 
PMT 610/20 band-pass and 600 long-pass filters.

 8. Use of cell number as a proxy for BCA acquired protein con-
centration values prior to western blotting can be helpful, 
especially when handling small samples.

 9. These digest controls are essential for production of a reliably 
interpretable RFLP analysis, and can consist of either cellular 
DNA extracts or plasmids containing the regions of interest to 
be used as template for PCR.
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Chapter 5

Engineering RNA-Binding Proteins by Modular Assembly 
of RanBP2-Type Zinc Fingers

Simona De Franco, Mitchell R. O’Connell, and Marylène Vandevenne

Abstract

Deciphering the function of the nonprotein-coding portion of genomes represents one of the major chal-
lenges that molecular biology is facing today. Numerous classes of RNAs have been discovered over the 
last past decade and appear to play important regulatory roles in gene expression and disease. The ability 
to study and manipulate these RNAs relies on the development of programmable RNA-binding molecules 
such as RNA-binding proteins. Most RNA-binding proteins have modular architectures and combine dif-
ferent RNA-binding domains that provide binding affinity toward a specific RNA sequence and/or struc-
ture. Herein, we describe a general strategy to design single-stranded RNA-binding proteins using 
RanBP2-type zinc-finger (ZF) domains that can recognize a given RNA sequence with high affinity and 
specificity.

Key words Zinc finger, Protein design, RNA-binding protein, Modular assembly

1 Introduction

RNA-binding proteins (RBP) are involved in all aspects of RNA 
biology from RNA processing after transcription to RNA transport 
and localization, and the association and dissociation of these pro-
teins to their target RNA regulate their stability, localization, and 
function in the cell [1, 2]. Given their important roles in gene regu-
lation, the scientific community has significant interest in investigat-
ing the way these proteins interact with RNA and, in particular, what 
determines their specificity for RNA targets from a highly sequenced 
and structurally diverse cellular pool of RNA. Most of these proteins 
use a modular domain arrangement and often combine RNA-
binding domain(s) for target recognition with other functional 
modules that affect the function of the targeted RNA [3].

Furthermore, most RBPs also recognize their target(s) using a 
modular recognition mode. Most RBPs utilize several RNA- 
binding domains (RBDs) from the same or different families, 
which are arranged in numerous ways to create a large repertoire 
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of possible sequence specificities to recognize a large range of dif-
ferent RNA targets. Common RBDs that target single-stranded 
RNA (ssRNA) include K homology domains (KH domains) [4], 
RNA recognition motifs (RRMs) [5], Pumilio/FBF repeats 
(PUFs) [6], pentatricopeptide repeats (PPRs) [7], cold-shock 
domains (CSDs) [8], and zinc fingers (ZFs) [9].

It is also important to mention that some RRMs and ZFs were 
also shown to recognize double-stranded RNAs (dsRNAs) [10, 
11] together with sterile alpha motifs (SAMs) and Z-RNA-binding 
domains. In the latter case, the recognition is largely sequence 
independent [12], whereas interactions with ssRNAs occur, in 
most cases, in a sequence-specific manner [13].

Over the last past decade, many scientists have attempted to 
monitor and control RNA functions in living cells using designer 
RNA-binding proteins (RBPs) that can specifically deliver an effec-
tor domain to a given RNA sequence (Fig. 1). These engineered 
proteins represent extremely valuable tools for research and poten-
tially medical purposes.

One of the first powerful and efficient strategies to target RNA is 
a system based on the natural interaction of the MS2 bacteriophage 
coat protein with a RNA stem-loop structure from the phage genome 
[14]. This strategy consisted of inserting this exogenous RNA stem-
loop structure in the targeted RNA [14], so that the corresponding 
MS2 RNA-binding protein fused to a functional module can specifi-
cally recognize the MS2 stem-loop-labeled RNA and deliver the 
effector domain to the targeted RNA, to observe or alter its function. 
These RBPs were fused to various effector domains and used to track 
mRNA localization [15, 16] or to activate the translation of a reporter 
gene [17]. However, this approach requires the preexistence or inser-
tion of protein-binding sequences in the targeted RNAs, which limits 
their application to RNAs containing MS2-binding sites.

More recently, very promising data was obtained using PUF 
proteins to engineer designer sequence-specific RNA-binding pro-
teins. These proteins include eight repeats and recognize with high 
affinity and specificity a 8-nt-long ssRNA [6]. The success of these 
proteins for ssRBP engineering is mostly explained because a com-
plete and simple recognition code has been established for these 
proteins. In this recognition code, each of the four RNA bases is 
recognized by only two residues exposed on each PUF repeat so 
that the sequence specificity can be easily customized by changing 
the identity of these residues [18]. Engineered PUF proteins were 
combined with various functional domains and successfully used to 
alter RNA splicing [19], generate sequence-specific RNA endo-
nucleases [20], and modulate the stability and translation of 
mRNAs in living cells [21].

However, despite this promising work, various complications 
have been reported for PUF proteins. First, variations in their scaf-
fold allow different binding modes that result in tolerance for alter-
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native bases by the different repeats, or the ability to accommodate 
additional bases that flip away from the protein surface [22–25]. 
Secondly, the concave shape adopted by PUF proteins limits the 
number of repeats and therefore the length of the recognized 
sequence. For these reasons, these proteins exhibit high probability 
for off-target binding.

More recently, exciting programmable RNA-targeting capabili-
ties have been demonstrated using CRISPR-Cas systems. In 2014, 
CRISPR-Cas9, an RNA-guided endonuclease, currently widely 
used for sequence-specific dsDNA cleavage and genome editing 
[26], was also shown to be able to be redirected to  specifically bind 
and cleave ssRNA [27]. In this system, RNA binding and cleavage 
by Cas9 require the presence of short DNA sequence (PAMmer: 
Protospacer Adjacent Motif- containing oligonucleotide) that 
hybridizes next to the 20 nt recognized ssRNA sequence. This sys-

Fig. 1 Schematic representation of the different possible uses of engineered 
RBPs in combination with various effector domains. The effector domains include 
(1) eIF4G, an initiator of protein translation; (2) GFP, the green fluorescent protein 
to study cellular localization; (3) RS or Gly: arginine/serine- or glycine-rich 
domains that modulate RNA splicing; (4) PIN domain: a nonspecific endonucle-
ase domain that catalyzes RNA degradation; (5) NLS: a nuclear localization signal 
that promotes transfer to the nucleus

Modular Assembly of RanBP2-Type ZFs
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tem has also been used to track endogenous RNAs in live cells [28]. 
The main advantage of this system is that it doesn’t rely on protein 
engineering of an RNA-binding surface, and the molecular basis for 
RNA recognition is much simpler and only requires the presence of 
a guide RNA that is complementary to the target RNA. However, 
although this system has proven to be successful to specifically bind 
or cut a given RNA target from a cellular pool, as well as track 
RNAs in live cells, it has the inconvenience to require the presence 
of the PAM either in cis or in trans, namely presented on a separate 
DNA oligonucleotide. In addition to PAMmer-activated RNA rec-
ognition, a divergent Cas9 from Francisella novicida can be used as 
an alternative/atypical RNA- guided mechanism to target RNA 
[29, 30]; however, it is unclear how programmable the RNA speci-
ficity is and therefore how widely applicable this strategy will be for 
general RNA targeting. Finally, another CRISPR-Cas protein, 
Cas13, was recently shown to be a bona fide RNA-guided RNA-
targeting enzyme [31, 32]. This protein has found exciting uses for 
RNA-detection applications [31, 33], but its utility as a program-
mable RNA-binding protein has yet to be demonstrated.

In this chapter, we focus on the design of RBPs using modular 
assembly of ZF domains. These small protein domains (≈30 amino 
acids) are highly diverse family of proteins that have a wide variety 
of biological functions. These domains fold independently and 
require coordination of one or more zinc ions to stabilize their 3D 
structure. ZFs were initially discovered for their dsDNA-binding 
activity but they can also bind to ssRNA, dsRNA, proteins, or small 
molecules [34, 35]. We decided to use this protein domain to 
engineer ssRBPs because (1) it is small and stable; (2) it is robust 
to mutation; (3) it is modular and recognizes its ligand in a way 
that is independent from the surrounding protein domains; and 
finally (4) it has been successfully used to engineer sequence-spe-
cific DNA-binding proteins [36]. More specifically, we have used a 
particular family of ZF that naturally binds ssRNA, the RanBP2-
type ZF. This family was first discovered in the human splicing 
factor ZRANB2. This protein harbors two RanBP2-type ZFs 
(ZRANB2-ZF-1 and -ZF-2); each of them was shown to bind with 
micromolar affinity to ssRNA, and specifically recognizes the tri-
nucleotide sequence “GGU” [37]. The crystal structure of the 
ZRANB2-ZF2:GGU complex has revealed that most of the 
protein:RNA contacts are side-chain mediated (Fig. 2).

This chapter is divided into two main sections. In the first sec-
tion, we present the theoretical aspects and a general strategy for 
modular assembly of individual ZF domains in order to create 
functional polydactyl ZF proteins. In the second section, we focus 
on the practical aspects and manipulation of ZF-based proteins by 
describing the gene design, the recombinant expression, and the 
purification of a 3-RanBP2-type ZF protein. This protocol can also 
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be applied and adapted for longer ZF arrays (we’ve successfully 
produced arrays with up to six ZFs using this approach).

2 Materials

Prepare all solutions using deionized water (18 MΩ-cm at 25 °C) 
and analytical grade reagents. Filter all solutions and store them at 
4 °C.

 1. ZRANB2 F122 synthetic gene, codon-optimized for E. coli 
expression: The gene was synthetized and cloned into pUC57 
by GeneCust (Luxembourg) in between the BamH1 and 
EcoR1 restriction sites.

 2. Expression vector: pMal-c2x (New England Biolabs). Use 
conventional cloning protocols to insert the F122 gene into 
the BamH1 and EcoR1 restriction sites present in the pMal-
c2x vector.

 1. Chemically competent Rosetta™ 2 (DE3) Singles™ competent 
cells (Novagen).

 2. Luria Bertani (LB) media: 10 g Peptone, 5 g yeast extract, 5 g 
NaCl for 1 L of liquid media prepared with deionized water 
and sterilized by autoclaving.

2.1 Genetic 
Constructs

2.2 Recombinant 
Expression of ZRANB2 
MBP-F122

Fig. 2 Representation of the ZRANB2-ZF2 structure alone (a) or in complex with 
its target ssRNA: GGU (b) (PDB ID: 3G9Y). (a) Structure of the free ZRANB2-ZF2 
shown in cartoon. The residues that contact RNA are shown in red. The 
ZRANB2-ZF2 includes the conserved consensus sequence W-X-C-X2–4-C-X3-N-
X6- C-X2-C. Its fold contains two distorted β-hairpins and a single zinc ion (shown 
in green) that is coordinated by the four cysteines. (b) Structure of the ZENAB2- 
F2:GGU complex. The protein and RNA are shown in grey and blue sticks, respec-
tively. The RNA-binding surface in shown in red. Interactions between the protein 
and RNA include the W79 side chain that stacks between Gua2 and Gua3. In 
addition, Gua2, Gua3, and Ura4 make a network of direct or water-mediated 
hydrogen bonds mostly to the side chains of the protein [37]

Modular Assembly of RanBP2-Type ZFs
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 3. Luria Bertani (LB)—Agar media: 10 g peptone, 5 g yeast 
extract, 5 g NaCl, 12 g agar for 1 L of liquid media prepared 
with deionized water and sterilized by autoclaving.

 4. Ampicillin: 100 mg/mL for stock solution prepared with ster-
ile deionized water.

 5. Chloramphenicol: 34 mg/mL for stock solution prepared with 
100% ethanol.

 6. Isopropyl β-d-1-thiogalactopyranoside (IPTG): 1 M for stock 
solution prepared with sterile deionized water.

 7. ZnCl2: 100 mM Stock solution prepared with deionized water 
and filter sterilized.

 8. DURAN® Erlenmeyer flask: Narrow-neck flask capacity 2 L.
 9. Incubator shaker with cooling system.

 1. Cell lysis solution: 20 mM Tris–HCl, pH 7.0, 0.5–1 M NaCl 
(see Note 1), 1 mM MgCl2, 100 μM ZnCl2, 1 mM d,l- 
dithiothreitol (DTT) (see Notes 2 and 3).

 2. Complete ethylenediaminetetraacetic acid (EDTA)-free prote-
ase inhibitor tablets (Roche).

 3. Lysozyme from chicken egg white: 1 mg/mL Prepared in 
20 mM Tris–HCl, pH 7.0, 150 mM NaCl.

 4. DNase I: 1 mg/mL Prepared in 20 mM Tris–HCl, pH 7.0, 
150 mM NaCl.

 5. Empty gravity-flow glass column.
 6. Amylose Resin High Flow (New England Biolabs).
 7. Solution A: 20 mM Tris–HCl, pH 7.0, 150 mM NaCl, 100 μM 

ZnCl2, 1 mM DTT.
 8. Solution B: 20 mM Tris–HCl, pH 7.0, 150 mM NaCl, 100 μM 

ZnCl2, 1 mM DTT, 5% (v/v) glycerol.
 9. Solution C: 20 mM Tris–HCl, pH 7.0, 150 mM NaCl, 100 μM 

ZnCl2, 1 mM DTT, 50 mM maltose.
 10. Thrombin (Thermo Fisher Scientific): 5 μg/μL Prepared in 

20 mM Tris–HCl, pH 7.0, 150 mM NaCl.
 11. UNO-S (cation-exchange column, Biorad), 1 mL bed 

volume.
 12. Solution D: 20 mM Tris–HCl, pH 7.0, 20 mM NaCl, 100 μM 

ZnCl2, 1 mM DTT.
 13. Solution E: 20 mM Tris–HCl, pH 7.0, 1 M NaCl, 100 μM 

ZnCl2, 1 mM DTT.
 14. NGC™ Medium-Pressure Liquid Chromatography Systems 

(Biorad) or any medium-pressure liquid chromatography 
instruments.

2.3 Purification 
of ZRANB2 MBP-F122
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3 Methods

The length of the linker regions used to assemble the ZF domains is 
critical for the functionality of ssRBPs. In this regard, knowledge of 
location of the N-terminal (Nter) and C-terminal (Cter) extremities of 
each ZF domain is important to properly estimate the linker length. 
If the extremities are close to each other or not exposed on the sur-
face of the domain, modular assembly of these ZFs will require a 
longer linker (Fig. 3b). In contrast, ZFs that present Nter and Cter 
extremities located on opposite sides and/or exposed on the protein 
domain surface can accommodate a shorter linker (Fig. 3a). For 
example, as mentioned in Subheading 1, ZRANB2 contains two 
RanBP2-type ZFs (ZF1 and ZF2) that are separated by a ~25 amino 
acid linker. Both of these RanBP2-type ZFs present Nter and Cter 
extremities that are located on opposite sides of the ZF domain and 
are both well exposed on the ZF surface (Fig. 3a).

Based on these considerations, in our previous study we short-
ened the linker from 25 to 5 amino acids [38] (Fig. 4), and we 
noticed that this shortened 5-residue linker helped to stabilize the 
protein against proteolysis without significantly affecting its RNA- 
binding affinity (relative to the WT protein). This is why we have 
used successfully this 5-AA linker to generate longer ZF-based 
protein constructs [38] (see Note 4).

In addition to the linker length, the linker composition is also an 
important parameter to consider when assembling ZFs. The com-
position of the linker will influence the flexibility/rigidity proper-
ties of the resulting multi-domain protein. Glycine- and serine-rich 
(GS)n linkers will provide flexibility [39] whereas linkers enriched 
in alanine (EAAAK)n offer rigidity [40, 41]. We believe that to 
reduce any steric hindrance upon RNA binding, it is recommended 
to use flexible linkers. Another option is to use the natural amino 
acid composition that is present in the WT protein containing the 
assembled ZFs. In the case of the RanBP2-type ZFs, we have used 
both natural linkers (but shortened, see above) [38] and (GSGSG) 
linkers (publication in preparation). Both strategies led to func-
tional polydactyl ZF proteins (see Note 5).

Another important parameter to consider when assembling ZFs 
from different families is the directionality of the ZF:RNA interac-
tion. Indeed, ssRNA recognition by ssRNA-binding domains 
(including RanBP2 ZFs) is directional. For example, for RanBP2- 
type ZFs, the interaction between the ZFs and ssRNA takes place 
using the following orientation: Nter → Cter binds 5′ → 3′ (Fig. 5a). 
In contrast, other ssRNA-binding ZFs exhibit the opposite direction 
when binding to RNA, namely Nter → Cter binds 3′ → 5′ (Fig. 5b), 
such as the CCHC-type zinc knuckles (ZnKs) from the nucleocapsid 

3.1 Design 
Considerations When 
Engineering ZF-Based 
Polydactyl ssRBPs

3.1.1 Linker Length

3.1.2 Linker Amino Acid 
Composition

3.1.3 Directionality 
of the ZF:RNA Interaction
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protein of the Moloney murine leukemia virus [42] and the ZF from 
the human posttranscriptional regulator Lin28A [43]. This means 
that modular assembly of different ZFs to create functional ssRBPs 
can only be performed if the assembled ZFs recognize RNA using 
the same directionality.

As an illustration of the different aspects that have been mentioned 
above to create functional ZF-based polydactyl ssRBPs, we have 
recently generated a functional 6-ZF protein (publication in prepa-
ration) using ZFs that belong to different families. This polydactyl 
6-ZF protein is represented in Fig. 6 and consists in the assembly of 
four different members of the RanBP2-type ZF family and two cop-
ies of a CCCH-type ZF that belong to the human protein Ts11d/
ZFP36L2 (ZF1 and ZF2) [44] that has been shown to be involved 
in RNA metabolism and definitive hematopoiesis [45]. All six 
selected ZFs bind to ssRNA using the same orientation (Nter → Cter 
to 5′ → 3′). We assembled the RanBP2-type ZFs using a 5-AA 
linker (GSGSG), except for those followed by the CCCH- type ZFs. 
In this latter case, four additional residues (GSGSGSGSG) were 
introduced in order to reduce potential steric hindrances given the 

3.1.4 Construction 
of a 6-ZF ssRBP

Fig. 3 Representation of the ZRANB2-ZF2 (PDB ID: 3G9Y) (a) and the Ts11d-ZF1 
(PDB ID: 1RGO) (b) structures in complex with their target ssRNA. Their N- and 
C-terminal extremities are indicated in red. Assembling of ZRANB2 ZFs accom-
modates short linkers whereas assembling of TIS11d ZFs requires longer linkers 
to prevent any steric hindrance between the assembled ZFs

Fig. 4 The inter-domain regions of the two ZranB2-ZFs. ZranB2-ZF1 and ZF2 are represented in red and green, 
respectively. In the WT protein, the two ZFs are separated by a 25-AA linker region. Previously, we removed 20 
residues from this inter-domain region and showed that this new protein construct retained the ability to bind 
to ssRNA with high affinity. This figure has been adapted from our previous study [38]
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fact that the Nter and Cter extremities of Ts11d-ZFs were located 
very close to each other on the structure as illustrated in Fig. 3b. 
This designed 6-ZF protein includes (from the N- to the C-terminus) 
(1) ZF from the human transcriptional regulator Ewing sarcoma 
protein, named EWS-ZF (RanBP2-type ZF) [46]; (2) ZF2 from 
the human protein Ts11d (see above), named Ts11d-ZF2 (CCCH-
type ZF); (3) ZRANB2-ZF2WT (RanBP2- type ZF); ZRANB2-
ZF2HN a mutated variant of the WT ZRANB2-ZF2 that was 
engineered for specificity changes (RanBP2-type ZF) [47]; and the 
ZF domain from the human RNA-binding protein 5, a component 
of the spliceosome complex A, named RBM5-ZF (RanBP2-type 

Fig. 5 Representation of the ZranB2-ZF2 (PDB ID: 3G9Y) (a) and the Moloney 
leukemia virus (MLV) nucleocapsid ZnK (PDB ID: 1WWG) (b) structures in com-
plex with their target ssRNA. The Nter and Cter extremities are indicated in red on 
the structures. ZranB2-ZF2 binds to RNA using the following orientation: 
Nter → Cter / 5′ → 3′ whereas the ZnK binds to RNA using the opposite orienta-
tion, namely Nter → Cter / 3′ → 5′

Fig. 6 Representation of the designed 6-ZF chimeric protein in complex with ssRNA. This protein includes 
(from the N- to the C-terminus) EWS-ZF, Ts11d-ZF2, ZRANB2-ZF2WT, ZRANB2-ZF2HN, RBM5-ZF, and Ts11d-ZF1. 
The RanBP2-type and the CCCH-type ZFs are represented in blue and orange, respectively. The linker regions 
are indicated in grey. All of these ZFs were connected by a 5-AA linker (GSGSG), except for those followed by 
the Ts11d-ZFs, which were connected by a 9-AA linker region (GSGSGSGSG) to reduce potential steric hin-
drance. The choice of all ZFs in this array required the selection of ZFs with consistent domain polarity, since 
ZFs bind to ssRNA in a directional manner (in this case: Nter → Cter to 5′ → 3′)

Modular Assembly of RanBP2-Type ZFs
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ZF) [48], ZF1 from the human protein Ts11d (see above), named 
Tsd11-ZF1 (CCCH- type ZF).

We have recently expressed and purified this 6-ZF construct in 
fusion with the maltose-binding protein (MBP). Our preliminary 
data show that the protein is functional and recognizes its target 
RNA sequence with high affinity (nanomolar range) and relatively 
high specificity (manuscript in preparation). These data show that 
it is therefore possible to assemble RNA-binding ZFs from differ-
ent families to create functional polydactyl ZF proteins.

The following part of this chapter is dedicated to the practical 
aspects of designing and manipulating ZF-based proteins. In 
particular, we will focus on the design, recombinant expression, 
and purification of a 3-ZF protein assembled using RanBP2-
type ZFs only.

Combine the amino sequences of RanBP2-ZF1 (amino acids: 
8–41 of ZRANB2: NP_976225) with two copies of RanBP2-ZF2 
(amino acids: 65–94 of ZRANB2: NP_976225) using a 5-amino 
acid linker region (amino acids: 42–46 in between ZF-1 and ZF-2 
and amino acids: 95–99 in between the two copies of ZF-2) to 
connect them together following the scheme presented in Fig. 7.

Order a gene encoding the F122 construct with codon optimi-
zation for E. coli expression. Clone the gene using well-established 
cloning protocols in between the BamH1 and EcoR1 restriction 
sites present in the commercially available vector pMAL-c2X to 
allow the expression of the F122 construct fused to the C-terminal 
end of the MBP (see Note 6). Check the integrity of the gene by 
DNA sequencing.

 1. Transform E. coli Rosetta2 chemically competent cells with 
100 ng of the pMal-c2X-F122 vector using the well-estab-
lished heat-shock protocol and select transformed bacteria 
overnight at 37 °C on LB agar plate supplemented with 
100 μg/mL of ampicillin.

 2. Perform a pre-culture by inoculating an isolated bacterial col-
ony into 100 mL of LB media supplemented with 50 μg/mL 
and 34 μg/mL of ampicillin and chloramphenicol, respectively. 
Grow the cells overnight at 37 °C with shaking at 200 rpm. 
Inoculate 4 L of LB (100 μg/mL ampicillin) with 80 mL of 
pre-cultured cells (maximum 500 mL of culture in a 2 L flask). 
Grow the cells at 37 °C with constant shaking at 200 rpm until 
the optical density (OD600nm) reaches ≈0.6–1.0. Induce the 
expression of MBP-F122 by supplementing the culture with 
1 mM IPTG. At the same time add 90 μM of ZnCl2 to obtain 

3.2 Practical 
Aspects of ZF Domain 
Modular Assembly

3.2.1 Design of the Gene 
Encoding the 3-ZF Protein 
(F122)

3.2.2 Recombinant 
Expression of MBP-F122
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reliable overexpression of the protein (see Note 7). Perform 
the expression overnight at 18 °C.

 3. Harvest the cells by centrifugation at 6500 × g for 20 min and 
discard the supernatant.

 1. Resuspend the cell pellets in ~100 mL of lysis buffer (see Note 
1) and add one complete EDTA-free protease inhibitor 
tablet.

 2. Freeze-thaw the cell suspension three times using dry ice and a 
room-temperature water bath. After the final freeze-thaw, add 
200 μL of 1 mg/mL lysozyme and 200 μL of 1 mg/mL DNase 
I and incubate for 1 h at 4 °C with gentle mixing. Sonicate the 
cell suspension three times for 60 s (at medium power) while 
keeping the sample on ice.

 3. Centrifuge the cell lysate for 30 min at 24,000 × g. Recover 
and filter the soluble fraction through a 0.22 μm filter. MBP-
F122 should be recovered in the soluble fraction.

 4. Add 2 mL of amylose fast-flow resin to an empty gravity-flow 
glass column. Rinse the resin with 50 mL of MilliQ water, and 
then 50 mL of buffer A. Apply the soluble fraction onto the 
resin and incubate for 1 h at 4 °C with gentle mixing (see Note 
8).

 5. Discard the flow-through and wash the resin with 50 mL of 
solution B. Then add 10 mL of elution solution (solution C) 
stepwise, 1 mL at a time, and wait for 10 min before collecting 
each of the 1 mL elutions.

 6. Analyze the eluted fraction using SDS-PAGE.
 7. The fractions that contain MBP-F122 are pooled together and 

used in the next purification steps. The estimation of MBP- F122 

3.2.3 Purification 
of F122-MBP by Affinity 
Chromatography

Fig. 7 Schematic representation and amino acid sequence of the 3-ZF protein 
assembled using RanBP2-type ZFs. This 3-ZF construct consists of one copy of 
the ZRANB2-ZF1 (N-terminal in red) and two copies from ZRANB2-ZF2 
(C-terminal in green). All the ZFs are separated by a five-amino acid linker 
obtained by shortening the inter-domain region present in WT ZRANB2
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concentration is determined by measuring the absorbance at 
280 nm.

 1. To cleave MBP from F122, incubate eluted MBP-F122 with 
thrombin for 1 h at room temperature or overnight at 4 °C (see 
Note 9) in solution D supplemented with 5 mM CaCl2 with 
gentle mixing. The quantity of thrombin used to cleave the 
protein fusion is adjusted from the recommendation provided 
by the manufacturer and varies from 10 to 20 μg of thrombin 
for 2 mg of MBP-F122.

 2. Dialyze the cleaved MBP and F122 mixture using 10 L of 
solution D for at least 3 h at 4 °C to reduce the NaCl con-
centration and allow efficient binding of F122 to the ion-
exchange column.

 3. Purify cleaved F122 from MBP by cation-exchange chroma-
tography (see Note 10). Equilibrate a UNO-S column (1 mL 
bed volume) with solution D and load the cleaved MBP-F122 
sample at a flow rate of 1 mL/min using a medium-pressure 
liquid chromatography system (or equivalent). Only F122 (pI: 
9.2—positively charged at pH 7) should bind to column, while 
MBP (pI: 5—negatively charged at pH 7) shouldn’t bind to 
the column. Wash the column with 20 mL of solution D 
(2 mL/min) and then elute F122 (1 mL/min) using a NaCl 
gradient starting of solution E (0–100%) over 20 mL (see Note 
11). Eluted fractions are analyzed using SDS-PAGE to check 
purity of the F122 purification. Pure fractions are pooled 
together and dialyzed using 10 L of solution A overnight at 
4 °C. The concentration is then measured (see Note 12) and 
protein aliquots are prepared and stored at −20 °C.

 4. Assess the integrity of the F122 protein construct by mass 
spectrometry and one-dimensional 1H NMR spectroscopy to 
check for the appropriate length and proper folding of the pro-
tein, respectively.

 5. The binding activity of purified F122 can be assessed by mea-
suring its affinity for target ssRNA using a range of different 
methods, e.g., isothermal titration calorimetry (ITC), fluores-
cence anisotropy (FA), or biolayer interferometry (BLI) (see 
Note 13), as reported in our previous studies [38, 47]. 
Although this chapter doesn’t address the binding specificity of 
assembled ZFs, as well as the different methods to engineer 
specificity changes (see Note 14), it is important to mention 
that the binding specificity can be assessed with the same meth-

3.2.4 Purification 
of F122 on a Cation- 
Exchange Column
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ods by measuring the binding affinity of the protein for “con-
trol” RNA sequences such as polyA (An), polyU (Un), polyC 
(Cn), or polyN (Nn).

4 Notes

 1. Having a high salt concentration in the lysis buffer (between 
0.5 and 1 M NaCl) significantly improves the solubility and 
stability of our assembled ZF domains. In addition, it also pre-
vents nonspecific binding of nucleic acids present in the cell 
lysate. This is particularly important during bacterial cell lysis. 
After lysis, the salt concentration can be decreased during the 
amylose resin purification step with no significant impact on 
the stability and solubility of the protein.

 2. Maintaining a small concentration of reducing agent and zinc 
in the purification and storage buffers helps stabilize ZF- 
containing proteins. The reducing agent prevents oxidation of 
the cysteines involved in chelating the zinc ion essential for 
the stability of the protein domain. The presence of a small 
concentration of zinc also helps each ZF domain maintain its 
correct fold.

 3. Filtering the solutions once all additives have been added 
ensures the absence of precipitates. This is particularly impor-
tant when the solution includes zinc chloride. Indeed, despite 
its high solubility, dilution of highly concentrated solution 
often leads to the formation of zinc oxychlorides [49]. In addi-
tion, zinc can also interact with DTT by coordination to gen-
erate an electroneutral ZnL complex (where L is the sulfide 
diamond of DTT) that has the tendency to precipitate [50]. In 
the latter case, DTT can be substituted by thiol protectant, 
Tris (2-carboxyethyl) phosphine (TCEP). In addition to be 
more stable in solution than DTT, TCEP is a weaker chelator 
of metal ions [51].

 4. The linker length between ZFs can affect the binding specific-
ity of the assembled ZF protein. When using long linkers, the 
assembled ZF protein can more easily accommodate additional 
bases in between the sequence motifs that are recognized by 
the individual ZFs. Thus, reducing the linker length may also 
improve the binding specificity of the ZF array and help reduce 
off-target binding.
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 5. As observed for double-stranded DNA (dsDNA)-binding ZFs 
[52], positively charged residues can also be added in the linker 
region in order to favor electrostatic interactions with the neg-
atively charged RNA and help strengthen the overall binding 
affinity of the (ZF)n:RNA complex.

 6. We noticed that single or assembled ZF protein constructs 
based on RanBP2-type ZFs present low solubility and/or 
expression yield when produced in E. coli. For single- or two-
 ZF constructs, we obtained the best results using glutathione- 
S- transferase (GST) fusion proteins expressed from a pGEX-6P 
expression vector. However for 3-ZF or longer arrays we 
obtain the best results using MBP.

 7. Supplementing the media with zinc upon induction of the pro-
tein expression can increase the yield of expressed protein. The 
presence of zinc most probably helps newly synthetized pro-
tein molecules to fold into their native conformation. It is 
important to note that zinc should not be added before pro-
tein expression induction to avoid cell growth inhibition and/
or formation of precipitates.

 8. We always perform this first purification step of the fusion pro-
tein (MBP-F122) on the bench “in batch” using gravity-flow 
columns. However, you can also use medium-pressure liquid 
chromatography systems together with high-flow amylose resin.

 9. In some cases, nonspecific cleavage and degradation of the 
fusion protein can occur if incubated with thrombin for too 
long, or if the quantity of thrombin used is too high. We 
observed that short cleavage at room temperature limits degra-
dation of the MBP-F122 compared to longer cleavage at 
4 °C. Notably, human rhinovirus (HRV) 3C protease can be 
used rather than thrombin. In this latter case, zinc should be 
removed from the sample to avoid protease activity inhibition.

 10. Cation-exchange chromatography can be substituted for size- 
exclusion chromatography (such as a Superdex 75) to separate 
the cleaved F122 from MBP. Benefits for this include the fol-
lowing: First, after thrombin cleavage, salt needs to be removed 
from the sample by dialysis to allow efficient binding of the 
protein to the cation-exchange column. This can lead to sig-
nificant precipitation of the protein. Second, we have observed 
that if the thrombin cleavage is not complete, the cleaved F122 
and the remaining MBP-F122 fusion co-purify on the cation-
exchange column, behaving as they have the same isoelectric 
point (≈9.2). Size-exclusion chromatography can be useful in 
both cases since you can keep a significant amount of salt in the 
buffer, as well as efficiently separate F122 (12 kDa) from MBP 
(42 kDa) and the remaining uncleaved MBP-F122 fusion pro-
tein (54 kDa).
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 11. We do not purify ZF proteins under strictly RNase-free condi-
tions. However, after the purification and concentration pro-
cess, we add a small amount of RNase inhibitor to the purified 
protein (100 units of RiboSafe RNase inhibitor from Bioline 
for 10 mg of purified protein). In addition, we also perform all 
the binding assays in the presence of RNase inhibitor, which 
allow us to use any kind of instruments that are not necessarily 
kept in RNase-free conditions.

 12. On average, we obtain medium expression and purification 
yield for the F122 protein construct, ≈1–2 mg of purified 
F122 per 1 L of bacterial culture. We observed that for shorter 
ZF constructs (single ZF or two ZF), the yield increases sig-
nificantly to 6–8 mg of purified protein for 1 L of bacterial 
culture expressing a two-ZF protein.

 13. We noticed that when performing the binding assays using 
biolayer interferometry the presence of ZnCl2 affects the 
amplitudes of the observed signals. In some cases it has also 
been demonstrated that ZnCl2 affects the RNA-binding activ-
ity of proteins [53]. Therefore we recommend not including 
ZnCl2 in the binding assay solutions.

 14. A number of strategies including rational and combinatorial 
approaches can be used to engineer specificity changes and cus-
tomize the binding specificity of ssRBPs. In one study, we used 
a rational approach to engineer specificity changes on the 
RanBP2-type ZFs. Here we used site-directed mutagenesis 
based on sequence alignments of various members of the 
RanBP2-type ZF family to graft particular RNA-binding resi-
dues on to the RanBP2-type ZF from the human protein RBM5 
[54] with the aim of changing RBM5’s RNA-binding specificity. 
But only little effects on the binding specificity were observed. 
In a more recent study, we used a combinatorial approach by 
creating a library of ZRANB2-ZFs where the RNA-binding 
residues were randomly mutated [47]. Screening of this library 
by phage display allowed the identification of a ZRANB2-ZF2 
variant whose RNA sequence specificity was switched from 
GGU to GCC. However, the binding affinity of this ZF was 
much lower compared to the WT ZRANB2- ZF2 and the bind-
ing could only take place in the context of a 3-ZF protein where 
both flanking ZFs were of wild-type sequence. Finally, an alter-
native strategy is to combine  RNA- binding domains of known 
binding specificities in a desired way to target and bind any cho-
sen RNA sequence. In this context, a SELEX-based (Systematic 
Evolution of Ligand by EXponentiel enrichment) strategy was 
recently developed by Burge and coworkers, to identify the 
binding specificities of numerous ssRBPs [55]. This method, 
named RNA Bind-n- Seq, consists of coupling a round of SELEX 
to high- throughput (HT) sequencing for fast and efficient 
determination of sequence specificities of various ssRBPs.
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Chapter 6

Design of a System for Monitoring Ubiquitination Activities 
of E2 Enzymes Using Engineered RING Finger Proteins

Kazuhide Miyamoto and Kazuki Saito

Abstract

Ubiquitination is a sequential cascade consisting of ubiquitin-activating (E1), ubiquitin-conjugating (E2), 
and ubiquitin-ligating (E3) enzymes. It controls numerous processes such as protein degradation, DNA 
repair, and signal transduction pathways. E2 enzymes are associated with a variety of diseases such as leu-
kemia, breast cancer, lung cancer, and colorectal cancer. To date, the monitoring of E2 activity for cancer 
diagnosis is challenging due to its intricate cascade reaction. To surmount this hurdle, we have recently 
developed a novel strategy for monitoring E2 activities. Here, we describe the concise machinery of ubiq-
uitination with artificial RING finger proteins (ARFs) functioning as E3 enzymes. This machinery enables 
the simplified monitoring of E2 activities. Furthermore, our system combines a signal accumulation ion- 
sensitive field-effect transistor biosensor with ARFs, allowing for real-time monitoring of the pathological 
conditions of cancer cells. The present methodology may lead to novel diagnostic techniques for cancers.

Key words Ubiquitination, Cancer diagnosis, E2, E3, RING finger, ARF

1 Introduction

Protein ubiquitination is a posttranslational modification that con-
trols a variety of cellular processes such as protein degradation, 
DNA repair, and signal transduction [1–3]. Ubiquitination is a cas-
cade reaction consisting of three steps involving ubiquitin (Ub)-
activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) 
enzymes [2, 4]. E3 transfers activated Ub from E2 enzymes to the 
substrate lysines [5]. There are three major classes of E3 ubiquiti-
nation ligases in eukaryotes known as RING E3, Ubox E3, and 
HECT E3. RING E3 possesses a RING finger and a substrate- 
binding domain (SBD) responsible for recognizing a particular 
substrate. RING fingers comprised approximately 50 amino acids 
and bind two zinc atoms with eight ligands of Cys and/or His in a 
unique cross-brace arrangement [6, 7]. E2 and E3 activities are 
associated with various cancers such as leukemia [8], breast cancer 
[9], lung cancer [10], and colorectal cancer [11]. For example, 
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seven in absentia homolog 1 (SIAH1) belongs to RING E3 and 
cooperates with UbcH8 of E2. It induces the ubiquitination of the 
fusion proteins AML1-ETO [acute myeloid leukemia (RUNX1)-
eight twenty-one (MTG8)] and PML-RARα (promyelocytic 
leukemia- retinoic acid receptor α), which is related to leukemo-
genesis [12–14].

Ubiquitinated fusion proteins in cells are recruited in the 26S 
proteasome degradation pathway. Thus, we believe that the detec-
tion of E2 activity should enable the monitoring of tumor devel-
opment and the capturing of pathological conditions of cancers. 
E2 activities are estimated in terms of the amount of additional 
Ub that is transferred from E2 conjugates to substrates. However, 
the capturing of E2 activities for cancer diagnosis is challenging 
due to the intricate enzymatic cascade reaction of which E2 is a 
part. Similar to SIAH1, one of the E2s transfers Ub to several dif-
ferent types of substrates via its partner E3. It is difficult to evalu-
ate E2 activity based on the amounts of additional Ub transferred 
to all these substrates. Furthermore, the intermediate complex of 
the E2-Ub conjugate and E3 may occur in the Ub-transferring 
system [15]. To overcome this hurdle, we have recently developed 
a novel strategy for monitoring E2 activities. In this chapter, we 
describe the molecular design of artificial E3 enzymes derived 
from RING and the resulting concise machinery of ubiquitina-
tion. This method allowed for the simplified detection of E2 activ-
ities, leading to the monitoring of pathological conditions of 
cancer cells following treatment with the anticancer drug bortezo-
mib. Thus, the present methodology may open up new directions 
in cancer diagnostic techniques.

2 Materials

Prepare all samples with special grade chemicals and Milli-Q water 
(18 MΩ·cm). Use HPLC-grade chemicals for peptide purification. 
Prepare and store all samples at room temperature unless other-
wise noted.

 1. Synthesis: Automated peptide synthesizer.
 2. Purification: Reverse-phase HPLC equipped with a C18 

column.

 1. Solution A: 20 mM Tris–HCl, pH 6.8, 50 mM NaCl, 1 mM 
dithiothreitol (DTT), and 50 μM ZnCl2.

 2. Dialysis cassette: Slide-A-Lyzer dialysis cassette.

 1. Ubiquitination buffer A: 20 mM Tris–HCl, pH 6.8, 5 mM Mg- 
ATP, 1 mM DTT, 20 U/mL inorganic pyrophosphatase (IPP), 
50 μM ZnCl2, 2.5 μM randomly biotinylated Ub, 0.1 μM 

2.1 Synthesis 
and Purification 
of Peptide

2.2 Refolding

2.3 Western Blotting
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human recombinant E1 (His6-tagged), and 2.5 μg human 
recombinant E2 (His6-tagged) (E1, E2, and Ub available from 
Enzo Life Sciences, Farmingdale, NY, USA).

 2. SDS sample buffer: 65.8 mM Tris–HCl, pH 6.8, 26.3% glyc-
erol, 2.1% SDS, and 0.01% bromophenol blue.

 3. Streptavidin-horseradish peroxidase solution: Vectastain ABC 
Elite Kit (Vector Laboratories, Burlingame, CA, USA).

 4. Western blotting detection reagent for chemiluminescence: 
ECL.

 5. Luminescent Image Analyzer.

 1. Ubiquitination buffer B: 1.5 mM Tris–HCl, pH 6.8, 375 μM 
Mg-ATP, 75 μM DTT, 1.5 U/mL IPP, 4.0 μM ZnCl2, 3.0 μM 
Ub, 9.0 nM human recombinant E1, and human recombinant 
E2.

 2. Culture of NB4 cells: RPMI 1640 medium containing 10% 
FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin 
under the conditions of 5% CO2 at 37 °C.

 3. Bortezomib (marketed as Velcade): Funakoshi Co., Ltd.
 4. Biosensor: AMIS-101 Micro Bioactive Analyzer (Bio-X Inc., 

Kyoto, Japan).

3 Methods

Here we describe the protocol for creating ARFs as artificial E3 
enzymes to conveniently measure E2 activities during ubiquitina-
tion [16, 17].

 1. For engineering ARFs, obtain the amino acid sequences of the 
E3 RINGs of interest from a public database, e.g., Simple 
Modular Architecture Research Tool (SMART). As an example, 
Fig. 1a shows the selection of EL5 and SIAH1. These belong to 
the RING E3 and compose a RING finger and an SBD.

 2. Extract the amino acid sequence of the active α-helical region 
(DMWLGSHST for EL5; PKLTC for SIAH1) (see Note 1).

 3. When designing ARFs, the PHD finger of Williams–Beuren 
syndrome transcription factor (WSTF) is needed as the scaffold 
[18]. Prepare the amino acid sequence of the WSTF PHD fin-
ger as shown in Fig. 1b (see Note 2).

 4. Delete the flexible long loop of the PHD finger, and instead 
transplant the α-helical region as the active site of the RING 
finger into the structure of the PHD finger (Fig. 1b). This is 
“α-helical region substitution” method [17] (see Note 3).

2.4 E2 Activity 
Monitoring 
via Biosensor

3.1 Molecular 
Design of Artificial 
RING Fingers (ARFs)
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 5. The insertion of the only active sites allows for the downsizing 
of E3s into the small molecule ARFs. For example, SIAH1 
functions as a stable homodimer of 564 residues [19]. The 
molecular size of ARF_SIAH1 (approximately 50 mer) is less 
than one-tenth that of SIAH1 (Fig. 2).

 6. Synthesize ARFs by the standard F-moc solid-phase method 
on an automated peptide synthesizer based on their amino acid 
sequences.

 7. Purify using HPLC system after cleavage of ARF peptides by 
the standard method with trifluoroacetic acid.

 8. Dissolve the ARF peptide in 1 mL of 8 M guanidine-HCl until 
it is completely denatured. Dialyze against solution A contain-
ing zinc ions overnight at 4 °C using a dialysis cassette, 

Fig. 1 Schematic for engineering artificial RING fingers (ARFs). (a) Amino acid 
sequences of the RING fingers of EL5 and SIAH1. The α-helical regions for con-
trolling specific E2-binding capabilities are indicated with underlining. (b) The 
method of α-helical region substitution for engineering ARF. The α-helical regions 
of RINGs are transplanted into the sequence of WSTF PHD. ARF_EL5 and ARF_
SIAH1 are designed based on EL5 and SIAH1, respectively. ARFs are chimeric 
molecules between two different domains
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 according to the manufacturer’s instructions. This procedure 
leads to the refolding of the ARF structure.

 9. Confirm the formation of the ARF structure by experiments 
on the chemical modification of Cys residues and by analysis of 
the circular dichroism spectrum [16, 17] (see Note 4).

ARF ubiquitinates itself without a substrate, although a substrate 
in traditional ubiquitination is inevitably needed for the Ub trans-
fer. The PHD finger serves as a scaffold for ARF, and its Lys resi-
dues are possible acceptors for the Ub transfer (see Note 5) [20]. 
Figure 3a shows the novel ubiquitination reaction with ARF. ARF 
binds to the E2-Ub thioester conjugate and directly transfers acti-
vated Ub from E2 to itself. The engineered ARF has specific 
E2-binding capabilities and also assumes the role of substrate. 
Thus, ARF is an artificial multifunctional molecule with an auto- 
ubiquitination reaction. E2 activities can be measured based on 
ARF reactivity, which is equivalent to the amount of Ub trans-
ferred to the ARF.

The procedures to perform in vitro substrate-independent 
ubiquitination with ARF are as follows:

(Conduct all experiments at room temperature unless other-
wise noted).

3.2 Unique 
Ubiquitination 
Machinery with ARF

Fig. 2 The grafting design downsizes E3 into a small molecule ARF. SIAH1 has a RING and substrate-binding 
domain (SBD). It is a stable homodimer of 564 residues. ARF is created by transplanting the α-helical region 
into an approximately 50 mer peptide. Lys residues of ARF are possible acceptors for the ubiquitin transfer
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 1. Prepare 45 μL of ubiquitination buffer A, consisting of E1, E2, 
ATP, and randomly biotinylated Ub. There are approximately 
30 E2s in humans [21, 22]. Select the particular E2s of 
interest.

 2. Add 5 μL of ARF (approximately 100 μM), obtained from the 
above procedure (Subheading 3.1), into 45 μL of ubiquitina-
tion buffer A, leading to the accumulation of ARF–Ub conju-
gates as shown in Fig. 3b. The development of poly- or 
mono-ubiquitination of ARF depends on the amino acid 
sequence of the α-helical region that is transplanted by the 
α-helical region substitution method. For example, ARF_EL5 
and ARF_SIAH1 preferentially promote poly-ubiquitination 
and mono-ubiquitination, respectively. ARF_EL5 and ARF_
SIAH1 exhibit similar specific E2-binding capabilities to those 
of original EL5 and SIAH1, respectively (see Note 6).

 3. Gently mix ubiquitination buffer, and then incubate at 37 °C 
for 60 min.

 4. Add nonreducing SDS sample buffer into the mixture to 
quench the ARF reaction.

 5. Separate using 10–20% SDS-PAGE and transfer to PVDF 
membrane. Next, for the detection of biotinylated Ub, react 
the membrane with the streptavidin-horseradish peroxidase 

3.2.1 Detection of E2 
Activities Using Western 
Blotting

Fig. 3 Novel concise ubiquitination machinery with ARF. (a) ARF directly catalyzes ubiquitin (Ub) transfer into 
itself. ARF is a multifunctional molecule that possesses specific E2-binding and auto-ubiquitination abilities 
without a substrate. (b) Addition of ARF into the solution of E2–Ub conjugates leads to the accumulation of 
ARF–Ub conjugates and free thiol group (-SH) of E2s
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solution, according to the manufacturer’s instructions, and 
develop by enhanced chemiluminescence of the western blot-
ting detection reagent. Detect the emitted signals on a 
Luminescent Image Analyzer.

 6. As an example, the ubiquitination of ARF_SIAH1 is shown in 
Fig. 4. ARF_SIAH1 was mono-ubiquitinated in the presence 
of UbcH5a, UbcH5b, UbcH5c, UbcH6, or UbcH8, but not 
in the presence of UbcH1, UbcH2, UbcH3, UbcH7, UbcH10, 
or UbcH13/Mms2. Poly-ubiquitination of ARF_SIAH1 was 
not promoted if 11 E2s were incubated together. Thus, ARF_
SIAH1 has specific E2-binding capabilities and ubiquitinates 
itself.

A signal accumulation ion-sensitive field-effect transistor biosensor 
(AMIS sensor) enables the measurement of proton changes in 
solution [23]. This technique is based on the polarization behavior 
of electrons in a semiconductor. The system does not require label-
ing of fluorescent dye molecules, unlike the bioluminescence reso-
nance energy transfer method. The ARF reaction promotes the 
transfer of Ub from E2–Ub conjugates on the AMIS sensor, yield-
ing ARF–Ub conjugates [16] (Fig. 3b). The aminolytic cleavage of 
E2–Ub conjugates on the AMIS sensor produces free thiol groups 
(-SH) of the active-site cysteine of E2s [1], augmenting the free 
protons in solution. Accordingly, the addition of ARF induces a 
current that flows through gate channels in the AMIS sensor. This 
current, which is accumulated and amplified in the sensor, is 
detected as the AMIS signal, allowing for the high-sensitivity quan-
titative detection of E2 activities in real time.

 1. Prepare ubiquitination buffer B consisting of E1, E2, ATP, and 
Ub.

3.2.2 E2 Activities 
Captured 
Through Polarization 
Behavior of Electrons 
in a Semiconductor

Fig. 4 Substrate-independent ubiquitination reaction with ARF. ARF_SIAH1 was mono-ubiquitinated with 
UbcH5a, UbcH5b, UbcH5c, UbcH6, or UbcH8, but not with UbcH1, UbcH2, UbcH3, UbcH7, UbcH10, or UbcH13/
Mms2. The bands corresponding to the mono-ubiquitination products are identified with stars. Poly- 
ubiquitination of ARF_SIAH1 was not developed
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 2. Ubiquitination buffer B (16 μL) was introduced to both cham-
bers A and B of a two-chambered device of the AMIS sensor 
on an AMIS-101 Analyzer (Fig. 5).

