[image: Cover: electroporation]


[image: An illustration presents a single