 3. Allow the solutions to stand for 10 min to form E2–Ub 
conjugates.

 4. Add 4 μL of solution A into chamber A, and add 4 μL of the 
50 μM ARF solution (as obtained from Subheading 3.1) into 
chamber B. Gently mix the resulting 20 μL mixture in each 
chamber by pipetting.

 5. Acquire the AMIS signals during ubiquitination reactions at 
37 °C with an AMIS-101 Analyzer. Set the interval time for 
collecting real-time signals, typically at 5-s intervals.

 6. Obtain the AMIS data for E2 activities by subtracting the 
AMIS signals of chamber A from those of chamber B (see Note 
7).

 7. As an example, Fig. 6 shows the real-time detection of AMIS 
signals at 37 °C recorded for 600 s at 5-s intervals. ARF_
SIAH1 (see above Subheading 3.1) was used in the ubiquitina-
tion reaction. After the peak of the injection shock, the AMIS 
signals from E2 UbcH8 activities were detected from approxi-
mately 150 s, reaching a plateau at approximately 300 s (see 
Note 8). Maintain the device of the AMIS sensor at a constant 
temperature.

Bortezomib is a highly selective proteasome inhibitor and induces 
cell death in various cancers, such as leukemia, multiple myeloma, 
and breast cancer [24–26]. Treatment with bortezomib reduces 
cell viability of human acute promyelocytic leukemia-derived NB4 
cells, wherein the UbcH8-Ub conjugate leaks out of NB4 cells 
into the culture supernatant, but the UbcH5 and UbcH6 conju-
gates do not [8]. The diapedesis of UbcH8-Ub conjugates into the 

3.2.3 Real-Time 
Monitoring of E2 Activities 
Using Cancer Cells 
with an AMIS Sensor

Fig. 5 Signal accumulation ion-sensitive field-effect transistor biosensor (AMIS 
sensor). The AMIS sensor is a 20 × 30 mm electronic board. It has a two- 
chambered device (chambers A and B). Each chamber adopts an ultralow vol-
ume of 20 μL on the sensor
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culture supernatant increases in a concentration-dependent man-
ner with drug treatment. The approach described here, combining 
an AMIS system with the ARF reaction, can be deployed to mea-
sure the E2 activity of UbcH8 in crude extracts, such as the culture 
supernatant of cells [23].

 1. Prepare a 1.0 mM stock solution of bortezomib dissolved in 
DMSO and store at −20 °C.

 2. Culture NB4 cells with RPMI 1640 medium [23].
 3. After 3 h of growth in FBS-free RPMI-1640 medium, treat 

NB4 cells (1 × 105 cells/mL) with 0, 10, and 100 nM bortezo-
mib for 48 h at 37 °C.

 4. Collect the supernatant of NB4 cells for the following ubiqui-
tination experiments, after centrifugation at 300 × g for 300 s.

 5. The supernatant obtained should be diluted fivefold with 
water (see Note 9).

 6. Inject the diluted samples (16 μL) into a two-chambered 
device of the AMIS sensor (Fig. 5).

Fig. 6 Real-time monitoring of E2 activities on an AMIS sensor. Addition of ARF_
SIAH1 into a solution of E2 UbcH8 causes proton changes, leading to the altering 
of the electron polarization for the AMIS signals in the sensing layer. The AMIS 
signals were continuously measured as E2 UbcH8 activities. The representative 
AMIS signals for 0.014 (filled square), 0.56 (filled triangle), and 4.66 (filled circle) 
nM E2 UbcH8 were acquired at 5-s intervals, and the AMIS signals in the absence 
of ubiquitin were used as the control (circle). The arrow indicates the injection 
time of ARF_SIAH1 on an AMIS sensor
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 7. Prepare ARF_SIAH1 (see above Subheading 3.1) for the ubiq-
uitination reaction.

 8. Add 4 μL of solution A into chamber A and 4 μL of the 50 μM 
ARF solution into chamber B. Gently mix the mixtures (each 
chamber should contain 20 μL total of its combined solution) 
by pipetting.

 9. Acquire the AMIS signals during the ubiquitination reactions 
at 37 °C on an AMIS-101 Analyzer.

 10. Obtain the AMIS data for the E2 activity of UbcH8 by sub-
tracting the AMIS signals of chamber A from those of chamber 
B (see Notes 7 and 10) [23].

Using the Ub machinery with ARF, the rapid and accurate moni-
toring of E2 activities was conveniently achieved within several 
minutes. Leukemia is diagnosed by the existence of approximately 
2 × 105 cells/mL of blood [27]. With the technique described 
here, E2 activities leaked out of NB4 cells (cultured NB4 cells, 
1 × 105 cells/mL) were successfully detected in the culture super-
natant. Thus, the present approach could be applied to the detec-
tion of E2 activities in leukemia patients and may prove a convenient 
method for arranging suitable treatment programs with patients. 
Different E2 activities are associated with various cancers, such as 
lung cancer (UbcH10) and breast cancer (UbcH13) [28, 29]. 
Therefore, the ARF method presented here could be widely appli-
cable to the measuring of E2 activities related to these cancers. We 
hope that this monitoring system will be used to evaluate responses 
to treatment with a proteasome inhibitor, as a new companion 
diagnostic approach.

4 Notes

 1. RING fingers have the essential active site of the α-helical 
region corresponding to the amino acid sequence between the 
sixth and seventh zinc-binding residues [30–33]. The helical 
region controls the specific E2–E3 binding capabilities [34].

 2. Like the RING finger, the PHD finger adopts a cross-braced 
zinc-binding arrangement. However, the PHD finger has a 
randomized flexible long loop rather than the α-helical region. 
Accordingly, the PHD finger obviously does not have the 
E2-binding site, and thus it is not associated with the ubiquiti-
nation system [35, 36].

 3. The substituting region confers specific E2-binding capabili-
ties on the PHD finger. ARF is created as a RING-PHD chi-
meric molecule. ARF_EL5 and ARF_SIAH1 are designed 
from EL5 and SIAH1, respectively.
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 4. The cysteine modification of ARF is performed through treat-
ment with p-(hydroxymercuri) benzoic acid, and the released 
zinc ions are quantified using the metallochromic indicator 
4-(2-pyridylazo) resorcinol. The molar ratio of [Zn]/[ARF] 
should be approximately 2.0. The typical CD spectrum of ARF 
indicates an ordered secondary structure including the α-helical 
conformation with double minima occurring at approximately 
205 (π-π* transitions) and 225 nm (n-π* transitions) [17].

 5. The PHD finger specifically recognizes histone H3 methylated 
at Lys4 and controls transcriptional regulation in cells [37, 
38]. The PHD finger is characterized as a positively charged 
Lys-rich motif in the nucleus [18].

 6. Original EL5 develops poly-ubiquitination on the substrate with 
UbcH5a but not with UbcH7/8 [31]. Original SIAH1 promotes 
mono-ubiquitination with UbcH5 or UbcH8 [14, 39].

 7. In AMIS measurements, the effects of protons, except for the 
reaction between ARF and E2s, are completely canceled out by 
subtracting the AMIS signals of chamber A from those of 
chamber B.

 8. The AMIS signals of E2 activities adopt concentration- 
dependent behavior and indicate a linear relationship between 
intensity (volts) and logarithm of concentration of E2s over a 
wide response range of femtomolar to micromolar concentra-
tions [16].

 9. To reduce the viscosity of the sample, it should be diluted with 
water prior to AMIS measurements.

 10. The monitoring system indicated 8.9 pg/100 μL and 
30.4 pg/100 μL of UbcH8 activity in the culture supernatant 
of NB4 cells (1 × 105 cells/mL) following treatment with 
10 nM and 100 nM bortezomib, respectively [23].
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Chapter 7

Directed Evolution of Targeted Recombinases  
for Genome Engineering

Shannon J. Sirk

Abstract

Over the past several years, genome engineering has become an established component of basic research 
endeavors, and is emerging as a vital element of clinical research applications. Site-specific recombinases are 
one of the several tools that can facilitate genome modification by catalyzing rearrangements between 
specific DNA targets. Of particular interest are the small serine recombinases, which are modular in both 
form and function. This unique structure permits replacement of the native DNA-binding domain with 
designer targeting modules such as zinc fingers, TALEs, or catalytically inactivated Cas9, enabling modifi-
cation of investigator-defined genomic loci. Importantly, the catalytic domain of these enzymes also con-
tributes to target specificity, and can be reprogrammed to recognize custom sequences for genomic 
targeting. Here we describe the steps required to construct, select, and validate hybrid recombinase cata-
lytic domains for targeted genome engineering.

Key words Recombinase, Genome editing, Genetic engineering, Protein engineering, Targeted inte-
gration, Site-specific genomic modification, Directed evolution, Rational design

1 Introduction

In order to meet the demand for highly precise genome editing, 
numerous tools have been developed with increasingly sophisti-
cated capabilities. Among these are site-specific recombinases: 
enzymes that can perform integration, inversion, or deletion 
between specific DNA target sites [1]. Unlike targeted nucle-
ases, which cleave DNA and then rely on cellular machinery to 
repair the resulting double-strand breaks, these enzymes cata-
lyze recombination autonomously. Because recombinases 
orchestrate DNA cleavage and strand exchange as a concerted 
process, the genomic outcome can be controlled, unlike nucle-
ase cleavage products which can be subject to random nucleo-
tide insertions or deletions. The resolvase/invertase family of 
small serine recombinases features a modular design, with struc-
turally and functionally distinct DNA-binding and catalytic 
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domains [2]. Engineering efforts have capitalized on this mod-
ularity via the fusion of recombinase catalytic domains with 
designer DNA-binding domains such as zinc- finger [3–5], 
TALE [6], or catalytically dead Cas9 proteins, known as dCas9 
[7]. Because these DNA-binding platforms are programmable, 
hybrid recombinases can be engineered to target a broad range 
of genomic sequences.

An additional layer of recombinase target specificity lies in 
the catalytic domain, which contributes to recognition through 
interactions with the minor groove of the target-site DNA [8]. 
The cooperative specificity of the DNA-binding and catalytic 
domains ensures that targeted recombinases only act on genomic 
sites harboring the corresponding recognition sites for both 
modules. Because recombinases are responsible for regulating 
many essential cellular functions in their native hosts, their cata-
lytic domains have evolved very strict specificities for their DNA 
targets [2]. Thus, while the unique modular structure of small 
serine recombinases enables the straightforward exchange of 
DNA-binding domains, more sophisticated engineering 
approaches have been required to alter the stringent specificity 
of the catalytic domain [9].

To address this challenge, we have identified residues within 
the recombinase catalytic domain that coordinate target specificity 
[10–12]. By combining substrate specificity profiling with directed 
evolution, we generated a panel of engineered catalytic domains 
capable of recognizing distinct DNA targets [10, 11]. Because 
these enzymes recombine DNA as dimers, with each monomer 
recognizing one half of the target sequence, two different engi-
neered recombinase monomers must be paired in order to recog-
nize asymmetric target sites. To prevent nonspecific activity, we 
also modified the catalytic domain dimerization interface to pre-
vent the formation of homodimer recombinases that can recog-
nize off-target sites [13].

Engineered hybrid recombinases thus represent a promising 
tool for targeted genomic engineering. Expansion of the cur-
rent recombinase toolbox to include additional enzymes with 
complementary targeting specificity will further increase the 
utility of this approach [12, 14]. To that end, we provide here 
step-by-step procedures for the creation of recombinase cata-
lytic domains with investigator-defined specificity, using the fol-
lowing approach: (1) randomization of critical DNA-binding 
residues in the recombinase catalytic domain, (2) selection of 
active variants using a bacterial genetic screen, and (3) evalua-
tion of the genome-modifying activity of the evolved enzymes 
in human cells.
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2 Materials

 1. DNA sequence of recombinase of interest (see Note 1).
 2. DNA and protein sequence alignment software (see Note 2).
 3. Recombinase of interest gene cassette (see Note 3).
 4. Primers to amplify recombinase library (described in detail in 

Subheading 3).
 5. H1 zinc-finger gene cassette sequence (see Note 4).
 6. H1 zinc-finger gene cassette (see Note 4).
 7. H1 zinc-finger primers ZF Restore Prim1 and pUC18Prim2 [5].
 8. Thermal cycler.
 9. PCR reagents (see Note 5).
 10. DNA gel electrophoresis equipment, reagents, and supplies.
 11. DNA gel purification kit/reagents.
 12. PCR purification kit/reagents.
 13. 1.5 mL Eppendorf tubes.
 14. 0.2 mL Thin-wall PCR tubes.
 15. Microcentrifuge.

 1. Recombinase catalytic domain library (from Subheading 2.1).
 2. DNA sequence of genomic target site.
 3. Split-beta lactamase reporter plasmid pBLA [15] (see Note 6).
 4. Split-beta lactamase reporter plasmid sequence (see Note 6).
 5. Primers encoding mirrored symmetrical target sites (described 

in detail in Subheading 3; see Note 7).
 6. Thermal cycler.
 7. PCR reagents (see Note 5).
 8. 1.5 mL Eppendorf tubes.
 9. 0.2 mL Thin-wall PCR tubes.
 10. DNA gel electrophoresis reagents and equipment.
 11. DNA gel purification kit/reagents.
 12. PCR purification kit/reagents.
 13. Restriction enzymes (SacI, XbaI, HindIII, SpeI; see Note 8).
 14. T4 DNA ligase and buffer.
 15. Microcentrifuge spin filter, 0.45 μm.
 16. Molecular biology grade ethanol, 200 proof.
 17. 3 M Sodium acetate, pH 5.2–6.0.
 18. Electrocompetent E. coli Top10F’ cells (see Note 9).
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 19. Electroporator.
 20. Electroporation cuvettes for bacterial transformation.
 21. Super Optimal Broth with Catabolite suppression (SOC): 2% 

w/v Tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 2.5 mM 
KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose, in 
water, sterilized. Autoclave before adding glucose, filter steril-
ize after adding glucose.

 22. Super broth (SB): 3.5% w/v Tryptone, 2% w/v yeast extract, 
0.5% w/v NaCl, 1 M NaOH, in water, sterilized.

 23. Lysogeny broth (LB): 1% w/v Tryptone, 0.5% w/v yeast 
extract, 1% w/v NaCl, in water, sterilized.

 24. 100× Chloramphenicol: 30 mg/mL in ethanol (see Note 10).
 25. 100× Carbenicillin: 100 mg/mL in water, filter sterilized (see 

Note 11).
 26. LB solid media plates: 1% w/v Tryptone, 0.5% w/v yeast 

extract, 1% w/v NaCl, 2% agar, in water, sterilized:

 (a) With 30 μg/mL chloramphenicol.
 (b) With 100 μg/mL carbenicillin.
 (c) With 30 μg/mL carbenicillin and 100 μg/mL 

chloramphenicol.
 27. Miniprep kit/reagents.
 28. Maxiprep kit/reagents.
 29. DNA sequencing services.

 1. Left and right evolved recombinase catalytic domain mono-
mers selected in Subheading 2.2 against left and right genomic 
half sites.

 2. Primers to amplify evolved recombinase variants (described in 
detail in Subheading 3).

 3. Gene cassettes and sequences for genomic target-specific 
DNA-binding domains (see Note 4).

 4. Primers to amplify selected DNA-binding domains.
 5. Mammalian expression plasmid pcDNA 3.1 (see Note 12).
 6. Mammalian integration donor plasmid with target-site-flanked 

gene cassette (see Note 13).
 7. PCR reagents (see Note 4).
 8. Thermal cycler.
 9. 1.5 mL Eppendorf tubes.
 10. 0.2 mL Thin-wall PCR tubes.
 11. DNA gel electrophoresis equipment, reagents, and supplies.
 12. Restriction enzymes for subcloning into pcDNA3.1 (see Note 8).
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 13. T4 DNA ligase.
 14. Electrocompetent E. coli Top10F’ cells (see Note 9).
 15. Electroporation cuvettes for bacterial transformation.
 16. Electroporator.
 17. Super Optimal Broth with Catabolite suppression (SOC): See 

Subheading 2.2, step 21.
 18. Lysogeny broth (LB): See Subheading 2.2, step 23.
 19. 100× Carbenicillin: See Subheading 2.2, step 25.
 20. LB plates with 100 μg/mL carbenicillin: See Subheading 2.2, 

step 26.
 21. Miniprep kits/reagents.
 22. Maxiprep kit/reagents.
 23. DNA sequencing services.
 24. Biosafety cabinet for mammalian tissue culture.
 25. Mammalian target cells (see Note 14).
 26. Growth medium for target cell line (see Note 15).
 27. Humidified CO2 incubator for mammalian cell culture.
 28. Inverted microscope capable of ×10–40 magnification.
 29. Hemocytometer and coverslips.
 30. 24-Well tissue culture plates, sterile.
 31. Genomic isolation kit (see Note 16).
 32. Primers for assessing genomic integration (see Note 17).

3 Methods

The following procedures outline an approach for creating 
hybrid recombinases with zinc-finger DNA-binding domains; 
however, any DNA-binding domain of interest can be substi-
tuted (see Note 4). Prior to initiating the procedures described 
below, a recombinase candidate and corresponding genomic tar-
get site must be selected. Native recombinases require the intro-
duction of hyper- activating mutations in order to function in the 
absence of accessory proteins. Such mutations have been 
described for Gin [16], Tn3 [17], γ-δ [18], β [12], Sin [12, 19], 
Hin [16], Bin [14], and Tn21 [14]. Hybrid recombinase target-
site selection is described in detail elsewhere [20].
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 1. Select recombinase catalytic domain residues to target for 
mutagenesis by aligning the gene sequence of the recombinase 
of interest with the gene sequence of Gin-alpha (the native Gin 
catalytic domain), and then identifying the residues that cor-
respond to Gin Ile 120, Thr 123, Leu 127, Ile 136, and Gly 
137.

 2. Design PCR primers to amplify the recombinase gene and 
introduce mutations to generate a catalytic domain library. In 
order to encode all of the diversity in the library, the reverse 
primer will span a large segment of the 3′ end of the gene and 
will therefore be long (~100 bp; see Note 18). The design of 
forward and reverse primers is detailed in the following two 
steps.

 3. Design the forward primer to amplify the recombinase gene 
beginning at the start codon, with a 5′ extension that includes 
a SacI cleavage site for cloning into the pBLA split-gene reas-
sembly vector (see Note 6). Follow standard primer design 
guidelines.

 4. Design the reverse primer to amplify the recombinase gene 
beginning (in the reverse direction) at the stop codon, with a 
3′ extension that includes an overlap of ~15 bp for in-frame 
fusion with the H1 zinc-finger cassette. The 5′ end of the 
primer should lie ~10 bp upstream of the first residue that is 
targeted for randomization (i.e., the residue corresponding to 
Gin Ile 120). The primer sequence should match the recombi-
nase gene sequence exactly, except for the residues selected for 
randomization. For these codons, use the IUPAC nucleotide 
code NNK, where “N” represents all nucleotides and “K” rep-
resents G or T (see Note 19).

 5. PCR amplify the recombinase gene using the primers designed 
above and PCR amplify the H1 zinc-finger cassette using ZF 
Restore Prim1 and pUC18Prim2 (see Note 4). Carry out the 
PCR reactions using 50 ng of template DNA, 0.5 μM of each 
primer, 0.2 mM of dNTPs, and 1 U of high-fidelity DNA poly-
merase, with the appropriately diluted PCR buffer and water 
to 50 μL. Follow the manufacturer’s guidelines for denatur-
ation, annealing, and extension; perform 30 cycles.

 6. Run the PCR products on an agarose gel, cut out, and gel 
purify appropriate bands.

 7. Perform overlap extension PCR to fuse the recombinase library 
to the H1 zinc-finger cassette. A total reaction volume of 
500 μL is used in order to generate sufficient PCR product for 
downstream cloning steps (see Note 20). Assemble the entire 
reaction, and then separate into 50 μL aliquots in 0.2 mM 
PCR tubes for thermal cycling. Carry out the PCR reaction 
using 500 ng of each template DNA, 0.5 μM of Fwd primer 
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from step 3 in Subheading 3.1, 0.5 μM of pUC18Prim2 
primer, 0.2 mM of dNTPs, and 10 U of high-fidelity DNA 
polymerase, with the appropriately diluted PCR buffer and 
water to 500 μL. Follow the manufacturer’s guidelines for 
denaturation, annealing, and extension, keeping in mind that 
the total template length is equal to the length of the recombi-
nase template plus the length of the H1 zinc-finger template. 
Perform 20 cycles.

 8. Purify the PCR product using a PCR purification kit.
 9. The PCR-purified hybrid recombinase library can be stored 

frozen at −20 °C for several months.

 1. Construct two pBLA plasmids (see Note 6) for selection of the 
left and right recombinase monomers on mirrored symmetrical 
half sites. The procedures are detailed below in steps 2–9.

 2. Design primers that will amplify the GFPuv [15] stuffer frag-
ment while adding recombinase target sites at both the 5′ and 
3′ ends. The final amplicon should have a XbaI site at the 5′ 
end and a HindIII site at the 3′ end. The target site for selec-
tion of the recombinase monomer recognizing the left half of 
the genomic target sequence should consist of a mirrored, 
symmetrical version of the left half of the genomic target site, 
and the 5′ target site and 3′ target site should be identical to 
each other. The same procedure should be followed for the 
right half of the genomic target site, creating a separate pBLA 
selection vector. Primers will be long. Carry out the PCR reac-
tion as in step 5 in Subheading 3.1, using 0.4 μM of each 
primer.

 3. In two separate reactions, PCR amplify GFPuv from pBLA for 
the right and left target sites, using the primers designed above 
in step 2.

 4. Run the PCR products on an agarose gel, cut out, and gel 
purify appropriate bands. The GFPuv gene is approximately 
750 bp.

 5. Digest both PCR products with XbaI and HindIII. Also digest 
pBLA vector with SpeI and HindIII.

 6. Run the PCR products on an agarose gel, cut out, and gel 
purify appropriate bands.

 7. In separate reactions, ligate the left and right GFPuv inserts 
into the digested pBLA vector. Use 50–100 ng vector, x ng 
insert (use a 1:6 molar ratio of vector:insert; calculate based on 
the size of each piece of DNA), 10 UT4 DNA ligase, 1× buf-
fer, and water up to 10 μL.

 8. Transform ligation reactions into E. coli cells. Use 2 μL of liga-
tion reaction and 50 μL of competent cells (see Note 9), 
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recover in 1 mL SOC media, and plate 200 μL of each on 
individual LB-chlor plates.

 9. To screen clones, pick several single colonies into LB-chlor 
minicultures, miniprep, and validate positive clones by sequenc-
ing analysis.

 10. Digest library from Subheading 3.1 and two pBLA vectors 
from step 9 with SacI and XbaI. Digest at least 10 μg of each 
pBLA vector and at least 5 μg of the library.

 11. Run the digested products on an agarose gel and purify by 
freeze-squeeze (see Note 21). The procedures of freeze- 
squeeze are detailed in steps 12–22.

 12. Freeze gel slice at −20 °C for at least 30 min or at –80 °C for 
at least 10 min.

 13. Construct a Parafilm pocket by folding a small piece in half, 
and then folding and sealing the edges by pressing them 
together with the conical end of a 1.5 mL Eppendorf tube. 
Insert frozen gel slice into envelope, fold, and seal shut.

 14. Using the flat surface of a closed 1.5 mL Eppendorf tube, 
extensively crush the frozen gel slice inside the pouch.

 15. Load the crushed gel and associated liquid into a micro spin 
filter unit (0.45 μm).

 16. Centrifuge at 6000–7000 rpm in a microcentrifuge for 5 min 
at 4 °C. The flow-through contains the DNA.

 17. Ethanol precipiate DNA from flow-through by first measuring 
the volume of the flow-through using a micropippetor. Add 
3 M sodium acetate equivalent to 1/10 the volume of the 
flow-through and mix. Add two volumes of ethanol to the 
flow-through, mix, and place at 4 °C for 2 h.

 18. Centrifuge at max speed in a microcentrifuge for 30 min at 4 °C.
 19. Decant the supernatant.
 20. Centrifuge at max speed for ~1 min.
 21. Carefully remove remaining ethanol with micropipette. Allow 

the DNA pellet to air-dry.
 22. Resuspend DNA in 10–50 μL of water.
 23. In separate reactions, ligate the digested library into (1) the 

digested pBLA-right selection vector and (2) the digested pBLA-
left selection vector. Use 6 μg vector, x μg insert (use a 1:6 molar 
ratio of vector:insert; calculate based on the size of each piece of 
DNA), 10 U T4 DNA ligase, 1× buffer, and water up to the low-
est volume necessary to accommodate the reaction.

 24. Transform each library into electrocompetent E. coli by elec-
troporation. For each library, perform six separate electropora-
tions, using 1 μg of library and 300 μL of cells per sample. 
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Recover in 3 mL SOC. Plate 200 μL of each recovery culture 
on an LB-chlor plate for determination of transformation 
 efficiency and library size. As an optional choice, assess library 
diversity by miniprepping and sequencing 10–20 colonies from 
these plates. To the remainder of the recovery cultures, add 
45 mL SB-chlor to each, and incubate for 6–16 h.

 25. Maxiprep cultures (round I libraries).
 26. To perform the first round of selection, transform 3 μg of each 

maxiprepped library by electroporation, as in step 24.
 27. To determine transformation efficiency (TE), plate the recov-

ery culture from step 26 on an LB-chlor plate. To ensure that 
the number of colonies on the plate is not too many to permit 
counting, it will be necessary to dilute the recovery culture.

 28. To determine the percent of active clones in the library (TEchlor/

carb/TEchlor), plate the recovery culture from step 26 on an LB- 
chlor/carb plate. The recovery culture should also be diluted 
here, as above, but it is recommended to plate a lower dilution, 
as the number of active clones will be less than the number of 
total clones.

 29. Miniprep and sequence individual active recombinase colonies. 
Analyze the resulting sequences to determine if the library contains 
many clones with the same amino acid substitutions. If such a con-
sensus emerges, analyze the recombinase variant(s) for activity 
using the corresponding pBLA target vector. Digest the recombi-
nase variant with SacI and Xba I and ligate into pBLA vector as 
described in steps 10–23. Transform and plate on LB-chlor and 
LB-chlor/carb plates as described above and calculate the percent 
activity of each variant (TE chlor/carb/TE chlor). Highly active recom-
binases demonstrate ~10–50% recombination.

 30. To the remainder of recovery cultures from step 26, add 
45 mL SB-chlor/carb to each, incubate for 6–16 h, and maxi-
prep to build the round II libraries. To increase the stringency 
of the selection step, decrease the incubation time.

 31. Repeat steps 26–30 in Subheading 3.2 until a consensus 
sequence is reached and/or highly active recombinase variants 
are identified.

 1. Construct a pair of hybrid recombinases to recognize the 
selected genomic target sequence. The procedures are detailed 
in step 2.

 2. Design primers to amplify the evolved catalytic domains from 
Subheading 3.2, adding restriction sites for cloning into 
pcDNA3.1 at the 5′ end and an overlap extension for PCR 
fusion to the selected DNA-binding domains at the 3′ end.

 3. Design primers to amplify the selected DNA-binding domains 
(see Note 4), adding an overlap extension for PCR fusion to 
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the evolved recombinase catalytic domains at the 5′ end of the 
gene and restriction sites for cloning into pcDNA3.1 at the 5′ 
and the 3′ ends of the gene.

 4. In separate reactions, PCR amplify the left and right evolved 
recombinase catalytic domains generated in Subheading 3.2 
and the primers generated above in step 2. Carry out the PCR 
reactions using 50 ng of template DNA, 0.5 μM of each primer, 
0.2 mM of dNTPs, and 1 U of high-fidelity DNA polymerase, 
with the appropriately diluted PCR buffer and water to 
50 μL. Follow the manufacturer’s guidelines for denaturation, 
annealing, and extension; perform 30 cycles.

 5. At the same time, PCR amplify DNA-binding domains appro-
priate for genomic target site. Numerous protocols, tools, and 
online resources exist for designing and assembling custom 
zinc fingers, TALEs, and catalytically inactivated Cas9 con-
structs. Carry out the PCR reaction as above in step 4.

 6. Run the PCR products on an agarose gel, cut out the pieces, 
and purify using a gel purification kit.

 7. Perform fusion PCR as in step 7 in Subheading 3.1.
 8. Purify using a PCR purification kit as described above.
 9. Digest fusion PCR products and pcDNA vector with chosen 

restriction enzymes.
 10. Run digested products on agarose gel, cut out appropriate 

pieces, and purify using a gel purification kit.
 11. Ligate, transform, and sequence verify clones as described in 

Subheading 3.2.
 12. Prepare DNA for transfection into mammalian target cells. 

Select a sequence-verified clone from step 11 and inoculate a 
50 mL maxiprep culture. At the same time, start a maxiprep 
culture of the selected donor vector. Maxiprep both constructs 
following the manufacturer’s instructions.

 13. Seed target mammalian cells in a 24-well plate at 1 × 105 cells/
well in cell culture media with appropriate additives (see Note 
15). Maintain at 37 °C, 5% CO2, in a humidified growth 
chamber.

 14. After 24 h, transfect each well with 10 ng of pcDNA-right- 
recombinase, 10 ng of pcDNA-left-recombinase, and 80 ng of 
the selected integration donor plasmid using Lipofectamine 
2000, following the manufacturer’s instructions.

 15. After 72 h, harvest cells from plate and extract genomic DNA.
 16. Assess genomic integration by PCR (see Note 17).
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4 Notes

 1. Construction of hybrid recombinases has been described in 
detail elsewhere [20]. In brief, for a given genomic target, 
select a candidate recombinase with catalytic specificity that 
closely aligns with the genomic target, particularly at base posi-
tions 1–6 (counting from the center of the 20 bp symmetric 
core) [11].

 2. Several online tools are freely available to align and analyze 
DNA and amino acid sequences (e.g., https://www.ebi.ac.
uk/Tools/msa/clustalo/).

 3. Active variants are available from Addgene and/or from the 
publishing laboratories.

 4. H1 zinc fingers [5], as well as other DNA-binding domains, and 
sequences can be obtained from Addgene. For selection, valida-
tion, and characterization of the recombinase catalytic domains, it 
is recommended to use the well-characterized H1 zinc fingers as 
placeholder DNA-binding domains. H1 zinc fingers reliably bind 
their target sites, ensuring that the performance of the DNA-
binding module is not a variable during recombinase catalytic 
domain selection and optimization. If constructing hybrid recom-
binases with DNA-binding domains other than H1 zinc fingers 
(such as TALEs or catalytically inactivated Cas9), different linker 
lengths will be required and the H1 zinc-finger target sites 
described in Subheading 2.2, step 5, will need to be modified.

 5. It is recommended to use a standard Taq polymerase for library 
construction and a high-fidelity polymerase for all other 
amplifications.

 6. The bacterial genetic screen relies on the concept of substrate- 
linked protein evolution (SLiPE) [21] to screen for active 
recombinase variants. Using a split-gene reassembly method, 
individual recombinase variants are placed into the pBLA plas-
mid, which has chloramphenicol resistance as well as an ampi-
cillin/carbenicillin resistance marker that is disrupted by an 
inserted GFPuv gene cassette, and is therefore inactive. The 
inserted DNA is flanked by the recombinase target sites. When 
transformed into bacteria, an active recombinase will (1) be 
expressed from the plasmid, (2) recognize the target sites on 
that same plasmid, (3) remove the DNA insertion, and (4) 
recombine the plasmid backbone. Because recombinase- 
mediated DNA removal results in precise and predictable DNA 
sequence outcomes, the insertion was designed such that 
recombination renders the antibiotic resistance cassette func-
tional. Growth in media containing both  chloramphenicol and 
ampicillin/carbenicillin thus leads to survival of bacteria har-
boring active recombinase variant gene sequences.
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 7. To avoid selecting for relaxed target specificity, recombinases 
must be selected as homodimers on symmetric target sites. 
Because genomic target sites are generally asymmetric, two dif-
ferent recombinase monomers are required, each recognizing 
one half of the full target sequence. It is therefore necessary to 
generate symmetrical, mirrored versions of each half of the 
genomic target and select each monomer independently.

 8. The protocols presented here describe cloning procedures 
using restriction enzyme digestion and DNA ligation. If not 
specified, any restriction sites within a plasmid’s multiple clon-
ing site may be selected by the investigator to best accommo-
date the cloning approach. Alternative methods such as Gibson 
assembly may be used.

 9. In order to achieve transformation efficiencies high enough to 
accommodate library construction with tenfold sequence cov-
erage, it is recommended to use electrocompetent, rather than 
chemically competent, cells. Chemically competent cells may 
be used for other cloning steps.

 10. Chloramphenicol stock solution must be dissolved in 70–100% 
ethanol.

 11. The use of carbenicillin, which is a more stable analog of ampi-
cillin, is recommended to ensure that selective pressure is main-
tained within the context of the split-gene reassembly approach.

 12. This plasmid is available from Invitrogen. The methods pre-
sented here were developed using this plasmid, but the proce-
dures can be easily modified to accommodate other mammalian 
expression vectors.

 13. Donor plasmid construction is described in detail elsewhere 
[11, 13]. Briefly, the donor integration vector must contain an 
exact copy of the genomic target site somewhere within the 
plasmid.

 14. The methods described here were developed with HEK293 
cells, and subsequently expanded to other cell types [22]. 
When developing genomic targeting protocols for common 
laboratory cell lines, be aware that many lines have mutated 
over years of continuous passaging, and therefore published 
genomic sequences may not match individual lab strains. It is 
recommended to purchase a new vial of cells for these 
experiments.

 15. Different cell lines require different media formulations. These 
methods were developed using HEK293 cells, which grow in 
Dulbecco’s modified Eagle’s medium (DMEM),  supplemented 
with fetal bovine serum (FBS; 10% v/v). It is also recom-
mended to add antibiotics (e.g., Anti-Anti antibiotic/antimy-
cotic, Gibco) to prevent microbial contamination.
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 16. These methods were developed using Quick Extract DNA 
Extraction Solution (Epicentre).

 17. To determine if the donor plasmid has integrated, and ensure 
that the PCR reaction is not amplifying extrachromosomal 
plasmid DNA, use one primer that lies within the integration 
donor plasmid (at least 100 bp away from the integration junc-
tion) and another primer that lies in the cellular genome, 
~100 bp away from the integration junction.

 18. While it is generally recommended to perform PCR using 
primers with similar lengths and melting temperatures, ampli-
fication using one long primer and one standard-length primer 
has worked well, with no need for optimization.

 19. The degenerate triplet NNK encodes all 20 amino acids, with 
only one stop codon possible.

 20. It is necessary to produce large quantities of amplicon to ensure 
that, after downstream processing, there is enough digested 
and purified product to generate a large-scale ligation reaction. 
The large-scale reaction is needed to ensure adequate coverage 
of the theoretical library size (the number of possible different 
variants based on the randomized positions), to minimize bias 
during the selection rounds. It is recommended to have ten-
fold library coverage, that is to say, that there are ten times as 
many clones as there are possible different sequences. While a 
single-PCR reaction is capable of producing such coverage, the 
practical limitation of the approach lies in the transformation 
efficiency of the competent cells, requiring the whole proce-
dure to be done at a large scale.

 21. Purification of DNA by freeze-squeeze is recommended 
because the gel fragment may be quite large and would require 
several gel purification columns. Freeze-squeeze may also 
result in higher yield and cleaner product.
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Chapter 8

Optical Recording of Cellular Zinc Dynamics  
with Zinc- Finger- Based Biosensors

Dylan H. Fudge, Ray Black, and Yan Qin

Abstract

In addition to serving as an essential structural component, zinc is also involved in intracellular and inter-
cellular signaling pathways to impact a number of cellular functions. Genetically encoded zinc sensors that 
are specifically targeted to various subcellular compartments (ER, mitochondria, nucleus, plasma mem-
brane, and vesicles) have been proven to provide accurate and sensitive visualization and quantification of 
zinc. Here we describe the methods to utilize both ratiometric and intensiometric genetically encoded zinc 
sensors designed based on zinc fingers for imaging and quantification of cellular free, labile zinc concentra-
tions, [Zn2+]free. This chapter explains in detail how to quantify [Zn2+]free in live cells as well as how to moni-
tor zinc influx in INS-1 cells stimulated with high glucose.

Key words Fluorescent protein, Zinc fingers, Subcellular targeting, Ratiometric zinc sensor, 
Intensiometric zinc sensor, Imaging

1 Introduction

Zinc is the second most abundant heavy metal within cells and has 
been bioinformatically linked to over 2800 proteins, yet our under-
standing of how the interaction between zinc and these proteins 
modulates various cellular functions is still in its infancy [1]. 
Emerging studies have shown that zinc affects certain cellular pro-
cesses including the alteration of enzymatic function [2], regula-
tion of mitochondrial function [3–5], modulation of cell division 
[6], and facilitation of apoptosis [6]. The desire to further eluci-
date the role of zinc in these essential cellular functions has driven 
the development of fluorescent zinc sensors in the past few decades. 
Two different approaches for sensor development have resulted in 
the establishment of small-molecule probes and genetically 
encoded sensors. While both sensors have their distinct advantages, 
genetically expressed zinc sensors demonstrate advantages in study-
ing the physiological functions of zinc in living cells due to the 
ability to control the spatial expression of sensors within specific 
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cellular compartments using various molecular tags. Genetically 
encoded zinc sensors are designed using various metal-sensing 
domains for zinc including zinc finger 1 (ZF1) and zinc finger 2 
(ZF2) from the Zap1 transcription factor of S. cerevisiae for the 
ZapCY, ZapCmR, and GZnP sensors [7–10]; Atox1 and the 
fourth domain of ATP7B (WD4) for the eCALWY sensors [11, 
12]; and simple metal-coordinating amino acids (cysteine and his-
tidine) introduced at the dimerization interface between the two 
chromophores in eZinCh sensors [13, 14].

This chapter focuses on zinc sensors designed with zinc fingers 
and their applications in live-cell imaging. The first two zinc fingers 
from transcription factor Zap1 (ZF1 and ZF2) have been shown to 
confer conformational changes in response to zinc. Prior to bind-
ing of zinc, the ZF1 and ZF2 domains are unstructured linear 
strings of protein, while upon binding zinc there is a conformation 
change in the zinc fingers, resulting in a finger-finger interacting 
complex [15]. Two types of genetically encoded sensors have been 
developed using this pair of zinc fingers as the metal-sensing 
domains: FRET-based (ratiometric) and single fluorescent protein- 
based (intensiometric) sensors. The FRET (Förster resonance 
energy transfer) based sensor relies on fluorescent resonance energy 
transfer between two different fluorescent proteins (FP) to indicate 
if the sensor is bound or unbound to the metal ion. The two dif-
ferent FP chromophores are specific and unique to each other 
based on their emission and absorbance wavelengths. The zinc- 
induced conformational changes in ZF1 and ZF2 can bring the 
donor and acceptor fluorescent proteins closer to each other (typi-
cally within 1–10 nm), resulting in increased FRET (Fig. 1a). 
FRET sensors do not depend on the sensor concentration or thick-
ness of the sample due to the spectral shift in wavelengths typically 
making these sensors normalized for quantification of free metal 
ions. There are limitations to using a FRET-based sensor such as 
the need for different combinations of two excitation and emission 
filters for image acquisition, spectral bleed through when using 
multiple sensors, and smaller dynamic ranges correlating to less 
sensitivity to the metal ion.

Single fluorescent protein-based zinc sensors utilize one chro-
mophore and detect changes in the metal ion concentration by 
changes in the sensor fluorescent intensity. The single fluorescent 
protein-based zinc sensor (GZnP1) utilizes ZF1 and ZF2 attached 
to the N- and C-termini of circularly permutated green fluorescent 
protein (cpGFP). When bound to zinc both ZF1 and ZF2 form a 
finger-finger interaction and undergo a conformational change 
which stabilizes the cpGFP resulting in an increase in fluorescence 
[8] (Fig. 1b). The advantages of using intensiometric sensors 
include the ability to use multiple types of sensors simultaneously 
without spectral bleed through. Also imaging using one  wavelength 
of light requires only one excitation and emission filter decreasing 
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the complexity of imaging. Single fluorescent sensors also tend to 
offer a much higher dynamic range which correlates to more sensi-
tive measurements of the free ions. The purpose of this chapter is 
to elucidate the application of these two types of sensors (ZapCY, 
ZapCV and GZnP) in living cells.

2 Materials

 1. Mammalian expression plasmid containing the genetically 
encoded zinc sensors.

 2. Competent E. coli cells.
 3. LB broth.
 4. Ampicillin-containing agar plates.
 5. Mini-prep DNA purification kit.

 1. Culture medium for HeLa cells: DMEM and 10% fetal bovine 
serum.

 2. Dulbecco’s phosphate-buffered saline (DPBS).

2.1 Sensor Plasmid 
Preparation

2.2 Cell Culture

Fig. 1 Sensor design for ratiometric and intensiometric sensors. (a) Schematic of a FRET sensor design. The 
FRET/ratiometric sensor is composed of two separate fluorescent proteins bound via ZF1and ZF2. Upon bind-
ing zinc, the conformation changes of ZF1 and ZF2 brought the donor and acceptor fluorescent protein close 
together. (b) Schematic of a single fluorescent protein sensor design. The intensiometric sensor is designed by 
attaching a pair of zinc fingers to circularly permuted GFP (cpGFP). Zinc-induced conformational change pro-
tects the cpGFP fluorophore from solvent attack, resulting in increased fluorescence
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 3. Culture medium for INS-1 cells: 43.05 mL of RPMI 1640 
media, 5 mL of FBS, 500 μL of 100 mM sodium pyruvate, 
500 μL of 1 M HEPES, and 50 μL of 50 mM 
2-mercaptoethanol.

 4. Culture medium for primary hippocampal neurons: Neural 
basal and B27.

 1. Transfection reagent: 1 mg/mL Polyethylenimine (PEI), pH 7.2.
 2. OPTI-MEM.
 3. Transfection reagent for neurons: Lipofectamine 3000 trans-

fection reagent.

 1. Imaging dishes.
 2. Phosphate-free HHBSS buffer: 1.26 mM CaCl2, 5.4 mM KCl, 

1.1 mM MgCl2, 137 mM NaCl, 16.8 mM d-glucose, 20 mM 
HEPES, pH 7.4.

 3. TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)-1,2- 
ethanediamine) stock solution: 25 mM in DMSO, aliquot and 
store at −20 °C.

 4. Pyrithione (2-Mercaptopyridine N-oxide) stock solution: 
5 mM in DMSO, aliquot and store at −20 °C.

 5. KRB buffer with 3 mM or 35 mM glucose: d-Glucose 0.54 g/L 
(3 mM) or 6.3 g/L (35 mM), MgCl2 0.0468 g/L, KCl 
0.34 g/L, NaCl 7.0 g/L, sodium phosphate dibasic 0.1 g/L, 
sodium phosphate monobasic 0.18 g/L.

 6. Computer programs: Fiji, Excel, and KaleidaGraph.

3 Methods

 1. Order sensor plasmids from Addgene or request from the lab 
that developed these sensors.

 2. Transform the sensor plasmid into competent E. coli cells by 
heat shock.

 3. Place transformed E. coli cells on agar plates containing 
ampicillin.

 4. Pick single colonies to grow overnight in LB broth.
 5. Extract plasmid DNA from E. coli cells by miniprep kit accord-

ing to the manufacturer’s protocol.

 1. Maintain HeLa cells in DMEM medium with 10% FBS in 
incubator at 37 °C with 5% CO2. Maintain INS-1 cells in 
INS-1 cell media in incubator at 37 °C with 5% CO2.

 2. When the cells reach 80% confluency, pass the cells to maintain 
healthy cells.

2.3 Cell Transfection

2.4 Microscopic 
Imaging

3.1 Sensor Plasmid 
Preparation

3.2 HeLa and INS-1 
Cell Culture
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 3. Remove the cell media from the cell flask and then wash the 
cells with DPBS to remove residual medium.

 4. Incubate the cells with trypsin (0.05%) at 37 °C for 5 min.
 5. Post-trypsin incubation, add 5 mL of pre-warmed cell medium 

to the cell flask to inhibit trypsin activity. Pipette the cells/cell 
media up and down ~10 times to thoroughly mix the cells 
through mechanical force and break apart any cells clumped 
together.

 6. Transfer the dissociated cells to a 15 mL conical tube.
 7. Spin down the cells with a cell culture centrifuge at 1000 rpm 

for 5 min.
 8. Remove the supernatant and add fresh cell medium.
 9. Dissociate the cell pellet by gentle pipetting.
 10. Perform cell count using a hemocytometer.
 11. For HeLa cells plate around 5 × 104 cells in each imaging dish 

with 2 mL of cell media.
 12. For INS-1 cells, plate around 5 × 104 cells in each imaging dish 

precoated with 1 mg/mL of poly-d-lysine (see Note 1).

 1. A detailed protocol about primary hippocampal neuron cul-
ture has been described previously [16].

 2. Extract neurons from the dissociated hippocampus of rat fetus 
and plate cells on 3.5 cm imaging dishes pre-coated with 
1 mg/mL poly-d-lysine (see Note 1).

 3. Grow neurons in DMEM + 10% FBS at a density of 360,000 
neurons per dish.

 4. After 24 h, switch neurons to Neurobasal with 1× B-27 sup-
plement (0.02% v/v).

 5. Two days after cell plating, add AraC (5 μM) to hinder the 
growth of non-neuronal cells.

 1. When the HeLa cells are 40–50% confluent, transfect the sen-
sor into cells.

 2. For one transfection reaction, mix 250 μL of OPTI-MEM, 
6 μL of PEI transfection reagent, and 1–2 μg of zinc sensor 
DNA in the same centrifuge tube.

 3. Incubate the mixture for 25 min at room temperature.
 4. Add the mixture directly to one imaging dish containing HeLa 

cells, and rock the dish gently side to side.
 5. Sensor can be expressed after 12 h.

 1. Transfection of INS-1 cells is similar to the method used to 
transfect HeLa cells with slight modification.

3.3 Neuron 
Preparation

3.4 HeLa Cell 
Transfection

3.5 INS-1 Cell 
Transfection
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 2. Mix the following reagents, 250 μL of OPTI-MEM, 6 μL of 
PEI transfection reagent (see Note 2), and 1–2 μg of zinc sen-
sor DNA, in one centrifuge tube.

 3. Incubate the reaction mixture for 25 min at room 
temperature.

 4. Replace the cell medium with a 9:1 ratio of low-serum INS-1 
cell media to normal INS-1 cell media.

 5. Add the transfection mixture to the cultured INS-1 cells.
 6. After 2–3 h, change the cell media with 2 mL of normal INS-1 

cell culture media.
 7. Sensor can be expressed 12 h post-transfection.

 1. Mix the following reagents, 250 μL of OPTI-MEM, 2.5 μg of 
plasmid DNA, and 2.5 μL of p3000 solution, in one centrifuge 
tube.

 2. In a separate centrifuge tube, mix 250 μL of OPTI-MEM and 
7.5 μL of Lipofectamine 3000 (see Note 3).

 3. After 5 min, combine the mixture in the above two separate 
centrifuge tubes and incubate for 15–30 min.

 4. From each of the imaging dishes, remove 1 mL of old cell 
medium, mix with 1 mL of fresh neuron culture medium, then 
filter with a syringe filter, and store in 37 °C incubator until 
use.

 5. Add the transfection reagent solutions to each imaging dish 
and incubate the cells in the incubator for 4–6 h.

 6. Replace the cell medium containing transfection solution with 
2 mL mixed fresh/old medium prepared in step 4.

 7. Sensor can be expressed 12 h post-transfection.

One of the major advantages to using genetically encoded sen-
sors compared to small-molecule probes is the ability to target the 
sensor to various subcellular locations. This provides high selec-
tivity for the targeted region [7, 10, 17, 18] as shown in Fig. 2 
below. Currently, genetically encoded zinc sensors have been tar-
geted to the cytosol using the nuclear export signal (NES) peptide 
[10], to the nucleus using the nuclear localization signal (NLS) 
[10], to the ER using the calreticulin-targeting signal sequence 
(MLLPVLLLGLLGAAAD) [7], to the mitochondria using the 
cytochrome c-targeting sequence [8], to the exterior of the plasma 
membrane using the pDisplay vector [18], to the interior of the 
plasma membrane using the N-terminal targeting sequence of 
the protein tyrosine kinase Lck-targeting sequence, and to pre-
synaptic regions using the synaptophysin-targeting sequence and 
to postsynaptic regions with the PSD95 protein. All the imaging 
shows high specificity to these locations for the particular targeting 

3.6 Neuron 
Transfection

3.7 Microscopic 
Imaging of Sensors 
Targeted 
to Subcellular 
Compartments
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sequence (Fig. 2). This genetic specificity essentially allows these 
zinc sensors to be placed anywhere within the cell for monitoring 
zinc dynamics in different cellular compartments.

The major advantage of FRET-based genetically encoded zinc sen-
sors is that they can provide accurate quantification of labile zinc. 
Since the sensor concentration is varied in different cells, a calibra-
tion must be performed to provide an accurate quantification of 
cellular zinc concentrations in each cell. The steps of a calibration 
are outlined below.

 1. Two days after transfection, cells transfected with NES- 
ZapCV2 can be used for imaging experiment.

 2. Wash cells in imaging dishes with HBSS buffer three times 
prior to imaging.

 3. Identify the imaging field with healthy cells and acquire time- 
lapse images every 20 s with a 40Χ oil objective (NA 1.3).

 4. Incubate cells in 2 mL HHBSS buffer for 10 min for the base-
line condition.

 5. Then add 10 μL of 25 mM TPEN to the imaging dishes to 
chelate cellular zinc.

 6. When sensor signals reach to the minimum, remove the TPEN 
and wash the cells with HHBSS buffer three times.

3.8 Quantification 
of Cytosolic Zinc 
Concentrations 
by ZapCV2

Fig. 2 Subcellular targeting of genetically encoded zinc sensors. (a) Nucleus localization of NLS-ZapCY1 in 
HeLa cell. (b) ER localization of ER-ZapCY in HeLa cells. (c) Mitochondrial localization of mito-GZnP1 in HeLa 
cells. (d) Cytosol localization in NES-ZapCV2 in HeLa cells. (e) Interior localization to plasma membrane using 
lck-GZnP1 in HeLa cells. (f) Exterior localization to plasma membrane using pDisplayGZnP1 in INS-1 cells. (g) 
Postsynaptic localization of PSD95-GZnP1 in primary hippocampal neurons. (h) Presynaptic localization of 
synaphysin-GZnP1 (unpublished) primary hippocampal neurons
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 7. At last, add a mixture of ZnCl2 and pyrithione to the imaging 
dish to reach a final concentration of 100 μM ZnCl2 and 5 μM 
pyrithione.

 8. Analyze the data using the computer program Fiji and Excel.
 9. Align every image in an image stack to account for drift using 

the Stackreg plug-in in Fiji.
 10. For the quantitative analysis images of NES-ZapCV2 need to 

be background corrected. Generate a region of interest (ROI) 
on a blank area of the coverslip and subtract the fluorescence 
intensity of each channel, e.g., IFRET(sample) − IFRET(backgrou
nd), and ICFP(sample) − ICFP(background). The background- 
corrected FRET and CFP images are used to calculate the 
FRET ratio (R, i.e., FRET/CFP).

 11. Plot the calibration of NES-ZapCV2 in the KaleidaGraph pro-
gram (Fig. 3).

 12. The baseline FRET ratio (R), minimal FRET ratio achieved 
with TPEN (Rmin), and maximal FRET ratio (Rmax) obtained 
with zinc saturation are used for cytosolic zinc quantification 
using the equation Kd [(R − Rmin)/(Rmax − R)]1/n (Kd = 2.3 nM, 
n = 0.53) [17].

Fig. 3 Calibration and quantification of cytosolic zinc concentrations using the 
NES-ZapCV2 sensor. Three different cells are shown in the same imaging experi-
ment with different resting FRET ratio (R). Treatment with 100 μM TPEN yielded 
the minimal FRET ratio (Rmin), while saturation with 100 μM ZnCl2 and 5 μM 
pyrithione gives the maximal FRET raito (Rmax). These were used with the 
Kd = 2.3 nM and n = 0.53 to calculate the concentration of labile zinc using the 
equation [Zn2+] = Kd [(R – Rmin)/(Rmax – R)]1/n
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Here we illustrate an example using ZapCV2 and GZnP1 sen-
sors to study zinc influx in INS-1 cells. INS-1 cells are insulin-
secreting pancreatic beta cells and are great model cells when 
studying any secretory pathway. When glucose is transported 
into INS-1 cells, the glucose is converted to ATP, and then 
ATP blocks potassium channels resulting in the depolarization 
of INS-1 cells. Upon depolarization of the INS-1 cells mem-
brane, voltage-dependent calcium channels open allowing zinc 
flux through the channels into the cell [19]. When INS-1 cells 
preincubated with low- glucose medium (3 mM) for 30 min 
were induced with high glucose (35 mM) and 100 μM ZnCl2, 
zinc influx was recorded for both ZapCV2 sensor and GZnP1 
sensor (Fig. 4). No significant differences were detected 
between the cytosolic microdomains close to the membrane 
and the whole cytosolic regions (Fig. 4). However, the GZnP1 
sensor displayed a higher sensor response than the ZapCV2 
sensor, suggesting that GZnP1 provides advantages in moni-
toring zinc flux.

4 Notes

 1. Coat imaging dishes with poly-D-lysine. Dissolve poly-d-lysine 
in 0.15 M sodium borate buffer to 10 mg/mL for long-term 
stock. Before coating, dilute the stock solution to 1 mg/mL in 
MilliQ water. Coat imaging dishes with 1 mg/mL poly-D- 
lysine overnight. Then wash three times with water.

3.9 Monitor Zinc 
Flux Using ZapCV2 
and GZnP1 Sensor 
in INS-1 Cells

Fig. 4 Monitoring zinc influx in INS-1 cells induced by high glucose. Cells were incubated in 3 mM glucose 
media to starve the cells of glucose for 5 min. Then 100 μM ZnCl2 was added with 35 mM glucose to induce 
influx of zinc into the INS-1 cells. Zinc influx was recorded using ZapCV2 (a) and GZnP1 (b) in cytosols (red line) 
and cytosolic domains close to plasma membrane (Lck-targeting sequence, blue line)
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 2. Our lab has successfully used both Lipofectamine 3000 and 
homemade PEI transfection reagent to transfect INS-1 cells. 
Lipofectamine 3000 is more expensive, but it does have a 
higher transfection rate.

 3. This Lipofectamine reaction setup is different than the manu-
facturer’s recommended protocol. The quantities of DNA, 
Lipofectamine 3000, and P3000 reagent can be changed to 
optimize transfection efficiency if desired.
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Chapter 9

Delivery of Superoxide Dismutase Using Cys2-His2  
Zinc- Finger Proteins

Jia Liu, Jiangmei Li, Jie Li, Lianhui Zhu, Shaojie Wang, Xuan Wei, 
and Peixiang Ma

Abstract

Therapeutic proteins have shown great potential in treating life-threatening diseases, but the hydrophilicity 
and high molecular weight hamper their passing through the cell membrane. Cell-penetrating peptide 
(CPP)-assisted protein delivery is a simple and efficacious strategy to promote the cellular uptake of thera-
peutic proteins. We recently demonstrated that the engineered Cys2-His2 zinc-finger domains possess 
intrinsic cell permeability, which could be leveraged for intracellular protein delivery. Here we applied 
this method to deliver superoxide dismutase (SOD), a therapeutic protein widely used in preclinical and 
clinical studies. We present a protocol for the production and delivery of zinc-finger domain-fused 
SOD. This protocol can be extended for delivering other therapeutic proteins.

Key words Cell-penetrating peptides, Protein delivery, Superoxide dismutase, Zinc-finger proteins

1 Introduction

The selective permeability of cellular membranes separates the cel-
lular components from exogenous molecules. This proves a major 
challenge for the delivery of therapeutic agents into cells [1]. 
Various bioactive agents including genes, proteins, and viruses can 
be efficiently internalized into cells. Among these agents, the direct 
delivery of functional proteins holds great promise for therapeutic 
applications because of its safety and efficiency [2, 3]. Protein 
delivery does not depend on the transcription and translation of 
imported nucleic acids. Therefore, the delivered proteins can act 
rapidly and then be degraded by proteasome system, leading to less 
risk of mutagenesis [4–6]. One major obstacle of protein delivery 
is the selectivity of cell membrane. Numerous membrane perturba-
tion techniques, such as microinjection and electroporation, have 
been investigated for accelerating protein delivery. However, 
these membrane disruption technologies are often associated with 
low efficiency, high toxicity, penurious bioavailability, and poor 
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 specificity [7]. In addition to the physical membrane puncture 
methods, many biochemical agents were developed to facilitate 
protein delivery, such as supercharged transduction domains [8, 
9], nanoparticles [10], liposomes [11], viruslike particles [12, 13] 
and polymeric microsphere [14]. In the preclinical or clinical prac-
tice, these strategies can be associated with drawbacks such as inef-
ficient cellular uptake [15, 16], poor stability [17], inadvertent 
cell-type specificity [18], low rate of endosomal escape [19] or tox-
icity [20]. In the late 1980s, a naturally occurring peptide from 
TAT trans- activating factor of human immunodeficiency virus 
(HIV) was found to possess inherent cell-penetrating ability. In 
the following years, a series of natural peptides with similar cell 
permeability were identified, which were later recognized as cell-
penetrating peptides (CPPs) [21–24]. Based on the features of 
naturally occurring CPPs, artificial or chimeric CPPs were 
designed [25–28]. CPPs often have minimal cytotoxicity and can 
be applied to various cell types for the delivery of a wide range of 
cargo molecules with different molecular weights [29]. These 
CPPs can be either genetically fused to or chemically conjugated to 
the cargo proteins.

Recently, we identified the Cys2-His2 zinc-finger proteins 
(ZFPs) as a novel protein delivery system [30–32]. ZFPs are inher-
ently cell permeable due to the constellation of six positively 
charged residues on the protein surface [33]. We eliminated the 
DNA-binding ability of ZFPs by mutating the residues responsible 
for DNA binding in the α-helices. The engineered zinc-finger pro-
teins (ZFPs) retained cell permeability and can be used as a fusion 
tag to deliver cargo proteins [31]. The cellular uptake efficacy is 
tunable by adjusting the number of tandem ZFP domains, which 
increases the plasticity for different applications [31]. ZFP domains 
can mediate the efficient intracellular delivery of protein cargos 
such as green fluorescent protein (GFP) [30] and Fok I nuclease 
[34, 35]. In addition to transformed cell lines, ZFPs can facilitate 
the delivery of cargo proteins into primary cells and stem cells 
[35], which is important for the therapeutic applications.

Superoxide dismutase (SOD) family includes a group of well- 
studied antioxidant enzymes, i.e., SOD1, SOD2, and SOD3 [36]. 
SODs play a fundamental role in attenuating oxidative stress from 
cellular reactive oxygen species (ROS) [36, 37]. The disorder of 
ROS can contribute to the occurrence and progression of a variety 
of diseases. Preclinical and clinical studies have shown great thera-
peutic potential of SODs [38, 39]. SODs have been employed for 
a wide range of medical indications such as ischemia reperfusion 
injury [40, 41], transplant-induced reperfusion injury [42], inflam-
mation [43, 44], Parkinson’s disease [45], cancer [46–49] and 
acquired immune deficiency syndrome (AIDS) [50, 51]. In this 
protocol, we provide a detailed protocol for the implementation 
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of ZFPs on human SOD1 (hSOD1). Key steps to maximize the 
efficiency of intracellular delivery of ZFP-SOD1 are also high-
lighted and discussed.

2 Materials

 1. pET28a plasmid encoding human SOD1 gene optimized for 
Escherichia coli expression (available from commercial gene 
synthesis service suppliers).

 2. ZFP containing plasmid as described in [31].
 3. DNA polymerase.
 4. Deoxynucleotide mixture, including dATP, dCTP, dGTP, 

and dTTP.
 5. PCR reaction buffers.
 6. Sterile water.
 7. DNA-staining reagents.
 8. Homologous recombination enzymes.
 9. DH5α E. coli competent cells.
 10. Lysogeny broth (LB) medium.
 11. Agar, bacteriological grade.
 12. Plasmid DNA extraction kit.
 13. Gradient thermal cycler for PCR.
 14. Agarose gel electrophoresis reagents and equipment.
 15. UV transilluminator.
 16. Centrifuge.
 17. Water bath.

 1. Plasmids encoding recombinant ZFP-SOD1 proteins.
 2. BL21(DE3) competent E.coli cells.
 3. Agar, bacteriological grade.
 4. 50 mg/mL Kanamycin stock solution
 5. 1 M Isopropyl-β-d-1-thiogalactopyranoside (IPTG).
 6. Ni-NTA agarose.
 7. 1 M Tris–HCl pH 8.0.
 8. 4 M Imidazole stock solution.
 9. 100 mM ZnCl2 stock solution.
 10. 100 mM MgCl2 stock solution.
 11. Phenylmethylsulfonyl fluoride (PMSF) (100 mM in ethanol).

2.1 Construction 
of Expression 
Plasmids

2.2 Protein 
Expression 
and Purification

Delivery of SOD Using ZFP



116

 12. Lysis buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 
100 μM ZnCl2, 1 mM MgCl2, 1 mM PMSF, and 5 mM 
imidazole.

 13. Wash buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 
100 μM ZnCl2, 1 mM MgCl2, and 30 mM imidazole.

 14. Elution buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 
100 μM ZnCl2, 1 mM MgCl2, and 300 mM imidazole.

 15. Storage buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 
100 μM ZnCl2, 1 mM MgCl2, and 10% glycerol.

 16. Baffled cell culture flasks.
 17. Concentrator.
 18. 4–20% Tris-glycine SDS-PAGE.
 19. SDS protein-loading dye.
 20. BCA protein assay kit.
 21. Liquid nitrogen.

 1. Purified ZFP-SOD1 proteins.
 2. Class II biosafety cabinet.
 3. Cell incubator.
 4. Bright-field phase-contrast microscope.
 5. Dulbecco’s modified Eagle’s medium (DMEM).
 6. Fetal bovine serum (FBS).
 7. Penicillin and streptomycin solution.
 8. Phosphate-buffered saline (PBS).
 9. 9 mM ZnCl2.
 10. Triton X-100.
 11. 0.05% Trypsin-EDTA solution with phenol red.
 12. HeLa cells.
 13. Tissue culture flasks.
 14. 24-Well flat-bottom tissue culture plates.
 15. Centrifuge.
 16. SOD assay kit.

3 Methods

 1. Miniprep ZFP-encoding plasmid (pET28-ZiF1-EmGFP) 
[31] and synthesize human SOD genes in pET28a vector 
(pET28a-hSOD1) using a commercial gene synthesis service 
(see Note 1).

2.3 Protein 
Transduction

3.1 Construction 
of ZFP-SOD1 
Expression Plasmids
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 2. PCR amplify ZFP genes from the plasmid pET-1F-ZiF with the 
primers ZFP-Fwd (5′- GCCTGGTGCCGCGCGGCAG| 
CCCGAAAAAGAAACGCAAAGTGC- 3′) and ZFP- SOD1- 
Rev (5’-GCTTTGGTGGCCATGGATCCACCGGTATGT 
GTTCTTTGATGG -3′).

 3. Prepare PCR mixture to amplify the genes encoding ZFP 
domain: Use 5 ng of template DNA, 5 μL of 10× polymerase 
buffer, 1 unit (U) of Taq DNA polymerase, 0.2 mM dNTP mix-
ture, and 0.2 μM of each primer in a 50 μL solution. PCR con-
ditions are cycled using the following settings: 95 °C for 5 min; 
30 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min; 
and final extension at 72 °C for 10 min. Purify the PCR product 
by gel extraction and determine DNA concentration using a 
spectrophotometer measuring Abs260 × 50 ng/μL.

 4. Digest 1 μg of pET28a-hSOD1 plasmid with 10 U of each 
NdeI and BamHI in recommended buffer for 3 h at 
37 °C. Visualize DNA by agarose gel electrophoresis using a 
DNA-staining dye, such as gel red (see Note 2).

 5. Purify the digested plasmid by gel extraction kit and deter-
mine DNA concentration by a spectrophotometer measuring 
Abs260 × 50 ng/μL.

 6. Perform homologous recombination reaction (see Note 3) for 
constructing ZFP-SOD1 fusion protein (Fig. 1a) as follows: 
0.06 pmol ZFP PCR product, 0.03 pmol linearized pET28a- 
hSOD1 plasmid DNA, 2 μL recombination enzyme such as 
Exnase II, 4 μL 5× recombination buffer, and deionized water 
up to 20 μL. Incubate the mixture at 37 °C for 30 min (see 
Note 4).

Fig. 1 ZFP-SOD1 protein purification. (a) Schematic presentation of ZFP-hSOD1 
construct. (b) SDS-PAGE of purified ZFP-hSOD1 protein. Arrow indicates the tar-
get protein band
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 7. Thaw 200 μL of chemically competent DH5α E. coli cells on 
ice, mix gently with 20 μL of recombination products, and 
then incubate on ice for 30 min (see Note 5).

 8. Heat shock the mixture at 42 °C for 45–90 s and recover the 
cells in 900 μL LB medium for 1 h at 37 °C with shaking.

 9. Spread 100 μL of recovery culture on a LB agar plate supple-
mented with 50 μg/mL kanamycin and incubate overnight at 
37 °C.

 10. The following day, inoculate a single colony into 5 mL of LB 
culture containing 50 μg/mL kanamycin and culture over-
night at 37 °C.

 11. Miniprep pET28a-ZFP-SOD1 plasmid and confirm the con-
struct by DNA sequencing using a primer binding to the T7 
promoter (5’-TAATACGACTCACTATAGGG-3′) (see Note 6).

 1. Thaw 50 μL of chemically competent BL21 E. coli cells on ice 
and mix gently with 100 ng of pET28a-ZFP-SOD1 plasmid. 
Perform heat-shock transformation as described in Subheading 
3.1, step 8.

 2. The following day, inoculate a single colony into 10 mL of LB 
medium containing 50 μg/mL kanamycin and grow over-
night at 37 °C with shaking.

 3. The following day, dilute the 10 mL of overnight culture into 
1 L of LB medium supplemented with 50 μg/mL kanamycin. 
Grow the culture at 37 °C with shaking to an optical density at 
600 nm (OD600) of 0.6–0.8 and induce protein expression with 
0.5 mM IPTG. After 6 h of expression at 37 °C, harvest cells by 
centrifugation at 5000 × g for 20 min at 4 °C (see Note 7).

 4. Resuspend 1 g cell pellets in 5 mL of lysis buffer. Lyse the cells 
on ice with cell distributor or sonication (see Note 8).

 5. Centrifuge the cell lysate at 40,000 × g for 30 min at 4 °C and 
transfer the supernatant into a fresh collection tube. For opti-
mum results, perform all the following steps at 4 °C.

 6. Flow the supernatant through a column prepacked with 1 mL 
of equilibrated Ni-NTA agarose. Wash the resin with 20 mL of 
wash buffer.

 7. Elute the protein with 5 mL of elution buffer.
 8. Buffer exchange the eluted protein with storage buffer and 

concentrate the protein to at least 40 μM using a spin concen-
trator following the manufacturer’s instructions.

 9. Determine protein concentration by BCA or Bradford assay.
 10. Mix 2 μL of purified proteins with 2 μL 2× SDS-PAGE- loading 

dye, boil at 95 °C for 10 min, and then resolve on 4–20% Tris-
glycine SDS-PAGE to assess protein purity (Fig. 1b).

3.2 Expression 
and Purification 
of ZFP-SOD1
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 11. Aliquot the concentrated protein, flash freeze in liquid nitro-
gen, and store at −80 °C (see Note 9).

 1. Maintain HeLa cells in DMEM medium supplemented with 
10% (v/v) FBS, 100 U/mL penicillin, and 100 U/mL 
streptomycin at 37 °C in a fully humidified atmosphere with 
5% CO2 (see Note 10).

 2. Pre-coat a 24-well plate with 500 μL of 50 μg/mL of poly- 
lysine for 30 to 60 min at 25 °C. Seed HeLa cells onto pre- 
coated plates at a density of 2 × 105 cells per well.

 3. At 24 h after seeding, remove medium from each well and 
wash with 500 μL of pre-warmed serum-free DMEM.

 4. Add to each well 250 μL of SFM containing 2 μM of ZFP- 
SOD1 proteins and 100 μM ZnCl2. Incubate at 37 °C for 1 h 
(see Note 11).

 5. Remove media from cells and wash three times with 500 μL of 
calcium- and magnesium-free PBS supplemented with 0.5 mg/
mL of heparin (see Note 12).

 6. Rinse cells with 0.05% trypsin-EDTA, remove trypsin solution, 
and then incubate at 37 °C for 2 min.

 7. Lyse cells using 250 μL of PBS containing 0.1% (v/v) triton 
X-100.

 8. Use SOD assay kit such as SOD Determination Kit (Sigma- 
Aldrich, St. Louis, MO, USA) to determine internalized SOD 
proteins (Fig. 2) (see Note 13).

4 Notes

 1. Codon usage is biased in different species. In order to increase 
the translational efficiency, the genes of interest should be 

3.3 Protein 
Transduction

Fig. 2 Internalized SOD1 protein in HeLa cells, as determined by SOD activity. n.s. 
not significant. *P < 0.05
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optimized according to the host species. We optimized the 
human SOD1 and ZFP genes according to the codon usage of 
E. coli K12.

 2. Digestion reaction with single restriction enzyme is also 
acceptable. However, in order to suppress self-ligation, double 
digestion and use of phosphatase such as shrimp alkaline phos-
phatase are recommended.

 3. Techniques other than homologous recombination are also 
acceptable for constructing the fusion protein. However, it is 
important to avoid the introduction of additional amino acids 
into the fusion proteins.

 4. For the homologous recombination reaction, appropriate 
incubation time is necessary for high recombination efficiency. 
Additionally, the reaction should be carried out in a PCR 
thermo-cycler or other machines with precise temperate con-
trol. To achieve optimum results, the recombination reaction 
should be performed using an insert-to-vector molar ratio of 
2:1. Upon completion, the reaction solution can be stored at 
−20 °C for future experiment.

 5. High-competency cells (over 108 cfu/μg DNA) are recom-
mended for optimum results. The total volume of the recom-
bination products should not be more than 1/10 of the 
competent cell volume.

 6. A colony PCR screen using the primers ZFP-Fwd and ZFP- 
SOD1- rev may be performed before DNA sequencing.

 7. The experiment can be paused here. The harvested cell pellets 
could be stored at −20 °C. Induction conditions are highly 
variable and depend on the stability of the proteins being 
expressed. We recommend monitoring the OD600 every 
30 min until an OD600 of 0.8 is reached. Different induction 
conditions should be examined when expressing new recom-
binant proteins. The variables include but are not limited to 
the concentration of IPTG, induction temperature, and 
expression time.

 8. Heating during cell lysis may cause the denaturation and deg-
radation of the target protein. Repetitive ice cooling and lower 
power of sonication are necessary to avoid overheating the cell 
lysate.

 9. Avoid repeated freezing and thawing of the protein solution. 
ZFP-fused proteins are stable under these conditions for at 
least 1 month. Inappropriate or over 4-month storage may 
lead to protein precipitation or degradation.

 10. Cells with more than 30 passages are not recommended due 
to low efficiency of protein transduction.
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 11. ZFP proteins enter cells primarily through micropinocytosis 
[31], which is an energy-dependent process. Therefore, cells 
must be incubated at 37 °C for efficient protein 
internalization.

 12. Heparin is necessary to remove surface-bound protein that 
may complicate downstream analyses.

 13. It is important to have a standard curve using standard SOD 
protein samples.
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Chapter 10

Genome Editing of MSCs as a Platform for Cell Therapy

Krissanapong Manotham and Supreecha Chattong

Abstract

The rapid growing of genome editing technology leads to an optimistic expectation for the treatment of 
many incurable diseases. The core of genome editing relies on DNA-repairing processes which occur inde-
pendently in each cell, thus generating a mix of genetic variation cells. Here, we describe the protocol of 
using mesenchymal stem cells as a platform to generate high purity of ZFN-edited patients’ cell clones 
which may be useful in conjunction with therapeutic cell conversion and reprograming.

Key words Genome editing, Zinc-finger nuclease (ZFN), Mesenchymal stem cells, Homologous 
recombination

1 Introduction

The rapid growing of genome editing process leads to an optimistic 
expectation for the treatment of many incurable diseases [1–5]. 
Theoretically, gene-editing tools are able to disrupt any normal cel-
lular DNA sequence at the very specific site and generate mutations 
by an error-prone repairing, and nonhomologous end jointing 
(NHEJ) that eventually leads to loss of functions of targeted genes 
[6, 7]. In addition, exogenous nucleotide can be replaced/inserted 
into the targeted gene via homologous recombination (HR) [8–10]. 
With these tools, we can correct the pathogenic mutation with the 
desirable nucleotides or even entirely replace the defective gene with 
the perfect artificial one [4, 5]. Such therapeutic genome editing can 
be achieved only if in vivo gene correction can be performed at the 
very specific cells, easier if we can replace defective cells with the cor-
rected ones. Unfortunately, the core of genome editing relies on 
DNA-repairing processes which occur independently in each cell, 
thus creating a large diversified results at the single-cell level.

Mesenchymal stem cells (MSCs) can narrow the therapeutic 
gap of genome editing technology. MSCs are families of somatic 
stem cells from various resources, for example, bone marrow, 
 adipose tissue, and dental pulp [11–13]. Those cells are mesoderm 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_10&domain=pdf


126

in origin and have very high differentiation potential and remark-
able self-renewal activity. It is not difficult to obtain 108 cells from 
a single MSC. Therefore, it is possible to generate patients’ cor-
rected clones of high purity with these MSCs. Moreover, the 
advance on cell programming/reprogramming makes it possible 
to differentiate the high-purity clones to targeted cell types.

In this current protocol, we provide a simple method to per-
form ZFN-mediated homologous recombination of 11 nucleo-
tides in MSCs. By using MSCs as a platform we can generate highly 
homogenous gene-edited clones that may be useful for future 
research (Fig. 1).

2 Materials

Prepare all tissue culture solutions and equipment under sterile 
conditions.

 1. Expired allogenic platelet stored at −80 °C in blood bank unit.
 2. Sterile conical centrifuge tubes (50 mL).
 3. Water bath (37 °C).
 4. Centrifuge.

 1. Deionized (DI) water (see Note 1).
 2. Heparinized bone marrow from donor (see Note 2).
 3. Phosphate buffer saline (PBS): Dissolve 140  mM NaCl, 

2.7 mM KCl, 1.5 mM KH2PO4, and 8.1 mM Na2HPO4 in DI 
water, and adjust to pH 7.4 with 1 N NaOH. Autoclave at 
121 °C for 30 min (see Note 3). Store at room temperature.

 4. Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ, USA).
 5. 10% Platelet lysate in Dulbecco’s modified Eagle’s medium 

(DMEM): Store at 4 °C.
 6. Sterile conical centrifuge tubes (50 mL).
 7. Cell culture flasks (25 mL).
 8. Water bath (37 °C).

2.1 Preparation 
of Platelet Lysate

2.2 Isolation 
and Culture of Bone 
Marrow-Derived MSCs

Fig. 1 Schematic presentation of genome editing using mesenchymal cells as a platform
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 9. Centrifuge.
 10. Biosafety cabinet class II.
 11. CO2 incubator, set at 37 °C, with 5% CO2 and 90% humidity.

 1. DI water.
 2. Fresh pulp tissue (see Note 4).
 3. 3 mg/mL Collagenase type I: Dissolve 30 mg of collagenase 

type I in DI water and then filtrate the solution through a 
0.2 μm membrane filter.

 4. 10% Platelet lysate in DMEM with 100 units/mL of penicillin 
and 100 mg/mL of streptomycin.

 5. Sterile conical centrifuge tubes (50 mL).
 6. Cell culture flasks (25 mL).
 7. Water bath (37 °C).
 8. Centrifuge.
 9. Shaker (37 °C).
 10. Biosafety cabinet class II.
 11. CO2 incubator, set at 37 °C, with 5% CO2 and 90% humidity.

 1. PBS (see step 3, Subheading 2.2).
 2. 0.25% Trypsin-EDTA.
 3. Antibodies against CD34, CD45, HLA-DR, HLA-ABC, 

CD79a, CD29, CD33, CD44, CD73, CD90, CD11b, and 
mouse IgG conjugated to fluorescein isothiocyanate (FITC), 
phycoerythrin (PE), or phycoerythrin-Cy 7 (PE-Cy7).

 4. BD FACS Sheath Solution™ (BD Biosciences, San Diego, CA, 
USA).

 5. BD Biosciences FACS Calibur.

 1. Template DNA: extract genomic DNA from peripheral blood 
(concentration 10 ng/μL).

 2. Design pairs of primers for amplification of genomic DNA 
from −750  bp upstream of the left ZFN-binding site to 
+750 bp downstream of the right ZFN-binding site (Fig. 2) 
(see Note 5). Synthesize primers at the scale of 0.05 μmol.

 3. 5 U/μL Taq DNA polymerase.
 4. 10× PCR buffer without Mg2+.
 5. 50 mM MgCl2.
 6. 10 mM dNTP mix.
 7. DI water.
 8. 0.2 mL PCR tube.
 9. Thermocycler.

2.3 Isolation 
and Culture of Dental 
Pulp-Derived MSCs

2.4 Characterization 
of MSCs

2.5 PCR 
Amplification of DNA 
Homologous to 
˜750 bp Upstream and 
Downstream of the 
ZFN Cutting Site
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 1. PCR product from Subheading 2.5.
 2. TA cloning vector kit (RBC Bioscience, Taipei, Taiwan).
 3. SoloPack® Gold competent cells (Agilent Technologies; Santa 

Clara, CA, USA).
 4. SOB medium: Dissolve 20 g of tryptone, 5 g of yeast extract, 

and 0.5 g of NaCl in 1 L DI water. Autoclave at 121 °C for 
30 min. Add 10 mL of filtered sterile 1 M MgCl2 and 10 mL 
filtered sterile 1 M MgSO4 prior to use.

 5. SOC medium: Add 2 mL of filtered sterile 20% (w/v) glucose 
to a final volume of 100 mL SOB medium (see Note 6).

 6. LB agar containing ampicillin: Dissolve 10 g of tryptone, 5 g 
of yeast extract, 10 g of NaCl, and 20 g of agar in 1 L DI water, 
and adjust pH to 7 with 5 N NaOH. Autoclave at 121 °C for 
30 min and cool to 55 °C. Add filtered sterile ampicillin to a 
final concentration of 100 μg/mL and pour 25 mL of medium 
into each 10 cm petri dish.

 7. LB broth containing ampicillin: Dissolve 10 g of tryptone, 5 g 
of yeast extract, and 10 g of NaCl in 1 L DI water, and adjust 
pH to 7 with 5 N NaOH. Autoclave at 121 °C for 30 min and 
cool to 55 °C. Add filtered sterile ampicillin to a final concen-
tration of 100 μg/mL.

 8. Blue-white selection agar plates: Spread 100  μL of 10  mM 
IPTG and 100 μL of 2% X-gal on LB agar containing ampicil-
lin at 30 min before cells are plated (see Note 7).

 9. Water bath (42 °C).
 10. Shaker (37 °C).
 11. Incubator (37 °C).

 1. DNA template (10–100 ng): from Subheading 2.6.
 2. Pairs of mutagenic primers containing 10–15 bases of muta-

genic sequence in the middle of primers as well as  non- mutagenic 
sequence that anneals to the complementary sequence on the 
opposite strands of plasmid (see Note 8).

 3. QuikChange® Lightning Site-Directed Mutagenesis kit 
(Agilent Technologies).

2.6 Generation of 
Donor Plasmid for 
Targeted Integration 
into ZFN Cutting Site

2.7 Site-Directed 
Mutagenesis for 
Inserting the Universal 
Stop Codon TAGATA 
GTTAG Sequence to 
Donor Plasmid for 
Targeted Integration 
into ZFN Cutting Site

Fig. 2 Design of PCR primers for amplification of ZFN-targeted sites. Forward primers anneal to around 
−750  bp upstream of the ZFN cutting site and the reverse primers anneal to around +750 downstream. 
Exogenous sequence can be inserted into the PCR products
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 4. DI water.
 5. 2-Mercaptoethanol (β-ME).
 6. 14 mL Polypropylene round-bottom tubes.
 7. NZY+ Broth: Dissolve 10 g of casein hydrolysate, 5 g of yeast 

extract, and 5 g of NaCl in one liter DI water, and adjust pH 
to 7.5 with 5 N NaOH. Autoclave at 121 °C for 30 min. Prior 
to use, add 12.5 mL of filtered sterile 1 M MgCl2, 12.5 mL of 
1 M MgSO2, and 20 mL of 20% (w/v) glucose.

 8. LB agar containing ampicillin (see step 6, Subheading 2.6).
 9. Blue-white selection agar plates (see step 8, Subheading 2.6).
 10. Thermocycler.
 11. Water bath (42 °C).
 12. Shaker (37 °C).

 1. CompoZr® Custom ZFN (human CCR5): mRNA of ZFN 
pairs specific to human CRR5 gene.

 2. Donor plasmid (see Subheading 2.7).
 3. 2 × 106 MSCs at log phase (passages 3–5) (see Note 9).
 4. Neon® Transfection system (Invitrogen).
 5. Sterile PBS (see step 3, Subheading 2.2).
 6. 10% Platelet lysate in DMEM (see step 5, Subheading 2.2).
 7. 0.25% Trypsin-EDTA.
 8. Hemocytometer.
 9. Sterile conical centrifuge tubes (50 mL).
 10. Cell culture flasks (25 mL).
 11. Centrifuge.

 1. ZFN-edited MSCs, harvested at day 5 after treatment (see 
Note 10).

 2. Genomic DNA extraction kit.
 3. Pairs of primers where forward primers anneal to outside of the 

homologous arm and reverse primers anneal to the targeted 
insertion region (Fig. 3).

 4. Taq DNA polymerase (5 U/μL).

2.8 ZFN Targeting 
CCR5 Gene in MSCs

2.9 Detection of 
HDR-Mediated Stop 
Codon Insertion to 
MSC Genome

Fig. 3 Design of paired primers for detection of HDR-mediated insertion to MSC genome. Forward primers 
anneal to outside of the homologous arm and reverse primers anneal to the targeted insertion region
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 5. 10× PCR buffer without Mg2+.
 6. 50 mM MgCl2.
 7. 10 mM dNTP mix.
 8. DI water.
 9. PCR tubes (0.2 mL).
 10. Water bath.
 11. Spectrophotometer.
 12. Thermocycler.

3 Methods

Perform all the tissue culture procedures under sterile conditions.

 1. Thaw the frozen platelet at 37 °C in water bath (see Note 11).
 2. After platelet is thawed, centrifuge at 3000 rpm for 10 min at 

room temperature [14].
 3. Remove the supernatant and filtrate through 0.2 μm mem-

brane filter.
 4. Aliquot platelet lysate and store at −20 °C.

 1. Pipette 10  mL of heparinized donor-derived bone marrow 
into 50 mL sterile conical centrifuge tubes, then add 10 mL 
PBS, and mix briefly (see Note 12).

 2. Pipette 9  mL Ficoll-Paque plus solution into 50  mL sterile 
conical centrifuge tubes.

 3. Pipette 10 mL of the mixture from step 1 and carefully overlay 
on Ficoll-Paque plus solution.

 4. Centrifuge at 400 g for 30 min at 20 °C.
 5. After centrifugation, the mixture is separated to four layers. 

The upper layer is composed of plasma and platelets, the inter-
phase composed of mononuclear cells, and the upper bottom 
and the bottom composed of Ficoll-Paque solution and granu-
locyte erythrocytes, respectively [15].

 6. Carefully aspirate all of the interphase layer without contami-
nating the others. The fluid volume of interphase is typically 
1.5–2.0 mL.

 7. Transfer the fluid of the interphase to a new 50 mL conical 
centrifuge tube, then add three volumes of PBS to the tube, 
and gently mix by pipetting.

 8. Centrifuge at 100  g for 10  min at 20  °C and remove the 
supernatant.

 9. Resuspend the mononuclear cells in 8  mL PBS by gently 
pipetting.

3.1 Preparation 
of Platelet Lysate

3.2 Isolation 
and Culture of Bone 
Marrow-Derived MSCs
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 10. Centrifuge at 100  g for 10  min at 20  °C and remove the 
supernatant.

 11. Resuspend the mononuclear cells in 5 mL of 10% platelet lysate 
in DMEM and transfer to a 25 mL culture flask.

 12. Incubate the cell culture in 5% CO2 at 37 °C.
 13. Change medium every 3 days until the cells reach confluence.

 1. Cut the pulp tissue into small pieces with a scalpel blade and 
then transfer to 15 mL sterile conical centrifuge tubes [13].

 2. Add 1 mL of 3 mg/mL collagenase type I to the tissue.
 3. Incubate the tube in the shaker at 37  °C with shaking at 

220 rpm for at least 1 h.
 4. Add 5 mL of 10% platelet lysate in DMEM supplemented with 

100 unit/mL of penicillin and 100 mg/mL of streptomycin 
and then centrifuge at 1200 rpm for 10 min at 4 °C.

 5. Remove the supernatant, then resuspend the cell pellet in 5 mL of 
10% platelet lysate in DMEM, and transfer to a 25 mL culture 
flask.

 6. Incubate the cell culture in 5% CO2 at 37 °C.
 7. Change medium every 3 days until the cells reach confluence.

 1. Grow MSCs to 70–90% confluency (passage 3–5) in a 25 mL 
cell culture flasks.

 2. Trypsinize the cells with 0.25% trypsin-EDTA.
 3. Wash the cells by adding 5 mL PBS and centrifuge at 200 g for 

5 min.
 4. Remove the supernatant and resuspend the cells in PBS at a 

concentration of 1 × 107 cells/mL.
 5. Dispense 100 μL of the cell suspension from step 4 to 1.5 mL 

Eppendorf tubes.
 6. Add 5 μL of each antibody as described in step 3, Subheading 

2.4, to each tube and incubate at room temperature in the dark 
for 30 min.

 7. Wash the cells twice by adding 5 mL PBS and centrifuge at 
200 g for 5 min.

 8. Resuspend the cells in 300 μL of FACS solution and transfer to 
BD FACS loader tubes.

 9. Analyze the cells on a FACS Calibur system with Cell Quest 
Pro software.

 1. Dissolve the primers with sterile DI water to a final concentra-
tion of 100 μM as stock solution.

 2. Dilute the 100 μM stock primers to 10 μM (working concen-
tration) with sterile DI water.

3.3 Isolation and 
Culturing of Dental 
Pulp-Derived MSCs

3.4 Characterization 
of MSCs

3.5 PCR Amplification 
of DNA Homologous to 
˜750 bp Upstream and 
Downstream of the ZFN 
Cutting Site
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 3. Add the components of the PCR master mix to each tube as fol-
lows: 32.1 μL of sterile DI water, 5 μL of 10× PCR buffer without 
Mg2+, 1.5 μL of 50 mM MgCl2, 1 μL of 10 mM dNTP mix, and 
0.4 μL of Taq DNA polymerase. The total volume of each reac-
tion is 40  μL.  Mix by pipetting and briefly centrifuge the 
mixture.

 4. Add 2.5 μL of both 10 μM forward and reverse primers and 
then 5 μL of DNA templates to the mixture from step 3.

 5. Mix all components by pipetting and then briefly centrifuge.
 6. Incubate the reactions in a thermocycler under the following 

conditions: 94 °C for 3 min; 30 cycles of 94 °C for 45 s, 56 °C 
for 30 s, and 72 °C for 150 s; and finally 72 °C for 10 min. 
Then keep the reactions at 4° C.

 7. Determine the PCR products by running on 1.5% agarose gel.
 8. Confirm the PCR products by DNA sequencing.

 1. Thaw components of TA cloning vector kit at room tempera-
ture (see Note 13).

 2. Briefly centrifuge TA cloning vector and DNA products from 
Subheading 3.5 to collect the contents at the bottom of the 
tube.

 3. Add the following components to a 0.2 mL tube (see Note 
14): 1 μL of ligation buffer A, 1 μL of ligation buffer B, 2 μL 
of TA cloning vector, 1.5 μL of PCR product (from Subheading 
3.4), 1 μL of T4 DNA ligase, and 3.5 μL of sterile DI water.

 4. Mix the reaction solution by pipetting.
 5. Incubate the reactions for 30 min at 22 °C.
 6. Preheat SOC medium in 42 °C water bath.
 7. Thaw 25 μL aliquot of the competent cells on ice.
 8. Add 2 μL of the ligated DNA from step 5 to the competent 

cells.
 9. Gently swirl the tube to mix DNA with the competent cells, 

and then incubate the tube on ice for 30 min.
 10. Heat shock the competent cells by immersing the tube in 

42 °C water bath for 60 s (see Note 15).
 11. Immediately put the tube on ice and incubate for 2 min.
 12. Add 175 μL of 42 °C SOC medium to the tube.
 13. Incubate the tube in the shaker at 37  °C with shaking at 

250 rpm for 1 h.
 14. Evenly spread 100 μL of the transformed competent cells on 

blue-white selection agar plates.
 15. Incubate the plate upside down at 37 °C incubator overnight.

3.6 Generation of 
Donor Plasmid for 
Targeted Integration 
into ZFN Cutting Site
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 16. Pick the white colonies and transfer to 200 μL of LB broth 
containing 100 μg/mL ampicillin in a 1.5 mL tube.

 17. Incubate the tube in the shaker at 37  °C with shaking at 
250 rpm for at least 1 h until the LB broth becomes turbid.

 18. Take out 5 μL of the culture to perform the PCR reactions (see 
steps 1–7 in Subheading 3.5).

 19. Scale up by transferring the remaining culture from step 17 to 
50  mL of LB broth containing 50  μg/mL ampicillin in a 
250 mL Erlenmeyer flask and incubate in the shaker at 37 °C 
with shaking at 220 rpm overnight (no more than 16 h).

 20. Extract the plasmid DNA from the bacteria.
 21. Confirm the plasmid by DNA sequencing.

 1. Dilute the mutagenic primers from step 2, Subheading 2.7, 
with sterile DI water to a final concentration of 100 μg/mL.

 2. Add the following components to a 0.2 mL PCR tube: 5 μL of 
the 10× reaction buffer, 2 μL of 50 ng/μL plasmid DNA from 
Subheading 3.5, 1.25 μL of each 100 μg/mL mutagenic prim-
ers 1 and 2, 1 μL of dNTP mix (see Note 16), 1.5 μL of Quik 
Solution, and 38 μL of sterile DI water.

 3. Add 1 μL of QuikChange lightning enzyme to the tube.
 4. Incubate the reactions in a thermocycler under the following 

condition: 95 °C for 2 min; 18 cycles of 95 °C for 20 s, 60 °C 
for 10 s, and 68 °C for 90 s; and finally 68 °C for 5 min (see 
Note 17).

 5. Add 2 μL of Dpn I restriction enzyme to the solution from 
step 4. Then, gently and thoroughly mix the solution by 
pipetting.

 6. Briefly centrifuge the mixture to the bottom of the tube and 
then incubate at 37 °C for 5 min.

 7. Thaw the XL-10 Gold ultracompetent cells on ice.
 8. Prechill the 14 mL polypropylene round-bottom tube on ice.
 9. Preheat NZY+ broth in 42 °C water bath.
 10. Take 45 μL of the XL 10 Gold® ultracompetent cells to the 

14 mL polypropylene tube.
 11. Add 2 μL of β-ME to the competent cells, and then gently 

swirl the tube.
 12. Incubate the tube on ice for 2 min.
 13. Transfer 2 μL of Dpn I-treated DNA from step 6 to the tube.
 14. Gently swirl the tube to mix DNA with the competent cells, 

and then incubate the tube on ice for 30 min.

3.7 Site-Directed 
Mutagenesis of the 
Donor Plasmid for 
Insertion of the 
Universal Stop Codon 
for Targeted Integration 
into the ZFN Cutting Site
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 15. Heat shock the competent cells by immersing the tube in a 
42 °C water bath for 30 s (see Note 18).

 16. Immediately put the tube on ice and incubate for 2 min.
 17. Add 500 μL of preheated NZY+ broth to the tube.
 18. Incubate the tube in the shaker at 37  °C with shaking at 

250 rpm for 1 h.
 19. Evenly spread 100 μL of the transformed competent cells on 

blue-white selection agar plates.
 20. Incubate the plate upside down at 37 °C overnight.
 21. Pick the blue colonies and transfer to 200 μL LB broth con-

taining 100 μg/mL ampicillin in a 1.5 mL tube.
 22. Incubate the tube in a shaker at 37 °C with shaking at 250 rpm 

for at least 1 h until the LB broth becomes turbid.
 23. Scale up by transferring the culture from step 22 to 50 mL LB 

broth containing 100  μg/mL ampicillin in a 250  mL 
Erlenmeyer flask and incubate in a shaker at 37 °C with shak-
ing at 220 rpm overnight (no more than 16 h).

 24. Extract the plasmid DNA from bacteria.
 25. Confirm the sequence of the mutagenic donor plasmid by 

DNA sequencing.

 1. Plate 1 × 105 cells/mL of MSCs (passages 2–5) into a 25 mL 
culture flask for 24 h.

 2. Trypsinize the cells with 0.25% trypsin-EDTA.
 3. Wash the cells by adding 10 mL PBS and centrifuge at 200 g 

for 5 min.
 4. Remove the supernatant and count the number of cells.
 5. Transfer 2 × 106 cells to 15 mL sterile centrifuge tube and then 

add PBS to a final volume of 10 mL.
 6. Centrifuge at 200  g for 5  min and then remove the 

supernatant.
 7. Resuspend the cell pellet in 200 μL of resuspension buffer R 

and transfer to a 1.5 mL Eppendorf tube (see Note 19).
 8. Add 5 mL of DMEM medium containing 10% platelet lysate 

into a 25 mL culture flask and then pre-warm at a 37 °C incu-
bator with 5% CO2 for at least 15 min.

 9. Add 3 mL of buffer E2 to the Neon tube in the Neon pipette 
station.

 10. Set the parameters for electroporation: 990 V of pulse voltage, 
40 ms of pulse duration, and one cycle of pulse.

 11. Transfer one vial of ZFN mRNA and 10 μg of donor plasmid 
from Subheading 3.7 to a 1.5 mL Eppendorf tube.

3.8 ZFN-Mediated 
Gene Integration 
in MSCs
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 12. Add 200 μL of the cell suspension in resuspension buffer R 
into the tube containing ZFN mRNA and donor plasmid.

 13. Gently mix the solution by pipetting.
 14. Insert the Neon Tip into the Neon pipette and aspirate the 

mixture of cells containing ZFN mRNA and donor plasmid 
into the tip without air bubbles.

 15. Insert the Neon pipette with the mixture of cells containing ZFN 
mRNA and donor plasmid into the Neon pipette station and 
then press start on the touchscreen to start electroporation.

 16. After electroporation, remove the Neon pipettes from the sta-
tion and then transfer the mixture of cells containing ZFN 
mRNA and donor plasmid into pre-warmed culture medium 
in 25 mL culture flasks.

 17. Culture the ZFN-edited cells in a 37  °C incubator with 5% 
CO2.

 1. At day 5 after transfection, trypsinize the ZFN-edited cells 
with 2.5% trypsin-EDTA.

 2. Count the cells using hemocytometer and then transfer 106 
cells to 1.5 mL Eppendorf tube.

 3. Centrifuge at 2000  rpm for 5  min and then remove the 
supernatant.

 4. Resuspend the cell pellet with 150 μL RBC lysis buffer.
 5. Add 200 μL GT buffer to the tube and then vortex for 5 s to 

mix the components.
 6. Incubate the mixture at 70  °C for 10  min. Invert the tube 

every 3 min during incubation.
 7. Preheat RBC elution buffer at 70 °C.
 8. After 10-min incubation, add 200 μL of 96% ethanol to the 

cell lysate and then vortex immediately for 10  s to mix the 
components.

 9. Put the GD column into the 2 mL collection tube and then 
transfer all the cell lysate to the GD column.

 10. Close the cap and then centrifuge at 10,000 g for 2 min.
 11. Remove the flow-through and then return the GD column to 

the collection tube.
 12. Add 400 μL of W1 Buffer to the GD column and then centri-

fuge at 10,000 g for 30 s.
 13. Remove the flow-through and then return the GD column to 

the collection tube.
 14. Add 600 μL of wash buffer to the GD column and then cen-

trifuge at 10,000 g for 30 s.

3.9 Detection of 
HDR-Mediated Stop 
Codon Insertion to 
MSC Genome
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 15. Remove the flow-through and then return the GD column to 
the collection tube.

 16. Centrifuge at 15,000 g for 3 min to dry the column.
 17. Put the dried GD column into a 1.5 mL sterile Eppendorf tube 

and then add 100 μL of preheated elution buffer to the center 
of the column matrix.

 18. Leave the GD column to stand for 2 min for the absorption of 
the elution buffer and then centrifuge at 10,000 g for 30 s to 
elute DNA.

 19. Determine DNA concentration using spectrophotometer.
 20. Dilute the 100 μM stock primers to 10 μM (working concen-

tration) with sterile DI water.
 21. Add the following components to an Eppendorf tube on ice to 

prepare the master mix (see Note 20): 32.1 μL of sterile DI 
water, 5 μL of 10× PCR buffer without Mg2+, 1.5 μL of 50 mM 
MgCl2, 1 μL of 10 mM dNTP mix, and 0.4 μL of Taq DNA 
polymerase. Mix by pipetting and then briefly centrifuge. 
Dispense 40 μL of the mixture to each PCR tube.

 22. Add 2.5 μL of each 10 μM forward and reverse primers and 
then 5 μL of 10 ng/μL genomic DNA to the mixture in each 
PCR tube.

 23. Mix all components by pipetting and briefly centrifuge.
 24. Incubate the reactions in a thermocycler under the following 

conditions: 94 °C for 3 min; 30 cycles of 94 °C for 45 s, 57 °C 
for 30 s, and 72 °C for150 s; and finally 72 °C for 10 min. 
Keep the reaction at 4 °C on hold.

 25. Determine the PCR products by running on 1.5% agarose gel.

4 Notes

 1. DI water is the type III purified water, which has 0.5 MΩ cm 
of resistivity, 15 μS/cm of conductivity, and less than 5 ppb of 
total organics.

 2. We use the standard protocol to isolate MSCs from leftover 
bone marrow aspiration samples. The study protocol is approved 
by the Ethical Committee of Lerdsin General Hospital.

 3. Storage of PBS solution at high temperature may lead to pre-
cipitation. Therefore, do not let stand the solution for long 
time in autoclave machine.

 4. Impacted wisdom teeth (third molar) are removed and col-
lected from patients at the Dental Department of Lerdsin 
General Hospital with the approval of Lerdsin General 
Hospital’s ethic committees. Tooth surfaces are cleaned with 
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70% ethanol and then cut around the cementoenamel junction 
by using sterilized dental fissure burs to reveal the pulp cham-
ber. The pulp tissue is gently separated from the crown and 
roots under sterile conditions. These procedures of stem cell 
isolation are modified from a previous study [13].

 5. To generate donor plasmids for homologous recombination, 
the homologous regions must be at least 750 bp at each end of 
the cutting site.

 6. SOC medium should be prepared immediately prior to use.
 7. Prepare the 2% X-gal and 10 mM IPTG from stock solution 

using SOC medium before spreading. Do not mix X-gal and 
IPTG directly without SOC medium because the mixture may 
precipitate.

 8. The length of mutagenic primers should be between 25 and 
45 bp and the melting temperature of primers should be more 
than or equal to 78 °C. The minimum GC content of primers 
should be 40%. Primers should terminate in one or more C or G 
base. The 5′ end of primer does not need to be phosphorylated.

 9. The MSCs are initially plated at a density of 1 × 104 cells/cm2
. 

The cells reach log phase at day 4 after plating.
 10. At day 1 to day 3 of ZFN mRNA transfection, toxicity on 

transfected cells may be observed. Cells can proliferate at a 
regular rate at 5–7 days after transfection. Therefore, we har-
vest the cells at day 5 for detection of targeted integration and 
clonal selection.

 11. To avoid gel formation in cultured medium with supplemented 
platelet lysate, we add 500 μL of heparin (100 units/mL) to 
50 mL of the thawed platelet.

 12. Follow standard procedures and wear lab coats, gloves, and eye 
protection when working with human tissues.

 13. We aliquot 10 μL of TA cloning vectors into each 0.2 mL PCR 
tube to avoid multiple freezing and thawing that may damage 
the vector.

 14. If there is any precipitation after buffer A in the TA cloning kit 
is thawed, the solution should be vortexed until the precipi-
tates disappear. If there is any precipitation after buffer B is 
thawed, the solution should be heated at 60 °C for 5 min or 
until the precipitation is dissolved.

 15. The temperature and duration in heat-shock step are critical 
for the efficiency of transformation.

 16. After thawing dNTP mix for the first time, the solution is ali-
quoted into 0.2 mL PCR tubes with 3 μL per tube and stored 
at −20 °C to avoid multiple freeze and thaw.

 17. The duration of elongation step in the second segment of 
cycling depends on the plasmid length. It is recommended to 
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use 30 s for per 1 kb of plasmid length. In the given example in 
this protocol, 90 s is used for a plasmid of approximately 3 kb.

 18. The temperature and duration in the heat-shock step are criti-
cal for the transformation efficiency. The heat shock in this step 
should be optimized in 14  mL BD Falcon polypropylene 
round-bottom tube.

 19. Do not store the cell suspension in buffer R for more than 
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cells, which leads to low transfection efficiency.

 20. We always prepare master mix if multiple reactions are per-
formed to avoid volume loss.
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Chapter 11

Integrated Multimodal Evaluation of Genotoxicity  
in ZFN- Modified Primary Human Cells

Jaichandran Sivalingam, Dimitar Kenanov, Wai Har Ng, Sze Sing Lee, 
Toan Thang Phan, Sebastian Maurer-Stroh, and Oi Lian Kon

Abstract

Iatrogenic adverse events in clinical trials of retroviral vector-mediated gene-corrected cells have prioritized 
the urgent need for more comprehensive and stringent assessment of potentially genotoxic off-target 
alterations and the biosafety of cells intended for therapeutic applications. Genome editing tools such as 
zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and clustered regu-
larly interspaced palindromic repeats (CRISPR)-Cas9 nuclease systems are being investigated as safer and 
efficient alternatives for site-directed genome modification. Using site-specific integration into the AAVS1 
locus of primary human cells as an example, we present an integrated approach to multimodal investigation 
of off-target alterations and an evaluation of potential genotoxicity induced by ZFN-mediated integration 
of a therapeutic transgene.

Key words Zinc finger nuclease, AAVS1 site-specific, Off-target, Genotoxicity, Transgene integra-
tion, Cell and gene therapy, Primary human cells, Whole-genome sequencing, RNA-seq, 
bioinformatics

1 Introduction

The use of gene-modified cells to correct or mitigate genetic disor-
ders has been investigated for decades in the field of gene and cell 
therapy [1]. Although conventional gene therapy strategies which 
use retroviral vectors to integrate cDNA permanently into cellular 
genomes have proved efficacious in clinical trials of life-threatening 
monogenic disorders, these have been complicated and set back by 
serious iatrogenic adverse complications [2].

Cases of insertional oncogenesis due to the quasi-random 
nature of gene integration mediated by retroviral vectors have 
driven vigorous efforts toward safer strategies. In this regard, 
ex vivo-modified cells have advantages over in vivo gene modifica-
tions as modified cells can be assessed for the desired functional 
phenotype and potentially genotoxic off-target alterations prior to 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_11&domain=pdf
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clinical treatment of patients. An important biosafety precaution is 
to target DNA integration into genomic safe harbors, specific sites 
which enable persistent transgene expression without dysregulat-
ing the expression of neighboring and other endogenous genes, 
especially tumor suppressors and oncogenes [3]. Site-specific mod-
ification of preselected chromosomal safe harbors requires induc-
tion of highly accurate double-strand breaks in genomic DNA 
whose repair by error-prone nonhomologous end joining or 
homology-directed repair achieves the desired modification. 
Homology-directed repair in the presence of exogenously supplied 
homologous donor DNA can correct a mutant gene or integrate a 
therapeutic transgene. Such targeted modifications are currently 
made mainly with zinc finger nucleases (ZFNs), transcription 
activator- like effector nucleases (TALENs) and clustered regularly 
interspaced palindromic repeats, CRISPR/Cas nucleases [4].

ZFNs are synthetic protein chimeras composed of DNA- binding 
Cys2-His2 zinc fingers in tandem array fused with the catalytic domain 
of FokI endonuclease and have been investigated widely for their abil-
ity to induce accurate site-specific genome modifications. As FokI 
nuclease is active only as a dimer, ZFNs function as monomer pairs in 
inverted orientation. Each monomer typically consists of 4–6 fingers 
(each finger formed by 30 amino acids), recognizes, and binds to a 
12 to 18 bp target half-site on opposite DNA strands. The entire 
recognition sequence of two half-sites with an intervening 5 to 7 bp 
spacer is long enough to target a unique site in the human genome. 
Several modifications to the FokI catalytic domain have improved the 
specificity and activity of ZFNs by obligate heterodimerization [5], 
enhanced cleavage activity [6], and reduced toxicity and off-target 
activity [7, 8]. To date, ZFNs are more advanced toward clinical 
application than TALENs and CRISPR-Cas9, there being a current 
total of eleven completed and ongoing ZFN clinical trials (www.clini-
caltrials.gov; accessed on 4 July 2018).

TALENs resemble ZFNs except for the DNA-binding domains 
which are tandem arrays of transcription activator-like (TAL) effec-
tors. TALENs are as efficient as ZFNs but are more difficult to 
assemble and deliver, being much larger than ZFNs. More recently, 
CRISPR-Cas systems are set to transform genome editing by their 
simplicity, efficiency, versatility, and affordability. Basic CRISPR- 
Cas9 editing is performed by a nonspecific endonuclease, Cas-9, 
guided to the intended genomic site by a single guide RNA which 
supplies a targeting sequence of 17–20 nucleotides at its 5′end. 
Local duplex DNA strand separation and heterodimerization of 
the guide RNA with its DNA complement are followed by cleav-
age of both DNA strands at the target site. It is known that the 
basic monomeric CRISPR-Cas9 system is prone to frequent 
 off- target cleavage because the short homology sequence for RNA- 
guided recognition lacks high specificity in large genomes.

Jaichandran Sivalingam et al.

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


143

Regardless of which genome editing tool is utilized, all are 
known to generate unintended off-target modifications which may 
have genotoxic or oncogenic effects. Accurately identifying these 
collateral events with high sensitivity is essential in the context of 
clinical applications because even low-frequency (<0.1%) off-target 
alterations may compromise biosafety. The most common off- target 
alterations are small indels; others are mutations, large deletions 
and insertions, and gross chromosomal rearrangements (inversions, 
translocations, and dicentric chromosomes). The frequency and 
nature of off-target alterations in any specific situation are unpre-
dictable because cell type, genomic target site, intracellular DNA 
repair capacity, cellular transcriptional activity, delivery method, 
temporal conditions of nuclease activity, and other variables all 
influence the accuracy of genome editing. Moreover, as no single 
technique can detect all types of unintended modifications and their 
likely adverse functional consequences, a combination of different 
detection methods should be employed. Off-target detection meth-
ods may focus only on likely off-target sites predicted in silico or 
known from previous experience [9]. However, bioinformatic algo-
rithms alone are not a sufficiently secure approach to identify off-
target sites comprehensively and should be combined with unbiased 
methods to identify different types of off-target events. Unbiased 
methods tend to be technically demanding in execution and data 
analysis. Such methods currently are systemic evolution of ligands 
by exponential enrichment (SELEX), ChIP- seq, capture and 
sequencing of integrase-deficient lentivirus (IDLV) or adeno-asso-
ciated virus integrations, array comparative genomic hybridization 
(aCGH), direct in situ breaks labeling, enrichment on streptavidin 
and next-generation sequencing (BLESS), Digenome-seq, GUIDE-
seq, double-strand break sequencing, linear amplification-mediated 
high-throughput genome-wide translocation sequencing (LAM-
HTGTS), whole- exome sequencing, and whole-genome sequenc-
ing [9, 10]. As not all off-target genomic alterations are deleterious 
to cell functions, it is helpful to complement genomic methods with 
unbiased transcriptome analysis and appropriate tumorigenic assays.

In this chapter we describe a suite of genomic methods com-
bined with RNA-seq to assess potential genotoxicity and biosafety 
of primary human cells after ZFN-mediated integration of a thera-
peutic transgene into the human AAVS1 locus (chromosome 
19q13.3).

2 Materials

 1. High-fidelity DNA polymerase.
 2. DNA polymerase for long read PCR and GC-rich templates.
 3. dNTP mix.

2.1 Polymerase 
Chain Reaction

Assessing ZFN-Modified Primary Human Cells
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 4. Microfuge tubes.
 5. DNase-free water.
 6. Gradient thermal cycler.
 7. Agarose gel electrophoresis reagents and equipment.
 8. DNA stain.
 9. UV transilluminator to image and document DNA in agarose 

gels.

 1. Wild-type FokI cleavage domain cloned in pST1374 (Addgene; 
http://www.addgene.org).

 2. Promoter trap vector for AAVS1 integration: pAAVS1 SA- 2A- 
puro-pA donor (Addgene).

 3. Restriction enzymes and buffers.
 4. Shrimp alkaline phosphatase.
 5. T4 DNA ligase and ligation reaction buffer.
 6. Site-directed mutagenesis kit.
 7. TA cloning vector.
 8. Blunt PCR cloning vector.
 9. DH5α E. coli competent cells.
 10. LB agar plates, antibiotics, reagents and equipment for heat- 

shock transformation, and bacterial culture.

 1. Plasmid DNA extraction kit.
 2. Isopropanol.
 3. 70% Ethanol.
 4. DNase-free water.
 5. Polypropylene tubes.
 6. Centrifuge.

 1. Class II biosafety cabinet.
 2. Incubator (37 °C, 5% CO2).
 3. Water bath (37 °C).
 4. Bright-field phase-contrast microscope.
 5. PTTe3 cell culture medium for primary human umbilical cord-

lining epithelial cells: Medium 171, 50  ng/mL  insulin- like 
growth factor 1, 50 ng/mL platelet-derived growth factor BB, 
5 μg/mL transforming growth factor β1, 5 ng/mL insulin.

 6. Phosphate-buffered saline.
 7. Cell dissociation enzyme (trypsin or similar) and reagents.
 8. Tissue culture flasks.

2.2 Plasmid DNA 
Cloning

2.3 Plasmid DNA 
Extraction

2.4 Cell Culture

Jaichandran Sivalingam et al.
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 9. 96-Well flat-bottom tissue culture plates.
 10. Centrifuge.
 11. 0.4% Trypan blue solution.
 12. 0.1% Crystal violet.
 13. Neubauer hemocytometer chamber.
 14. Tetrazolium salt and reagents to assay cell proliferation.

 1. Tissue culture flasks.
 2. Cell culture medium.
 3. Cell dissociation enzyme (trypsin or similar) and reagents.
 4. Centrifuge.
 5. Plasmids: ZFN expression plasmid, donor DNA plasmid, and a 

reporter plasmid, e.g., pEGFP.
 6. Lonza 4D-Nucleofector™ system (Lonza, Basel, Switzerland).
 7. Lonza primary cell Nucleofector™ P1 solution for cord-lining 

epithelial cells.
 8. Lonza 4D-Nucleofector™ cuvettes.
 9. Inverted fluorescence microscope with a filter for FITC (exci-

tation 425 nm; emission 500 nm).
 10. Flow cytometer configured to detect FITC emission.
 11. Permeabilization solution: 0.5% Triton-100, 2% bovine serum 

albumin in PBS.
 12. Fluorochrome-conjugated anti-phosphohistone H2AX 

(Ser139) antibody.

 1. Genomic DNA extraction kit and manufacturer’s instructions.
 2. phi29 DNA polymerase and reaction buffer.
 3. DNase-free water.

 1. Genomic DNA.
 2. High-fidelity DNA polymerase and reaction buffer.
 3. dNTP mix.
 4. Thermal cycler.
 5. Agarose gel electrophoresis equipment and reagents.
 6. Gel extraction kit to purify DNA from agarose gel.
 7. Spectrophotometer.
 8. Purified PCR amplicons.
 9. Mismatch cleaving endonuclease (e.g., Cel 1, T7 endonuclease 

1, resolvase) and manufacturer’s protocol.
 10. Thermal cycler.

2.5 Electroporation

2.6 Genomic DNA 
Extraction and Whole- 
Genome Amplification

2.7 Heteroduplex 
Mismatch Cleavage 
Assay
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 11. 30% Acrylamide/Bis solution (29:1) from commercial suppliers.
 12. N,N,N′,N′-tetramethylethylenediamine.
 13. Ammonium persulfate.
 14. TBE buffer: 89 mM Tris, pH 8.3, 89 mM boric acid, 2 mM 

EDTA.
 15. Gel casting and electrophoresis equipment.
 16. DNA stain.
 17. UV transilluminator.

 1. RNase-decontaminating reagent.
 2. Phenol-guanidinium isothiocyanate reagent.
 3. Selective RNA-adsorbing reagents to purify crude RNA.
 4. RQ1 RNase-free DNase I and reaction buffer.
 5. DNase-RNase-free water.
 6. Bioanalyzer (Agilent).
 7. 1% Agarose gel in TAE buffer.
 8. TAE buffer: 40 mM Tris–acetate, pH 8.2–8.4, 1 mM EDTA.
 9. RNA loading buffer: 25% Ficoll 400, 0.25% bromophenol blue 

in RNase-free water.
 10. UV transilluminator.

 1. Nuclease-free thin-wall tubes, 0.2 mL.
 2. cDNA synthesis kit.
 3. Thermal cycler.
 4. 96-Well clear PCR plates or 8-strip PCR tubes with caps.
 5. Gene-specific primers.
 6. qPCR master mix.
 7. Real-time PCR detection system.

 1. Droplet Digital PCR kit and manufacturer’s protocol.
 2. Droplet generator and droplet reader.
 3. Thermal cycler.

3 Methods

 1. Cannulate a fresh human umbilical cord and flush with sterile 
phosphate-buffered saline (PBS) containing 5 IU/mL heparin 
to remove blood (see Note 1).

 2. Cut the cord into 2 cm segments, wash and disinfect with 70% 
ethanol, and wash again with sterile PBS-containing antibiotics 

2.8 Total RNA 
Extraction

2.9 RT-PCR

2.10 Droplet Digital 
PCR

3.1 Culture 
of Primary Cord-Lining 
Epithelial Cells
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(50 IU/mL penicillin, 50 μg/mL streptomycin, 250 μg/mL 
amphotericin B, and 50 μg/mL gentamicin).

 3. Dissect the amniotic membrane free from other cord contents 
using sterile technique, cut into 0.5 cm squares, and place the 
cut squares in a cell culture dish containing 5 mL of PTTe3 
culture medium.

 4. Culture the explants at 37 °C and 5% CO2; change the medium 
every third day.

 5. Trypsinize outgrowing cord-lining epithelial cells (CLECs) 
and seed them at a density of 5000 cells/cm2 to expand the 
culture.

 6. Split the culture (1:10) at 70% confluence in fresh culture 
medium. Renew the culture medium every 3–4 days.

 7. If CLECs are not used immediately, cryopreserve in culture 
medium containing 10% DMSO (5 × 106 cells/mL).

 1. Mutagenize DNA coding the wild-type catalytic domain of 
FokI in pST1374; for obligate heterodimerization (OH) [5] 
use site- directed mutagenesis and oligonucleotides listed in 
Table 1 (see Note 2).

 2. Mutagenize OH ZFN from step 1 to enhance cleavage activity 
and reduce toxicity [6, 8] with the following amino acid substitu-
tions: S418P, K441E, and H537R (right FokI monomer) and 
S418P, K441E, and N496D (left FokI monomer) using site- 
directed mutagenesis and oligonucleotides in Table 1 (see Note 3).

 3. Synthesize DNA to encode a pair of zinc finger peptides tar-
geted at the AAVS1 locus, 5′CCACCCCACAGTGGGG 
CCACTAGGGACAGGATTG 3′ (ZFN-binding sites under-
scored; see Note 4). Ligate the DNA sequence encoding each 
zinc finger peptide in frame to DNA encoding its correspond-
ing mutagenized FokI monomer. Clone each zinc finger pep-
tide and its FokI monomer in a separate plasmid.

 4. Combine both right and left ZFN AAVS1-FokI expression cas-
settes into a single plasmid (Fig. 1).

 1. Linearize pAAVS1 SA-2A-puromycin-pA at the multiple clon-
ing site between the homology arms (see Note 5). If necessary, 
polish and dephosphorylate the cut ends.

 2. Ligate DNA expressing the therapeutic gene of interest 
between the cut ends to obtain the donor DNA vector.

 1. Trypsinize adherent cells (see Note 6), mix with an equal vol-
ume of fresh medium in 15 mL polystyrene tubes, and centri-
fuge at 500 × g for 3 min. Rinse the cell pellet once with PBS, 
centrifuge again, and resuspend the cells in PBS.

3.2 Assembly 
of Plasmid Constructs

3.2.1 AAVS1 ZFN 
Expression Plasmid

3.2.2 Promoter Trap 
Vector for AAVS1 
Site-Specific Integration 
of Donor DNA

3.3 Electroporation 
and Assessment of 
Transfection Efficiency
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 2. Remove 10 μL of the cell suspension and determine cell con-
centration and viability in a hemocytometer with trypan blue.

 3. Transfer 2–10 × 106 cells into a separate polystyrene tube, cen-
trifuge, and remove the supernatant (see Note 7).

 4. Electroporate primary cells using an Amaxa® 4D Nucleofector™, 
the appropriate proprietary electroporation solution and cuvette.

 5. Resuspend the cell pellet from Subheading 3.3, step 3, in 
100 μL of the appropriate Nucleofector™ solution containing 
5  μg ZFN plasmid DNA alone or with 20  μg donor 
DNA. Transfer the mixture to a Nucleofector™ cuvette and 
electroporate using the recommended setting (see Note 8).

 6. Immediately add 100 μL of pre-warmed (37 °C) cell culture 
medium to the electroporated contents of the cuvette and let 
stand for 5 min at room temperature. Then aspirate the entire 
contents of the cuvette with a sterile plastic Pasteur pipette and 
transfer to a T-75 tissue culture flask containing 10 mL of pre- 
warmed cell culture medium.

 7. Culture the cells in a humidified 5% CO2 incubator at 37 °C.
 8. If a GFP reporter gene has been co-transfected, GFP-positive 

cells can be observed by fluorescence microscopy 8–12 h post- 
electroporation. Transfection efficiency is assessed by flow 
cytometry 24 h post-electroporation.

Fig. 1 Diagram of a single plasmid construct expressing right and left zinc finger DNA-binding peptides and 
FokI monomers modified for obligate heterodimerization
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Assess cell viability by trypan blue exclusion and cell proliferation 
by the tetrazolium salt reduction assay.

 1. Detach adherent cells by trypsin treatment, wash once with 
PBS, and resuspend in 1 mL PBS.

 2. For trypan blue exclusion cell counts, load 10 μL of an equal 
mixture of cell suspension and 0.4% trypan blue solution into 
a hemocytometer by capillary action.

 3. Count the number of unstained live cells and blue stained dead 
cells in triplicate aliquots. % Cell viability =  (Number of live 
cells)/(Number of live + dead cells) × 100 (see Note 9).

 4. Perform the tetrazolium salt reduction assay for cell prolifera-
tion using a commercial kit and the supplier’s protocol.

 5. Perform in  vitro colony-forming assay by seeding 100 cells 
into each of triplicate wells of a 6-well plate. Wash the cells 
after 14 days in culture, fix in 10% formalin for 15 min at room 
temperature, rinse with PBS, and stain with 1% (w/v) crystal 
violet for 30 min at room temperature. Remove excess crystal 
violet with three PBS rinses and air-dry. Capture images of 
stained colonies with an inverted microscope, and score the 
number and size of colonies.

Assess the frequency of ZFN-induced double-stranded DNA 
breaks by flow cytometry detection of phosphorylated histone 
H2AX 2 days after transfection.

 1. Fix trypsinized cells with 3.7% formaldehyde in PBS for 10 min 
and 90% methanol at −20 °C for 2 h. Permeabilize fixed cells 
for 10 min and incubate with fluorochrome-conjugated anti- 
phosphohistone H2AX (Ser139) for 1 h at 25 °C.

 2. Wash cells twice with PBS, resuspend in 500 μL PBS, filter 
through 40 μm nylon mesh into flow cytometry tubes, and 
detect positive cells using an appropriate laser for the fluoro-
chrome. Analyze untreated cells as negative controls and cells 
treated with 10 μM etoposide for 1 h as positive controls for 
double-stranded DNA breaks.

 3. Use flow cytometry analytical software (e.g., FlowJo) to 
determine the percentage of phosphoH2AX-positive cells 
(see Note 10).

In the absence of donor DNA, ZFN-mediated site-specific cleav-
age of genomic DNA is repaired mainly by error-prone nonho-
mologous end joining (NHEJ) which generates indels at cleavage 
sites. Cel-I, Cel-II, and T7 endonuclease 1 are DNA endonucle-
ases that specifically cleave mismatched heteroduplexes. Cleavage 
frequency at target site PCR amplicons can be quantitatively evalu-
ated by a mismatch cleavage assay performed according to the 

3.4 Cell Viability, 
Proliferation, 
and In Vitro Colony- 
Forming Assays

3.5 Assessing 
Site-Specific ZFN 
Activity

3.5.1 Phosphorylated 
Histone H2AX as an 
Indicator of ZFN Toxicity

3.5.2 Mismatch 
Cleavage Assay to Evaluate 
Site-Specific Genomic 
Cleavage

Assessing ZFN-Modified Primary Human Cells



152

manufacturer’s protocol. The extent of NHEJ repair in the locus 
amplicons reflects the frequency of site-specific genomic cleavage.

 1. Extract genomic DNA from ZFN-treated cells and dissolve in 
nuclease-free water. Quantify DNA concentration by A260 
spectrophotometry.

 2. Amplify the AAVS1 locus region from 200 ng genomic DNA 
with the PCR primer pairs in Table 1 and a high-fidelity DNA 
polymerase.

 3. Confirm specificity of amplification by visualizing a single 
469 bp fragment on DNA gel electrophoresis.

 4. Denature approximately 200 ng of gel-purified AAVS1 locus 
amplicon at 95 °C for 5 min and reanneal by gradually cooling 
to room temperature. Set up DNA digestion with the endo-
nuclease according to the supplier’s protocol and resolve the 
reaction products by 10% polyacrylamide gel electrophoresis. 
Load a DNA ladder in an adjacent well as size markers.

 5. Post-stain the gel with a DNA dye for 30 min at room tem-
perature protected from light in an orbital shaker (50  rpm). 
Visualize and capture the image of DNA bands on a UV trans-
illuminator. Quantify band intensities using densitometric ana-
lytical software (e.g., Quantity One®, Bio-Rad; ImageJ, imagej.
nih.gov). The unmodified AAVS1 genomic DNA locus is 
469 bp; site-specific genome cleavage and repair and mismatch 
cleavage generate 287 and 182 bp fragments (see Note 11).

One approach to assessing off-target activity is by deep sequencing 
the most likely in silico-predicted off-targets for indels [11] (see 
Note 12).

 1. Amplify the AAVS1 locus and the top 10 predicted off-target 
sites (OT1–OT10) from genomic DNA extracted from 
 unmodified and AAVS1 ZFN-treated cells using a high-fidelity 
DNA polymerase and PCR primers listed in Table 1.

 2. Resolve and gel purify each amplicon by agarose gel electropho-
resis. Quantify DNA concentration by A260 spectrophotometry.

 3. Spike a commercially synthesized DNA fragment identical to 
the AAVS1 locus sequence except for a 5 bp deletion between 
the ZFN-binding half-sites into the wild-type AAVS1 locus 
amplicon at mass ratios of 1:10, 1:100, 1:500, and 1:1000 to 
determine the sensitivity of indel detection by deep sequencing 
(see Note 13).

 4. Subject equal amounts of PCR amplicons to targeted next- 
generation paired-end sequencing. This is best done in a special-
ized sequencing facility where library construction is performed 

3.5.3 Deep Sequencing 
of Top 10 Predicted 
Off-Target Sites
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according to the manufacturer’s protocol. Mean depth of 
sequencing should be ≥500× to detect low-frequency indels.

 5. Indels that occur within or 10 bp on either side of a predicted 
off-target site are scored as off-target events. The normalized 
frequency of indels is the indel frequency divided by the total 
number of aligned reads at that position.

 1. Electroporate cells with 5  μg ZFN expression plasmid and 
20 μg donor DNA plasmid.

 2. Commence selection for puromycin resistance 4  days after 
electroporation. Stably integrated cells are selected after 7 days 
in 0.5 μg/mL puromycin (see Note 14).

 3. Extract genomic DNA from approximately 2 × 106 stably inte-
grated cells (hereafter designated PURO cells).

 4. Determine the presence of site-specific integration by integra-
tion junction PCR (see Note 15).

 5. Resolve and purify the amplified products on agarose gel elec-
trophoresis. Sequence each amplicon to confirm the identity of 
right and left integration junctions.

The number of AAVS1 site-specific integrations versus the total 
number of integrations anywhere in the genome quantified by 
droplet digital PCR (ddPCR) gives an objective measure of the 
specificity of ZFN cleavage. Set up at least five different reactions: 
one for each integration junction, one to quantify total copy num-
ber of the integrated transgene (both site specific and random), 
and two reactions to quantify genomic loci neighboring but out-
side the target site to serve as the control copy number of unmodi-
fied genome (see Note 16).

 1. Mix 50 ng genomic DNA from stably integrated cells (PURO 
cells), 1  μM of each PCR primer, 0.25  μM BHQ1-FAM 
 hydrolysis probe, and ddPCR supermix in a final reaction vol-
ume of 20 μL (see Note 17).

 2. Set up an identical reaction mixture with 50 ng genomic DNA 
from unmodified control cells (WT cells).

 3. Transfer the mixture to a droplet generator to generate 20,000 
droplets.

 4. Perform 40 amplification cycles (annealing temperature 61 °C 
and extension time 1 min per cycle) using a thermal cycler.

 5. Score droplets for fluorescent PCR products on droplet reader 
and analyze data using the system’s software.

 6. Primers and probes for two control loci in 19q13.42 close to 
but outside the target site in PPP1R12C intron 1:

3.6 Assessing 
Site-Specific Integration 
of Donor Vector

3.6.1 Identifying 
Integration of Donor Vector 
at AAVS1 Locus

3.6.2 Quantify Copy 
Number of Site-Specific 
Integrations by Droplet 
Digital PCR
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Control locus 1 Forward primer: cctgccttaaacccagccag

Reverse primer: atgacctcatgctcttggccctcgta

Probe: aaccaccccagcagatactct

Control locus 2 Forward primer: tcccctcccagaaagacctgc

Reverse primer: tcccctcccagaaagacctgc

Probe: tacctaacgcactcctgggtga

Each locus is quantified in quadruplicate reactions.

 1. Extract and purify total RNA from approximately 2 × 106 sta-
bly integrated cells and 2 × 106 control cells (electroporated 
without ZFN and donor DNA, and of the same number of 
population doublings). Quantify the amounts of RNA by A260 
spectrophotometry.

 2. Perform first-strand cDNA synthesis on 500  ng total RNA 
using a cDNA synthesis kit according to the manufacturer’s 
protocol.

 3. Perform reverse transcriptase-quantitative PCR (RT-qPCR) 
on equal amounts of 1:10 diluted cDNA samples and gene-
specific primers (Table 1) using a real-time detection system to 
determine changes in expression levels of PPP1R12C and 
neighboring genes within a 1 Mb interval.

 4. Design intron-spanning exonic primers to amplify transcripts 
of PPP1R12C transcript (exons 4–6) (see Note 18), LILRB4, 
ISOC2, PPP6R1, NAT14, ZNF579, FIZ1, RDH13, and 
GAPDH (the latter is a housekeeping gene for data 
 normalization). Potential interacting partners of PPP1R12C 
predicted by Gene Network Central™ and Spring 9.05 may 
also be assayed by RT-qPCR.

 5. Calculate GAPDH-normalized transcript levels and the fold 
change in stably integrated cells relative to control cells using 
the ∆∆CT method [12] (see Note 19).

 1. Extract and purify total RNA from approximately 2 × 106 sta-
bly integrated and 2 × 106 control cells. Quantify the amount 
of RNA using a fluorimeter and assess RNA integrity using 
Bioanalyzer (see Note 20).

 2. Use 2 μg RNA (RIN > 9) for library preparation following the 
manufacturer’s standard protocol (e.g., Illumina TruSeq® 
RNA Sample Prep kit; CA, USA).

 3. Purify poly-A mRNA on oligo-dT magnetic beads, fragment 
mRNA (150–250  bp), and convert into first-strand cDNA 
using reverse transcriptase and random primers.

3.6.3 RT-qPCR 
for Effects of Stable 
Transgene Integration 
on PPP1R12C 
and Neighboring Genes

3.7 RNA-Seq to 
Evaluate ZFN- Induced 
Whole- Transcriptome 
Changes
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 4. Synthesize second-strand cDNA synthesis with DNA poly-
merase I and RNaseH.

 5. Blunt-end cDNA fragments and add a single A nucleotide for 
ligation to indexed adapters with complementary T-overhangs.

 6. Purify the indexed products and enrich with PCR to create the 
final cDNA library.

 7. Check indexed libraries for size and purity by Bioanalyzer, and 
quantify dsDNA using a sensitive fluorescence assay.

 8. Normalize libraries to 10 nM by real-time PCR and pool equal 
volumes.

 9. Denature pooled libraries and dilute to 20 pM for clustering 
on the cBot before loading on HiSeq 2000 (Illumina) to gen-
erate paired-end reads of 76 bp.

 10. Map sequence reads to the reference human genome using 
TopHat (http://ccb.jhu.edu/software/tophat/index.shtml).

 11. Calculate differential expression using Cufflinks (http://cole- 
trapnell-lab.github.io/cufflinks/) (see Note 21).

 12. Annotate significantly altered transcripts and pathways using 
DAVID (Database for Annotation, Visualization and Integrated 
Discovery) 2.1 Functional Annotation Tool (http://david.
abcc.ncifcrf.gov) [13].

 13. Cross-reference altered transcripts to an aggregated compila-
tion of oncogenes and tumor-suppressor genes (http://www.
bushmanlab.org/links/genelists).

 14. Identify predicted and known interacting partners of 
PPP1R12C from Gene Network Central™  (http://gncpro.
sabiosciences.com/gncpro/gncpro.php) and String 9.0 
(http://string-db.org/) (see Note 22).

 1. This is best performed in a specialized core facility.
 2. Prepare libraries with 500 bp inserts from 5 μg randomly frag-

mented genomic DNA from control and stably integrated cells 
for sequencing on HiSeq 2000 (Illumina) (see Note 23).

 3. Aim for ≥60× sequencing depth.
 4. Remove adapter sequences, duplicate reads (marked using 

Picard tools; https://broadinstitute.github.io/picard/), low-
quality reads (more than half the bases in a read having a quality 
≤5), and reads with >10% unknown bases from the raw data.

 5. Align paired-end clean reads (90 bases) from both samples to 
the reference human genome using Burrows-Wheeler Aligner 
(http://bio-bwa.sourceforge.net/) [14] and store as BAM 
format files.

3.8 Whole-Genome 
Sequencing
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 1. BLAST all reads of the stably integrated sample (PURO) 
against a 1 kb sequence containing the intended ZFN cleavage 
site with e-value cutoff 0.00001. Using a stringent cutoff mini-
mizes false alignments.

 2. Extract the reads which align to a 200 bp window centered on 
the ZFN cleavage site within of the 1 kb sequence.

 3. Create an index of the 1 kb sequence with the command:
smalt index -k 11 -s 1 <INDEX_NAME> <1kb-seq.fasta>.

 4. Map the extracted reads to the reference human genome using 
SMALT (https://www.sanger.ac.uk/science/tools/smalt-0) 
to generate a sequence alignment file. Command line used:

smalt map -f samsoft <INDEX_NAME>_R1_R2 | samtools 
view -bS - > map.bam (see Note 24).

 5. Create a pileup file with samtools mpileup:
samtools mpileup -f 1kb-seq,fasta map.bam > PILEUP

 6. Use VarScan v2.3.6 (http://dkoboldt.github.io/varscan/) to 
detect indels using command “pileup2indel” [15]:

java -jar VarScan.v2.3.6.jar pileup2indel PILEUP > INDELS

 1. Map WT (from control cells) and PURO (from stably inte-
grated cells) reads to the reference human genome using BWA 
which results in two BAM files. This is done by BWA and 
SAMtools:

bwa mem <index> <R1> <R2> | samtools view -bS - > BAM.
 2. Create pileup files from the BAM files produced in step 1 

using SAMtools (http://www.htslib.org/) [16]:
samtools mpileup -f <Ref-genome.fasta> BAM > PILEUP.

 3. Submit the resulting pileup files for somatic variant calling by 
VarScan using the command “somatic” taking control data 
(WT) as “normal” and stably integrated data (PURO) as 
“tumor” (java –jar VarScan.jar somatic <pileup file of WT sam-
ple> <pileup file of PURO sample> output).

 4. Classify somatic variants identified by VarScan as high- 
confidence (.hc) or low-confidence (.lc) using the command 
“processSomatic” (java –jar VarScan.jar processSomatic out-
put.indel).

 5. Further analyze high-confidence somatic variants to generate 
the final list of candidate indels for experimental validation. 
This is done as follows:
(a) Create a BED file for the high-confidence indels in the 

form shown below. Create with Perl script:
CHR POS1 POS2 INDEL-POS
where
CHR = chromosome

3.8.1 Bioinformatic Data 
Analyses

Detection of On-Target 
Indels

Detection of Off-Target 
Indels
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INDEL-POS = position of the indel
POS1 = INDEL_POS – 50
POS2 = INDEL_POS + 50

(b) Get sequences from the reference human genome (hg19) in 
FASTA format based on the BED file created in step 5(a).

Program used is BEDTools:
bedtools getfasta -fi <FASTA-IN> -bed BED.file -fo 

<FASTA-OUT>.
(c) Check the fasta file for LOW_COMPLEXITY (repeats). 

Program used: dustmasker (from BLAST v.2.6.0).
(d) Parse the output of dustmasker with Perl script. The out-

put looks like the example below:
chr1       coor1
chr1       coor2
etc.,
one line per INDEL.

(e) Extract sequences which are not in LOW-COMPLEXITY 
regions:

grep -A 1 -f <COOR-FILE> <FILE-TO-EXTRACT- 
FROM.fasta>

FILE-TO-EXTRACT-FROM.fasta is the file from 
Subheading “Detection of Off-Target Indels”, step 5(b))
COOR-FILE is the file resulting from Subheading 

“Detection of Off-Target Indels”, step 5(d)).
(f) Identify putative off-target sites in the reference human 

genome in silico using ZFN-Site (http://ccg.vital-it.ch/
tagger/targetsearch.html) [17]. Submit sequences of the 
right (5′ ACCCCACAGTGG 3′) and left (5′ 
ATCCTGTCCCTA 3′) ZFN half-sites. Allow a spacer of 
5 or 6 bp between half- sites and set the maximum number 
of mismatches per half-site to 2.

(g) We next adopted another method to identify possible off- 
target effects by scanning the reads for hotspot genomic 
regions in which multiple overlapping high-confidence 
somatic indel variant map. This can be done using a simple 
Perl script that reads positions of indels.

(h) Validate the final list of high-confidence somatic variants 
by PCR-Sanger sequencing.

 1. Generate a 1  kb genome sequence centered on the AAVS1 
target site and digitally insert the donor DNA sequence at the 
cleavage site (intron 1, PPP1R12C).

 2. Align all sequence reads from stably integrated cells to the 
modified sequence from Subheading “Identification of AAVS1 

Identification of AAVS1 
ZFN-Mediated Transgene 
Insertion
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ZFN-Mediated Transgene Insertion,” step 1, and to the refer-
ence human genome.

 3. This identifies donor DNA vector-specific sequences that are 
unique to the integrated transgene.

 4. The absence of donor DNA vector-specific sequences in 
genomic DNA of control cells and their presence only in 
genomic DNA of stably integrated cells confirms transgene 
integration.

 5. Identify off-target integrations by reads from stably integrated 
DNA that are combinations of human and vector sequences 
(hereafter called mixed reads) (see Note 25).

 6. Map all PURO reads (from stably integrated DNA) to AAVS1 
using BWA.

bwa mem <AAVS1> R1 R2 | samtools view -bS -F 4  - > 
mapped-reads.bam

-F 4 stores only reads that map to AAVS1 into the bam file. 
This saves space and speeds up further processing.

 7. Extract the reads that map to AAVS1.
 8. Map the extracted reads to hg19.
 9. Only reads that map to AAVS1 are considered to be on-target 

ZFN-mediated insertions.

 1. Pre-process raw reads with SAMtools and Picard (https://
broadinstitute.github.io/picard/) as SVDetect [18] and 
BreakDancer [19] require only abnormally mapped reads.

 2. The command line for SAMtools is:
samtools view -b -h -F 10 -q 22 input.bam > output.bam. 

This command retains in output.bam only reads which are 
abnormally mapped (mapped to different chromosomes and on 
different strands) and have a minimum mapping quality of 22.

 3. Discard duplicate reads in the resulting bam file using the fol-
lowing command in Picard tools:

java -jar /opt/picard-1.111/MarkDuplicates.jar INPUT= 
output.bam OUTPUT=output.nodup.bam REMOVE_
DUPLICATES=true ASSUME_SORTED=true METRICS_
FILE=metrics.output.txt.

 4. Submit the resulting bam files to SVDetect (version r0.08; 
http://svdetect.sourceforge.net) and BreakDancer (version 
1.4.4; http://breakdancer.sourceforge.net/) for calling struc-
tural variants (SV).

 5. Configure SVDetect and BreakDancer to detect rearrange-
ments with two or more supporting read pairs using eight 
times the standard deviation as threshold.

Detection of Structural 
Variants
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 6. After the first step of SVDetect, filter the resulting “.links” file 
containing all the called SVs for “imperfect duplicates” [20] 
with an in-house Perl script. Remove links supported solely by 
clusters of imperfect duplicates. Retain links which have only 
some imperfect duplicates after removing the supporting 
imperfect duplicates.

 7. Filter the files resulting from step 6 using SVDetect’s own fil-
tering process.

 8. Compare the filtered SVs called for both control and stably 
integrated cells. Turn off the option for comparing only the 
same SV type.

 9. It is not necessary to filter and remove imperfect duplicates for 
BreakDancer if the anchoring region is set to 3 and the default 
value in BreakDancer is 7.

 10. Subject results of BreakDancer and SVDetect to another filter 
to identify overlaps with repetitive DNA and low-mappability 
regions [20]. Remove SVs that are only supported by reads 
which overlap in any of these regions.

 11. Filter using an in-house Perl script and BEDtools (version 
2.17.0; http://bedtools.readthedocs.org/en/latest/) [21]. 
BED files of these regions needed for filtering are extracted as 
described [20] from the UCSC genome browser (http://
genome.ucsc.edu/).

 12. In the final step, inspect outputs from BreakDancer and 
SVDetect for genomic loci that have clusters of reads consis-
tent with inter- or intrachromosomal SVs specific to stably 
integrated cells. This is done with an in-house Perl script and 
different degrees of freedom (DF) of clustering. Set the maxi-
mum DF to 3; that is, genomic coordinates that differ by up to 
999 bases are still considered as evidence of clustering.

 1. Amplify genomic DNAs from control and stably integrated 
cells with phi29 polymerase.

 2. Validate high-confidence indels by PCR-Sanger sequencing.
 3. Validate unbalanced structural variants identified, by SVDetect 

and BreakDancer, by quantitative PCR of genomic breakpoint 
regions with β-actin amplification as internal control in each 
reaction.

 4. Run PCR on a real-time detection system for 50 amplification 
cycles in triplicate reactions. Confirm product specificity with 
melt curves and determine the threshold cycle (CT).

 5. Normalize the mean CT value of each test locus to its own actin 
CT value.

3.9 Validation of 
Indels and Structural 
Variants Identified by 
Whole-Genome 
Sequencing
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 6. Express results as the ratio of normalized CT value of stably 
integrated genomic DNA to normalized CT value of control 
genomic DNA at each putative breakpoint locus (see Note 26).

 7. Confirm structural variants by PCR-Sanger sequencing.
Fig. 2 is an overview of the multimodal workflow described 

in this chapter.

4 Notes

 1. Cord-lining epithelial cells express pluripotency genes [22]. 
Other primary human cell types such as fibroblasts and bone 
marrow- and adipose tissue-derived stromal cells may also be 
modified by AAVS1 ZFN [23]. Cell culture and electropora-
tion conditions must be optimized for different cell types.

 2. Obligate heterodimeric (OH) ZFN has two amino acid 
changes in the FokI monomer fused to the right AAVS1 homol-

Fig. 2 Schematic of the overall multimodal workflow for assessment of genotoxicity in primary human cells 
modified with ZFN-mediated AAVS1 site-directed transgene integration

Jaichandran Sivalingam et al.
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ogy arm (E490K and I538K) and the monomer fused to the 
left homology arm (Q468E and I499L).

 3. Steps 1 and 2, when completed, introduce the following 
amino substitutions: right FokI monomer (S418P, K441E, 
E490K, H537R, and I538K) and left FokI monomer (S418P, 
K441E, Q468E, N496D, and I499L).

 4. The human AAVS1 locus is within intron 1 of PPP1R12C on 
19q13.42. AAVS1 ZFN can be purchased from Sigma Aldrich 
or designed by investigators. If the latter, consider codon opti-
mization and consult the references 24–27 for detailed proto-
cols for designing, constructing, and testing ZFNs.

 5. Using a promoterless puromycin resistance gene to select 
antibiotic- resistant cells from the PPP1R12C endogenous pro-
moter significantly improves selection of cells with AAVS1 site-
directed integration. In contrast, integration of donor vector 
with an exogenous promoter-driven antibiotic resistance gene 
results in a high frequency of random integrations.

 6. Cells should be in a proliferative state and preferably 50–70% 
confluent at the time of electroporation.

 7. Remove as much supernatant as possible before resuspending 
in Nucleofection solution. Residual buffer or media can nega-
tively affect Nucleofection.

 8. Optimized Nucleofector solutions and programs for nucleo-
fection of different cell types can be found here (http://bio.
lonza.com/resources/product-instructions/protocols/). Use 
Nucleofector solution P1 for CLECs.

 9. For cell viability and cell proliferation assays, include non- 
electroporated cells and cells electroporated with donor DNA 
only as controls to compare against cells electroporated with 
both donor DNA and ZFN.

 10. Phosphorylated histone H2AX is an established marker for 
double-stranded DNA breaks and serves as an indicator of 
genotoxicity. Conditions which result in low H2AX staining 
should be favored.

 11. The percentage or ratio of cleaved bands to the uncleaved PCR 
amplicon gives an estimate of the proportion of cells modified 
by NHEJ repair and thus, by inference, the efficiency of ZFN 
site-specific genomic cleavage.

 12. ZFN-Site (http://ccg.vital-it.ch/tagger/targetsearch.html) 
and PROGNOS (http://bao.rice.edu/Research/
BioinformaticTools/prognos.html) are programs that predict 
potential ZFN off-target sites.

 13. It is important to determine the detection sensitivity of deep 
sequencing by spiking known indel controls. The lower detec-
tion limit should be identified and used as the threshold to 
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positively identify indels present only in ZFN-modified cells 
and absent in unmodified cells.

 14. These selection conditions for puromycin resistance apply to 
cord-lining epithelial cells. Conditions should be optimized for 
other types of primary cells.

 15. Integration junction PCR is performed with one primer specific 
for the integrated transgene and the second primer specific for 
the AAVS1 locus outside the homology arm. Junctional ampli-
fication of antibiotic selected cells should yield a clearly positive 
band at each junction. A weak signal may indicate poor enrich-
ment of cells with site-specific transgene integration. It is also 
important to optimize the primers and PCR reaction condi-
tions (annealing temperature, GC melt reagents, robust DNA 
polymerase) to improve integration junction PCR.

 16. Our protocol describes droplet digital PCR performed on the 
Bio-Rad system. It is essential to read Bio-Rad’s user manual 
carefully before embarking on experiments. Similarly, read the 
manufacturer’s user manual if using another ddPCR system. 
Droplet digital PCR will quantify comparable concentrations of 
donor transgene/vector, and left and right integration junction 
amplicons if the majority of integrations are on- target. 
Significantly different copy numbers (donor transgene/vector 
concentration >> integration junction concentrations) indicate 
significant off-target integrations. See reference 23 for an exam-
ple of ddPCR data for this application.

 17. Hydrolysis probes for ddPCR can be custom synthesized by 
several companies, e.g., Sigma-Aldrich, IDT, Thermo Fisher.

 18. It is important to measure the expression of endogenous genes 
around the site of transgene integration to determine what effect, 
if any, ZFN-mediated integration has on neighboring gene expres-
sion. Monoallelic integration into intron 1 of PPP1R12C will be 
reflected by approximately 50% reduction in PPP1R12C tran-
scripts. PPP1R12C disruption is well tolerated by cells.

 19. If there are significant transcriptional changes of neighboring 
genes located close to the ZFN integration site, functional 
assays should be performed to evaluate potentially oncogenic 
alterations of cellular phenotype.

 20. If RNA-seq is outsourced to a specialized core facility, it is 
important to be clear which steps are performed in the investi-
gator’s laboratory and which by the core facility. It is also 
important to understand the quantity and quality of RNA for 
RNA-seq, and how the data will be returned.

 21. Although a greater than twofold difference in transcripts levels 
between two groups is commonly used to designate signifi-
cantly altered expression, this is an arbitrary threshold. 
Investigators decide on the threshold to use for their data. The 
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unpaired t-test or Mann-Whitney test is used for Gaussian or 
non-Gaussian transcriptome data, respectively. Significance 
p-values must be corrected for multiple testing. A false discov-
ery rate of 0.05 is commonly accepted.

 22. Genes with significantly altered transcription should be evalu-
ated for likely adverse functional consequences by mapping to 
gene networks and pathways. It is especially important to look 
for oncogene activation, tumor suppressor silencing, and dys-
regulation of oncogenic signaling pathways.

 23. Whole-genome sequencing is performed on bulk populations 
of cells as it is not possible to develop single clonal populations 
from untransformed primary human cells. It is helpful to work 
with bioinformatics specialists in analyzing whole-genome 
sequence data.

 24. Reads were extracted with a Perl script. This can be done alter-
natively using a program called seqtk (https://github.com/
lh3/seqtk); the command to use is:

seqtk subseq <R1.fastq> <NAMELIST.file> > NEW_R1.fastq
seqtk subseq <R2.fastq> <NAMELIST.file> > NEW_R2.fastq

 25. Mixed reads are reads which map to both the human genome 
and the digitally created insert (Subheading “Identification of 
AAVS1 ZFN-Mediated Transgene Insertion,” step 1).

 26. The ratio of genome copy number at a putative chromosomal 
translocation breakpoint (ZFN-modified genome: control 
unmodified genome) should be significantly different from 
1 in a bona fide translocation because translocations are almost 
always unbalanced. Ratios which are not significantly different 
from unity indicate absence of unbalanced translocations or 
other chromosomal rearrangements. See reference 23 for an 
example of this analysis.
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Chapter 12

Selection and Characterization of DNA Aptamers  
Against FokI Nuclease Domain

Maui Nishio, Ayana Yamagishi, Kaori Tsukakoshi, Yoshio Kato, 
Chikashi Nakamura, and Kazunori Ikebukuro

Abstract

Genome editing with site-specific nucleases (SSNs) may be effective for gene therapy, as SSNs can modify 
target genes. However, the main limitation of genome editing for clinical use is off-target effects by excess 
amounts of SSNs within cells. Therefore, a controlled delivery system for SSNs is necessary. Previously we 
have reported on a zinc finger nuclease (ZFN) delivery system, which combined DNA aptamers against 
FokI nuclease domain (FokI) and nanoneedles. Here, we describe how DNA aptamers against FokI were 
selected and characterized for genome editing applications.

Key words Aptamer, FokI nuclease, Genome editing, Nanoneedles

1 Introduction

Genome editing with site-specific nucleases (SSNs) can modify 
only the target genes and may be applicable for gene therapy [1–3]. 
However, the main limitation to the clinical application of genome 
editing in humans is off-target effects, which lead to double- strand 
breaks at non-target sites. Researchers have reported that off-tar-
get effects are common in genome editing by SSNs because of the 
uncontrollable duration and amount of SSN expression in the cells 
due to transfection of the plasmids [3–5]. Therefore, to apply 
genome editing in clinical use, a controlled system for delivering 
SSNs is necessary to reduce off-target effects.

Aptamers, the nucleic acid ligands, which specifically bind to 
the target molecule with high affinity are obtained via selection by 
systematic evolution of ligands by exponential enrichment (SELEX) 
[6, 7]. We have developed various aptamer-based sensing systems 
by taking advantage of their conformational changes in the 
presence or absence of the target molecule [8–10].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_12&domain=pdf
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We have previously reported that a nanoneedle, 2 nm in diam-
eter, could be inserted into living cells with high efficiency and 
minimal damage [11]. We have since developed a nanoneedle array 
containing several tens of thousands of nanoneedles on a 5 mm 
square silicon chip [12] with an aptamer-based oligonucleotide for 
protein delivery [13]. Therefore, a combination of aptamer-based 
oligonucleotides and nanoneedles may achieve the controlled 
delivery of SSNs to reduce off-target effects in genome editing.

To apply the aptamer to this controlled delivery system, the 
required function of aptamers is to bind SSNs with high affinity, 
but release SSNs when introduced into cells. In addition, the 
aptamers should not be cleaved by SSNs itself. FokI nuclease 
domain (FokI) is the common cleavage domain of typical SSNs, 
zinc finger nucleases (ZFN), and transcription activator-like effec-
tor nucleases (TALEN). Therefore, we developed the aptamers 
against FokI [14] to apply them to protein delivery system of 
SSNs. Here, we describe how we selected and characterized the 
aptamers against FokI.

2 Materials

Prepare all solutions using distilled water or ultrapure water (pre-
pared by purifying deionized water, to attain a sensitivity of 
18 MΩ-cm at 25 °C). Unless indicated otherwise, prepare and 
store all reagents at room temperature. Diligently follow all waste 
disposal regulations when disposing waste materials.

Oligonucleotides were diluted using each buffer. The oligo-
nucleotides were then heated at 95 °C for 10 min and gradually 
cooled to 25 °C for 30 min prior to performing all experiments, 
including SELEX.

 1. DNA library and primers (see Note 1).
 2. Nitrocellulose membranes.
 3. Tris-buffered saline (TBS): 10 mM Tris–HCl, 150 mM NaCl, 

1 mM EDTA, pH 7.4 (see Note 2). Adjust pH using NaOH.
 4. TBS-T: TBS supplemented with 0.05% (v/v) Tween20.
 5. Blocking solution: 2% (w/v) Bovine serum albumin in 

TBS-T.
 6. Phenol:chloroform:isoamyl alcohol (PCI): 25:24:1, v/v.
 7. Chloroform:isoamyl alcohol (CIA): 24:1, v/v.
 8. 3 M Sodium acetate, pH 5.2.
 9. 100% Ethanol: Store at −20 °C.
 10. 1 mg/mL Glycogen.
 11. 70% Ethanol: Store at 4 °C.

2.1 Selection of DNA 
Aptamers by SELEX

Maui Nishio et al.



167

 12. Tris-EDTA buffer (TE): 10 mM Tris–HCl, 1 mM EDTA, 
pH 8.0.

 13. Avidin agarose resin.
 14. Column buffer, filter sterilized: 30 mM HEPES, 500 mM 

NaCl, 5 mM EDTA, pH 7.0.
 15. 0.15 M NaOH (see Note 3).
 16. 2 M HCl.
 17. pGEX-T®-Easy Vector (Promega).
 18. Competent cell, DH5α.

 1. 5′ Biotinylated oligonucleotides including aptamer sequence.
 2. Nitrocellulose membranes.
 3. TBS (see item in Subheading 2.1).
 4. TBS-T (see item in Subheading 2.1).
 5. Blocking solution (see item in Subheading 2.1).
 6. NeutrAvidin-HRP.
 7. Chemiluminescent substrate: Immobilon Western 

Chemiluminescent HRP Substrate (Merck Millipore).
 8. Image analyzer with chemiluminescence detection.

 1. 20% (w/v) Polyacrylamide gel: Use 30% acrylamide solution 
(acrylamide:Bis = 29:1) and TBE buffer (1×, as described 
below).

 2. TBE buffer (10×): 890 mM Tris, 890 mM borate, 20 mM 
EDTA.

 3. 6× Loading buffer (see Note 4).
 4. Gel imager with fluorescence detection.

 1. StreptAvidin-coated white 96-well plate.
 2. TBS (see item in Subheading 2.1).
 3. TBS-T (see item in Subheading 2.1).
 4. Blocking solution: 4%(w/v) skim milk in TBS-T.
 5. Plate shaker.
 6. Primary antibody solution: 1:5000 Anti-Histag antibody in 

TBS-T.
 7. Secondary antibody solution: 1:10,000 or 1:50,000 anti-

mouse IgG antibody conjugated with alkaline phosphatase 
(ALP).

 8. Chemiluminescent substrate: CDP-Star, ready-to-use (Roche).
 9. Plate reader with chemiluminescence detection.

2.2 Aptamer Blotting

2.3 Native 
Polyacrylamide Gel 
Electrophoresis 
(Native-PAGE)

2.4 Aptamer- 
Antibody Sandwich 
Assay

FokI-Binding Aptamers for Delivery of a Zinc Finger Protein Nuclease
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 1. Maxisorp polystyrene 96-well plate.
 2. TBS (see item in Subheading 2.1).
 3. TBS-T (see item in Subheading 2.1).
 4. Blocking solution (see item in Subheading 2.1).
 5. Plate shaker (see item in Subheading 2.4).
 6. NeutrAvidin-HRP (see item in Subheading 2.2).
 7. Chemiluminescent substrate: BM Chemiluminescence sub-

strate (POD) (Roche).
 8. Plate reader with chemiluminescence detection (see item in 

Subheading 2.4).

 1. 1% Agarose gel: Prepared with TAE buffer (1×, as described 
below).

 2. TAE (50×): 2 M Tris, 1 M CH3COOH, 50 mM EDTA.
 3. 10× NEBuffer4 (New England Biolabs).
 4. 10% (w/v) SDS: 1 g of SDS diluted with water and mess up to 

10 mL.
 5. 6× Loading buffer.
 6. SYBR safe.

 1. Silicon nanoneedle arrays: Nanoneedles with a length of 20 μm 
and a diameter of 200 nm. 300 × 300 of nanoneedles are 
arrayed in 3 × 3 mm2 area (10 μm pitch) on a 5 mm square 
chip [12].

 2. 100% Ethanol.
 3. 1% Hydrogen fluoride.
 4. O2 plasma asher (JPA300; J-SCISSNCE Lab Co. Ltd.).
 5. Phosphate-buffered saline (PBS): 2.7 mM KCl, 1.5 mM 

KH2PO4, 138 mM NaCl, 8.1 mM Na2HPO4, pH 7.4.
 6. Biotinylated BSA: 1 μM Solution in PBS.
 7. Streptavidin: 1 μM Solution in PBS.
 8. TBS (see item in Subheading 2.1).
 9. GFP fusion ZFN protein solution: A recombinant protein 

[13].

 1. HEK293 cells.
 2. 27φ Glass base dish.
 3. Collagen: 0.1% Solution in 0.1 M acetic acid.
 4. DMEM: 10% Fetal bovine serum.
 5. Lipofectamine 2000 (Thermo Fisher Scientific).

2.5 Enzyme-Linked 
Oligonucleotide Assay 
(ELONA)

2.6 In Vitro Digestion 
Using ZFN

2.7 Modification 
of GFP-ZFN 
on Nanoneedle Array

2.8 Intracellular 
Release Assay 
of GFP-ZFN
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 6. Plasmid vector for DsRed2-NES expression: Prepare as 
reported in the article [11].

 7. Opti-MEM (Thermo Fisher Scientific).
 8. Nanoneedle array manipulator.
 9. Confocal laser scanning microscope.

3 Methods

All procedures were conducted at room temperature unless other-
wise specified.

 1. Preparation of the DNA library: Dilute the DNA library with 
TBS buffer to 1–5 μM. Heat the diluted DNA library at 95 °C 
for 10 min and gradually cool to 25 °C for 30 min. Dilute the 
treated DNA library with TBS-T to the working stock 
concentration.

 2. Preparation of the nitrocellulose membrane for negative selec-
tion: Cut a nitrocellulose membrane and incubate in blocking 
solution for 1 h. After incubation, wash the membrane three 
times with TBS-T.

 3. Preparation of the nitrocellulose membrane for positive selec-
tion: Cut a nitrocellulose membrane and spot with 20 pmol of 
FokI. After drying the spot, incubate the membrane in block-
ing solution for 1 h. After incubation, wash the membrane 
three times with TBS-T.

 4. Negative selection: Incubate the membrane (prepared in step 
2) in the folded DNA library (prepared in step 1) for 2 h. 
After incubation, remove the nitrocellulose membrane using 
the tweezers.

 5. Positive selection: Incubate the nitrocellulose membrane spot-
ted with FokI (prepared in step 3) in the DNA library over-
night after negative selection. After incubation, wash the 
membrane with TBS-T three times. Cut out the FokI immo-
bilized area and put inside a 1.5 mL tube with 200 μL water.

 6. Elution of DNA library bound to FokI: Add 600 μL of PCI to 
the 1.5 mL tube. Vortex the sample and incubate for 10 min. 
After incubation, centrifuge the sample at 12,000 × g for 
5 min. Recover the aqueous layer to a new 1.5 mL tube, and 
add an equal amount of CIA to the 1.5 mL tube. Vortex the 
sample and incubate for 10 min. After incubation, centrifuge 
the sample at 12,000 × g for 5 min and recover the aqueous 
layer to a new 1.5 mL tube.

 7. Concentration and purification of eluted DNA: The following 
are added to each sample based on the starting volume of the 

3.1 Selection of DNA 
Aptamers by SELEX
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sample: one-tenth of the sample amount of 3 M sodium ace-
tate, three times the sample amount of 100% ethanol, and 
10 μL of 1 mg/mL glycogen. Mix the sample and incubate for 
15 min at −80 °C. After incubation, centrifuge the sample at 
15,000 × g for 30 min at 4 °C. Discard the supernatant and 
add 1 mL of cold 70% ethanol. Centrifuge at 15,000 × g for 
5 min at 4 °C and discard the supernatant. Dry the pellet for 
10–15 min. After drying, suspend the pellet using 15 μL of 
TE.

 8. Single-strand preparation: Amplify the collected DNA library 
using a forward primer and a 5′ biotinylated reverse primer 
by PCR. Shake the PCR product with avidin agarose resin 
for 30 min to remove the biotinylated reverse strands. Spin 
down the resin and remove the supernatant. Add 750 μL of 
column buffer to the sample, spin down, and then remove 
the supernatant twice. Add 200 μL of 0.15 M NaOH and 
shake for 15 min. Spin down the resin and recover the super-
natant to a new 1.5 mL tube. Repeat these two steps once. 
Adjust the pH to 7.0 using 2 M HCl. After adjusting the 
pH, the collected ssDNA is concentrated by isopropanol 
precipitation.

 9. Using the collected DNA from step 8, perform next round of 
SELEX and repeat until the DNA binds to FokI that is 
concentrated.

 10. Sequence analysis: Amplify selected oligonucleotides using 
primers without biotinylation. Perform cloning of the PCR 
product using pGEX-T®-Easy Vector and transform into 
DH5α. Analyze the DNA sequence inserted into the vector to 
identify aptamer-candidate sequence.

 1. Dilute 5′ biotinylated aptamers with TBS. Heat the diluted 
DNA library at 95 °C for 10 min and gradually cool to 25 °C 
for 30 min. After the treatment, dilute treated oligonucleotides 
with TBS-T to 200 nM.

 2. Spot 20 pmol of FokI to the nitrocellulose membrane and dry. 
Block the membrane by incubating with blocking solution for 
1 h. Wash the membrane three times with TBS-T.

 3. Incubate the membrane in diluted oligonucleotides for 1 h. 
Wash the membrane three times with TBS-T.

 4. Incubate the membrane in 1:50,000 diluted NeutrAvidin- 
HRP with TBS-T for 30 min. Wash the membrane three times 
with TBS-T.

 5. Add the substrate onto the membrane and allow to stand for 
5 min. Detect the chemiluminescence by image analyzer.

3.2 Aptamer Blotting
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 1. 5′ Fluorescein-modified oligonucleotides (5′-fluorescein-TTT- 
aptamer sequence) are diluted with TBS, not including 
EDTA. Heat the diluted DNA library at 95 °C for 10 min and 
gradually cool to 25 °C for 30 min.

 2. The following were mixed and incubated at 37 °C for 1 h: 
4 μL of each oligonucleotide, 4 μL of FokI (f.c. 500 nM each), 
1 μL of 10× NEBuffer 4, and 2 μL of water.

 3. Mix the 2 μL of 6× loading buffer with the incubated sample. 
Load the samples into each well of the 20% (w/v) polyacryl-
amide gel.

 4. Perform the electrophoresis in TBE buffer.
 5. Detect the fluorescence using a gel imager.

 1. Fold the 5′ biotinylated oligonucleotides in TBS as described 
above.

 2. Add 100 μL of 100 nM biotinylated oligonucleotides to each 
well of a 96-well streptavidin-coated plate. Shake the plate at 
800 rpm and incubate for 30 min. The plate is shaken at 
800 rpm in all steps of incubation. After incubation, wash the 
well three times with TBS-T.

 3. Add 150 μL of blocking solution to each well and incubate for 
1 h. Wash the well three times with TBS-T.

 4. Add 100 μL of FokI (0, 50, 100 nM) to each well and incubate 
for 1 h. Wash the well three times with TBS-T.

 5. Add 100 μL of primary antibody solution and incubate for 1 h. 
Wash the well three times with TBS-T.

 6. Add 100 μL of secondary antibody solution and incubate for 
1 h. Wash the well three times with TBS-T.

 7. Add 100 μL of chemiluminescent substrate and detect the che-
miluminescence by a plate reader.

 1. Add 100 μL of FokI diluted with TBS-T to a Maxisorp poly-
styrene 96-well plate and incubate for 3 h. After incubation, 
wash the well three times with TBS-T.

 2.  Add 150 μL of blocking solution to each well and incubate for 
1 h. After incubation, wash the well three times with TBS-T.

 3. Add 100 μL of folded 5′ biotinylated oligonucleotides (f.c. 0, 
10, 50, 100, 250, 500, 1000, 2000 nM) to each well and incu-
bate for 1 h. After incubation, wash the well three times with 
TBS-T.

 4. Add 100 μL of 1:50,000 diluted NeutrAvidin-HRP with 
TBS-T to each well and incubate for 1 h. After incubation, 
wash the well three times with TBS-T.

 5. Add 100 μL of chemiluminescent substrate to each well. 
Detect the chemiluminescence by a plate reader.

3.3 Native 
Polyacrylamide Gel 
Electrophoresis 
(Native-PAGE)

3.4 Aptamer- 
Antibody Sandwich 
Assay

3.5 Enzyme-Linked 
Oligonucleotide Assay 
(ELONA)

FokI-Binding Aptamers for Delivery of a Zinc Finger Protein Nuclease
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 1. Dilute 5′ fluorescein-modified oligonucleotides with TBS, not 
including EDTA, and fold by heat treatment as described 
above.

 2. Mix each treated oligonucleotide with ZFN_CCR5L in 
1xNEBuffer4 and incubate for 1 h.

 3. Add the substrate linear plasmid (f.c. 4 ng/μL) to the sample 
prepared in step 2 and incubate at 37 °C for 1 h. After incuba-
tion, add SDS (f.c. 1%) to each sample to stop the cleavage 
reaction.

 4. Perform electrophoresis using 1% (w/v) agarose gel. Stain the 
substrate plasmid with SYBR safe.

 1. Clean the silicon nanoneedle arrays with an O2 plasma asher 
for 5 min at 200 W.

 2. Rinse the nanoneedle arrays with ultrapure water and ethanol.
 3. Immerse the nanoneedle arrays in 1% hydrogen fluorite solu-

tion for 1 min to remove the oxidized layer and rinse with 
ultrapure water.

 4. Drop 20 μL of 1 μM biotinylated BSA solution on the arrays 
and incubate for 1 h.

 5. After rinsing the arrays with PBS, drop 20 μL of 1 μM strepta-
vidin on the arrays and incubate for 1 h. Rinse the arrays with 
PBS.

 6. Fold 5′ biotinylated aptamers (10 μM) by heat treatment as 
described above.

 7. Drop 20 μL of 10 μM aptamers on the arrays and incubate for 
1 h for immobilization of the aptamers to the streptavidin- 
modified array surface.

 8. After rinsing with TBS, drop 20 μL of 100 nM GFP-ZFN 
solution on the arrays and incubate for 30 min to bind GFP-
ZFN to the aptamer-modified array surface.

 9. Rinse the arrays with TBS.

 1. Transfect DsRed-NES2 expression vector into HEK293 cells 
by use of Lipofectamine 2000 according to the manual.

 2. Seed HEK293 cells expressing DsRed2-NES (1 × 105 cells) 
onto a collagen-coated 27φ glass base dish and culture in 
DMEM with 10% fetal bovine serum. After incubation in a 
CO2 incubator at 37 °C for 24 h, change the medium to Opti-
MEM prior to insertion of the nanoneedles into the cell.

 3. Attach the GFP-ZFN-bound nanoneedle array chip to a 
manipulator with an array holder with double-sided adhesive 
tape. Pierce the cells with the GFP-ZFN-bound nanoneedle 
array by lowering the chip to the cells using the manipulator. 

3.6 In Vitro Digestion 
Using ZFN

3.7 Modification 
of GFP-ZFN 
on Nanoneedle Array

3.8 Intracellular 
Release Assay 
of GFP-ZFN

Maui Nishio et al.
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Position the nanoneedle array approximately 200 μm above 
the cells and the Z piezo motor was used to approach the cells.

 4. Scan images of cells inserted into the nanoneedle from the tip 
of the nanoneedles upwards by 25 μm at a scan rate of 1 μm/
slice (total 26 slices) using a CLSM every 5 min for 30 min.

 5. Analyze fluorescence intensity of the stack XY image of the 
nanoneedles from the tip to the 5 μm upper region using 
ImageJ. Calculate the average fluorescence intensity of the 
nanoneedles and estimate the amount of released GFP-ZFN.

4 Notes

 1. We used a 66-nucleotide single-stranded DNA library harbor-
ing a 24-nucleotide randomized region and primer-binding 
regions. To introduce biotin to the reverse strand of the DNA 
library after PCR amplification, the reverse primer was modi-
fied with biotin at the 5′ end.

 2. We added EDTA to our TBS in order to inactivate 
FokI. Therefore, during the aptamer selection, the DNA 
library was not cut by FokI.

 3. Either prepare fresh NaOH solution every time or store 
0.15 M NaOH at −20 °C.

 4. To avoid disruption of aptamer folding, SDS should not be 
included in the loading buffer.
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Chapter 13

An Improved Genome Engineering Method Using Surrogate 
Reporter-Coupled Suicidal ZFNs

Jiani Xing, Cunfang Zhang, Kun Xu, Linyong Hu, Ling Wang, 
Tingting Zhang, Chonghua Ren, and Zhiying Zhang

Abstract

Using engineered nucleases such as zinc-finger nucleases (ZFNs) and TALE nuclease (TALEN) to accom-
plish genome editing often causes high cellular toxicity because of the consistent expression of artificial 
nucleases and off-targeting effect. And lacking selection marker in modified cells makes it hard to enrich 
these positive cells. Here we introduce a method by incorporating a surrogate reporter enrichment into a 
suicidal ZFN system, which is designed by a pair of ZFN expression cassettes flanked with its target sites. 
Our data demonstrated that this modified system achieved almost the same ZFN activity as the original 
method but reduced ~40% toxicity. This new suicidal ZFN expression system coupled with a surrogate 
reporter not only enables decreased cellular toxicity but also makes the genetic modified cells to be enriched 
by EGFP analysis.

Key words Zinc-finger nucleases, Cellular toxicity, Double-stranded breaks, Homologous recombi-
nation repair, Off-target

1 Introduction

Current genome engineering methodologies are all based on cel-
lular repair of DNA double-stranded breaks (DSBs). When DSBs 
occur on a given chromosome, the breaks will be repaired sponta-
neously by nonhomologous end joining (NHEJ) when no donor 
DNA is available as a template. This repair mechanism will eventu-
ally cause the deletion or insertion of one or more base pairs, lead-
ing to the disruption of the open reading frame of targeted genes. 
On the other hand, in the presence of donor DNA, the DSBs can 
be repaired accurately by homologous recombination repair (HR) 
[1]. The inherent rate of HR is extremely low but can be dramati-
cally increased when DSBs are introduced at the target site of inter-
est. As DSBs can increase the efficiency of HR-mediated DNA 
repair, the development of a custom designer nuclease becomes 
critical in precision genome engineering.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_13&domain=pdf
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Engineered zinc-finger nucleases (ZFN) and TALE nucleases 
(TALEN) have been widely used as genome engineering tools in 
many species and cell types. ZFN-mediated gene targeting can 
reach an efficiency of up to 50% in human stem cells [2]. However, 
the inherent high cellular toxicity and off-target rates of these two 
systems remain to be the obstacles for the broader application of 
these tools. Several strategies have been developed to increase the 
specificity of ZFNs such as modification of the FokI domain to min-
imize the toxicity of ZFNs [3]. Nevertheless, the constitutive 
expression of ZFNs typically leads to low cell viability. Another 
challenge is that the efficiencies of ZFN-mediated editing in pigs, 
cattle, and other animals are very low. A surrogate reporter system 
has been designed by Kim et al. [4] for selection and enrichment of 
gene-modified cells which may help to solve these problems. In this 
system, a ZFN target site is inserted between the coding region of 
mRFP and EGFP, which disrupts the open reading frame (ORF) of 
EGFP. Thus, the green fluorescence can only be detected when the 
cognate ZFNs cleave the target site in the reporter vector as well as 
in the genome. In addition, the green fluorescence can represent 
the cellular activity of ZFNs. This surrogate reporter system is based 
on NHEJ repair mechanism; thus only one-third of the modified 
cells can be enriched, which will underestimate the cellular activity 
of ZFNs. Moreover, constitutively expressed ZFNs may cleave off-
target sites in the genome and cause high cytotoxicity.

Based on the observations above, we developed a new and 
safer method by designing a suicidal ZFN system that is coupled 
with a surrogate reporter to overcome the limitation of the previ-
ous method [4]. The new system contains a mRFP-EGFP fusion 
gene, a ZFN expression cassette, and two ZFN target sites between 
mRFP and EGFP coding sequence, the cleavage which can restore 
the ORF of EGFP via HR-mediated DNA repair (Fig. 1). The 
EGFP in our system can be efficiently targeted due to the long 
(3 kb) homologous arms. Importantly, the ZFN expression cas-
sette will be deleted after ZFNs execute their activity, leading to 

Fig. 1 Schematic diagram of the suicidal ZFN reporter system. LTS left target site of ZFN. RTS right target site 
of ZFN

Jiani Xing et al.
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reduced cytotoxicity. Moreover, other artificial endonucleases can 
also be used in our system.

2 Materials

 1. Nanodrop 2000 micro-spectrophotometer (see Note 1).
 2. UV transilluminator.
 3. Horizontal and vertical electrophoresis systems.
 4. Fluorescence microscope.
 5. Flow cytometer.
 6. Cell culture incubator.

 1. 10 mg/mL Ethidium bromide (EB).
 2. 1% Agarose gel supplemented with 740 μg/mL EB: Dissolve 

100 g agarose in 100 mL deionized water, cool the agarose to 
50 °C, and add EB to a final concentration of 740 μg/mL.

 3. PCR reagents including dNTPs, DNA polymerase, and reac-
tion buffers (see Note 2).

 4. Restriction enzymes including BglII, SalI, BamHI, XbaI, 
NotI, and others with buffer supplied (see Note 3).

 5. T4 DNA ligase with supplied buffer.
 6. PCR primers (Table 1).
 7. Gel extraction kit.
 8. LB medium: Dissolve 10 g tryptone, 10 g NaCl, and 5 g yeast 

extract in 950 mL deionized water (see Note 4).
 9. 50 mg/mL Kanamycin stock solution (1000×): Store at 

−20 °C.
 10. 100 mg/mL Ampicillin stock solution (1000×): Store at 

−20 °C.
 11. E. coli DH5α competent cells.
 12. Plasmid miniprep kit.
 13. DNA gel extraction kit.
 14. Plasmid pST1374 (Addgene): This is a backbone vector for 

constructing ZFN expression plasmids.
 15. Plasmids pDsRED1-C1 (Takara, Mountain View, California, 

USA).
 16. Plasmid pEGFP-C1 (Takara, Mountain View, California, 

USA).

2.1 Equipment

2.2 Construction 
of Suicidal ZFN 
Expression Vector 
with a Surrogate 
Reporter

A Suicidal ZFN System for Genome Editing



178

Ta
bl

e 
1 

 
Pr

im
er

s 
fo

r c
on

st
ru

ct
in

g 
th

e 
su

ic
id

al
 re

po
rt

er
 v

ec
to

r

Pr
im

er
Se

qu
en

ce

G
FP

L
-F

5′
-G

A
A

G
A

T
C

T
C

G
A

T
C

G
A

G
T

A
C

T
G

G
G

C
C

C
G

T
G

A
G

C
A

A
G

G
G

C
G

A
G

G
A

G
-3
′

G
FP

L
-R

5′
-G

A
A

G
A

T
C

T
G

T
G

A
G

C
A

A
G

G
G

C
G

A
G

G
A

G
-3
′

G
FP

R
-F

5′
-C

G
C

G
G

A
T

C
C

G
A

G
C

T
C

G
C

G
G

C
C

G
C

G
T

C
C

G
G

C
G

A
G

G
G

C
G

A
G

G
G

-3
′

G
FP

R
-R

5′
-G

C
T

C
T

A
G

A
T

T
A

C
T

T
G

T
A

C
A

G
C

T
C

G
T

C
-3
′

M
B

S-
F

5′
-G

A
T

C
C

C
G

A
C

G
G

C
T

C
C

T
T

G
G

A
A

G
A

C
G

A
T

G
A

C
T

A
C

C
A

C
G

T
T

A
C

G
A

C
G

G
A

A
A

C
G

T
T

A
G

C
-3
′

M
B

S-
R

5′
-G

G
C

C
G

C
T

A
A

C
G

T
T

T
C

C
G

T
C

G
T

A
A

C
G

T
G

G
T

A
G

T
C

A
T

C
G

T
C

T
T

C
C

A
A

G
G

A
G

C
C

G
T

C
G

G
-3
′

R
FP

-F
5′

-T
A

T
G

C
T

A
G

C
C

A
C

C
A

T
G

G
C

C
T

C
C

T
C

C
G

A
G

G
A

C
-3
′

R
FP

-R
5′

-G
C

T
C

T
A

G
A

C
T

T
A

A
G

G
C

G
C

C
G

-3
′

M
ST

N
-F

5′
-A

C
A

G
C

G
A

G
C

A
G

A
A

G
G

A
A

A
A

T
G

-3
′

M
ST

N
-R

5′
-C

A
G

C
A

G
T

C
A

G
C

A
G

A
G

T
C

G
T

T
G

-3
′

Jiani Xing et al.



179

 17. Plasmid pcDNA3-mRFP (Takara, Mountain View, California, 
USA).

 1. Deionized water.
 2. Dulbecco’s modified Eagle medium (DMEM).
 3. Fetal bovine serum (FBS).
 4. 100× Antibiotic/antimycotic solution: 10,000 U/mL of peni-

cillin and 10 mg/mL streptomycin.
 5. 0.25% Trypsin-EDTA.
 6. Human embryonic kidney 293T (HEK293T) cells, maintained 

in DMEM supplemented with 10% FBS and 100 U/mL peni-
cillin and 100 μg/mL streptomycin at 37 °C with 5% CO2.

3 Methods

 1. PCR amplify EGFP left and right arms using primer pairs 
GFPL-F/GFPL-R and GFPR-F/GFPR-R, respectively. 
Perform the PCR in a 50 μL reaction as follows: 5 μL of 10× 
PCR buffer, 4 μL of 10 mM dNTP mix, 0.5 μL of 100 ng/mL 
template plasmid pEGFP-C1, 0.5 μL of Taq DNA polymerase, 
and 0.5 μL of each 10 μM forward and reverse primers 
(Table 1) (see Note 5).

 2. Incubate the reactions in a thermocycler under the following 
conditions: 94 °C for 5 min, 35 cycles of 94 °C for 30 s, 60 °C 
for 30 s, and 72 °C for 60 s, and final extension at 72 °C for 
10 min. Then keep the reactions at 4° C.

 3. Purify PCR products by agarose gel electrophoresis using 
DNA gel extraction kit.

 4. Digest pDsRed1-C1 and EGFPL PCR product, respectively, 
with BglII and SalI as follows: 1 μg DNA, 3 μL of 10× Takara 
QuickCut buffer, 0.5 μL of each enzymes, and water up to 
30 μL. Incubate the reaction at 37 °C for 4 h (see Note 6).

 5. Gel purify the digestion products using DNA gel extraction kit 
following the manufacturer’s instructions.

 6. Ligate the digestion product in the following reaction: 2.5 μL 
of 20 ng/μL vector, 3 μL of 50 ng/μL insert, 1 μL of 10× 
ligation buffer, 0.5 μL T4 DNA ligase, and water up to 
10 μL. Incubate the reaction at 16 °C for 4 h (see Note 7).

 7. Transform the ligation products into E. coli DH5α competent 
cells (see Note 8) as follows: incubate 10 μL of the ligation 
product with 50 μL of cells on ice for 30 min. Heat shock the 
competent cells at 42 °C for 60 s and then incubate on ice for 
5 min. Recover the cells in LB medium without antibiotics at 

2.3 Cell Culture

3.1 Construction 
of ZFN Suicidal 
Plasmids

A Suicidal ZFN System for Genome Editing
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37 °C for 1 h. Spread the cells on LB agar plates supplemented 
with 50 μg/mL kanamycin.

 8. The next day, pick single colonies from the plates, miniprep 
the plasmid DNA, and then verify the sequence of pDsRed1- 
C1- GFP-L by DNA sequencing.

 9. Digest the PCR product of GFP right arm and pDsRed1- C1- 
GFP-L from step 8 with BamHI and XbaI. Follow steps 2–8 
to obtain pDG plasmid that contains a GFP sequence with an 
introduced stop codon.

 10. Anneal primers MBS-F and MBS-R in the following reaction: 
1 μL of each 10 μM forward and reverse primers, 1 μL of 10× 
Taq buffer, and water up to 10 μL. Incubate the reaction at 
95 °C and slowly cool to room temperature.

 11. Digest pDG plasmid with BamHI and NotI as described in 
steps 4 and 5 and ligate in the annealed MBS-F/MBS-R 
primers as follows: 5 μL of 10 ng/μL vector, 1 μL of annealing 
insert, 1 μL of 10× ligation buffer, 0.5 μL T4 DNA ligase, and 
water up to 10 μL. Incubate the reaction at 16 °C for 4 h.

 12. Transform the ligation product as described in steps 7 and 8 
and obtain the plasmid pDGS with a MSTN target site.

 13. PCR amplify the mRFP gene from pCDNA3-mRFP with 
primers RFP-F and RFP-R in a reaction as described in steps 
1 and 2.

 14. Digest pDGS plasmid and mRFP with NheI and XbaI follow-
ing the protocol described in steps 4 and 5.

 15. Ligate the mRFP PCR product into pDGS and transform as 
described in steps 6–8 to obtain plasmid pRGS (see Note 9).

 16. Digest the plasmid pRGS and MSTN ZFN expression cassette 
pGK_P-LAZFN-T2A-RZFN-BGHpA [5] with BglII and 
XhoI following the protocol described in step 4 and clone the 
ZFN cassette in pRGS as described in steps 6–8 to obtain 
plasmid pRGZS.

 17. Clone the second MSTN target site in between the EGFP left 
arm and MSTN ZFN cassette in pRGZS with NotI and 
BamHI. Follow steps 1–8 to obtain the final suicidal plasmid 
pRGSZS (Fig. 1).

 1. At 24 h prior to transfection (see Note 10), seed 1 × 105 
HEK293T cells on to 24-well plate in DMEM supplemented 
with 10% (v/v) FBS, 100 U/mL penicillin, and 100 μg/mL 
streptomycin at 37 °C with 5% (v/v) CO2.

 2. Transfect pRGS alone, regular ZFN system of pRGS, pLZFN 
(pST1374-LZFN) and pRZFN (pST1374-RZFN) [5], or sui-
cidal reporter plasmid pRGZS or pRGSZS into HEK293T 

3.2 Validation 
of the Cellular Activity 
of ZFNs

Jiani Xing et al.
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cells, respectively, using Lipofectamine 2000 according to the 
manufacturer’s instructions.

 3. At 24, 48, or 72 h after transfection, count 3 × 104 cells and 
analyze RFP- or EGFP-positive cells by flow cytometry (see 
Note 11). Aspirate the medium gently, wash the cells twice 
with 2 mL PBS buffer, then add 0.2 mL of 0.25% trypsin, and 
incubate for 1 min. Add another 1 mL DMEM medium sup-
plemented with 10% FBS to suspend the cells. Transfection 
efficiency can be evaluated by the RFP-positive cells and ZFN 
activity by EGFP-positive cells (Fig. 2).

 4. Spin down the cell pellet and extract the genomic DNA using 
genomic DNA extraction kit following the manufacturer’s 
protocol.

 5. PCR amplify the ZFN target site of MSTN with primers 
MSTN- F/MSTN-R (Table 1) using the conditions as described 
in steps 1 and 2 of Subheading 3.1.

 6. Confirm the gene modification of the ZFN target site by DNA 
sequencing. ZFN cleavage typically results in double signal 
peaks around the ZFN cutting site (Fig. 3) [5].

 1. Seed HEK293T cells as described in step 1 in Subheading 3.2.
 2. Perform transfection experiments for the following groups 

with a total amount of 1 μg DNA: negative control, 400 ng 
pRGS and 600 ng pST1374; ZFN expression control, 400 ng 
pRGS, 300 ng pLZFN, and 300 ng pRZFN; experimental 
group, 1 μg pRGSZS.

 3. Evaluate the cytotoxicity of ZFNs in suicidal reporter plasmid 
pRGSZS using Cornu and Cathomen’s method [6] as below.

3.3 ZFN-Associated 
Toxicity Assay

Fig. 2 ZFN activity as determined by flow cytometry. Reporter is constructed from 
suicidal plasmid where the ZFN expression cassette is removed and is used here 
to indicate the spontaneous, non-ZFN-induced homologous recombination

A Suicidal ZFN System for Genome Editing
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 4. At 30 h post-transfection, detach and analyze 3 × 104 cells by 
flow cytometry as described in step 3 in Subheading 3.2. 
Record the percentage of RFP-positive population.

 5. Reseed the remaining cells and continue to culture for another 
5 days.

 6. Harvest the cells and analyze the RFP-positive population as 
described in step 4.

 7. Calculate the retention of RFP-positive cells over 5 days. 
Normalize the retention ratio to the negative control. Compare 
the relative retention ratio as an indicator for the cytotoxicity 
of different plasmids (Fig. 4).

Fig. 3 Detection of ZFN-induced genetic modification by DNA sequencing. Double 
signal peak is indicated by the red box adjacent to the ZFN target site (blue box)

Fig. 4 Cytotoxicity assay of different plasmid systems

Jiani Xing et al.
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4 Notes

 1. Nanodrop should be calibrated before use.
 2. PCR master mix can also be used.
 3. Restriction enzymes must be used with correct buffers and 

reaction temperatures.
 4. The pH of LB medium should be adjusted to 7.0 using NaOH.
 5. A stop codon is introduced into EGFP sequence to prevent its 

expression prior to ZFN cleavage.
 6. Alternatively, incubate the reaction at 37 °C overnight.
 7. Although the T4 DNA ligase manual recommends a ligation 

time of 20 min, we typically extend the ligation time to 2–4 h 
to obtain optimum ligation efficiency.

 8. Other competent cell strains can also be used.
 9. DsRed is replaced with mRFP to reduce overexpression- related 

cytotoxicity in HEK293T cells. DsRed gene can be used in 
other cell lines if less cytotoxicity is observed.

 10. To achieve optimum transfection efficiency, cells should be 
seeded on to plates at 24 h prior to transfection.

 11. Cells are typically harvested between 48 and 72 h after trans-
fection as GFP or RFP signal is optimum during this period.
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Chapter 14

Non-transgenic Approach to Deliver ZFNs in Seeds 
for Targeted Genome Engineering

Zoe Hilioti

Abstract

In the post-genomic era, the efficient exploitation of the available information for plant breeding is a 
pressing problem. The discoveries that DNA double-stranded breaks (DSBs) are both recombinagenic and 
mutagenic have fuelled the development of targetable zinc-finger nucleases (ZFNs), which act as molecu-
lar scissors for the induction of controlled DSBs. These powerful tools are used by researchers to accelerate 
mutagenesis of the normal gene loci toward the development of useful traits in plants. Seeds contain the 
embryo, which is a multicellular system representing a micrography of a plant. Therefore, they can serve 
as a foundation for applying targeted genome engineering techniques. The following single-step method 
describes how to deliver and express transiently ZFNs in tomato (Solanum lycopersicum) seeds using elec-
troporation. Unlike methods that rely on tissue culture and plant regeneration after transformation, the 
direct delivery of ZFNs to seeds provides a high-throughput breeding technology for safe and site-specific 
mutagenesis. Tomato is a leading crop in the world and biotechnological advances in this species have 
great impact.

Key words Tomato, Seeds, Transformation, Electroporation, ZFNs

1 Introduction

Until recent years, all attempts to develop robust and controllable 
gene targeting techniques in higher plants for precision breeding 
were inefficient. Traditional plant breeding techniques such as clas-
sic breeding and mutations generated through the use of DNA- 
damaging agents (EMS and X-rays) [1, 2] introduced variation in 
the genetic makeup of modern varieties. These non-targeted muta-
genesis approaches led to the identification of interesting pheno-
types and subsequent extensive work on the determination of their 
genetic basis.

A breakthrough in mammalian and plant cell genetic manipu-
lation was the discovery that generation of a double-strand break 
(DSB) within a target DNA sequence dramatically increases the 
frequency of gene targeting anywhere from 50- up to 5000-fold 
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[3–5]. This finding generated excitement among researchers that 
DSBs could be exploited as a molecular tool in plant transforma-
tion techniques. DNA cleavage triggers cell-assisted repair of DSBs 
between highly homologous and identical DNA segments by the 
homologous recombination (HR) endogenous process [6] or of 
nonhomologous DNA segments by error-prone nonhomologous 
end joining (NHEJ) (Fig. 1). During HR, the cell repairs the DSBs 
using a template with high homology at DSB ends.

In plants, pioneering experiments on DSB repair mechanisms 
showed that DSBs are predominantly repaired by NHEJ while HR 
is common in cells undergoing meiosis [7–10]. During meiosis, 
the precursor diploid cell, which gives rise to four haploid cells, 
contains template for the DSB repair—the sister chromatid—and 
the HR-stimulated repair is highly accurate. Usually, during this 
process, the DSB break is sealed by a DNA sequence containing 
homology to the DNA sequence on each side of the break. Such 
sequences can be found from (i) the sister chromatid which is avail-
able after DNA replication and in close proximity, (ii) a homolo-
gous sequence at close proximity to DSB, and (iiii) an 
extrachromosomal homologous donor DNA.  Through HR an 
external piece of DNA with homologous regions can be integrated 
into the corresponding genomic locus, enabling gene editing and 
creation of gene knock-in, knockout, and point mutations depend-
ing on the sequence provided inside the homologous regions.

NHEJ-driven imperfect repair of DSBs leads to mutations as 
deletions or insertions of DNA sequence at the cleavage site. This 
may result in frame shift and generation of null alleles. There is, 
however, the possibility of perfect DSB repair by NHEJ. In con-
trast, HR repairs DNA in a precise manner based on a DNA tem-
plate containing DNA homologous to the site of the genetic lesion. 
It has been shown that germinating seeds are more sensitive than 

Fig. 1 A scheme to ZFN-induced DSB and repair mechanisms of chromosomal DNA damage. Targeted 
mutagenesis occurs as a result of (i) homologous recombination (HR) with donor DNA and (ii) imperfect repair 
during nonhomologous end joining (NHEJ). Correct repair of the DSB site can be accomplished by HR as well 
as by NHEJ in a cell cycle-dependent manner resulting in the maintenance of genome integrity
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seedlings to NHEJ-mediated DNA repair indicating that the 
requirement for NHEJ is developmental stage -specific [11]. 
Environmental factors such as temperature and light affect the fre-
quency of homologous recombination in plants by an unknown 
mechanism. Specifically, the rate of homologous recombination is 
higher in plants grown under suboptimal temperatures (4 or 
22 °C) or conditions of short-day exposure [12]. DSBs may occur 
daily in the DNA of a eukaryotic organism during exposure to ion-
izing radiation, elevated concentrations of free radicals after patho-
gen attack, and also DNA replication. A quick and efficient method 
for generating a direct DSB in a preferred genomic site relies on 
the design and construction of engineered nucleases with long 
DNA sequence recognition and DNA binding specificity providing 
minimal DNA damage. Genome engineering technology requires 
DNA-binding and -cutting enzymes which can target ideally a 
unique sequence in the genome and modify individual genes.

In 1996, Chandrasegaran and his team created chimeric restric-
tion enzymes by fusing three zinc fingers to Fok I DNA endonu-
clease domain [13]. The novel zinc-finger nucleases (ZFNs) are 
chimeric proteins consisting of engineered zinc fingers (ZFs) asso-
ciated with a nonspecific cleavage domain from the prototypic type 
IIS FokI restriction endonuclease (N) [14–16]. The ZF module is 
at the N-terminus of the chimeric protein. ZFNs require formation 
of a homodimer for endonuclease activity while the DNA-binding 
motif specified by the zinc fingers directs ZFN to a specific locus in 
the genome. Hence, ZFNs act on the DNA in pairs causing a 
DSB. The co-expression of the two ZFN monomers in the cell is 
required. The delivery of ZFN monomers to constitute a func-
tional ZFN pair in the same cell may be severely challenged when 
attempting to deliver in addition to ZFNs, an exogenous DNA 
template to stimulate HR-driven gene editing in a cell. A potential 
drawback of the ZFNs could be non-specificity caused by off- target 
formation of homodimers resulting in off-target DNA cleavage of 
the genome. To circumvent this problem, pioneer work by two 
groups [17, 18] developed complementary substitutions in the 
dimmer interface that prevent homodimer formation while still 
allowing the heterodimer formation and cleavage of the targeted 
DNA site. Bioinformatics tools can be used to identify possible 
high-similarity sequences to target sequence and sequencing analy-
sis ultimately determines if these sites have been modified.

A minimum of three zinc-finger proteins (ZFPs) assembled in 
tandem are required to recognize a targeted DNA site [19]. Each 
pair of three finger ZFPs will recognize a DNA sequence of 18 bp, 
which occurs once every 6.9 × 1010 bp. This, for example, should 
be very specific for tomato (genome size <1010 bp) but not for all 
flowering plants. With the development of eukaryotic expression 
systems, ZFNs can be produced by expression of a variable num-
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ber of zinc fingers with plant codon-optimized Fok I endonucle-
ase sequence. Properly designed ZFNs are versatile molecular 
tools that can act as scissors against any DNA sequence.

Overall, the ZFN-mediated gene targeting involves different 
progressive steps: (i) identification of plausible ZFP recognition 
sites in the target gene sequence, (ii) selection and design of zinc- 
finger array (ZFPs), (iii) assembly of the individual zinc fingers into 
a zing finger array, and (iv) cloning of the ZF-coding sequences in 
frame with the Fok I nuclease domain. To get the ZFN technology 
available to research community for broad application in various 
species, the zinc-finger consortium (http://www.zincfingers.org) 
developed protocols, software, and research tools for engineering 
zinc-finger arrays. Once the ZFNs are designed and assembled 
their activity can be validated in ex planta models such as the single- 
celled yeast. A yeast-based recombination assay has been developed 
to test whether the designed ZF proteins function as ZFNs [20, 
21]. A modified yeast recombination assay has been developed by 
Townsend and co-workers [22].

ZFNs can be provided in plant cells as DNA (e.g., plasmid 
DNA) or mRNA transcripts using various delivery methods. In 
general, plasmid DNA is stable and easy to produce and has the 
advantage of regulated expression under different promoters. 
Naked DNA introduced into cells by direct gene transfer methods 
can be stably transformed in a fraction of cells under selection 
pressure. However, the transient expression (selection free) of 
ZFNs has advantages over the stably expressed ZFNs as it is less 
toxic to the plant cells and there is no need to eliminate the ZFN 
encoding DNA in mutant lines. Without selection the transgenic 
sequences will be eventually degraded by the cellular machinery 
and the mutated cells will be devoid of foreign DNA. Another 
application of ZFNs is that if two pairs of ZFNs are used to target 
sites on the same chromosome for the creation of two concurrent 
DSBs large regions of the genome may be excised. In this case, 
two pairs of ZFNs are simultaneously expressed for the removal of 
transgenes (e.g., selectable marker, reporter gene), promoter 
sequences, and exons. A drawback of ZFNs is that the affinity and 
specificity of the engineered ZFP arrays (left and right of target 
site) are not totally predictable. This is because the ZFPs do not 
function completely independently in recognizing the target 
DNA. In the process of DNA recognition and binding the specific 
attributes of neighboring zinc fingers matter as they do not work 
in a perfectly modular fashion. These positional effects are 
addressed in Mani et al. [23]. In some cases, the in vitro assay of 
ZFN activity poorly correlates with the in vivo outcome. Therefore, 
the ultimate in planta test for evaluating the functionality and 
specificity of ZFNs is required. Samples can be tested for gene 
editing at the locus of interest by standard molecular biology tech-
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niques including PCR amplification, HRM analysis, enzymatic 
digest, and electrophoresis (Fig. 2). Complete, incomplete, non-
specific, or even no cleavage of the DNA are all possible outcomes 
of the ZFN action. These outcomes may indicate good or bad 
ZFN design but they can also be explained by the non-proper 
ZFN expression level, inaccessibility of ZFNs to target region due 
to chromatin structure, problem with PCR-based genomic ampli-
fication, or low detection level in case of plant chimeras. Hence, a 
negative result from the above assays may not be very informative; 
a positive result will definitely encourage further analyses. Proper 
expression of the ZFNs into the target plant cell is the primary 
factor for both efficacy and specificity of gene targeting. Although 
plasmid constructs carrying ZFNs were frequently introduced in 
plant cells by indirect transfer techniques (e.g., Agrobacterium, 
viral vectors), direct DNA transfer to plant cells has been pub-
lished and optimized for difficult-to- transform plant species and 
for achieving a desirable level of gene expression. Among those 
methods regeneration-independent approaches are free of poten-
tial problems such as somaclonal variation and they don’t require 
lengthy incubation periods in controlled environments. Typically, 
direct DNA uptake can be used for both stable and transient 
expression of chimeric endonucleases. As the efforts of obtaining 
plant transformation for proof-of- principle approaches shift to 
approaches for practical precision breeding of economically 
important plant species, certain combinations of the published 
methods for delivering DNA (or RNA) may be suitable for 
approaching a high-throughput level. One important consider-
ation when deciding what plant transformation method to use is 

Fig. 2 A screening strategy for genotyping potential genomic mutations after 
ZFN-induced DSB

Non-transgenic ZFN Approach in Seeds



192

whether the plant is propagated by seeds or vegetative methods. 
In case of seed-propagated plant, stable transmission of DNA 
mutation(s) to germline tissue is highly desirable.

Our choice of method for ZFN delivery in plants is DNA elec-
troporation. By exposing cells to short and intense electric pulses 
the phospholipid bilayer of cells is disrupted and microscopic pores 
are formed through which DNA is allowed to enter into the cells. 
The method is quick and inexpensive and can result in high trans-
formation efficiency. Electroporation parameters for different plant 
tissues have been reported. In general, the optimum electric field is 
dependent on (a) the pulse length, (b) the composition and tem-
perature of the electroporation medium, (c) the concentration of 
foreign DNA, and (d) the type of plant system being used regard-
ing the presence or absence of cell wall (seeds, leaf, protoplasts, 
etc.). Typically, high concentration of plasmid DNA containing 
the ZFN genes is added to a suspension of plant tissue and the 
mixture is given a shock with an electric field of 200–600 V/cm. 
The plant tissue is then grown in tissue culture under selection 
pressure to select the transformed ones. The method has been used 
for ZFN delivery into tobacco protoplasts [22]. Our group has 
used electroporation for ZFN delivery and transient expression 
into tomato seeds [24].

Tomato genetically is a diploid crop. The target of transforma-
tion in seeds is the embryo composed of primordial leaves, axillary 
buds, and apical meristem. Heritable mutations are those that 
occur in cells of the apical meristem that contribute to the forma-
tion of gametes in flowers. During ZFN-induced mutagenesis, it is 
possible that the pollen may carry different mutation than the egg 
and as a result it is advisable to screen individual plant progenies. 
Mature seeds of homozygous pure line are excellent materials for 
mutagenesis as they are readily available all year around and do not 
require lengthy preparation time as starting material for transfor-
mation. The primary goal of using the multicellular embryo of 
seeds to deliver ZFNs is to obtain viable mutant plants that may 
contain different chimeric tissues and produce adequate M1 seeds 
to advance to later generations. The formation of chimera requires 
careful handling and screening for efficient mutation identification 
and breeding. Genome engineers face the challenge of how to 
develop a practical and efficient screening procedure of mutation 
selection from a large pool of variants. The cost of screening may 
be an important burden for some laboratories especially in cases of 
low efficiency of targeted mutagenesis. The ideal case scenario is 
when genotypic variation is linked to phenotypic variation that can 
be detected early either macroscopically or microscopically. 
Nonheritable ZFN-induced mutations that result in sterility may 
be prominent in M1 and M2 generations. Other phenotypes, which 
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are easy to score visually, are earliness, plant height and structure, 
color variation (e.g., leaves, fruits), and shape changes (e.g., leaves, 
trichomes, fruits). In self-pollinated tomato plants, when muta-
tions are stabilized (M2–M4) and there is sufficiency in seeds, fur-
ther tests in open field can be conducted (e.g., for yield). A visual 
selection encourages further detailed examination of the targeted 
DNA region by PCR-based approaches. In cases that the mutated 
character is not easily scored, a “genotype-first” approach may be 
followed. PCR-based amplification techniques which are used to 
recover potential genomic modification events at the target locus 
include junction PCR and RLFP assay. The techniques are quick 
and have different advantages. For example, junction PCR is sensi-
tive but not as quantitative as the RLFP assay and amplifies the 
integration events only. The RFLP assay, from the other side, is less 
sensitive but more quantitative than junction PCR and is used for 
the amplification of both integration and non-integration events. 
The amplification products from screening primary transgenic 
plants (and their progenies) are subjected to gel electrophoresis 
side by side with the amplification products from non-treated plant 
specimens and the banding pattern is compared. In case a donor 
DNA strategy is used to induce HR-driven mutagenesis, the 
knowledge of the engineered DNA and possible alterations (if any) 
expected in the restriction digestion pattern of the engineered 
DNA fragment and/or in DNA length can give clues about the 
expected results. A weak point of the DNA resolution on gel is that 
DNA modifications that result in small changes in DNA length are 
going to be missed by this method. To get over this problem, the 
surveyor assay uses heating of the PCR amplicons followed by slow 
cooling which allows the formation of heteroduplexes from the 
annealing/hybridization of wild-type and mutant strands of 
DNA. The rationale behind this approach is that only the mutated 
portion of the DNA will remain single stranded leaving the com-
mon DNA to both treated and untreated cell pools hybridized. 
The presence of excess DNA from untreated plants is an important 
factor that ensures heteroduplex formation. Subsequently, the het-
eroduplexes are treated with a single-strand-specific endonuclease 
CEL1 which cuts 3′ of single-base mismatches to yield novel frag-
ments of DNA that can be resolved on a gel. These novel frag-
ments can be further analyzed by sequencing to determine if the 
mutation is predicted to be silent, missense, or knockout mutation. 
The endonuclease digestion step is critical for this assay and fraught 
with potential problems common to enzymatic reactions. Another 
powerful, fast, and high-throughput genotyping technique, which 
does not involve an enzymatic digestion, is the high-resolution 
melt analysis (HRM) after amplification of target sequence by 
real- time PCR with the incorporation of a fluorescent dye that 
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specifically binds double-stranded DNA (dsDNA), followed by 
melt curve analysis of the amplicons. Each PCR product has its 
own melting temperature which is dependent upon the length and 
base composition of DNA and heterozygosity of DNA sample. 
Thus, several DNA samples can be screened at once and the high- 
throughput processing of the samples minimizes the time, labor, 
and cost of screening without compromising the level of mutation 
detection efficiency. These parameters become significant when 
the nature of the mutations is not known as in the donor-free strat-
egies for genome engineering which are controlled by the NHEJ 
repair pathway. Non-transgenic approaches may be selection free 
(foreign DNA is introduced in cells but eliminated prior to or dur-
ing mitosis process) for the transformants which typically means 
extensive screening of a heterologous mix of genomic DNAs.

In practice ZFNs offer a valuable toolbox for precision breed-
ing that can be used by researchers to increase genetic diversity in 
gene loci and improve agronomical traits. Through proper design 
of ZFNs and delivery method, scientists can navigate the tangle of 
laws and regulations and deliver acceptable to consumers’ agricul-
tural products.

2 Materials

 1. Plant expression vector (e.g., pDW1775, Addgene) carrying 
the left and right ZFN constructs.

 2. Plasmid purification kit.
 3. A sterile laminar flow hood equipped with a desiccator con-

nected to a vacuum pump.
 4. Electroporator.
 5. 0.4 cm Electroporation cuvettes.
 6. ZFN DNA.
 7. Germination buffer: 5% Sucrose, 3% H3BO3, 1.3  mM 

Ca(NO3)2.
 8. Electroporation buffer: 80 mM KCl, 5 mM CaCl2, 10 mM 

Hepes, 0.5 M mannitol. Adjust to pH 7.2 and filter using a 
0.22 μm filter.

 9. 6 cm Petri dishes.
 10. Seed boxes or Jiffy pots.
 11. Forceps, sterile.
 12. Plant material: Tomato seeds (e.g., cv Heinz 1706 see Note 1); 

for a medium scale you may use approximately 40 seeds with 
9 to 10 seeds per cuvette.

Zoe Hilioti



195

3 Methods

Electroporation uses electrical current to temporarily open pores 
in the membrane of plant cell through which salt-free DNA may 
pass. Electroporation-based delivery of ZFNs for transient expres-
sion and targeted mutagenesis of tomato seeds described herein 
promoted highly efficient disruption of the L1L4 gene in S. lycop-
ersicum [24]. The protocol employs germinating seeds as starting 
plant material and assumes basic knowledge about sterile condi-
tions and molecular biology techniques. The procedure described 
here for transformation of seeds is fast and can be scaled up for 
transforming greater number of seeds taking into account that the 
target of tomato production is the fruits (Fig. 3).

 1. Visually inspect mature tomato seeds and choose large undam-
aged seeds.

 2. In a sterile hood, surface sterilize seeds by immersion in 70% 
ethanol for 20  s. Wash seeds with sterile distilled water and 
then add 3.5% bleach for 10 min. Wash surface-sterilized seeds 
three times using sterile water for each wash.

 3. After sterilization, use sterile forceps to transfer seeds onto a 
6 cm petri dish to germinate for 12 h in germination buffer 
and place them at 10 °C in the dark.

3.1 Seed Pre- 
germination 
and Direct 
Introduction of ZFN 
DNA into Seeds 
by Electroporation

3.1.1 Day 1

Fig. 3 Protocol for the ZFN-based targeted genome engineering of S. lycopersicum without selection
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 4. For ZFN pair expression supplied as plasmid DNA (two DNA 
fragments encoding the left and right ZFN) a fresh plasmid 
purification should be prepared as described by the manufac-
turer’s protocol (mini or midi scale) prior to electroporation. 
In doing so, inoculate cultures from a single E. coli colony for 
overnight growth at 37 °C and extract DNA the next day.

 1. Proceed with plasmid DNA extraction (DNA for electropora-
tion must be free of salt) and put DNA on ice.

 2. Remove germination buffer from the seeds in petri dish, add 
filter-sterilized electroporation buffer, apply vacuum condi-
tions (0.09 MPa) for 10 min, and allow the DNA-seed mix-
ture to stand for 1  h in the vacuum chamber. Thereafter, 
transfer seeds to pre-chilled sterile electroporation cuvettes 
and suspend them in 200 μL electroporation buffer contain-
ing 50 μg of freshly prepared and well-mixed plasmid DNA 
(25 μg for each ZFN monomer). Cap the cuvette.

 3. Put cuvettes containing the seeds and buffer on ice for 10 min 
prior to electroporation.

 4. Wipe cuvettes with tissue paper prior to electroporation. Set 
the electroporation conditions on a commercial electroporator 
device, press the button to electroporate the seeds, and apply 
three electric pulses, each with duration of 4  ms and field 
strength of 6.25 kV cm−1.

 5. After electroporation, place cuvettes on ice for 1 h. Thereafter, 
transfer the seeds and the buffer solution in petri dishes under 
the hood area. Add appropriate volume of electroporation 
buffer or distilled water to keep seeds moist and allow them to 
grow at 10 °C for 24 h in the dark.

 1. Sow seeds (see Note 2) in Jiffy pots or 15 cm pots and place 
under controlled growth chamber conditions. Jiffy pots have 
small volume, are easy to handle, and facilitate frequent phe-
notypic (macroscopic and microscopic) data collection of a 
large number of transformants.

 1. Wait about 7 days for seeds to germinate post-sowing. Record 
physiological characters throughout development  (survival, 
early germination, seedling height, plant structure, trichomes, 
number of seeds per fruit) for practical screening as parental 
plants. They may exhibit chimerism which is easy to detect at 
young seedling stage (up to 2–3 weeks post-germination) due 
to rapid growth while it becomes challenging to detect it in 
mature plants. Record the distinctive characters of plants in 
terms of their morphology, and behavior under external 
conditions until the maturation stage.

3.1.2 Day 2

3.1.3 Day 3

3.2 Phenotyping 
and Genotyping 
Transformants
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 2. To extract genomic DNA (using your method of choice) and 
screen for successful targeting events, harvest vegetative 
samples (e.g., leaves), freeze in liquid nitrogen, and store at 
−80 °C until needed. Proceed with grinding of plant material 
to a fine powder using liquid nitrogen and subsequent DNA 
extraction.

 3. Detect on-target mutations in the heterogeneous cell popula-
tion of chimeric tissues (see Note 3) by HRM and gel electro-
phoresis of amplicons using the wild-type DNA as reference. 
Proceed with DNA extraction and purification of the band of 
interest from agarose gel. Confirm mutations by sequencing 
to ultimately determine the outcome of genome editing. Off- 
target mutations in highly homologous to on-target sites can 
be checked in the same way. Whole-genome sequencing, how-
ever, is the best strategy to evaluate ZFN-induced changes.

 4. Collect seeds from individual fruits of each founder plant and 
study mutation inheritance.

  Bulk seed screening is advised only when the phenotype is well 
-known. Repeat screening, phenotyping, genotyping, and 
labeling in succeeding generations until homozygous lines are 
achieved.

4 Notes

 1. The cv Heinz 1706 has been sequenced and serves as a refer-
ence genome for tomato [25]. The variety displays cleistog-
amy allowing self-pollination, which increases homozygosity 
in progenies.

 2. Transient expression of ZFNs in seeds may minimize possible 
cytotoxicity problems and ensure that foreign DNA would not 
be incorporated into the cells yielding, thus, non-transgenic 
plants. In case of ZFN toxicity, however, an alternative 
approach would be to use variant ZFNs of the obligate het-
erodimer-type Fok I, which have high fidelity. A mutagenesis 
approach to generate E490K:I538K and Q486E:I499L vari-
ants in pDW1775 containing the wild-type Fok I gene is pro-
vided in [24].

 3. It is expected that as a result of ZFN function the embryo will 
be a chimera of the original cells and the altered ones. In the 
pooled genomic DNA sample from chimeric tissue, diploid 
tomato cells may carry a heterozygous mutation where only 
one allele is mutated, some others a biallelic mutation where 
both alleles are mutated but the sequence of each allele is dif-
ferent, or in others a homozygous mutation may be present 
where both alleles carry the same mutation. In essence, each 
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successfully mutated seed may represent a “library” of gene 
mutations and the heterogeneity of DNA may complicate 
sequencing efforts in founders.
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Chapter 15

Gene Editing in Channel Catfish via Double Electroporation 
of Zinc-Finger Nucleases

Rex A. Dunham, Ahmed Elaswad, and Zhenkui Qin

Abstract

The traditional approach for gene editing with zinc-finger nucleases (ZFNs) in fish has been microinjec-
tion of mRNA. Here, we develop and describe an alternative protocol in which ZFN plasmids are electro-
porated to channel catfish, Ictalurus punctatus, sperm, and embryos. Briefly, plasmids were propagated to 
supply a sufficient quantity for electroporation. Sperm cells were prepared in saline solution, electropor-
ated with plasmids, and then used for fertilization. Embryos were incubated with the plasmids before 
performing electroporation just prior to first cell division. Plasmids were then transcribed and translated by 
embryonic cells to produce ZFNs for gene editing, resulting in mutated fry.

Key words Channel catfish, Electroporation, Zinc-finger nuclease, Plasmids, Sperm-mediated gene 
transfer, Gene editing, Mutation

1 Introduction

Zinc-finger nucleases (ZFNs) are one of the engineered nucleases 
that have been used to edit genes in different organisms [1, 2]. 
ZFN consists of two domains: (a) DNA-binding domain, which 
recognizes and binds to the DNA target sequence, and (b) DNA- 
cleaving domain (endonuclease activity, FokI), which cuts the DNA 
at the target site [3]. ZFNs are engineered in pairs, one for each 
DNA strand. Together, they induce double-strand break (DSB) 
which will then be repaired by an error-prone DNA repair mecha-
nism, nonhomologous end joining (NHEJ), resulting in insertions, 
deletions, and frameshift mutations. The applications of ZFN tech-
nology include gene knockout [2, 4], insertion [5], and correction 
[6, 7]. Most of ZFN-based gene editing in fish focused on gene 
knockout as in, for example, zebrafish (Danio rerio) [2, 4], channel 
catfish (Ictalurus punctatus) [8], yellow catfish (Pelteobagrus fulvi-
draco) [9], and rainbow trout (Oncorhynchus mykiss) [10].

Electroporation is a technique in which electrical impulses are 
applied to cells to disrupt the selective permeability and facilitate 
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the passage of large biological molecules such as DNA [11]. The 
technique is widely used to transform bacterial cells [12, 13], yeast 
[14], plants [15, 16], and mammalian cells and tissues [11, 17, 
18]. Electroporation has many applications in medicine [19], biol-
ogy [20], cell biology [21], and biotechnology [22]. In fish, elec-
troporation has been routinely used to generate transgenic fish 
through the introduction of transgene constructs into one-celled 
embryos such as channel catfish [23, 24], common carp (Cyprinus 
carpio) [23], medaka (Oryzias latipes) [25, 26], and zebrafish [23, 
27]. Transgene constructs were also electroporated into sperm in a 
technique called “sperm-mediated gene transfer” [28]. In such a 
case, sperm will transport the transgene construct and introduce it 
into the egg during the fertilization process. Transgenic fish spe-
cies were generated with this technique, for example, silver sea 
bream (Sparus sarba) [29], chinook salmon (Oncorhynchus 
tshawytscha) [30], grass carp (Ctenopharyngodon idellus) [31], 
zebrafish [32] and loach (Misgurnus anguillicaudatus) [33]. To 
increase the possibility of transgene insertion, electroporation of 
sperm and one-celled embryos can be combined in a single tech-
nique called “double electroporation” where sperm is electropor-
ated and used to fertilize the eggs, and then fertilized eggs are 
electroporated at the one-cell stage [34].

The traditional approach to deliver ZFNs to fish embryos was 
through microinjection of ZFN-expressing mRNA [2, 4, 35] 
which will then be translated into functional ZFN domains before 
targeting the genome. However, plasmid constructs expressing 
transcription activator-like effector nucleases (TALENs) were elec-
troporated into the ascidian chordate (Ciona intestinalis) to knock 
out multiple genes [36]. In addition, Cas9/gRNA plasmid DNA, 
Cas9 mRNA/gRNA, and Cas9 protein/gRNA complexes were 
electroporated into a variety of mammalian cells for gene editing 
[37]. Here, we describe an alternative protocol that utilizes double 
electroporation of ZFN-expressing plasmid constructs into the 
sperm and one-celled embryos to generate gene-edited channel 
catfish. The protocol is simple and does not require in vitro tran-
scription and many founder fish can be generated (150–200 
embryos can be electroporated in a single batch). In this protocol, 
both sperm and embryos are electroporated with ZFN-expressing 
constructs. First, sperm is incubated with plasmids for at least 
5 min in 0.9% saline solution, and then freshwater is added imme-
diately before electroporation. Addition of freshwater will hydrate 
and activate the sperm, and increase the uptake of plasmids by the 
sperm [34]. Second, embryos are incubated with plasmids for at 
least 10 min before electroporation. ZFN constructs will then be 
transcribed and translated by the embryonic cells which might 
affect the level of mosaicism [38]. Qin et al. [8] found no evidence 
of plasmid DNA integration in the channel catfish genome when 
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ZFN plasmids were double electroporated. However, there is a 
possibility of ZFN plasmids integrating into the channel catfish 
genome generating transgenic gene-edited fish [39]. Therefore, 
founder fish generated with double electroporation of ZFN plas-
mids will need to be screened for potential gene integration.

2 Materials

This protocol is optimized for the equipment and materials below. 
Other alternatives may be used, however, for which further optimi-
zation may be required.

 1. Electroporator (Fig. 1a, see Note 1).
 2. 37 °C Shaking and non-shaking incubator.
 3. Eppendorf centrifuge.
 4. 50 mL Tube centrifuge
 5. 200–300 mL Centrifuge.
 6. 42 °C Water bath.
 7. Thermal cycler (optional).
 8. ZFN-expressing plasmid constructs: ZFN constructs can be 

designed and purchased from Sigma-Aldrich (St. Louis, 
Missouri, USA) [8] or any molecular biology or biotechnol-
ogy supplier.

 9. Lysogeny broth (LB): 1% Tryptone, 0.5% yeast extract, 0.5% 
NaCl. To prepare 100 L LB broth, weigh the following in a 
graduated flask: 1 g tryptone, 0.5 g yeast extract, and 0.5 g 
NaCl and add up to 100 mL distilled water. Adjust the pH to 
7.0 with NaOH and autoclave for 20 min. Add 50 ppm kana-
mycin before use (see Note 2).

 10. Surveyor mutation detection kit (Integrated DNA 
Technologies, Inc., Coralville, Iowa, USA).

 11. Expand™ High Fidelity PLUS PCR System (Sigma-Aldrich, 
St. Louis, Missouri, USA).

 12. 10 cm LB agar plates: 1% Tryptone, 0.5% yeast extract, 0.5% 
NaCl, 1.2% agar, 50 ppm kanamycin (see Note 3).

 13. TE buffer: 10 mM Tris–Cl, 1 mM EDTA, pH 8.0.
 14. 0.9% Saline: 0.9 g NaCl, add 100 mL distilled water.
 15. 1.5 mL Eppendorf tubes.
 16. Parafilm.
 17. One Shot™ TOP10 Chemically Competent Escherichia coli 

cells (Invitrogen, Carlsbad, CA, USA).
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 18. S.O.C.  Medium: 2% Tryptone, 0.5% yeast extract, 10  mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM 
glucose (provided with competent cells). Alternatively, LB 
broth without antibiotic can be used.

 19. IsoPure™ Plasmid Maxi II Prep Kit (Denville Scientific Inc., 
Holliston, MA, USA).

 20. Holtfreter’s solution: 59 mM NaCl, 0.67 mM KCl, 2.4 mM 
NaHCO3, 0.76  mM CaCl2, 1.67  mM MgSO4 [40] with 
10 ppm doxycycline hyclate (see Note 4).

Fig. 1 Gene editing of channel catfish, Ictalurus punctatus, via double electroporation of sperm and one-celled 
embryos. (a) Baekon 2000 macromolecule transfer system (Baekon, Inc., Saratoga, CA). (b) LB agar plate with 
single colonies indicates successful transformation of competent cells. (c) Inspection of plasmid DNA quality 
in 1% agarose gel reveals a single band of the expected size for each ZFN plasmid (two ZFN pairs are shown). 
(d) Addition of sperm to the plasmid DNA solution before sperm electroporation. (e) Transfer of 150–200 eggs 
to a greased spawning pan for fertilization. (f) Fertilized channel catfish eggs are allowed to harden in the 
spawning pan. (g) Incubation of fertilized eggs with DNA solution 10 min before embryo electroporation. (h) 
Rearing of channel catfish embryos in plastic tubs containing 10 L of Holtfreter’s solution with continuous 
aeration. (i) Channel catfish fry swim up after consuming their yolk reserves. Photos by Ahmed Elaswad
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 21. Magnesium sulfate.
 22. Sodium chloride.
 23. Sodium bicarbonate.
 24. Potassium chloride.
 25. Calcium chloride (32% solution).
 26. Kanamycin stock solution: 50 mg/mL in deionized water (see 

Note 5).
 27. Ampicillin stock solution: 100 mg/mL in deionized water.
 28. 500 mL Centrifuge tubes.
 29. 50 mL Falcon tubes.

3 Methods

This protocol is optimized for One Shot™ TOP10 Chemically 
Competent E. coli (Invitrogen); however, competent cells from 
other suppliers can be used according to the manufacturer’s 
instructions. Perform all steps involving competent cells or trans-
formed E. coli cells aseptically.

 1. Dilute the plasmid constructs (left and right ZFN plasmids) to 
a final concentration of 50 ng/μL using ultrapure water or TE 
buffer.

 2. On ice, thaw a 50 μL vial of competent cells. Add 1–2 μL of 
ZFN plasmid construct solution (50–100 ng) to 25 μL of E. 
coli competent cells in a 1.5 mL Eppendorf tube and mix by 
gentle tapping. Incubate on ice for 30 min. Store the remain-
ing plasmids at −20 °C.

 3. Statically, heat-shock the competent cells at 42 °C for 30 s and 
then put back on ice immediately for 2  min. Alternatively, 
plasmid constructs can be added to competent cells in a 0.2 
Eppendorf PCR tube, incubated on ice for 30  min, heat- 
shocked in a thermal cycler for 30 s at 42 °C, and then incu-
bated on ice for 2 min.

 4. Aseptically, add 250 μL of S.O.C. medium that was prewarmed 
to room temperature to each tube. Alternatively, LB medium 
without antibiotic can be used.

 5. Seal the tube caps with parafilm to prevent the loss of solution. 
Place the tubes in an Eppendorf rack and shake horizontally in 
a shaking incubator at 37 °C for 1 h at 225 rpm.

 6. Spread two different volumes on separate labeled LB agar 
plates that were prewarmed at 37 °C for 30 min. For example, 
spread 50 μL and 100 μL of transformed competent cells on 
two separate LB agar plates with antibiotic (see Note 6). 

3.1 Propagation 
of ZFN Plasmid 
Constructs
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Incubate the plates in an inverted position at 37  °C for 
18–24 h.

 7. Check the plates for bacterial growth. Single colonies (Fig. 1b) 
indicate successful transformation.

 8. Transfer a single colony from each agar plate to a sterile 1.5 mL 
Eppendorf tube containing 500–700  μL LB broth with 
50 μg/mL kanamycin. To transfer a single colony, hold a ster-
ile 35 mm 10 μL tip from the wide end with a forceps, open 
the cover of the agar plate at 45°, and pick a single colony with 
the fine end of the tip. Place the tip in the Eppendorf tube 
with LB broth. The tip can be discarded after a few minutes or 
kept in the tube and discarded after the overnight 
incubation.

 9. Seal the tubes with parafilm and incubate horizontally over-
night at 37 °C in a shaker incubator at 225 rpm.

 10. Transfer overnight culture of each plasmid separately to a 
500 mL sterile glass bottle containing 250 mL LB broth with 
50 μg/mL kanamycin. Incubate for 12–16 h at 37  °C in a 
shaker incubator at 225 rpm.

 11. Extract the plasmid DNA using IsoPure™ Plasmid Maxi II 
Prep Kit (Denville Scientific Inc., Holliston, MA, USA) fol-
lowing the manufacturer’s instructions, and elute the DNA in 
TE buffer.

 12. Determine the concentration and purity of the extracted plasmid 
DNA with a spectrophotometer, and check the quality by load-
ing a few microliters in a 1% agarose gel (Fig. 1c, see Note 7).

If the plasmid concentrations are 500  ng/μL or higher, dilute 
50 μg of each ZFN plasmid in 2 mL 0.9% saline to reach a final 
concentration of 50 μg/mL for both (25 μg/mL each) and store 
at −20 °C until use (see Note 8). This amount should be adequate 
for sperm electroporation to fertilize one batch of eggs. If the plas-
mid concentrations are less than 500 ng/μL, concentrate the DNA 
as follows:

 1. Add 1/10 volume of 3 M sodium acetate (NaOAc) of pH 5.2 
or 5 M NH4OAc, and 2–2.5 volumes of ice-cold 100% ethanol 
into DNA solution.

 2. Mix and incubate at −20 °C for 1 h.
 3. Centrifuge at full speed in a microcentrifuge for 15–20 min.
 4. Discard the ethanol, wash the DNA pellet in 70% ethanol, and 

then air-dry the pellet.
 5. Based on the initial concentration, dissolve the pellet in a smaller 

volume of ultrapure water or TE buffer to achieve a concentra-
tion that is 500 ng/μL or higher.

3.2 Preparation 
of ZFN Plasmids 
for Electroporation

3.2.1 Preparation of ZFN 
Plasmids for Sperm 
Electroporation
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 6. Prepare the working solution for sperm electroporation as men-
tioned above. Prepare the solution in a 5 mL Eppendorf tube or 
split into two 1.5 mL Eppendorf tubes.

Dilute the plasmids in TE buffer to reach the same concentration 
as for sperm electroporation (25 μg/mL of each plasmid, 50 μg/
mL for both combined). In this protocol, 3–5 mL of the plasmid 
solutions is sufficient for one electroporation batch of 150–200 
channel catfish eggs. Prepare the plasmid solutions in a 5  mL 
Eppendorf tube or a 15 mL Falcon tube. Store at −20 °C until use.

For a comprehensive protocol of artificial spawning of channel cat-
fish, see Elaswad et  al. [38, 41]. Briefly, females are induced to 
spawn with luteinizing hormone-releasing hormone analog 
(LHRHa) and eggs are stripped and in vitro fertilized with sperm 
in batches of 150–200 eggs. A more detailed procedure is described 
below:

 1. Implant channel catfish females in the dorsal musculature with 
85 μg LHRHa /kg body weight. Place the females in spawning 
bags at least 15 cm under water in a flow-through tank with 
continuous water flow and aeration. Check for ovulation 36 h 
after implantation.

 2. Euthanize channel catfish males by a percussive blow to the 
head (see Note 9). Crush and macerate the testes into up to 
10  mL 0.9% saline/gram of testes. Fresh sperm is preferred; 
however, sperm can be stored at 4 °C and used within 24 h.

 3. Anesthetize the females that began to ovulate in 100 ppm tric-
aine methane sulfonate (MS-222) in which the pH was adjusted 
to 7.0 using sodium bicarbonate, then rinse the female in 0.9% 
saline, and dry it with a clean towel. Hand-strip the eggs in a 
20 cm greased spawning pan.

 1. Thaw the plasmids for sperm electroporation and wait until it 
reaches room temperature.

 2. Add the sperm solution into the tubes containing the plasmids 
at a ratio of 1–2 sperm drops/1  mL plasmid (Fig.  1d). Mix 
gently and incubate at room temperature for at least 5 min.

 3. Using plastic plant labels, transfer 150–200 eggs to another 
greased spawning pan for fertilization (Fig. 1e).

 4. Adjust the electroporation parameters to 6 kV, 27 pulses, 0.8-s 
burst, four cycles, and 160 μs [23].

 5. To electroporate the sperm, pour the DNA/sperm solution 
into a 7 mL Petri dish, fill it with freshwater, and mix gently. 
Place the petri dish inside the electroporation chamber, close 

3.2.2 Preparation of ZFN 
Plasmids for Embryo 
Electroporation

3.3 Artificial 
Spawning of Channel 
Catfish

3.4 Sperm 
Electroporation 
and In Vitro 
Fertilization
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the protective glass shield, and move the petri dish stand upward 
until the solution touches the electrode. Electroporate the 
sperm and use it immediately for fertilization (see Note 10).

 6. To fertilize the eggs, pour the electroporated sperm solution on 
the eggs in the greased spawning pan. Mix gently by swirling 
the eggs. Add more freshwater to slightly cover the eggs, wait 
for 1 min, then add a few drops of non-electroporated sperm, 
and mix gently by swirling the eggs (see Note 11).

 7. After a few minutes, add more freshwater and allow the eggs to 
harden and develop until it is time for embryo electroporation 
(Fig. 1f).

 1. Pour freshwater from the spawning pan and transfer the fertil-
ized eggs from the spawning pan to a 7 mL petri dish 10–15 min 
before the first cell division (see Note 12).

 2. Add enough amount of the DNA solution to totally cover the 
embryos in the petri dish (3–5 mL is enough) and incubate at 
room temperature for at least 10 min (Fig. 1g).

 3. Place the petri dish with fertilized eggs in the electroporator 
and perform electroporation with the same parameters as 
described in step 4 in Subheading 3.4.

 1. When electroporation is complete, place embryos in plastic tubs 
containing Holtfreter’s solution with 10 ppm doxycycline and 
continuous gentle aeration. Usually up to a hundred embryos 
are incubated in 10 L tubs (Fig. 1h). Place tubs in a tank in 
which water height is less than the height of the tubs (Fig. 1h). 
This will reduce temperature fluctuations and ensure that all 
tubs have the same temperature.

 2. Depending on the objective of the gene editing, include three 
replicate tubs with control embryos that were exposed to the 
same handling stress and electroporated with TE buffer only. 
Include also three control tubs in which embryos were not elec-
troporated (see Note 13).

 3. Inspect the embryos daily and remove any dead embryos (see 
Note 14). To remove dead embryos, reduce the volume of 
Holtfreter’s solution to 1/3 and pick dead embryos with a for-
ceps or a plastic pipette. Avoid rough handling of embryos. If 
not removed, dead embryos or egg shells will be susceptible to 
fungal growth.

 4. Replace the old Holtfreter’s solution with fresh solution daily 
after removal of dead embryos. Check the temperature of both 
solutions. Avoid wide variations in temperature. Usually, tem-
perature differences of 1.5 °C or less are acceptable.

3.5 Embryo 
Electroporation

3.6 Embryo Care 
and Rearing
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 5. If fungus infection appears, treat the embryos statically with 
35–40 ppm formalin for 30 min and then completely change 
the solution immediately. Prophylactic formalin treatment of 
fungus may also be applied beginning the third day after fertil-
ization until 1 day before hatch (see Note 15).

 6. To check embryonic development, randomly pick a few embryos 
in a petri dish with Holtfreter’s solution and visualize under the 
microscope (see Saksena et  al. [42] for more information on 
channel catfish early development). After hatching, remove egg 
shells to avoid water quality deterioration. Fry then can be 
reared in Holtfreter’s solution without doxycycline.

 7. Do not feed the fry in the first few days until they consume their 
yolk sac and swim up (Fig. 1i). Fry are then fed with artemia 
nauplii twice per day at a rate of 5 nauplii/mL.

 8. Gradually replace Holtfreter’s solution with water from the 
catfish- rearing system that they will be transferred to next. To 
accomplish this, replace one-third of Holtfreter’s solution with 
water every 1–2 days. Avoid wide temperature changes between 
both solutions. When Holtfreter’s solution is totally replaced 
with water, move the fry to aquaria with continuous water flow 
and aeration, and feed them a mixture of artemia nauplii and 
catfish starter feed (55% protein) for 3–4 days. Then feed the fry 
with catfish starter feed multiple times daily for a total of 25% of 
fry body weight per day.

 1. Randomly select several electroporated 3–4-day-old embryos. 
Remove egg shells and yolk, and extract genomic DNA with 
any commercial kit or other protocol. Mutation detection can 
also be performed on fingerlings. In this case, tissue samples, 
e.g., fin or barbel clips, are collected for DNA extraction. Check 
genomic DNA for integrity with a 1% agarose gel, and for purity 
and concentration using a spectrophotometer. Include 3–5 full- 
sib control embryos (see Note 16).

 2. Detect mutations using a mutation detection method that is 
suitable for the expected mutation such as loss of restriction 
enzyme cut site, surveyor mutation detection assay, heterodu-
plex mobility assay, or any other method (see Zischewski et al. 
[43] for more mutation detection methods and the advantages 
and disadvantages of each method). Here, we use surveyor 
mutation detection assay for mutation detection, and cloning 
and DNA sequencing to confirm and determine the type of 
mutation (see Note 17).

 3. Design and order oligonucleotide primers that are flanking the 
expected mutation sites (the sites where DSB is expected to 
occur). For best results, each primer should be at least 150–
200 bp away from the expected mutation sites.

3.7 Mutation 
Detection

Gene Editing in Fish via Double Electroporation of ZFN
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 4. Prepare the PCR reaction mix in a 0.2 mL PCR tube: up to 
20 μL PCR grade water; 1× Expand HiFi PLUS reaction buffer 
with MgCl2, 0.2 mM dNTP mix, 0.4 μM for each of the for-
ward and reverse primers, 100–300  ng genomic DNA, and 
1.25 units of Expand HiFi PLUS enzyme blend. Include three 
PCR reactions for control embryos.

 5. Mix by gentle tapping followed by a brief centrifugation, and 
then place the tubes in a thermal cycler in the following PCR 
cycling conditions: initial denaturation at 94  °C for 3  min; 
30 cycles of denaturation at 94 °C for 30 s, annealing at opti-
mum temperature for 30 s, and extension at 72 °C for 1 min/
kb; and final extension at 72 °C for 10 min.

 6. Clone the PCR product in a proper vector, e.g., TOPO™ TA 
Cloning™ Kit for Sequencing (Invitrogen) following the manu-
facturer’s instructions, and then transfer the vector to One 
Shot™ TOP10 Chemically Competent E. coli. Use 2 μL of the 
cloning reaction to transform the competent cells and continue 
as described in Subheading 3.1. Replace kanamycin with 
100 ppm ampicillin when using TOPO™ TA Cloning™ Kit for 
Sequencing (Invitrogen).

 7. Pick up 10–20 single colonies from the LB agar plate, culture 
overnight in LB broth with 100  ppm ampicillin, and then 
extract and send plasmid DNA for sequencing using vector 
primers or the same primers that have been used in the 
PCR.  Include several reactions from the full-sib wild-type 
embryos.

 8. To identify ZFN-induced mutations, align the DNA sequences 
from electroporated embryos to sequences from wild-type 
embryos using a multiple sequence alignment tool, such as 
T-COFFEE.

 9. Select mutant fish and rear them for further phenotypic evalua-
tion and breed to generate mutant lines with mutations of 
interest.

4 Notes

 1. We use a Baekon 2000 macromolecule transfer system 
(Baekon, Inc., Saratoga, CA) which is no longer manufac-
tured. Other electroporators that can provide the same elec-
troporation conditions could be used.

 2. LB medium with kanamycin can be stored at 4 °C for a few 
days.

 3. For LB agar plates, add 1.2% agar to LB broth formula and 
autoclave for 20 min. Let it cool down to 55 °C, then add 
kanamycin to a final concentration of 50 μg/mL, and pour 
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10–15 mL into each 10 cm petri dish. Allow the agar to solid-
ify for 20 min, seal with parafilm, place in a sealed plastic bag, 
and store the plates inverted at 4 °C for 2–4 weeks.

 4. Holtfreter’s solution can be prepared as follows:
 (a)  Prepare Holtfreter’s stock solution by dissolving 1050 g 

NaCl, 60 g NaHCO3, and 15 g KCl in 10 L dechlorinated 
city water.

 (b)  Prepare Mg2SO4 stock solution by dissolving 150  g of 
MgSO4 in 500 mL distilled water.

 (c)  Prepare doxycycline stock solution by dissolving 1.5 g dox-
ycycline hyclate in 30 mL of distilled water, store in a dark 
glass bottle at 4 °C, and use within 1 week of preparation.

 (d)  Prepare Holtfreter’s working solution by mixing the fol-
lowing in 60 L of dechlorinated city water: 2 L Holtfreter’s 
stock solution, 40 mL MgSO4 stock solution, 20 mL CaCl2 
(32%) solution, and 12 mL doxycycline stock solution.

 5. Store at −20 °C.
 6. Spreading two different concentrations will ensure that one 

plate will have evenly spaced single colonies.
 7. Concentrations of 500  ng/μL or higher are adequate for 

embryo electroporation while for sperm electroporation con-
centrations of 500 ng/μL or higher are required.

 8. We have not tested the effects of plasmid DNA storage time 
on electroporation success; therefore, we recommend using 
freshly prepared solutions or solutions prepared within 24 h 
before electroporation.

 9. Anesthesia may have a negative effect on sperm motility.
 10. Freshwater activates the sperm. Therefore, electroporated 

sperm must be used immediately for fertilization, and all the 
procedures beginning with adding freshwater to the sperm 
until fertilization must be completed in less than 2 min.

 11. Sperm electroporation did not negatively affect the motility or 
fertilization success in Japanese abalone (Haliotis diversicolor 
supertexta) [44]. However, there is no information on whether 
electroporation of channel catfish sperm had any impact on 
fertilization success. Therefore, electroporated sperm is 
allowed 1 min to fertilize the eggs. Then, non-electroporated 
sperm is added to ensure fertilization. Both eggs fertilized 
with electroporated sperm and non-electroporated sperm will 
be electroporated at around the first cell division.

 12. The development of channel catfish embryos is temperature 
dependent with development faster at higher temperatures. 
Usually, the first cell division occurs about 90 min after fertil-
ization at 26–27 °C [45].
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 13. Embryos in which electroporation was performed with TE 
buffer will be used as controls to determine the effects of elec-
troporation of plasmid constructs on embryo survival and 
hatching. Non-electroporated embryos will be used as a con-
trol for egg and sperm quality, and fertilization success.

 14. Dead embryos are white, opaque, and/or swollen due to loss 
of osmoregulatory control.

 15. Channel catfish embryos hatch in 5–8  days depending on 
water temperature.

 16. Genomic DNA from full-sib control embryos will be used as a 
control for natural genomic variations, such as single- 
nucleotide polymorphisms (SNPs), during mutation detection 
and DNA sequencing.

 17. The protocol described above resulted in a mutation rate (per-
cent of fry with detectable mutations) of 0–39% depending 
upon the design of the zinc-finger nuclease sets utilized [8]. 
The individuals containing the mutations possessed the gene 
edits in every tissue tested.
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Chapter 16

Delivery of mtZFNs into Early Mouse Embryos

Beverly J. McCann, Andy Cox, Payam A. Gammage, James B. Stewart, 
Magdalena Zernicka-Goetz, and Michal Minczuk

Abstract

Mitochondrial diseases often result from mutations in the mitochondrial genome (mtDNA). In most 
cases, mutant mtDNA coexists with wild-type mtDNA, resulting in heteroplasmy. One potential future 
approach to treat heteroplasmic mtDNA diseases is the specific elimination of pathogenic mtDNA muta-
tions, lowering the level of mutant mtDNA below pathogenic thresholds. Mitochondrially targeted zinc- 
finger nucleases (mtZFNs) have been demonstrated to specifically target and introduce double-strand 
breaks in mutant mtDNA, facilitating substantial shifts in heteroplasmy. One application of mtZFN tech-
nology, in the context of heteroplasmic mtDNA disease, is delivery into the heteroplasmic oocyte or early 
embryo to eliminate mutant mtDNA, preventing transmission of mitochondrial diseases through the 
germline. Here we describe a protocol for efficient production of mtZFN mRNA in vitro, and delivery of 
these into 0.5 dpc mouse embryos to elicit shifts of mtDNA heteroplasmy.

Key words Mitochondrial disease, mtZFN, Germline, In vitro transcription, Micromanipulation

1 Introduction

Mammalian mitochondria are double membrane-bound organelles 
originating from bacteria with fundamental roles in energy pro-
duction, calcium homeostasis, cellular signaling, and apoptosis [1, 
2]. Mitochondria have their own small, circular genome (mtDNA) 
encoding 13 polypeptides of the oxidative phosphorylation 
(OXPHOS) system as well as 22 tRNAs and 2 rRNAs necessary for 
the intramitochondrial protein synthesis [3]. In mammals, mtDNA 
copy number ranges from approximately 1000 copies in somatic 
cells to approximately 100,000 copies in oocytes [4]. Transmission 
of mtDNA in mammals occurs exclusively through the maternal 
line [5]. Mutations in mtDNA have been associated with human 
diseases, collectively known as mitochondrial diseases. It is believed 
that 1 in 5000 children develop a mitochondrial disease caused by 
mutations in the mitochondrial genome [6], and it is estimated that 
1 in 200 women are carriers of pathogenic mtDNA mutations [7]. 
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Within one cell, mtDNA can be present as either a single mtDNA 
haplotype (homoplasmic) or a mixture of different mtDNA haplo-
types, e.g., wild-type and pathogenic mutant mtDNA (heteroplas-
mic). Mutations in mtDNA can range from being phenotypically 
silent to causing devastating diseases that typically affect tissues and 
organs with high energy demand, such as the brain, heart, and 
muscle [8]. The phenotypic outcome of an individual harboring a 
heteroplasmic, deleterious mtDNA mutation depends on the ratio 
of mutant to wild-type mtDNA in a cell.

Treatment options for mitochondrial diseases are very limited 
[9], with existing approaches being mainly focused on maintaining 
general patient health and not being able to correct, eliminate, or 
compensate for deleterious mtDNA. The current options for pre-
venting transmission of mitochondrial diseases caused by mtDNA 
mutations are limited to genetic counseling and preimplantation 
genetic diagnosis (PGD) [10]. However, novel approaches for 
removing mutant mtDNA, or for transferring mitochondria with 
wild-type mtDNA into cells, have emerged. Mitochondrial replace-
ment techniques by spindle, pronuclear, or polar body transfer 
have been reported recently [11–14]. These approaches, by varied 
means, entail transfer of parental nuclear DNA (nDNA) from an 
oocyte containing mutant maternal mtDNA into an enucleated 
donor oocyte with wild-type mtDNA. However, since this tech-
nique requires combining genetic material from three individuals, 
it has raised ethical, safety, and medical concerns [15–17].

Another emerging approach involves the selective degradation 
of pathogenic mtDNA in a heteroplasmic population [9, 18]. 
Through altering the ratio of mutated versus wild-type mtDNA 
followed by restoration of mtDNA copy number, a shift in hetero-
plasmy can be achieved. In early work, mitochondrially targeted 
restriction endonucleases (mtREs) have been used to bind and 
cleave mutant mtDNA sequences with high efficiency and accuracy 
[19–23]. One example of a mtDNA point mutation that generates 
a unique restriction site (SmaI or XmaI) is m.8993T>G, associ-
ated with the NARP (neuropathy, ataxia, and retinitis pigmentosa) 
and MILS (maternally inherited Leigh syndrome) syndromes [24]. 
Unfortunately, this is the only disease-causing mutation to pro-
duce a unique restriction site within mtDNA known so far, trigger-
ing the field to explore the use of programmable nucleases to target 
mtDNA mutations. Zinc-finger nucleases (ZFNs) and transcrip-
tion activator-like effector nucleases (TALENs), which can be 
engineered to bind predetermined DNA sequences, have been tar-
geted to mitochondria for the specific elimination of mitochondrial 
genomes carrying mutations responsible for mitochondrial diseases 
[25–30]. Mitochondrially targeted ZFNs (mtZFNs) consist of a 
Cys2His2 zinc-finger protein (ZFP) with DNA sequence specificity, 
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conjugated to a single moiety of the dimeric FokI C-terminal 
 catalytic domain, with additional mitochondrial targeting sequence 
(MTS) and nuclear export signal (NES) peptides ensuring exclu-
sive mitochondrial localization [31, 32]. TALENs have also been 
combined with similar components directing them to mitochon-
dria (mitoTALEN) and have been reported to produce similar 
shifts of mtDNA heteroplasmy in comparable cybrid cell models 
[33, 34]. Reddy et al. [35] have used mtREs and mitoTALENs for 
the first time in heteroplasmic NZB/BALBc mouse oocytes as a 
proof of principle to shift mtDNA heteroplasmy and prevent germ-
line transmission. The heteroplasmic NZB/BALBc mouse model 
carries two different naturally occurring, nonpathogenic mtDNA 
haplotypes (NZB and BALBc) [36], of which the BALBc mtDNA 
contains a unique ApaLI site and, therefore, provides an in vivo 
model for studies of specific mtDNA elimination by use of mtREs 
and programmable nucleases [19, 33]. Furthermore, in the same 
paper, it has been shown that mitoTALENs can be used to reduce 
human mutated mtDNA in artificial mammalian oocytes, which 
were derived by fusion of patient cells with mouse oocytes, thus 
representing a potential therapeutic approach for preventing germ-
line transmission of mitochondria diseases caused by mtDNA 
mutations [35].

Here, we report on methods to produce mtZFN mRNA 
in vitro and to introduce them into the cytoplasm of one-cell-stage 
mouse embryos by microinjection. Before starting the protocol, it 
is assumed that a mouse model bearing a mutation of interest and 
vectors containing mtZFN specific to this mutation have been 
acquired. Vectors containing the mtZFN construct should also 
include either a T2A or an IRES sequence, followed by a reporter 
gene, such as GFP or mCherry, allowing for monitoring expression 
of the injected transgene in embryos. Protocols for ZFP design are 
available [36–41] as well as protocols for the assembly of mtZFN 
[27]. As an example, we use a mouse model harboring the 
m.5024C>T point mutation in the MT-TA gene, coding for mito-
chondrial tRNAAla [42]. General protocols for embryo handling 
can be found in great detail in Behringer et al. (2013), Manipulating 
the mouse embryo: a laboratory manual, Fourth Edition [43]. 
Expression of mtZFNs can be monitored using reporters under an 
inverted fluorescence microscope. Further downstream methods 
would include the analysis of heteroplasmy shift in the embryos 
(pyrosequencing or RFLP) and the determination of mtDNA copy 
number using qPCR analysis.

Delivery of mtZFNs into Mouse Embryos
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2 Materials

pIRESpuro3: Encodes the IRES sequence and GFP as a marker 
and is available from TaKaRa Bio (formerly Clontech).

pIRES-mCherry: A pIRESpuro3-based vector, where the GFP- 
coding sequence has been replaced by the mCherry-coding 
sequence.

mtZFN(+)-T2A-mCherry: A pcDNA3.1(−)-based vector, in 
which co-expression of mtZFN and mCherry is facilitated by 
the T2A sequence [44].

mtZFN(−)-T2A-GFP: A pcDNA3.1(−)-based vector, in which 
co-expression of mtZFN and GFP is facilitated by the T2A 
sequence [44].

XbaI restriction enzyme.
Formaldehyde, 37% v/v.
Ultrapure agarose.
Ethidium bromide.
10 kb RNA ladder.
RNA gel-loading buffer II.
Phenol:chloroform:isoamyl alcohol, in a v/v proportion of 

25:24:1.
Chloroform:isoamyl alcohol in a v/v proportion of 24:1.
3 M NaAc.

HiScribe T7 ARCA mRNA kit with tailing, available from New 
England Biolabs.

MEGAclear Transcription cleanup kit, available from Thermo 
Fisher Scientific.

10× MOPS: 200 mM MOPS, 50 mM sodium acetate, 10 mM 
EDTA, pH 7.0 adjusted with NaOH.

Northern/RNA running buffer: 1× MOPS, 1% v/v formaldehyde, 
0.1 μg/mL EtBr.

Denaturing RNA gel: 1× MOPS, 1% formaldehyde, 1.2% agarose.

PCR thermocycler.
RNA ScreenTape system, Agilent 2200 TapeStation.
UV-spectrophotometer.
Microwave oven.
Mini-agarose gel apparatus.

Gel-imaging system.

2.1 In Vitro 
Transcription mtZFN 
of mRNA

2.1.1 Materials

2.1.2 Buffers, Solutions, 
and Kits

2.1.3 Equipment
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Pregnant mare serum gonadotropin, 5 IU PMSG, available from 
Intervet/MSD Animal Health.

Human chorionic gonadotropin, 5 IU hCG, available from 
Intervet/MSD Animal Health.

EmbryoMax® M2 Medium, w/Phenol Red, and Hyaluronidase, 
available from Merck.

M2 medium, suitable for mouse embryo culture.
KSOM, suitable for mouse embryo culture, produced according 

to [43].
Oil for embryo culture.
Phosphate-buffered saline, PBS.
Nuclease-free water.
Dumont #5 fine forceps.
Fine scissors.
35 mm Tissue culture dishes.
Cryotube vials.
Micropipette-loading tips.
Transfer and holding pipettes.
Injection capillaries.
Glass depression slide.

Stereomicroscope.
Microinjection system.
Heating plate, set to 37 °C.
Humidified incubator with 5% CO2 and 37 °C.

96-Well plate, round bottom.
Glass-bottom dish.
PBS.
Tween-20.
Triton X-100.
Bovine serum albumin, BSA.

PBS-T: 0.1% Tween v/v in PBS.
Triton X-100: 0.5% v/v in PBS.
PBS-T BSA: 3% BSA w/v in PBS-T.

2.2 Microinjection 
of One-Cell Embryos

2.2.1 Materials

2.2.2 Equipment

2.3 Verifying mtZFN 
Expression in Embryos

2.3.1 Materials

2.3.2 Buffers 
and Solutions

Delivery of mtZFNs into Mouse Embryos



220

3 Methods

Perform all work in this protocol in an RNase-free environment. 
Wear gloves when setting up RNA transcription reactions. Make 
sure to use nuclease-free tubes and reagents to avoid RNase 
contamination.

 1. To linearize the plasmid, digest 15 μg of each pair of ZFN-
T2A- GFP/mCherry plasmids using 50 U of XbaI in a total 
reaction volume of 200 μL for 1 h at 37 °C (see Note 1). 
Afterwards purify the linearized plasmid at room tempera-
ture by phenol- chloroform extraction by adding 200 μL 
phenol-chloroform- isoamyl alcohol, vortex for 30 s, and 
centrifuge for 1 min. Take the top phase and add 200 μL 
chloroform-isoamyl alcohol. Vortex for 30 s and centrifuge 
for 1 min. Take the top phase and add 2.5 volume of 100% 
(v/v) EtOH and 20 μL 3 M NaOAc. Mix and spin for 
15 min. Remove the supernatant and wash the pellet with 
1 mL 70% (v/v) EtOH. Centrifuge for 2 min, discard EtOH, 
and let the pellet air-dry. Dissolve the DNA pellet in 5 μL 
nuclease-free water. Measure the DNA concentration on a 
UV-spectrophotometer (see Note 2).

 2. For in vitro transcription, thaw the necessary components 
from the HiScribe T7 ARCA mRNA kit and assemble a 20 μL 
reaction at room temperature in the following order: Pipette 
10 μL 2× ARCA/NTP mix, and add 1 μg linearized template 
DNA (step 1) in a volume of 8 μL of nuclease-free water and 
2 μL T7 RNA polymerase mix. Mix thoroughly and incubate 
at 37 °C for 30 min.

 3. For DNase treatment, add 4 units of DNase I, mix well, and 
incubate at 37 °C for 15 min. Save 1 μL on ice or at −20 °C 
for later gel electrophoresis.

 4. For poly(A)-tail synthesis, set up the poly(A) tailing reaction as 
follows: add 20 μL nuclease-free water to 20 μL of the in vitro 
transcription reaction, 5 μL 10× poly(A) polymerase reaction 
buffer, and 5 μL poly(A) polymerase. Mix thoroughly and 
incubate at 37 °C for 30 min. Save 1 μL on ice or at −20 °C 
for later analysis by gel electrophoresis.

 5. For mRNA purification, use the MEGAclear Transcription 
cleanup kit according to the manufacturer’s instructions. The 
only modification of the protocol is the elution step. Elute 
RNA from the filter by placing the filter cartridge into a new 
elution tube. Apply 30–35 μL of nuclease-free water to the 
center of the filter cartridge (see Note 3). Close the cap of the 
tube and incubate in a PCR thermocycler at 70 °C for 10 min. 
Recover eluted RNA by centrifuging for 1 min at room tem-
perature (21,000 × g ) (see Note 4).

3.1 In Vitro 
Transcription of mtZFN 
mRNA
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 6. Quantify mRNA using the RNA ScreenTape system, according 
to the manufacturer’s instructions (see Note 5) or using a UV- 
spectrophotometer. Each reaction typically yields 15–20 μg of 
RNA.

 7. To verify the integrity and size of mRNA, run the samples on 
an RNA gel. For two gels, mix 87 mL nuclease-free water with 
1.2 g ultrapure agarose. Heat the mixture in a microwave oven 
to dissolve the agarose. In case of evaporation, add nuclease- 
free water to the original volume. Add 10 mL of 10× MOPS 
and 3 mL of 37% (v/v) formaldehyde under a hood and pour 
the gels immediately, as they will set quickly.

 8. Mix 1 μL of the RNA samples from steps 3, 4, and 5 with 1 μL 
gel-loading buffer II. Heat samples at 55 °C for 10 min to 
denature, place samples on ice immediately for 2 min, spin 
down briefly, and load them onto the gel. Run the gel at 80 V/
cm for 2.5 h in a 4 °C cold room. Image the gel on a UV table 
(see Note 6) (see Fig. 1).

Fig. 1 Gel analysis of mRNA in vitro transcription reactions. 1 μL of mRNA from 
each of the mtZFN(−)-T2A-GFP or mtZFN(+)-T2A-mCherry constructs. mRNA 
samples have been loaded following in vitro transcription and DNase treatment 
(1), poly-(A) tailing reaction (2), and after cleanup and elution of the mRNA (3)

Delivery of mtZFNs into Mouse Embryos
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1.  Inject 0.1 mL of PMSG solution (7.5 IU) intraperitoneal (i.p.) 
into each female mouse (4–6 weeks old, strain C57BL/6N 
tRNAAla C5024T (41), at a light cycle of 7 am to 7 pm) at 4 pm 
to 5 pm, taking care to avoid the bladder and diaphragm. After 
46–48 h, administer 0.1 mL of hCG solution (7.5 IU) i.p. and 
cross the female mice with C57BL/6N tRNAAla m.5024C>T 
stud males overnight in single pairs (see Note 7).

1.  To dissect embryo donor females (see Note 8), the morning after 
mating took place, euthanize embryo donor females between 
10 am and 1 pm by cervical dislocation (see Note 9). Dissect out 
the oviducts (42) and place them into a 1.5 mL Eppendorf tube 
filled with pre-warmed (37 °C) M2 medium for transfer from the 
animal facility to the laboratory (see Note 10).

2.  To dissect the oviducts, place each oviduct into a drop of 
200 μL warm EmbryoMax M2 medium supplemented with 
hyaluronidase in a 35 mm tissue culture dish. Under a stereo-
microscope, tear the oviduct’s ampulla (where the oviduct is 
the most swollen) with a pair of fine forceps and then remove 
the cumulus complex (see Note 11). By pipetting the zygotes 
up and down with a handling pipette, the cumulus cells will fall 
off the zygotes quickly (see Note 12).

3.  Wash the zygotes through three drops of warm M2 medium 
(without hyaluronidase) and transfer them into a new dish with 
a 50 μL drop of fresh, warm M2 medium (see Note 13). Make 
sure to avoid the carryover of cumulus cells. Pool the collected 
embryos from both oviducts and count them. Keep them at 
37 °C in the dark until further use (see Note 14).

4.  If transport of embryos is required (e.g., the microinjection 
apparatus is in a different location than the lab), move the 
embryos appropriately. Fill a cryotube vial completely with pre- 
warmed M2 medium and flush out the embryos to the bottom 
of the tube. Let the embryos settle for a minute to sink to the 
bottom. Close the tube and wipe away overflowing M2 medium 
(see Note 15). During transportation, keep the tubes with the 
embryos at 37 °C in the dark. Upon arrival to the location of 
the micromanipulator, prepare a new dish with 50 μL drops of 
warm M2 medium, cover the drops with mineral oil, and place 
the dish on a 37 °C warming plate. Take out the cryotube vial 
and let it stand for 1 min, so the embryos can settle to the bot-
tom. Open the vial and tip the content into a new 35 mm dish. 
Under the stereoscope, locate the embryos and transfer them 
into one of the drops of M2 medium. Rinse the tube with 
500 μL of warm M2 to wash out any residual embryos (see 
Note 16). Let the embryos recover for an hour on the heating 
block in the dark before performing microinjections.

3.2 Microinjection 
of One-Cell Embryos

3.2.1 Superovulation

3.2.2 Recovery 
of the Embryos
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1.  To prepare mRNA for microinjection, mix both mtZFN mRNA 
and empty vector (EV) mRNA with a final concentration of 
100 ng/μL in a total volume of 5 μL 0.1× PBS. Place the tube 
of mRNA into a 0.5 mL microfuge tube and centrifuge for 
10 min at 4 °C just before injection (see Note 17).

2.  To prepare the microinjection chamber, place a 20 μL drop of 
warm M2 medium in the middle of a depression slide. Cover 
the medium with a layer of mineral oil to prevent evaporation. 
Under a stereomicroscope, transfer the first group of embryos 
(20–30 embryos) to the upper part of the M2 medium drop 
within the injection chamber by mouth-pipetting. Place the 
slide into position on the injection microscope. Place the micro-
capillary for holding zygotes (see Note 18), filled with fresh, 
pre-warmed M2 into the connector piece, and set into position 
in the center of the injection chamber.

3.  To prepare the microinjection needle, use a microloader pipette 
tip to load 1–2 μL of the mtZFN mRNA into the tip of an 
injection needle, either by eye or under a stereomicroscope (see 
Note 19). After loading the injection needle, quickly insert it 
into the needle holder and place it in the medium, setting into 
position as above (see Note 20).

4.  For microinjection, use the holding pipette to fix the embryo 
and place it into the center of the M2 medium drop. Penetrate 
the zona pellucida with the injection capillary and push for-
wards into the cytoplasm. Apply injection pressure for 0.5–2 s 
until visible swelling in the cytoplasm occurs. Carefully with-
draw the capillary, place the injected embryo in the lower part 
of the M2 medium, and proceed until all embryos of one group 
are injected (see Note 21). Transfer each group of injected 
embryos into a single 50 μL drop of M2 medium (covered with 
mineral oil) in a 35 mm tissue culture dish and incubate the 
dish at 37 °C on a warming plate.

5.  After completion of the microinjections, collect the surviving 
embryos from the storage dish and wash the embryos, by pipet-
ting them up and down through three 50 μL drops of KSOM 
(see Note 22), and place them in 20 μL drops of KSOM under 
mineral oil in a 37 °C incubator in 5% CO2 atmosphere.

1.  For imaging, rinse embryos 18–24 h after injections in M2 
medium and place them in 2 μL drops of M2 on a glass-bottom 
dish, covered with mineral oil.

2.  Using an inverted fluorescence microscope, analyze the expres-
sion of the reporter genes GFP and mCherry (see Note 23) 
(Fig. 2).

3.  If the embryos will be used for downstream applications after 
imaging, collect the embryos and wash them by pipetting up 

3.2.3 Microinjection

3.3 Monitoring 
mtZFN Expression 
in Embryos
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and down through three 50 μL drops of KSOM, finally placing 
them in 20 μL drops of KSOM under mineral oil in a 37 °C 
incubator in 5% CO2 atmosphere.

4 Notes

 1. If a vector of different origin is used, digest it with a restriction 
enzyme that cuts downstream, as close as possible to the 3′ 
end of the mtZFN-coding region.

 2. In order to verify complete digestion of the vector, run the 
samples on a 0.8% (w/v) agarose gel until you can see separa-
tion of the band containing the linearized vector. Excise the 
band from the gel and extract the DNA using a general gel 
extraction kit.

 3. Instead of nuclease-free water, any RNA storage solution (e.g., 
Thermo Fisher Scientific, AM7000) can be used as well; how-
ever, we noticed that the use of such a solution can occasionally 
result in blockage of the injection needle. If using water instead, 
verify RNA integrity, especially upon long-term storage.

 4. Elution in 100 μL is possible to achieve a higher yield (as 
described in the HiScribe T7 ARCA mRNA kit manufactur-
er’s instructions). However, eluting in a lower volume allows 
for skipping the ethanol precipitation step and, therefore, 

Fig. 2 Two-cell-stage embryos expressing mRNA-encoding mCherry and GFP controls generated by transcrip-
tion of empty vectors (EV) (top) or expression of mRNA-encoding mtZFN(−)-T2A-GFP and mtZFN(+)-T2A- 
mCherry (bottom). Polyadenylated mRNA was injected into zygote and incubated for 16 h until the two-cell 
stage. BF bright field
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saves time while providing sufficient quantities of mRNA for 
the injections.

 5. The RNA Tapestation is a useful and quick way to assess the 
concentration and quality of the produced RNA. However, 
discrepancies in RNA concentration values between the RNA 
Tapestation and the values obtained by analyzing denaturing 
RNA gel and/or UV-spectrophotometry have been observed.

 6. The gel should be helpful in assessing the integrity of the 
RNA, as well as the successful addition of a poly(A) tail, and 
any potential losses of RNA during each step.

 7. Depending on the age and genetic background of the female 
mice, as well as the dose and timing of PMSG and hCG injec-
tions in relation to the light cycle, the yield of embryos from 
superovulated mice can vary substantially. Further adjustments 
may be required for optimal performance. The male should 
have prior mating experience, and not be older than 20 weeks; 
otherwise the mating success rate might be low.

 8. It is important to know the heteroplasmy level from the mother 
in order to draw conclusions about the spread in heteroplasmy 
of the embryos. It is necessary to keep the oviducts from each 
mother, and later the embryos, separated from each other.

 9. The ideal time point for recovery is around 16 h post-hCG 
injection.

 10. Always try and keep the embryos in a habitat as close to their 
natural environment as possible, i.e., a dark and warm (37 °C) 
place.

 11. If there is excessive tissue from the ovary or the uterus on the 
oviduct, especially fat cells, remove them first in a separate dish 
with M2 media before placing them into the M2 drop with 
hyaluronidase.

 12. Do not leave the embryos in M2 medium with hyaluronidase 
for more than 3–4 min, as this reduces the quality of the 
embryos. If some embryos still have cumulus cells attached to 
them, move the other embryos first in M2 and then come 
back to these.

 13. Transferring the embryos into fresh M2 medium will dilute 
the hyaluronidase carryover. As hyaluronidase can be damag-
ing, it is important to wash thoroughly.

 14. A screw cap from a Duran bottle is big enough to cover a 
35 mm tissue culture dish. This shields the embryos from light.

 15. There shouldn’t be any air bubbles in the cryotube, to mini-
mize the possibility for the embryo not to be immersed in the 
medium.

 16. It is expected that not all the embryos will be recovered. Some 
embryos may not survive the transport, and these need to be 
discarded.

Delivery of mtZFNs into Mouse Embryos
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 17. Avoid contamination of the microinjection samples with dust 
particles, which might block the injection capillaries. 
Centrifugation of the mRNA just before injecting can help 
eliminating bigger particles.

 18. Holding pipettes are hand-pulled, and the tip is flame polished 
over a Bunsen flame to a diameter of 80–100 μm.

 19. Make sure that there are no air bubbles in the tip of the needle.
 20. If the needle is not immersed in media for a period of time, 

RNA may dry at the very tip, clogging the needle.
 21. Split embryos from one mother into a group of embryos 

injected with mtZFN mRNA and the other group with 
embryos injected with empty vector mRNA as control. Make 
sure to have at least ten embryos in each group.

 22. KSOM is very sensitive to pH and salt changes, so it is impor-
tant not to carry over any M2 medium into the KSOM drops.

 23. In some cases, when direct detection of the expressed mtZFN is 
required, immunostaining can be performed. Therefore at 
18–24 h after injection, the surviving embryos can be fixed for 
immunostaining. Prepare a 96-well round-bottom plate by incu-
bating each well that will be used with 50 μL of 3% (w/v) BSA 
in PBS-T for 20 min, which prevents embryos from getting 
stuck at the bottom of the well. Remove the BSA. Transfer the 
embryos from M2 medium to the first row of the 96-well plate 
in 50 μL PBS-T (0.1% Tween in PBS). From there, transfer the 
embryos into 4% PFA in the next row and fix them for 15 min at 
room temperature. Move the embryos into PBS-T and wash 2× 
5 min on a rocker, transferring them into a new well with PBS-T 
for each washing step. Permeabilize the embryos for 20 min in 
0.5% (v/v) Triton in PBS in the next row. Wash 3× 5 min in 
PBS-T. Block for 1 h in PBS-T + 3% (w/v) BSA at room tem-
perature on a rocker. Incubate with primary antibodies in 
PBS-T + 3% (w/v) BSA overnight at 4 °C. Wash 2× 10 min in 
PBS-T on the rocker. Incubate with secondary antibodies/
DAPI in PBS-T + 3% (w/v) BSA at room temperature for 1 h. 
Wash 2× 10 min in PBS-T. For best results, image immediately; 
otherwise keep the embryos at 4 °C . For imaging, rinse the 
embryos in M2, and image them in drops of M2 on a glass-
bottomed dish using an inverted fluorescent microscope.
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Chapter 17

Stereotaxic Surgery and Viral Delivery of Zinc-Finger 
Epigenetic Editing Tools in Rodent Brain

Peter J. Hamilton, Carissa J. Lim, Eric J. Nestler, and Elizabeth A. Heller

Abstract

Delivery of engineered zinc-finger proteins (ZFPs) for targeted epigenetic remodeling in rodent brain can 
be facilitated by the use of viral vector-mediated gene transfer coupled with stereotaxic surgery techniques. 
Here we describe the surgical protocol utilized by our group which is optimized for herpes simplex virus 
(HSV) delivery into mouse brain. The protocol outlined herein could be applied for delivery of adeno- 
associated viruses (AAV) or lentiviruses in both mice and rats. This method allows for the viral expression 
of engineered DNA-binding factors, particularly engineered ZFPs, and subsequent epigenome editing 
in rodent brain with excellent spatiotemporal control. Nearly any brain region of interest can be targeted 
in rodents at every stage of postnatal life. Owing to the versatility, reproducibility, and utility of this 
technique, it is an important method for any laboratory interested in studying the cellular, circuit, and 
behavioral consequences of in vivo neuroepigenetic editing with synthetic ZFP constructs.

Key words Viral mediated gene transfer, Zinc-finger proteins, Neuroepigenome editing, Stereotaxic 
surgery, Rodent brain

1 Introduction

Stereotaxic surgery is a powerful method used to manipulate the 
brain of living animals. This technique allows researchers to consis-
tently and accurately target deep structures of the rodent brain 
through the use of a stereotaxic brain atlas, which provides the 
coordinates of a given brain area relative to Bregma, an anatomical 
landmark on the rodent’s skull. Stereotaxic coordinates for rodent 
brain regions of interest can be determined from The mouse brain 
in stereotaxic coordinates [1] and The rat brain in stereotaxic coordi-
nates [2]. Facilitated through the use of a stereotaxic instrument, 
one can perform this surgery on large numbers of anesthetized 
animals to reliably and accurately access structures within the 
rodent brain.

Combining this approach with viral mediated gene transfer, 
which has been widely used as a means to introduce transgenes to 
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intact brain tissue [3], researchers have been successful in delivering 
engineered ZFP neuroepigenome editing tools to deposit gene-
locus-specific modifications in vivo to alter neural function and ani-
mal behaviors [4–6]. ZFP epigenetic editing tools, which can 
exogenously introduce chromatin modifications at a single genomic 
locus within neurons or even a single type of neuron in an injected 
brain region [4–8], are necessary to establish the causal relevance 
of such mechanisms to gene expression and neural function. Given 
the fact that regulation of epigenetic landscapes is central to neu-
ropsychiatric health and disease [9, 10], it is crucial to combine 
epigenetic editing techniques with in vivo inquiry in the brains of 
awake and behaving animals. The technique of viral expression of 
ZFP epigenetic editing tools in rodent brain using stereotaxic sur-
gery techniques facilitates the exploration of the causal impact of 
the targeted chromatin modifications in these neurobiological 
contexts.

2 Materials

 1. Ketamine and xylazine
 2. 70% Ethanol
 3. 100% Acetone
 4. 10% Bleach solution
 5. Alcohol prep wipes
 6. Sterile ocular lubricant
 7. Sterile PBS
 8. Sterile normal saline
 9. Purified virus (HSV, AAV, lentivirus)
 10. Betadine antiseptic
 11. Bupivacaine HCl local anesthetic

 1. Dual-small-animal stereotaxic instrument (such as Kopf 
Model 902)

 2. Fine Science Surgical Tools, including but not necessarily lim-
ited to scalpel, scissors, forceps

 3. Laboratory scale
 4. Bead sterilizer
 5. Electric hair shaver
 6. Sterile tip cotton swabs
 7. Biohazard bags
 8. Low-binding, 0.65 mL microcentrifuge tube

2.1 Reagents

2.2 Instruments 
and Materials
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 9. Needles and syringes for IP injection of anesthetics and 
analgesics

 10. Absorbent lab bench diapers
 11. Handheld dental drill and 0.6 mm burr
 12. Hamilton syringes (5 μL Catalog #84851) with Hamilton 

small-gauge RN needles (33-gauge Catalog #7762-06)
 13. Tissue adhesive, surgical clips, or surgical sutures
 14. Temperature-regulated heating pads and/or heat lamp

3 Methods

 1. Position the stereotaxic instrument (see Note 1) under a heat 
lamp. Make sure that the surgical area is cleaned with 70% 
ethanol and surgical instruments are cleaned and properly 
sterilized. We find that a bead sterilizer works well for this 
purpose. Cover the surgical area with absorbent lab bench 
diapers. All procedures should be performed in accordance 
with your institution’s biosafety and animal use guidelines.

 2. Place Hamilton syringes in arms of the stereotaxic instrument 
and clear any blockages by drawing and expelling 100% 
acetone five times. Subsequently draw and expel sterile PBS 
five times to remove any residual acetone. Draw the maxi-
mum volume of sterile PBS into the Hamilton syringe, taking 
care to include no bubbles. Swing the stereotaxic arms to 
move the Hamilton syringes out of the way of the workspace 
in the center of the instrument.

 3. Anesthetize animals with a ketamine/xylazine mixture 
(100 mg/kg ketamine and 5 mg/kg xylazine in sterile normal 
saline) delivered via intraperitoneal injection. The animal should 
reach surgical anesthesia within 5–10 min, and should not 
respond to a light pinch to the hind paw (see Notes 2 and 3).

 4. Cover the anesthetized animal’s eyes with sterile ocular 
lubricant to keep them moist during the surgery.

 5. Shave the fur off of the top of the animal’s skull and clean the 
surface of the skin with alcohol prep wipes. Apply Betadine 
antiseptic using sterile tip cotton swabs.

 6. Place the animal in the stereotaxic instrument. To do so, 
carefully place one ear bar in the ear canal, secure the bar, and 
hold the animal in place as the other ear bar is placed and 
secured. The animal should not be able to move laterally. 
Next, secure the mouth in the incisor adapter of the stereotaxic 
instrument, taking care that the tongue is not pinched in 
the adapter or blocking the airway. The nose clamp can be 
gently tightened to firmly secure the animal’s head in position 

3.1 Stereotaxic 
Surgery

In Vivo Neuroepigenome Editing with Zinc-Finger Tools
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(see Notes 4 and 5). Visually inspect the head and make adjust-
ments to the pitch of the incisor adapter to make sure that the 
head is level (Fig. 1a).

 7. Make a midline incision to the top of the animal’s skull with 
small surgical scissors or a scalpel. Use small surgical clips to 
gently keep the incision open, providing access to the skull. 
Optionally, sterile saline can be used with sterile swabs to clean 
the skull to aid in visualization of stereotaxic landmarks on the 
skull (Fig. 2).

 8. Measure the z coordinates of Bregma and Lambda on the 
animal’s skull and adjust the position of the head with the 
incisor adapter until they become equal. This serves to level 
the skull. Adjust the pitch of the ear bar to ensure that the 
skull is completely flat.

 9. Position the tip of the Hamilton syringes to Bregma and 
record the x, y, and z coordinates on the vernier scale located 
on the arms of the stereotaxic instrument. Subtract the coor-
dinates of the targeted brain region to calculate the site of 
targeted viral injection. These coordinates can be determined 
from a stereotaxic brain atlas (see Subheading 1 and Note 6). 
Note that the angle of the stereotaxic arm is an important 

Fig. 1 Correct placement of rodent’s head within stereotaxic instrument and surgical procedure for viral deliv-
ery. (a) A cartoon depicting the fixation of animal’s head within the stereotaxic instrument. The ear bars are 
securely in place, preventing lateral movement of the skull. The incisor adapter restricts vertical movement, 
with the nose clamp gently tightened into place. (b) Upon surgically exposing the stereotaxic landmarks on the 
skull, the stereotaxic coordinates are measured relative to Bregma. Hamilton syringes are used to deliver the 
viral solution to desired regions within the animal’s brain via small burr holes in the animal’s skull
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consideration when determining the coordinates for targeting 
a desired brain region.

 10. Position the tip of the Hamilton syringes according to the 
calculated x and y coordinates. Using a dental drill with a 
0.6 mm burr, thin the area of the skull directly under the 
Hamilton syringe tip. Do not apply excessive downward force, 
as it may result in drilling through the skull and damaging the 
surface of the brain. Lower the Hamilton syringe on the z 
coordinate until it slides through the thinned skull, and raise 
the Hamilton syringe above the surface of the skull.

 11. Proper safety attire and handling techniques should be applied 
based on the biosafety level of the virus being used (see Note 
7). Defer to your institutional biosafety requirements for 
proper safety attire and handling techniques. The use of HSV 
vectors for our ZFP-mediated epigenome engineering experi-
ments necessitates the use of a lab coat, gloves, and goggles 
when handling the virus. Place a viral aliquot in a low-binding, 
0.65 mL microcentrifuge tube on wet ice, allowing it to thaw.

 12. Taking care not to alter the x or y coordinates, expel 2.5 μL of 
sterile PBS from the Hamilton syringe. This volume will accu-
mulate on the tip of the syringe, indicating unobstructed flow 
through the syringe tip (see Note 8). This volume can be 
removed with a sterile tip cotton swab. Draw the plunger up 
by an increment of 0.5 μL to introduce a small air bubble into 
the barrel of the syringe. This serves to separate the viral solution 

Fig. 2 Stereotaxic landmarks on the skull. The diagram above depicts the 
stereotaxic landmarks Bregma and Lambda on the exposed surface of the 
rodent’s skull
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from the sterile PBS. Finally, pull up the desired volume of 
virus to inject (typically 0.5–1 μL) and place the microcentri-
fuge tube back on wet ice.

 13. Slowly lower the Hamilton syringe through the burr hole in 
the animal’s skull to the calculated z coordinate to the desired 
injection site within the brain (Fig. 1b).

 14. Deliver the viral solution by lowering the plunger of the 
Hamilton syringe at a rate of 0.1 μL per minute. Once the full 
volume of the viral solution has been dispensed, wait for 5 min 
for the virus to diffuse through the tissue (see Note 9).

 15. To avoid backflow of the virus to the surface of the brain, 
slowly raise the Hamilton syringe out of the skull.

Fig. 3 Stereotaxic delivery of HSV to discrete brain regions. HSV expressing GFP 
under the control of the CMV promoter was stereotaxically injected into the 
nucleus accumbens (NAc) of a mouse to demonstrate the transduction efficiency 
and spread of the HSV viral vectors (image previously published [13]). These 
viral vectors are capable of co-expressing neuroepigenome editing constructs 
under the control of distinct promoters. The injection was performed at a 10° 
lateral angle at +1.6 anterior/posterior, +1.5 mediolateral, and −4.4 dorsal/ven-
tral coordinate relative to Bregma. Scale bar is 300 μm
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 16. Expel the remaining contents of the Hamilton syringe into a 
flask containing a 10% bleach solution and use an alcohol prep 
wipe to remove any material that may have accumulated on 
the syringe tip.

 17. Remove the animal from the stereotaxic instrument and close 
the incision via surgical suture or tissue adhesive. Small burr 
holes (less than 1 mm in diameter) do not need to be covered 
with bone wax. Apply antibiotic ointment to the wound and 
inject the local anesthetic bupivacaine subcutaneously near the 
wound, to reduce discomfort during the recovery period.

 18. Place the animal in a clean cage that is warmed either by a 
temperature-regulated heating pad or a heat lamp until the 
animal fully recovers. This should take approximately 20 min, 
depending on the duration of the surgery.

 19. Return the animal to a clean age with moistened food pellets 
for easy access to food. Monitor the animal’s recovery, looking 
for any signs of distress which can include a lack of grooming, 
wound scratching, inflammation, altered locomotion, or 
reduced weight gain.

 20. Clean the Hamilton syringes with 100% acetone and sterile 
PBS and according to the manufacturer’s instructions (see 
Note 10). Discard the lab bench diapers into a biohazard 
receptacle and clean the workspace with 70% ethanol.

 21. The time to maximal in vivo expression of our HSV-delivered, 
engineered transcription factors is approximately 2–3 days and 
persists through days 8–10 (Fig. 3). During this window, any 
number of molecular or behavioral experiments can be 
performed.

It is essential to validate the use of chromatin-modifying tools in 
several ways to ensure their effectiveness and selectivity in vivo [4, 
5, 11]. Depending on your application, the essential validations 
may vary. The outline below provides a general list of suggested 
validations.

 1. Validate expression of the tool (e.g., a fusion of a chromatin- 
modifying moiety to ZFP) in the brain in vivo (see Note 11). 
This includes validating selective expression in neurons when 
using a neurotrophic vector like HSVs, as well as selective 
expression within a single type of neuron if using a Cre- 
dependent vector in a mouse line that expresses Cre recombi-
nase in a given cell type.

 2. Validate that the epigenetic editing tool produces the desig-
nated chromatin modification at the targeted locus, for exam-
ple, that the −p65 effector domain induces histone acetylation, 
that −G9a induces H3 Lys9 dimethylation, that −Tet1 induces 
DNA hydroxymethylcytosine, and that −Dnmt induces DNA 
methylation.

3.2 Validation 
of Neuroepigenomic 
Editing Tools

In Vivo Neuroepigenome Editing with Zinc-Finger Tools



236

 3. Determine whether the designated epigenetic modification is 
associated with altered expression of the targeted gene. This 
could be performed through the utilization of quantitative 
PCR, Western blot analysis, or other techniques to quantify 
expression levels of the product of the targeted gene. This anal-
ysis demonstrates that the targeted, ZFP-mediated epigenetic 
reprogramming at a given locus is sufficient to regulate gene 
expression through a physiologically relevant mechanism.

 4. Study whether the designated chromatin modification is asso-
ciated with other forms of epigenetic regulation, transcription 
factor binding, or changes in chromatin architecture. This line 
of inquiry is important to convey that the targeted epigenetic 
editing is capable of functionally integrating into the endogenous 
biological mechanisms of epigenetic regulatory events. These 
analyses could be performed with chromatin immunoprecipi-
tation (ChIP) of transcription factors or epigenetic marks in 
question followed by quantitative PCR or next-generation 
sequencing, among other approaches.

 5. Validate that the neuroepigenomic editing tool is selective for 
the targeted locus (see Note 12).

4 Notes

 1. Ensure that the stereotaxic frame and accessories including the 
ear bars and incisor adaptor are appropriate for the type of 
animal to receive surgery.

 2. If the animal does not reach a sufficient level of surgical 
anesthesia after 10–15 min, inject an additional 20% dose of 
ketamine/xylazine. Closely monitor the animal to confirm 
that the anesthesia deepens.

 3. If the animal begins to awaken during surgery, remove the 
animal from the stereotaxic instrument and reapply the anes-
thesia. The early signs of an animal awakening from anesthesia 
include twitches of the large facial whiskers and twitching of 
the tail. With careful monitoring, this occurrence can be 
avoided.

 4. It is essential that the animal be firmly secured in the ear bars. 
Visually validate that the ear bars are in the ear canal and not 
pinching the jaw, neck, or skull. Animals appropriately posi-
tioned in the ear bars will be able to move their snout up and 
down in the incisor adapter, but will not be able to move side 
to side.

 5. If the animal is not securely placed in the stereotaxic instru-
ment, then it is possible that the skull’s position will shift when 
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drilling burr holes. This invalidates all recorded coordinates. 
To be sure this does not occur, when the animal is first posi-
tioned in the instrument; apply light pressure to the skull with 
a sterile tip cotton swab. If the animal’s skull shifts in response 
to the pressure, resecure the animal within the stereotaxic 
instrument.

 6. The stereotaxic coordinates provided in atlases are optimized 
for adult, male animals. If experiments involve varying from 
these average metrics, it becomes important to validate and/
or alter targeting coordinates through pilot experiments. In 
short, use the stereotaxic atlas coordinates as initial values, 
perform surgeries, and validate viral targeting with fluorescent 
microscopy. Adjust the stereotaxic coordinates as needed.

 7. Selecting the appropriate viral vector for delivery of neuro-
epigenomic editing tools is paramount to the success of these 
experiments. Each viral vector varies in its spread, packaging 
capacity, tropism, transgene expression timing, and duration 
of expression. These variables should be carefully considered, 
and pilot studies should be performed to empirically validate 
viral function.

 8. If the Hamilton syringe clogs, it will prevent dispersion of the 
virus into the brain. Always visually confirm that the flow from 
the syringe is not impeded by expelling a very small volume of 
the viral solution back into the microcentrifuge tube before 
lowering into the rodent brain. If the syringe does not appear 
to work, expel the contents of the syringe into a 10% bleach 
solution, clean with 100% acetone and/or replace the 
Hamilton needle, and restart the process of loading viral solu-
tion into the Hamilton syringe.

 9. The Hamilton syringe tip is left in place during the 5-min rest 
after delivering virus in order to prevent backflow of viral solu-
tion up the needle track. However, we have found it beneficial 
during this time to slightly retract the Hamilton syringe along 
the z-axis (<1 mm) to provide a small space for the more even 
dispersion of the viral solution in the tissue.

 10. If using surfactant-based cleaning solutions for cleaning and 
maintaining Hamilton syringes (as is often suggested accord-
ing to the manufacturer’s instructions), be extremely vigilant 
to thoroughly remove all traces of soap, as it can be damaging 
to viral function and titers. There should be no formation of 
soap bubbles when pipetting sterile PBS.

 11. Introducing an epitope tag onto the neuroepigenome editing 
tool facilitates more convenient immunohistochemical 
approaches for validating expression, among other uses.

 12. To date, validation of selectivity of targeting has been accom-
plished primarily by identifying regions of the genome that are 
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most highly homologous to the targeted region and demon-
strating lack of changes of chromatin modifications of these 
other regions and lack of altered expression of any nearby 
genes. Ultimately, it is advantageous to demonstrate direct 
and selective binding of the epigenetic editing tool to the 
targeted locus and to no other genomic location. This has 
been successfully performed in cultured cell lines [11, 12]. 
However, this is challenging, particularly in brain in vivo, since 
every cell only has two specific binding locations and the 
quantity of infected tissue can be limiting.
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Chapter 18

In Vivo Applications of Cell-Penetrating Zinc-Finger 
Transcription Factors

Chonghua Ren, Alexa N. Adams, Benjamin Pyles, Barbara J. Bailus, 
Henriette O’Geen, and David J. Segal

Abstract

Artificial transcription factors based on zinc finger, TALE, and CRISPR/Cas9 programmable DNA- 
binding platforms have been widely used to regulate the expression of specific genes in cultured cells, but 
their delivery into organs such as the brain represents a critical challenge to apply such tools in live animals. 
In previous work, we developed a zinc-finger-based artificial transcription factor harboring a cell- 
penetrating peptide (CPP) that could be injected systemically, cross the blood–brain barrier, and alter 
expression of a specific gene in the brain of an adult mouse. Importantly, our mode of delivery produced 
widespread distribution throughout the brain. Here we describe methods for the production and purifica-
tion of the factor, testing CPP activity in cells, and testing CPP activity in mice.

Key words Engineered zinc-finger protein, Cell-penetrating peptide, TAT peptide, Animal models, 
Artificial transcription factors

1 Introduction

Artificial transcription factors (ATFs) are based on the attachment 
of transcriptional effector domains to programmable DNA-binding 
platforms such as zinc fingers (ZFs), transcription activator-like 
effectors (TALEs), or catalytically inactive clustered regularly inter-
spaced short palindromic repeats/dead Cas9 (CRISPR/dCas9). 
These tools are capable of activating or repressing specific genes as 
has been described extensively [1–4]. Widespread delivery of these 
gene regulators to the organs such as brain remains a significant 
challenge for the study and treatment of medical conditions.

We previously reported the systemic delivery of a purified ATF 
protein as a potential therapeutic approach for the treatment of 
Angelman syndrome (AS) [5]. AS is a rare neurological genetic 
disorder caused by loss or mutation of the maternal copy of UBE3A 
in the brain. Due to brain-specific genetic imprinting at this locus 
the paternal copy of UBE3A is silenced, resulting in the complete 
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loss of UBE3A expression in brain neurons of patients. The ATF 
was designed to unsilence the paternal UBE3A by inhibiting an 
antisense transcript that is responsible for the silencing. However, 
as with many gene therapy methods, a significant challenge to 
actual therapeutic use is an efficient means of delivering the ATF to 
the many neurons in the brain.

One method for protein delivery into cells is the use of cell- 
penetrating peptides (CPPs). These short peptides are positively 
charged sequences that can be added to various proteins to facili-
tate their translocation across cellular membranes, usually by 
hijacking the normal process of receptor-mediated endocytosis [6, 
7]. The cationic class of CPPs contains clusters of arginine and 
lysine residues, such as Antp (RQIKIWFQNRRMKWKK), derived 
from the third helix of the Antennapedia protein homeodomain 
from Drosophila [8], and Tatp (GRKKRRQRRR), derived from 
HIV-1 TAT transcription-activating protein [9]. Successful deliv-
ery using these CPPs had been shown both in vitro and in vivo 
with several full-length proteins that retain their biological activity 
[6, 7, 10–12], including engineered ZF proteins [13–15].

For our AS studies, we combined the ATF with a CPP in a 
construct composed of an N-terminal maltose-binding protein for 
purification, the CPP consisting of the 10 aa transduction domain 
of the HIV transactivator protein (TAT, residues 48–57), an 
mCherry red fluorescent protein to aid in protein solubility and 
visualization, an HA epitope tag for detection, an SV40 nuclear 
localization signal to ensure nuclear delivery, an engineered zinc- 
finger protein (designated “S1”), and a KRAB transcriptional 
repression domain (Fig.  1) [5]. The purified fusion protein was 
able to enter cells both in vitro (Fig. 2) and in vivo (Fig. 3). In 
both cases, a protein containing all the components except the 
TAT CPP was still able to enter cells, but with considerably reduced 
efficiency. In mice, we observed that intraperitoneal (i.p.) or sub-
cutaneous (s.c.) injection of the purified protein at 160–200 mg/
kg was able to cross the BBB and distribute widely throughout the 
brain. Importantly, significant activation of Ube3a expression in 
the brain was observed after a 4-week treatment period.

In principle, a CPP could be used to deliver ATFs designed to 
target other promoters or DNA elements in the brain or other 
organs by using a different ZF protein, TALEs or dCas9. 
Exchanging the KRAB transcriptional repression domain with an 
activation domain (e.g., VP64 or p300) or epigenetic modifiers 
(e.g., DNMT3A or G9A) could produce tools for activating gene 
expression and altering epigenetic information, respectively. 
Cellular internalization of CPPs has been observed for a large 
number of cell types and tissues, although the efficiencies vary 
depending on the CPP, the cargo, and the target cell type [16, 17]. 
In fact, it has recently been shown that since ZFs carry a net  positive 
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Fig. 1 Design of TAT-S1 ATF. (a) Diagram of TAT-S1 ATF indicating individual 
protein domains. (b) Protein sequence of TAT-S1 ATF. Individual domains are indi-
cated. Intervening sequences are shown as grey sequences in parenthesis

Fig. 2 TAT-S1 ATF in cultured HEK293 cells. mCherry fluorescent images of cells transduced with 11 μM TAT- 
S1 ATF, S1 ATF with no TAT, or TAT-S1 ATF with no mCherry

Cell-Penetrating ZF Transcription Factors
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charge they can penetrate cells in the absence of additional pep-
tides [18, 19]. It is therefore important to test CPPs empirically to 
determine their utility for a particular application. The method 
that follows can be used to quickly determine if a CPP increases 
cellular uptake more than a zinc-finger protein alone, in  vitro 
(Subheading 2) and in vivo (Subheading 3). Although the mCherry 
fluorescence could be directly visualized in mouse tissues, an anti-
body staining protocol is provided in Subheading 3 that could be 
used for weaker fluorophores.

2 Materials

 1. Construct a prokaryotic expression vector expressing a 
CPP- ZF ATF. There are a number of possibilities, but a good 
starting point might be to use TAT-S1 ATF construct described 
in our published study. A modified pMAL-c2X (New England 
Biolabs, Ipswich, MA) with an expression cassette containing 
(1) an N-terminal maltose-binding protein (MBP) for purifi-
cation, (2) a TEV1 protease cleavage site, (3) a cell- penetrating 
peptide consisting of the 10  aa transduction domain of the 
HIV-transactivator protein (TAT, residues 48–57), (4) 
mCherry red fluorescent protein to aid in protein solubility 

2.1 Expression 
and Purification 
of CPP-ZF ATFs 
in Bacteria

Fig. 3 TAT-S1 ATF in mouse brain. Sectioned tissues (50 μm) were harvested after 3 days of injections 
(160–200 mg/kg s.c.) with purified TAT-S1 ATF, or elution buffer (Mock) that contains no ATF as a negative 
control. Top panel, mCherry fluorescent images of mouse brain cortex; bottom panel, bright field
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and visualization, (5) an HA epitope tag for detection, (6) an 
SV40 nuclear localization signal to ensure nuclear delivery, (7) 
a six-finger zinc-finger DNA-binding protein designated “S1,” 
and (8) a KRAB transcriptional repression domain. “S1 (no 
TAT)” and “S1 no mCherry” do not contain the TAT or 
mCherry components, respectively. Vectors expressing these 
constructs are available from the authors upon request. The 
complete sequence of the full-length ATF TAT S1 protein is 
provided in Fig. 1 (see Note 1).

 2. Chemically competent NEB5α E. coli bacteria (New England 
Biolabs): Store at −80 °C (see Note 2).

 3. Carbenicillin antibiotic stock at 100 mg/mL in H2O: Keep 
stock at −20 °C.

 4. 10 cm Plates of Luria Broth (LB) agar (see Note 3) supple-
mented with carbenicillin at 50 μg/mL: Prepare no more than 
1 month in advance and store at 4 °C.

 5. 1× Luria Broth medium (see Note 3).
 6. Isopropyl β-d-1-thiogalactopyranoside (IPTG) stock at 0.5 M 

in H2O: Keep stock at −20 °C.
 7. Zinc chloride (ZnCl2) stock at 1 M in H2O: Store at room 

temperature.
 8. Zinc buffer A (ZBA): 10 mM Tris base, 90 mM KCl, 1 mM 

MgCl2, 100 μM ZnCl2. Adjust pH to 8.5 using HCl (see Note 4). 
Store at room temperature.

 9. Bacterial culture shakers at both 37 and 4 °C.
 10. Centrifuge for bacterial cultures.
 11. Microfluidizer (Microfluidics model M-110Y).
 12. Chromatography columns (~100 mL volume) with valves.
 13. Amylose resin (New England Biolabs, E8021L).
 14. Maltose.
 15. Dithiothreitol (DTT) stock at 1  M in H2O: Aliquot in 

0.5–2 mL volumes and store at −20 °C.
 16. Elution buffer: ZBA, 1 M maltose.
 17. Centricon Plus-70 spin concentrators (Millipore, Billerica, 

MA, UFC710008).
 18. Refrigerated tabletop centrifuge.
 19. Nalgene Rapid-Flow sterile disposable filter units, 0.2  μm 

(Thermo Fisher).
 20. HEK-Blue LPS Detection Kit (InvivoGen, San Diego, CA, 

rep-lps2).
 21. 4–20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, 

Hercules, CA, 4561096).
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 22. Apparatus and materials for performing Coomassie-stained 
SDS-PAGE.

 23. Nanodrop UV spectrophotometer, or equivalent.
 24. Glycerol, sterilized by autoclave.

 1. Purified ATF protein in elution buffer, 30% glycerol, 5 mM 
DTT.

 2. The human cell line HEK293 (ATCC CRL-1573, see Note 5).
 3. Water-jacketed CO2 37 °C incubator.
 4. Class II biosafety cabinet.
 5. Six-well polystyrene tissue culture plates.
 6. 75 cm2 Tissue culture flasks.
 7. DMEM medium.
 8. Bovine calf serum: 50 mL Aliquots are stored at −20 °C.
 9. Pen–Strep contains 100 U/mL of penicillin and 100 μg/mL 

streptomycin: 5 mL Aliquots are stored at −20 °C.
 10. DMEM complete medium: 1  L DMEM medium supple-

mented with 50 mL bovine calf serum (10% final) and 5 mL of 
Pen–Strep. Store at 4 °C.

 11. Phosphate-buffered saline, sterile for tissue culture.
 12. Trypsin-EDTA.
 13. Hemocytometer for counting cells.
 14. 10% bleach solution.
 15. Zeiss Axiovert 135 inverted epifluorescent microscope with 

filters for mCherry imaging (Filter Set 15, Excitation: 546 nm; 
Emission: LP 590 nm) and a digital camera.

 1. Purified ATF protein in elution buffer, 30% glycerol, 5 mM 
DTT.

 2. C57BL/6 mice of either sex, approximately 8 weeks of age.
 3. One milliliter syringe with 25-gauge hypodermic needle.
 4. Isoflurane and appropriate apparatus.
 5. CO2 chamber or other apparatus for humane euthanasia.
 6. TBS: 50 mM Tris–Cl, pH 7.5, 150 mM NaCl.
 7. Buffered paraformaldehyde: 10% (v/v) in PBS.
 8. 30% Sucrose in water.
 9. Tissue-Tek CRYO-OCT Compound (Thermo Fisher 

14-373-65).
 10. Glass microscopy slides.
 11. Glass coverslips.
 12. Leica CM 1850 UV cryotome (Nussloch, Germany).

2.2 Testing CPP 
Activity in Cell Culture

2.3 Testing CPP 
Activity in Mice
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 13. Superblock (Thermo Fisher).
 14. Goat serum.
 15. Triton X.
 16. Apex Antibody labeling kit with Alexa Fluor 555.
 17. Anti-HA primary antibody: Pre-label with the Apex Antibody 

labeling kit.
 18. 4′,6-Diamidino-2-phenylindole (DAPI).
 19. Prolong Gold (Thermo Fisher, P10144).
 20. Leica DM6000B epifluorescent microscope with deconvolu-

tion software and filter cubes to image mCherry (TxRed 
4040B, excitation: 562  nm; emission: 624  nm) and DAPI 
(DAPI 5060B, excitation: 377: emission 447).

3 Methods

 1. Transform the vector into NEB5α E. coli by standard heat- 
shock methods.

 2. Plate the transformed bacteria on LB agar supplemented with 
50 μg/mL carbenicillin and incubate overnight.

 3. Pick a single colony to inoculate into 5 mL of LB medium 
supplemented with 50  μg/mL carbenicillin. Incubate over-
night with shaking at 37 °C.

 4. Inoculate the 5  mL overnight cultures into 800  mL of LB 
medium supplemented with 50 μg/mL carbenicillin. Incubate 
with shaking overnight at 37 °C.

 5. At optical density ~1.0, induce protein expression by moving 
the culture to 4 °C (see Note 6) and adding IPTG to 0.75 mM 
and 1 mL of zinc chloride. Shake gently at 4 °C for 4 days.

 6. To release the protein from the bacteria, pellet by centrifuga-
tion at 1663 × g (3200 rpm) for 15 min in a refrigerated table-
top centrifuge. Resuspend the culture in 30 mL of cold ZBA 
(see Note 7). Apply the suspension to a microfluidizer accord-
ing to the manufacturer’s instructions (see Note 8). Keep the 
lysate on ice.

 7. Pellet the insoluble fraction by centrifugation at 1663 × g for 
15 min in a refrigerated tabletop centrifuge. Keep supernatant 
for column purification and discard pellet.

 8. Prepare gravity flow amylose resin purification columns by apply-
ing enough amylose resin to produce a 30 mL compact bed in 
the columns (see Note 9). All steps can be performed at room 
temperature. Wash the columns twice with four-column volumes 
of deionized water, and then one-column volume of ZBA. 
Finally, apply the microfluidized supernatants to the columns. 

3.1 Expression 
and Purification 
of CPP-ZF ATFs 
in Bacteria
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The initial drip rate should be approximately two drops/s, but 
will decrease as the solution in the column decreases.

 9. Dissociate and elute the protein in ~150 mL of elution buffer 
supplemented with 5 mM DTT (add DTT just before use). 
Keep eluted samples on ice.

 10. Concentrate the eluate to 16 mg/mL using a Centricon Plus- 
70  in a refrigerated centrifuge at 2000  ×  g for ~60  min 
(depending on the initial concentration) at 4 °C. For maximum 
tolerated dose studies, additional higher concentrations may 
be desired.

 11. Sterilize the protein sample using Nalgene Rapid-Flow sterile 
disposable filter units to remove any residual bacteria. Purified, 
sterilized protein samples are routinely checked by an endo-
toxin kit (e.g., HEK-Blue LPS Detection Kit) to assure that 
no detectable endotoxins are present.

 12. Measure protein concentration using a Nanodrop UV spec-
trophotometer at A280, blanking with elution buffer. The 
procedure typically yields 4 g total protein/L of culture for 
S1-KRAB, but values will likely change for other ATFs. 
Evaluate protein integrity by SDS polyacrylamide gel electro-
phoresis using a 4–20% TGX precast protein gel followed by 
staining with Coomassie blue. Usually there is a 44 kD band 
corresponding to free MBP. Protein concentrations for injec-
tions refer to the full-length + free-MBP band intensities, of 
which only half was considered to be the 100 kD full-length 
protein.

 13. For storage of the proteins, add glycerol to 30% and DTT to 
5 mM. This typically decreases the concentration from 16 to 
12 mg/mL total protein. Store at −20 °C (see Note 10). Note 
that it is difficult to measure the protein concentration after 
addition of glycerol, so concentration is measured in the previ-
ous step.

 1. Obtain prior approval from the Institutional Biosafety 
Committee of the investigator’s institution before any work 
using human cells is performed.

Day 0: Seed the cells in the six-well plates

 2. Prepare the HEK293 cells to seed on six-well plates. Aspirate 
the medium from the cells growing in a 75 cm2 flask.

 3. Wash the cells with 5 mL of PBS. Swirl the PBS around to 
wash away remaining medium, and then aspirate the PBS.

 4. Add 2 mL of trypsin-EDTA and swirl the flask to ensure that 
the entire surface is covered. Incubate at room temperature 
for 1 min.

 5. Resuspend the cells using 8 mL of DMEM complete medium.

3.2 Testing CPP 
Activity in Cell Culture
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 6. Place 15 μL of the above suspension onto a hemocytometer. 
Count the number of cells using an inverted microscope. 
After use, decontaminate the hemocytometer in 10% final 
bleach solution.

 7. Add 400,000–600,000 cells to each well.
 8. Incubate for 24 h in a 37 °C CO2 incubator before protein 

transduction.

Day 1: Protein transduction

 9. The cells should be about 60% confluent at the time of protein 
transduction. Replace the complete medium with 2  mL 
DMEM without supplements.

 10. Add ATF proteins directly to the wells. Varying concentra-
tions should be used. The results shown in Fig.  2 required 
100 μL of the 12 mg/mL purified protein, for a final concen-
tration of about 11 nM per well (see Note 11).

 11. Incubate for 2 h in a 37 °C incubator.
 12. Add an additional 2 mL of DMEM complete medium.
 13. Incubate the cells in a 37 °C incubator for 24 h.

Day 2: Imaging

 14. To prepare the cells for imaging, remove the media from wells.
 15. Wash twice with 2 mL of PBS to remove remaining red indi-

cator dye from the DMEM complete medium. Image in 
2 mL of PBS.

 16. Image using a Zeiss Axiovert 135 inverted epifluorescent 
microscope with filters for mCherry imaging. Example images 
are shown in Fig. 2.

ATF injections

 1. Obtain prior approval from the Institutional Animal Care and 
Use Committee of the investigator’s institution before any 
work on animals is performed.

 2. Mice should be anesthetized with 4% isoflurane before injec-
tion (see Notes 12). Inject three mice with TAT-S1 ATF at a 
dose of 160–200 mg/kg s.c. (see Note 13). Also inject three 
mice with elution buffer, 30% glycerol, and 5  mM DTT 
[“Mock”] as a negative control. When mice are ambulatory, 
they can be returned to their cages.

 3. Repeat step 2 for 2 consecutive days, for a total of three injec-
tion days.

 4. Humanly euthanize mice on the fourth day. Harvest brain or 
other organs to be studied. Tissues that are not used immedi-
ately for immunohistochemistry should be flash frozen.

3.3 Testing CPP 
Activity in Mice
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Preparation of tissue sections

 5. Wash one brain hemisphere in 1× TBS, and then fix in 10% 
buffered paraformaldehyde overnight.

 6. Place the tissue in 30% sucrose for 3 days.
 7. Following brain saturation, freeze the tissue in Tissue-Tek 

CRYO-OCT Compound, and then section on a Leica cryo-
tome in 50 μm thick sections. Transfer the sections to glass 
microscope slides.

Immunohistochemistry (if florescence cannot be observed from tissues 
directly)

 8. Block using Superblock for 1 h, followed by 10% goat serum 
and 0.3% Triton X in 1× TBS for 2 h.

 9. Aspirate slides, and then stain with primary anti-HA (that had 
been directly labeled with the Apex Antibody labeling kit) at 
1:150 in 5% goat serum and 0.15% Triton X.

 10. Incubate at 4 °C overnight.
 11. Wash slides three times with 1× TBS.
 12. Stain with DAPI for 10 min.
 13. Wash three times with 1× TBS.

Imaging

 14. Mount with coverslip using Prolong Gold.
 15. Image using a Leica DM6000B epifluorescent microscope 

using filter cubes for imaging DAPI and mCherry. Example 
images are shown in Fig. 3.

4 Notes

 1. The expression and purification methods described here will 
likely require significant optimization for any new type of zinc- 
finger protein or effector domain used. Also, at the time of this 
writing, it is not clear if protein domains such as MBP and 
mCherry are required for full function of the ATF.

 2. BL21 Star cells could also be used for protein expression. The 
ATF S1-KRAB seems to express equally well in both BL21 
Star and NEB5a cells. However, others, such as TALE pro-
teins, express much better in BL21.

 3. Any source of LB medium is usually acceptable. However, we 
have found for some ATFs (not S1-KRAB) that LB from some 
vendors produced a dramatic reduction in yield, which was 
restored by using LB from VWR.
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 4. A good guide to the appropriate pH for the ZBA is the pro-
tein’s isoelectric point, which can be calculated by any of sev-
eral online services (e.g., http://web.expasy.org/protparam/). 
Some optimization may be necessary.

 5. For safety, human cells should always be handled using the 
philosophy of Universal Precautions, as if they were contami-
nated with a blood-borne pathogen such as HIV or hepatitis 
virus B.  This includes biosafety level 2 conditions, such as 
appropriate personal protective equipment and a biosafety 
cabinet.

 6. The cold-temperature induction was critical to obtaining high 
yields of the TAT-S1 ATF protein. Induction at room tem-
perature or 37 °C was far less efficient. This unusual require-
ment was fortuitously observed when several standard 
induction conditions were tried and proved unsatisfactory. 
Concurrently, a culture that had been accidentally left at 
4  °C for several days turned noticeably pink. This was an 
indication that the protein was being expressed, at least the 
mCherry domain. Experimental refinement of methods 
resulted in the reported production protocol. However, ver-
sions of the ATF that contained other effector domains 
required induction at an optical density of 0.6, and incuba-
tion for only 4 h at 37 °C.

 7. Protease inhibitors are not used when purifying the ATF 
S1-KRAB. They are sometimes used with other factors, espe-
cially if degradation appears as a significant issue. However, we 
have generally been cautious out of concern for undesired 
effects of residual protease inhibitors in animals.

 8. Use of the microfluidizer was found to be critical for obtaining 
full-length protein. Sonication and freeze/thaw techniques 
produced fragmented proteins.

 9. The amylose resin can be reused up to 14 times by washing. In 
some cases, yield seemed to increase using resin that had been 
used and washed.

 10. Proteins were originally stored at −80  °C, but later studies 
showed less protein fragmentation due to freeze/thaw when 
the ATF was stored at −20 °C.

 11. Some optimization of the protein concentration applied to the 
cells may be necessary. It is useful to test a range of concentra-
tions initially.

 12. In addition to avoiding accidental autoinoculation by trying 
to inject a moving mouse, anesthesia before injection also pro-
vides a transient immunosuppression that prevents an acute 
immune response to the protein when the bolus is injected. 
Anesthesia is thus highly recommended.

Cell-Penetrating ZF Transcription Factors
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 13. A power calculation would be performed first to determine 
how many mice would be required to observe the molecular 
phenotype (i.e., the change in Ube3a expression). This calcu-
lation requires an estimation of the variance in the live fluores-
cence assay. Since the variance may differ for different proteins, 
testing three mice here can provide information on the vari-
ance that can be used to make a more informed calculation for 
a sufficiently powered experiment. In our experience, three 
mice per group are typically sufficient.
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Chapter 19

Manufacturing and Delivering Genome-Editing Proteins

Jia Liu, Ya-jun Liang, Pei-ling Ren, and Thomas Gaj

Abstract

Genome-editing technologies have revolutionized the biomedical sciences by providing researchers with 
the ability to quickly and efficiently modify genes. While programmable nucleases can be introduced into 
cells using a variety of techniques, their delivery as purified proteins is an effective approach for limiting 
off-target effects. Here, we describe step-by-step procedures for manufacturing and delivering genome- 
modifying proteins—including Cas9 ribonucleoproteins (RNPs) and TALE and zinc-finger nucleases—
into mammalian cells. Protocols for combining Cas9 RNP with naturally recombinogenic adeno-associated 
virus (AAV) donor vectors for the seamless insertion of transgenes by homology-directed genome editing 
are also provided.

Key words ZFNs, TALENs, CRISPR, RNP, Protein delivery, Genome editing

1 Introduction

Programmable nucleases—including the RNA-guided Cas9 endo-
nuclease from type II clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated (Cas) systems, transcription 
activator-like effector (TALE) nucleases (TALENs), and zinc- finger 
nucleases (ZFNs)—have revolutionized biomedical research and 
biotechnology. These technologies can be configured to recognize 
a specific genomic site to induce a DNA double-strand break (DSB) 
that is processed by cellular DNA repair mechanisms, enabling a 
range of genomic modifications, including gene knockout via non-
homologous end joining (NHEJ) [1, 2] and the site- specific inser-
tion of transgenes by homology-directed repair (HDR) [3–5].

ZFNs and TALENs—among the first widely used tools for 
genome editing—are fusions of the DNA cleavage domain from the 
FokI restriction endonuclease and engineered Cys2-His2 zinc- finger 
[6] and TALE DNA-binding proteins [7], respectively. An indi-
vidual zinc finger binds to 3–4 nucleotides (with occasional target 
site overlap from an adjacent zinc-finger domain) [8], whereas a 
TALE domain recognizes only a single base pair (bp) [9, 10], with 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8799-3_19&domain=pdf


254

the specificity of each TALE conferred almost entirely by two 
hypervariable amino acid residues in the center of each domain 
(dubbed the repeat variable diresidues). Importantly, because the 
FokI nuclease domain cleaves DNA as a dimer, two ZFN and 
TALEN monomers are required to form an activate nuclease.

Unlike ZFNs and TALENs, CRISPR-Cas systems rely on a 
single guide RNA (sgRNA) molecule to direct a Cas nuclease, such 
as Cas9 or Cas13a, to a specific DNA [11] or RNA sequence [12, 
13], respectively. CRISPR-based tools can thus be harnessed for 
genome editing with only minimal molecular engineering [14–17]. 
For example, the only major requirement for targeting DNA using 
CRISPR-Cas9 is the presence of a conserved protospacer adjacent 
motif (PAM) located at the 3′-end of the Cas9 target site [11].

Nuclease-encoding gene(s) can be introduced into cells using 
viral and nonviral methods. Nonviral delivery, for instance, can be 
performed using electroporation [18] and nucleofection [19] but 
also with chemical methods, including cationic liposomes [20] and 
charged polymers [21]. These approaches are easy to use but limited 
to certain cell lines or associated with toxicity [22]. In addition to 
nonviral methods, viral vectors, including lentivirus, adeno- 
associated virus (AAV), and adenovirus, can be harnessed to facili-
tate the expression of nuclease-encoding gene(s) in more 
difficult-to-transfect cell types and in vivo [23]. AAV vectors, in par-
ticular, have emerged as effective tools for delivering CRISPR- Cas9 
to the central nervous system [24–26], among other tissues [27].

Regardless of the delivery strategy employed, persistent tran-
sient expression of nuclease-encoding gene(s) can lead to increased 
off-target (OT) effects [28]. One approach for improving nuclease 
specificity is minimizing the amount of time that a nuclease is 
exposed to the cell. Crucially, when delivered directly into cells as 
purified proteins, genome-modifying nucleases are rapidly 
degraded and induce fewer OT modifications compared to meth-
ods that rely on transient expression from nucleic acids [29].

Each of the three major genome-editing platforms can be 
delivered into cells as proteins [30]. ZFNs—which were the first 
technology used for DNA-free genome editing—can naturally 
cross cell membranes [29] due to the intrinsic cell-penetrating 
capabilities of zinc-finger proteins [31, 32] (notably, their internal-
ization efficiency can be increased following the fusion of multiple 
nuclear localization sequences [NLS] [33]). In addition to this 
mode of entry, ZFN proteins can be engineered to enter cells via 
receptor-mediated endocytosis [34] or packaged into retroviral 
[35] and lentiviral [36] protein-based platforms. Similarly, TALEN 
proteins can be introduced into cells via lentiviral based particles 
[36] or cell-penetrating peptides (CPPs), which are tethered onto 
the TALEN protein surface [37] or genetically fused to their ter-
mini [38]. Moreover, both Cas9 and its sgRNA can be delivered to 
cells as a preformed ribonucleoprotein (RNP) using nucleofection 
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[39, 40] or transient transfection [41], though CPPs [42], 
nanoparticles [43–46], and small-molecule-induced osmocytosis 
[47] can also facilitate RNP delivery. Additionally, RNPs can be 
easily complemented with highly recombinogenic single-stranded 
DNA oligonucleotides [48] and AAV donor vectors [48, 49] for 
homology-directed genome editing, which expands on the capa-
bilities of the protein-based genome-editing toolbox.

Here, we provide detailed step-by-step procedures for manu-
facturing and delivering genome-modifying proteins, including 
RNPs, TALEN, and ZFN proteins. We also provide protocols for 
combining Cas9 RNP with AAV donor vectors for homology- 
directed repair (HDR)-mediated genome editing. These proce-
dures are broadly applicable and can be used to modify cells within 
10–14 days.

2 Materials

 1. Centrifuge.
 2. DNA imaging system.
 3. UV-Vis spectrophotometer.
 4. PCR thermocycler.
 5. Sterile 1.5 mL microcentrifuge tubes.
 6. 5 mL Polystyrene tubes.
 7. Sterile 15 mL conical tubes.
 8. Sterile 50 mL conical tubes.
 9. 0.2 mL Flat-cap PCR tubes.
 10. Bacterial (e.g., pET-28B; EMD Biosciences) and mammalian 

expression vectors (e.g., pcDNA 3.1; Life Technologies): 
Note that the expression vectors encoding Cas9 and the 
TALENs and ZFNs used here can be obtained from J.L.

 11. Deionized water (dH2O).
 12. Nuclease-free water.
 13. High-fidelity PCR DNA amplification system.
 14. NcoI restriction enzyme.
 15. XhoI restriction enzyme.
 16. XbaI restriction enzyme.
 17. Master buffer for restriction enzymes.
 18. T4 DNA ligase with buffer.
 19. Plasmid purification kit.
 20. PCR amplicon purification kit.
 21. DNA gel extraction kit.

2.1 Molecular 
Cloning
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 22. T7 RNA polymerase in vitro transcription kit.
 23. Phenol:chloroform:isoamyl alcohol solution (25:24:1, v/v/v) 

(Sigma-Aldrich).
 24. 3 M Sodium acetate stock solution (dissolve 24.6 g of anhy-

drous sodium acetate powder in 100 mL of dH2O): Adjust 
pH to 5.2 and then autoclave. Can be stored at room tem-
perature (RT) for up to 1 year.

 25. 1 kilobase (kb) DNA ladder.
 26. Agarose.
 27. 10× TAE running buffer.
 28. 6× DNA-loading dye.
 29. Ethidium bromide (see Note 1).

 1. Kanamycin.
 2. LB medium (Gibco).
 3. Bacto-agar.
 4. LB agar plates (1 L): Add 15 g of bacto-agar to 1 L of LB 

medium. Sterilize by autoclave and pipet 22 mL of LB agar to 
a sterile petri dish. Can be stored at 4 °C for up to 1 month.

 5. Chemically competent TOP10 cells.
 6. Chemically competent BL21 (DE3) cells.

 1. Sonicator.
 2. 0.22 μm Low-protein-binding filter.
 3. 0.45 μm Low-protein-binding filter.
 4. Polypropylene gravity-flow purification column.
 5. Protein concentrator: 10 kDa MWCO.
 6. Protein concentrator: 30 kDa MWCO.
 7. HEPES stock solution: 200 mM, pH 8.0. Dissolve 52.1 g 

HEPES sodium salt in dH2O. Adjust volume to 1 L and pH to 
8.0 and autoclave. Store at 4 °C for up to 6 months.

 8. Tris–HCl stock solution: 1 M. Dissolve 12.1 g Tris base in 
100 mL dH2O and autoclave. Store at room temperature for 
up to 1 year.

 9. NaCl stock solution: 5 M. Dissolve 29.2 g NaCl in 1 L dH2O 
and autoclave. Store at room temperature for up to 1 year.

 10. MgCl2 stock solution: 1 M. Dissolve 20.3 g MgCl2-6H2O in 1 L 
dH2O and autoclave. Store at room temperature for up to 1 year.

 11. ZnCl2 stock solution: 9 mM. Dissolve 1.23 g ZnCl2 in 1 L dH2O 
and autoclave. Store at room temperature for up to 1 year.

 12. Glucose.

2.2 Bacterial Culture

2.3 Protein 
Purification
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 13. β-Mercaptoethanol (β-ME): 55 mM (see Note 2).
 14. Glycerol stock solution: 50%, v/v. Mix glycerol with dH2O 

and autoclave. Store at room temperature for up to 6 months.
 15. Protease inhibitor cocktail: 25× Stock solution. Dissolve one 

protease inhibitor cocktail tablet in 2 mL dH2O and sterilize 
using a 0.22 μm filter. Store at −20 °C for up to 1 week.

 16. Imidazole stock solution: 2 M. Dissolve 13.6 g imidazole in 
100 mL dH2O and autoclave. Store at room temperature for 
up to 1 year.

 17. d, l-Dithiothreitol (DTT) stock solution: 1 M. Dissolve 1.54 g 
in 10 mL dH2O. Prepare 1 mL aliquots. Sterilize using 0.22 μm 
filter and store at −20 °C for up to 6 months.

 18. l-Arg stock solution: 1 M. Dissolve 17.4 g in 100 mL 
dH2O. Adjust pH to 7.4 and sterilize using 0.22 μm filter (see 
Note 3). Store at room temperature for up to 6 months.

 19. Isopropyl-β-d-1-thiogalactopyranoside (IPTG).
 20. Nickel agarose resins for purification of His-tagged proteins.
 21. Protein-binding buffer (1 L): Add 100 mL of 200 mM HEPES 

stock solution, 1 mL of 1 M MgCl2 stock solution, 29.2 g 
NaCl, and 100 mL glycerol into 799 mL dH2O. For ZFN- 
binding buffer, add 10 mL of 9 mM ZnCl2 stock solution and 
an additional 87.7 g NaCl. Adjust volume to 1 L and auto-
clave. Store at 4 °C for up to 6 months.

 22. Lysis buffer: Add 1 mM β-ME and 1× protease inhibitor cock-
tail to binding buffer before use (see Note 4). Store at 4 °C for 
up to 24 h.

 23. Wash buffer A: Add 2.5 mL of 2 M imidazole to 1 L of binding 
buffer. Store at 4 °C for up to 6 months.

 24. Wash buffer B: Add 17.5 mL of 2 M imidazole to 1 L of bind-
ing buffer. Store at 4 °C for up to 6 months.

 25. Elution buffer: Dissolve 20.4 g imidazole into 1 L of binding 
buffer. Store at 4 °C for up to 6 months.

 26. Storage buffer: Add 100 mL of 200 mM HEPES stock solution, 
1 mL of 1 M MgCl2 stock solution, 29.2 g NaCl, and 100 mL 
glycerol into 799 mL dH2O. For ZFN storage buffer, add 100 mL 
of 1 M l-Arg. For Cas9 protein storage buffer, add 1 mL of 1 M 
DTT stock solution. Store at 4 °C for up to 2 weeks.

 27. 4–20% Tris-glycine SDS-PAGE gel: Purchased from commer-
cial vendor.

 28. 2× Protein-loading dye.
 29. Protein marker.
 30. Bovine serum albumin (BSA): 10 mg/mL. Dissolve 10 mg 

BSA powder in 1 mL dH2O.
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 31. PCR amplicons carrying designated nuclease-targeting 
sequence.

 32. In vitro cleavage reaction buffer (10×): 500 mM NaCl, 10 mM 
Tris–HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9. Mix 1 mL of 
5 M NaCl solution, 0.1 mL of 1 M Tris–HCl solution, 0.1 mL 
of 1 M MgCl2 solution, and 0.1 mL of 1 M DTT solution with 
water up to 10 mL. Adjust pH to 7.9 and autoclave. Store at 
−20 °C for up to 2 months.

 1. Tissue culture hood.
 2. Tissue culture incubator.
 3. Hemocytometer.
 4. Leica microscope.
 5. Sterile serological pipets: 5, 10, and 25 mL.
 6. 10 cm Petri dish.
 7. Tissue culture plate: 24-well, 12-well, and 6-well plates.
 8. Ethanol: 75%. Mix 25 mL dH2O with 75 mL ethanol. Store at 

room temperature (25 °C) for up to 1 month (see Note 5).
 9. Complete DMEM medium: Add 50 mL of fetal bovine serum 

(FBS) and 5 mL of 100 U/mL of penicillin-streptomycin to 
500 mL DMEM medium. Store solution at 4 °C for 3 months. 
Pre-warm the medium to 37 °C before use.

 10. Complete RMPI 1640 medium: Add 50 mL of FBS and 5 mL 
of 100 U/mL of penicillin-streptomycin to 500 mL RPMI 
1640 medium. Store solution at 4 °C for 3 months. Pre-warm 
the medium to 37 °C before use.

 11. Trypsin-EDTA, 0.05% (v/v).
 12. Dulbecco’s phosphate-buffered saline, no calcium, no magne-

sium (DPBS).
 13. CD4+ primary T cells: Purchased from commercial vendor.
 14. CD3/CD28 human T-cell activation beads.
 15. Recombinant interleukin-2 (rIL-2).
 16. Poly-l-lysine solution.
 17. Poly-lysine-coated culture plates: Add 250 mL poly-lysine 

solution to each well of a 24-well culture plate and incubate at 
37 °C for 1 h. Remove solution by aspiration and wash twice 
with 0.5 mL of DPBS. Dry poly-lysine-treated plates at room 
temperature for 2 h. Store coated plates at 4 °C for up to 1 
month (see Note 6).

 1. 4D-Nucleofector System (Lonza; core unit, cat. no. AAF- 
1002B; X unit, cat. no. AAF-1002X).

 2. P3 Primary Cell 4D-Nucleofector kit (Lonza, cat. no. 
V4XP- 3032).

2.4 Mammalian Cell 
Culture

2.5 Transfection 
Reagents
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 3. EGFP reporter cell line: House-made HEK293-derived cells 
(see Note 7).

 4. Sodium phosphate buffer stock solution: 200 mM, pH 5.5. 
Dissolve 23.4 g sodium phosphate monobasic in 1 L 
dH2O. Adjust pH to 5.5 and autoclave. Store at 4 °C for up to 
6 months.

 5. Sodium hydroxide: 1 M. Dissolve 4 g NaOH in 100 mL dH2O 
and autoclave. Store solution at room temperature for up to 
6 months.

 6. Peptide stock solution of Cys-Npys-modified peptides: 
2.3 mM. Dissolve 1 mg peptides in 250 μL dH2O. Sterilize 
using a 0.22 μm filter and store at −20 °C for up to 6 months.

 7. Genomic DNA extraction kit.
 8. T7E1 endonuclease and buffer.
 9. PCR TA cloning kit.
 10. Flow cytometry buffer: Supplement DPBS with 2% FBS.

3 Methods

 1. PCR amplify the genes encoding the “left” and “right” ZFN 
and TALEN monomers or the gene encoding the Cas9 nucle-
ase from Streptococcus pyogenes (SpCas9) using primers encod-
ing 5′ NcoI and 3′ XhoI restriction sites (see Table 1). Carry out 
the PCR reaction using 5 ng of template DNA, 5 μL of 10× 
PCR buffer, 0.2 μM of each primer, 0.2 mM of dNTPs, and 
2 U of high-fidelity DNA polymerase with water to 50 μL. Use 
the following cycle: initial denaturation at 95 °C for 5 min; 
30 cycles of 95 °C for 30 s; 55 °C for 30 s; and 72 °C for 2 min 
(for ZFNs) or 4 min (for TALENs) or 5 min (for Cas9); final 
extension at 72 °C for 10 min (see Note 8).

 2. Purify the PCR products from Subheading 3.1, step 1, using a 
PCR purification kit.

 3. Separately incubate pET-28b and the nuclease-encoding genes 
from Subheading 3.1, step 2, with restriction enzymes in sepa-
rate 50 μL reactions containing 2 μg of DNA; 5 μL of 10× 
restriction enzyme buffer; and 20 U each of NcoI and 
XhoI. Incubate at 37 °C for 3 h.

 4. Mix the restriction digests from Subheading 3.1, step 3, with 
10 μL of 6X DNA-loading dye. Resolve the DNA by gel elec-
trophoresis using a 1% agarose gel. Excise the desired band 
from the agarose gel, and isolate the DNA using a gel extrac-
tion kit, following the manufacturer’s instructions (see Note 
9). Determine DNA concentration using a spectrophotometer 
by measuring Abs260 × 50 μg/mL.

3.1 Expression 
Vector Construction
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 5. Ligate the purified nuclease-encoding gene(s) from Subheading 
3.1, step 4, with the digested pET-28 vector from Subheading 
3.1, step 4, using an insert-to-vector molar ratio of 6-to-1 in a 
10 μL reaction containing ~50 ng of digested DNA, 400 U of 
T4 DNA ligase, and 1 μL of 10× T4 ligase buffer. Incubate at 
RT for 1 h.

 6. Thaw 100 μL of chemically competent TOP10 cells on ice and 
mix gently with 10 μL of the ligation reaction from Subheading 
3.1, step 5. Keep cells on ice for 30 min. Incubate the mixture 
at 42 °C for 60 s using a water batch, and then put the cells on 
ice for 30 s. Transfer the cells to a culture tube containing 
1 mL of LB medium and incubate the cells for 1 h at 37 °C 
with shaking at 250 rpm. Spread 100 μL of the bacterial cell 
culture on a LB agar plate with 50 μg/mL kanamycin and 
incubate overnight at 37 °C.

 7. The following day, inoculate 4 mL of LB medium containing 
50 μg/mL kanamycin with one colony from the LB agar plate 
and culture overnight at 37 °C with shaking at 250 rpm.

 8. Purify the nuclease expression vectors using a plasmid mini-
prep kit per the manufacturer’s instructions and confirm the 
identity of the nuclease-encoding gene(s) by DNA sequencing 
(see Note 10).

Note that the following procedures must be carried out in RNase- 
free environment.

 1. PCR amplify the sgRNA. Carry out the PCR reaction using 
5 ng of template DNA (e.g., an sgRNA-encoding mammalian 
expression vector); 5 μL of 10× PCR buffer with MgCl2; 
0.2 μM each of forward primer (e.g., 5′-GAAATTAATACG 
ACTCACTATAGGNNNNNNNNNNNNNNNNNNN 
NGTTTTAGAGCTAGAAATA- 3′, T7 promoter is under-

3.2 In Vitro 
Transcription 
of the sgRNA

Table 1 
Primer sequences for nuclease cloning

Primer name Sequence (5′–3′)

NcoI ZFN Fwd aaaCCATGGatgggtcatcatcatcatcatcacggtggcagcccgaaaaaaaaacgcaaa

XhoI ZFN Rev aaaCTCGAGttaaaagtttatctcgccgtt

NcoI TALEN Fwd aaaCCATGGatgatgggtcatcatcatcatcatcacggtggcagcgactacaaagaccatgacggt

XhoI TALEN Rev aaaCTCGAGttaaaagtttatctcgccgttatt

NcoI SpCas9 Fwd aaaCCATGGatgggcagcagccccaagaagaagaggaaggtgggcggctccatggataagaaatactca

XhoI SpCas9 Rev aaaCTCGAGttaatgatgatgatgatgatgggagccgcccactttgcgtttctttttcggggagccgcc

Note: Restriction sites are capitalized
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lined; 20 bp targeting sequence donated by N) and reverse 
primer (5′-AGCACCGACTCGGTGCCA- 3′); 0.2 mM dNTP; 
2 U of high-fidelity DNA polymerase; and water up to 
50 μL. Use the following cycling program: initial denaturation 
at 95 °C for 5 min; 30 cycles of 95 °C for 30 s; 55 °C for 30 s; 
and 72 °C for 40 s; final extension at 72 °C for 10 min.

 2. Purify the PCR products by gel extraction and determine DNA 
concentration using a spectrophotometer by measuring 
Abs260 × 50 μg/mL (see Note 11).

 3. Transcribe the sgRNA by a “run-off” reaction using a T7 
in vitro transcription kit. Carry out a 20 μL reaction containing 
1 μg of purified PCR product; 2 μL of 10× reaction buffer; 
7.5 mM of each dNTP; and 1.5 μL of T7 RNA polymerase 
mix. Incubate at 37 °C for 16 h (see Note 12).

 4. Upon completion of the reaction, add 70 μL of nuclease-free 
water, 10 μL of 10× DNase I buffer, and 2 μL of DNase I 
(RNase free). Mix well and incubate for 15 min at 37 °C.

 5. Add 80 μL of nuclease-free water and 20 μL of 3 M sodium 
acetate to the DNase I-treated transcription reaction, followed 
by 200 μL of phenol:chloroform:isoamyl alcohol solution and 
vortex.

 6. Centrifuge the mixture at 12,000 × g for 5 min, and transfer 
the upper aqueous phase to a new microcentrifuge tube.

 7. Add 200 μL of chloroform and centrifuge at 12,000 × g for 
5 min to remove residual phenol. Transfer the supernatant to a 
new microcentrifuge tube.

 8. Repeat chloroform extraction procedure once more as 
described in Subheading 3.3, step 7.

 9. Add 2.5 volumes of ethanol to the chloroform-extracted 
sgRNA. Store at −20 °C for 12 h.

 10. Centrifuge at 12,000 × g for 30 min at 4 °C. Remove the 
supernatant and then add 500 μL of ice-cold ethanol (75%) to 
remove residual salt.

 11. Centrifuge at 12,000 × g for 5 min at 4 °C and air-dry the 
pellet.

 12. Dissolve the pellet in 20 μL of nuclease-free water (see Note 
13). Determine sgRNA concentration using a spectrophotom-
eter by measuring Abs260 × 40 μg/mL (see Note 14). Store 
sgRNA at −80 °C for up to 1 year.

 1. Thaw 50 μL of chemically competent BL21(DE3) cells on ice 
and mix gently with 100 ng of sequence-verified nuclease- 
encoding expression vectors from Subheading 3.1, step 7. 
Transform as described in Subheading 3.1, step 6.

3.3 Nuclease Protein 
Manufacturing 
and Quality Control
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 2. The following day, inoculate 20 mL of LB medium containing 
50 μg/mL kanamycin with one colony from the LB agar plate 
from Subheading 3.3, step 1, and culture overnight at 37 °C.

 3. The following day, transfer 20 mL of the overnight starter cul-
ture from Subheading 3.2, step 2, into 1 L of LB medium 
containing 50 μg/mL kanamycin, 200 mM NaCl, and 0.2% 
glucose (see Notes 15 and 16).

 4. Induce protein expression once the culture reaches an OD600 
of 0.8 with 0.1 mM of IPTG (see Note 17). After induction, 
culture ZFN- and TALEN-expressing bacterial cultures at RT 
for an additional 4 h, and Cas9-expressing culture at 18 °C for 
an additional 12 h (see Note 18).

 5. Harvest cells by centrifugation at 5000 × g for 10 min at 
4 °C. Discard the supernatant. Do not dry cell pellets (see Note 
19).

 6. Resuspend the cell pellets from Subheading 3.2, step 5, with 
20 mL of lysis buffer (see Notes 20 and 21). Transfer the sus-
pension to a fresh collection tube.

 7. Lyse the cells by sonication using the following settings: 50% 
power output and 2-min process time with 5-s on and 10-s off 
intervals (see Note 22).

 8. Centrifuge the cell lysate at 25,000 × g for 30 min at 4 °C and 
transfer the supernatant into a fresh collection tube. Filter the 
supernatant through a 0.45 μm low-protein-binding filter (see 
Note 23).

 9. Add 1 mL of nickel agarose resins (50% slurry in 30% ethanol) 
to the filtered lysate and incubate on a rotisserie or shaking 
platform for 30 min at 4 °C.

 10. Rinse an empty polypropylene gravity-flow purification col-
umn with 5 mL of lysis buffer and then transfer the protein- 
bound slurry into the column with the bottom cap attached.

 11. Remove the bottom cap and discard the flow-through. Wash 
the column with 20 mL of wash buffer A and 5 mL of wash 
buffer B.

 12. Elute the nuclease protein with ten fractions of 0.5 mL elution 
buffer (see Note 24).

 13. Analyze fractions by SDS-PAGE by mixing 5 μL of each elu-
tion with 5 μL of 2× protein-loading dye. Boil samples at 95 °C 
for 10 min and resolve on a 4–20% Tris-glycine gel. Combine 
the fractions with the highest purity.

 14. Buffer exchange the combined fractions with storage buffer 
and concentrate the proteins to 400–800 μL using an Amicon 
Ultra-15 Centrifugal Filter Unit (note: use 10 kDa MWCO for 
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ZFN proteins, and 30 kDa MWCO for Cas9 and TALEN pro-
teins). Clarify the proteins through 0.22 μm low-protein- 
binding filters.

 15. Visualize purified nuclease proteins and a BSA standard by 
SDS-PAGE. Determine protein concentration by densitome-
try using the BSA standard curve (see Note 25). Sample SDS- 
PAGE displaying purified nuclease proteins is shown in Fig. 1.

 16. Aliquot 250 μL of each concentrated proteins to 1.5 mL 
microcentrifuge tubes and flash freeze samples using liquid 
nitrogen and store at −80 °C for up to 1 year (see Note 26).

 17. Determine nuclease protein activity using an in vitro cleavage 
assay. Carry out the reaction with 1 μL of 10× in vitro assay 
buffer (see Note 27), 200 ng of PCR amplicon encoding the 
nuclease target site, 1 μL of 10 mg/mL BSA, and increasing 
concentrations (100 nM to 1 nM) of ZFN, TALEN, and RNP 
(see Note 28) with dH2O up to 20 μL. A representative in vitro 
cleavage assay is shown in Fig. 2.

In this section, we describe protocols for delivering nuclease pro-
teins into cells for genome editing. Importantly, owing to their 
distinct characteristics, ZFNs, TALENs, and RNPs are introduced 
into cells through different procedures, which are described here. 
We also provide a protocol for site-specific gene insertion via HDR- 
mediated genome editing using RNP and AAV donor delivery.

 1. Seed 1 × 106 CD4+ T cells into one well of a 24-well plate con-
taining 1 mL of complete RPMI 1640 medium with 25 μL 
CD3/CD28 human T-cell activation beads and 50 U rIL-2 for 
stimulation and expansion (see Note 29). Incubate at 37 °C 
with 5% CO2 and full humidity.

3.4 Nuclease Protein 
Delivery

3.4.1 ZFN Protein 
Delivery to Primary  
CD4+ T Cells

Fig. 1 Genome editing in primary CD4+ T cells using CCR5-targeting ZFN proteins. (a) SDS-PAGE of purified 
ZFN protein. Arrowhead indicates the predicted molecular weight of the ZFN protein. (b) In vitro cleavage assay 
assessing ZFN protein activity. (c) Frequency of indel formation in primary CD4+ T cells following ZFN protein 
delivery. (b, c) Arrowheads indicate expected cleavage product

Nuclease Protein Delivery



264

 2. At 48 h after activation, harvest cells by centrifugation at 
300 × g for 10 min, discard supernatant, and wash the cells 
once with serum-free DMEM medium (see Note 30).

 3. Resuspend 2 × 105 cells in 250 μL serum-free DMEM contain-
ing 2 μM each of “left” and “right” ZFN proteins (see Note 
31) supplemented with 90 μM ZnCl2 and 100 mM l-Arg (see 
Note 32). Incubate cells at 37 °C for 1 h.

 4. Harvest cells by centrifugation at 300 × g for 10 min and dis-
card supernatant. Resuspend cells with 500 μL of complete 
RPMI 1640 medium containing 50 U/mL rIL-2.

 5. Incubate cells at 30 °C for 24 h (see Note 33) and then 37 °C 
for an additional 24 h.

 6. Upon completion of the treatment, centrifuge cells at 300 × g 
for 10 min, discard supernatant, and extract the genomic DNA 
of ZFN-treated cells using a genomic DNA extraction kit 
according to the manufacturer’s instruction. Store genomic 
DNA at −80 °C for further analysis.

 1. Seed HEK293 cells onto a 24-well plate at a density of 1 x 105 
cells per well and incubate at 37 °C with 5% CO2 and full 
humidity.

 2. At 24 h after seeding, conjugate cell-penetrating peptides 
(CPP) to the surface of the TALEN proteins by incubating 
3.3 μM each “left” and “right” TALEN proteins with 100 μM 

3.4.2 TALEN Protein 
Delivery to HEK293 
Reporter Cells

Fig. 2 Genome editing in HEK293T reporter cells using purified TALEN proteins. (a) SDS-PAGE of purified TALEN 
protein. Arrowhead indicates predicted molecular weight of the TALEN protein. (b) In vitro cleavage assay 
assessing TALEN protein activity. (c) Flow cytometry analysis of genome editing in HEK293T reporter cells fol-
lowing the delivery of TALEN proteins conjugated with various cell-penetrating peptide (CPP) domains. (b, c) 
Arrowheads indicate expected cleavage product
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of Npys- modified CPPs and 1× complete protease inhibitor 
cocktail in 100 mM sodium phosphate buffer, pH 5.5, in a 
75 μL reaction. Incubate for 2 h at RT (see Note 34).

 3. Adjust the pH of the reaction by adding 7.5 μL of 1 M sodium 
hydroxide and mix the solution well with 175 μL of serum-free 
DMEM medium (see Note 35).

 4. Remove medium from each well of cultured cells and wash 
cells once with serum-free medium (SFM). Gently remove 
SFM and apply the entire TALEN protein solution onto cells. 
Incubate cells at 37 °C for 2 h (see Note 36).

 5. Replace medium with complete DMEM and incubate cells at 
30 °C for 24 h, and then at 37 °C for additional 24 h for flow 
cytometry analysis.

 1. Seed Hepa 1-6 cells onto a 24-well plate at a density of 1 × 105 
cells per well. Incubate at 37 °C with 5% CO2 and full 
humidity.

 2. At 24 h after seeding, form the RNP complex by mixing 16 μg 
of Cas9 protein with 4 μg of sgRNA (molar ratio of 1:1) in a 
maximum volume of 2 μL. Incubate at RT for 10 min to allow 
the complex to form.

 3. Remove the medium from the cultured cells, and remove the cells 
from the plate using trypsin-EDTA (0.05%; v/v). Neutralize the 
trypsin-EDTA by adding four volumes of complete DMEM 
medium, and then centrifuge the cells at 200 × g for 5 min. 
Resuspend 2 × 105 cells in 20 μL nucleofection solution contain-
ing 16.4 μL of SF Cell Line Solution and 3.6 μL of Supplement 
1. Mix the cell suspension with 2 μL RNP complex (see Note 37).

 4. Transfer the cells to a 16-well nucleocuvette strip and electro-
porate using a 4D-Nucleofector System with the manufactur-
er’s program EH-100.

 5. Immediately after nucleofection, add 100 μL of complete 
DMEM medium to each well and transfer the cells into a 
24-well plate containing 0.5 mL of DMEM medium. Incubate 
at 37 °C with 5% CO2 and full humidity.

 6. At 48 h after electroporation, centrifuge cells at 200 × g for 
10 min, discard supernatant, and extract the genomic DNA 
using genomic DNA extraction kit. Store DNA samples at 
−80 °C for further analysis.

 1. Clone the AAV donor vector. Step-by-step cloning procedures 
to generate AAV donor templates have been described by our 
laboratory [50].

 2. Package and purify the AAV donor vector. Step-by-step proto-
cols for manufacturing AAV vectors have also been described 
by our laboratory [51].

3.4.3 RNP Delivery 
via Electroporation

3.4.4 AAV Donor Delivery 
for HDR-Mediated Genome 
Editing
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 3. Seed cells onto a 96-well plate at a density of 2 × 105 cells per 
well in serum-containing media with 200 ng/mL of nocodazole 
(see Note 38).

 4. After 30 min, add AAV donor vector onto cells in the presence 
of 200 ng/mL of nocodazole (see Notes 39 and 40).

 5. After 16 h, dissociate cells with trypsin and centrifuge at 
400 × g for 3 min.

 6. Wash cells once with PBS and resuspend in 20 μL of 
Nucleofector Solution SF with 10 μL of RNP.

 7. Immediately after nucleofection, add 100 μL of serum- 
containing medium to nucleofected wells and transfer cells 
into a fresh 96-well plate for further analysis.

In this section, we describe protocols for quantifying editing 
with the T7E1 endonuclease assay, DNA sequencing, and flow 
cytometry.

 1. Amplify the genome site targeted by the nuclease protein using 
nested PCR (see Note 41). First, carry out an external PCR 
reaction using 1 μg of genomic DNA, 5 μL of 10× PCR buffer, 
0.4 μM each of the forward and reverse primers, 0.2 mM 
dNTP, 5% DMSO, and 2 U of high-fidelity DNA polymerase 
with water to 50 μL. Use the following cycling program: initial 
denaturation at 95 °C for 5 min; 20 cycles of 95 °C for 30 s, 
55 °C for 30 s, and 72 °C for 90 s; and final extension at 72 °C 
for 5 min. Next, carry out an internal PCR reaction using 2 μL 
of the PCR product from the external PCR reaction as the 
template, 5 μL of 10× PCR buffer, 0.2 μM each of the forward 
and reverse primers, 0.2 mM dNTP, and 2 U of high-fidelity 
DNA polymerase with water to 50 μL. Use the following 
cycling program: initial denaturation at 95 °C for 5 min; 
30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 40 s; 
and final extension at 72 °C for 5 min (see Note 38). Store the 
PCR product at −20 °C for up to 6 months.

 2. Verify amplification by resolving 5 μL of the PCR reaction on 
a 1% agarose gel as described in Subheading 3.1, step 4 (see 
Note 39).

 3. Generate mismatched duplex DNA for the T7E1 assay by 
denaturing and reannealing 30 μL of the PCR amplicon using 
the following cycle: 95 °C for 10 min; descend from 95 to 
85 °C (at a rate of −2 °C/s); 1 min at 85 °C; 85 to 75 °C 
(−0.3 °C/s); 1 min at 75 °C; 75 to 65 °C (−0.3 °C/s); 1 min 
at 65 °C; 65 to 55 °C (−0.3 °C/s); 1 min at 55 °C; 55 to 
45 °C (−0.3 °C/s); 1 min at 45 °C; 45 to 35 °C (−0.3 °C/s); 
1 min at 35 °C; 35 to 25 °C (−0.3 °C/s); 1 min at 25 °C; hold 
at 4 °C (see Note 42).

3.5 Genome-Editing 
Quantification

3.5.1 T7E1 
Endonuclease Assay
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 4. Mix 10 μL of heteroduplex DNA with 5 U of T7E1 endonu-
clease and 1× cleavage buffer in 20 μL. Incubate the reaction 
at 37 °C for 30 min.

 5. Resolve the T7E1 reaction product on a 1% agarose gel as 
described in Subheading 3.1, step 4.

 6. Visualize the agarose gel using an agarose gel-imaging system 
and measure the intensity of each band. The percent gene 
modification can be determined by measuring the fraction of 
parental band cleaved at the anticipated location, as described 
[52]. An example of a T7E1 analysis is shown in Fig. 3.

 1. Ligate the PCR products from Subheading 3.5.1, step 1, into 
TA cloning vector using a PCR TA cloning kit per the manu-
facturer’s instructions. Incubate the reaction at RT for 30 min.

 2. Transform the ligation reaction into chemically competent 
TOP10 cells as described in Subheading 3.1, step 6.

 3. Pick individual clones from the LB agar plate, and culture 
them overnight in LB medium. Purify the plasmid by mini-
prep and submit it for Sanger sequencing using the primer rec-
ommended by the PCR TA cloning kit. Alternatively, submit 
the LB agar plate to a qualified service for direct colony 
sequencing. An example of Sanger sequencing results confirm-
ing genome editing is shown in Fig. 3.

 1. Detach cells from Subheading 3.4.2, step 5. First, remove the 
culture medium and wash cells once with DPBS. Next, add 
200 μL of trypsin-EDTA to each well, and incubate at 37 °C for 
2 min.

3.5.2 DNA Sequence 
Analysis

3.5.3 Quantifying 
Genome Editing 
in Reporter Cells Using 
Flow Cytometry

Fig. 3 Cas9-mediated modification of the mouse dystrophin gene in Hepa 1-6 cells. (a) SDS-PAGE of purified 
Cas9 protein. Arrowhead indicates predicated molecular weight of Cas9 protein. (b) Assessment of Cas9 RNP 
activity using in vitro cleavage. Arrow, cleavage product. (c) Frequency of indel formation in the mouse dystro-
phin gene in Hepa 1-6 cells following RNP delivery. (b, c) Arrowheads indicate expected cleavage product
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 2. Resuspend cells in flow cytometry buffer and gently mix by 
pipetting.

 3. Use untreated reporter cells to draw a gate for flow cytometry. 
Adjust the parameters (i.e., FSC and SSC) according to instru-
ment manual. Specifically, for EGFP reporter cells, use the 
FITC channel to analyze signal.

 4. Perform the analysis on nuclease-treated cells, and quantify the 
percentage of fluorescent cells. Note that using our previously 
described EGFP-293 reporter cell line, approximately one-
third of nuclease-induced indels restores EGFP fluorescence. 
An example of this analysis is shown in Fig. 3.

4 Notes

 1. Ethidium bromide is potentially carcinogenic and should be 
handled and deposited of in accordance with institutional 
guidelines and regulations.

 2. βME is hazardous if swallowed or inhaled.
 3. If l-Arg is difficult to dissolve, adjust the pH to 7.4 while stir-

ring the solution over gentle heat.
 4. Both β-ME and protease inhibitor cocktail should be freshly 

prepared and added to lysis buffer immediately before use.
 5. Ethanol is flammable and should be stored and handled under 

appropriate conditions.
 6. To ensure efficient cell attachment, allow plates to dry for 2 h 

prior to use.
 7. The HEK293 reporter cell line used in our protocol harbors a 

frame-shift-disabled EGFP gene containing a strategically 
placed TALEN target site. Following TALEN-induced DNA 
cleavage, approximately one-third of indels are expected to 
restore the EGFP reading frame and fluorescence.

 8. We recommend optimizing the PCR conditions if nonspecific 
amplification occurs. Alternatively, nuclease-encoding gene(s) 
can be sub-cloned from a separate expression vector.

 9. To ensure that agarose gel slices are completely dissolved in 
solubilization buffer, invert the tube every 5 min. If the solu-
tion becomes pink or red after the agarose gel slice is dissolved, 
add 3 M sodium acetate dropwise until the solution becomes 
yellow.

 10. We recommend confirming the full sequence of each cloned 
nuclease-encoding gene(s). Mutations can dramatically affect 
the activity of a nuclease.
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 11. Isolating high-quality DNA template for RNA transcription is 
essential for in vitro transcription.

 12. Short RNA transcripts require a 16-h incubation period for 
maximum transcription.

 13. Resuspending the pellet in nuclease-free water is critical for 
preventing sgRNA degradation.

 14. In our experience, sgRNA concentrations >15 μg/μL are opti-
mal for genome editing.

 15. When expressing ZFN proteins, supplement the medium with 
90 μM ZnCl2.

 16. Addition of 0.2% glucose and 200 mM NaCl to bacterial cul-
ture media can prevent leaky expression and inhibit nuclease 
activity, respectively. Both factors can affect cell growth.

 17. Protein yield and purity are dependent on the induction condi-
tions. We recommend monitoring cultures every 30 min until 
an OD600 of 0.8 is reached.

 18. Cas9 protein yield can be improved by culturing bacteria at 
temperatures less than 22 °C after induction.

 19. Cell pellets can be stored for up to 1 week at −20 °C or 
1 month at −80 °C with no loss of nuclease activity.

 20. When purifying ZFN proteins, add 90 μM ZnCl2 to the lysis 
buffer.

 21. Insufficient resuspension of the cell pellet can negatively affect 
cell lysis by sonication.

 22. Prevent overheating by sonicating the cells on ice. Multiple 
sonication cycles may be necessary to completely lyse cells.

 23. If the supernatant goes through the filter too slowly, consider 
a second centrifugation to remove remaining cell debris in the 
supernatant.

 24. For ZFN proteins only, add 50 μL of 1 M l-Arg to each frac-
tion (final l-Arg concentration: 100 mM) immediately after 
elution. Failure to add l-Arg can lead to ZFN protein 
precipitation.

 25. To ensure maximum dosage into cells, ZFN and TALEN pro-
teins should be concentrated to ~40 μM and Cas9 protein to 
~90 μM (15 μg/μL).

 26. Avoid repeating freeze-thawing to prevent damaging 
proteins.

 27. For ZFNs, supplement the reactions with 90 μM ZnCl2 and 
100 mM l-Arg.

 28. Prepare RNP complex by incubating Cas9 protein and sgRNA 
at room temperature for 10 min.
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 29. Activation of CD4+ T cells is required to achieve maximum 
ZFN-mediated gene modification rates. Proper cell-to-bead 
ratio is critical for cell activation.

 30. Activate T cells for no more than 72 h. Prolonged activation 
can decrease the efficiency of genome editing.

 31. Maximum modification is observed using between 0.5 and 
4 μM ZFN proteins. Depending on the purity of ZFN pro-
teins, low levels of cytotoxicity could be observed at high pro-
tein concentrations.

 32. Lack of l-Arg will dramatically decrease genome-editing 
efficiency.

 33. Transient incubation at 30 °C is necessary for ZFN proteins to 
achieve optimal rates of gene editing.

 34. The molar ratio of Npys-modified CPP to TALEN protein 
must be between 8-to-1 and 15-to-1 for efficient cellular inter-
nalization and genome-editing activity.

 35. Depending on the purity of the TALEN proteins and the qual-
ity of the peptide, precipitation may be observed after the con-
jugation reaction. Precipitates can be removed by centrifuging 
the reaction solution at 5000 × g for 2 min.

 36. In contrast to ZFN proteins, TALEN proteins should be incu-
bated with cells for ~2 h for efficient internalization.

 37. The total volume of the RNP should not exceed 2 μL since a 
protein solution that exceeds 10% of the nucleofection volume 
(20 μL) can reduce transfection efficiency.

 38. Nocodazole enhances HDR-mediated genome editing by 
arresting cells at G2/M phase.

 39. The transduction efficiency of AAV can vary depending on the 
target cell type and the AAV serotype being used. It may be 
necessary to screen for the optimal AAV variant.

 40. High doses of AAV (multicity of infection >100,000) are nec-
essary for efficient transduction in vitro.

 41. Nested PCR was designed to yield ~1 kb and ~300–500 bp 
amplicons for the external and internal reactions, respectively.

 42. The absence of PCR side products is critical for preventing off-
target heteroduplexation of DNA.
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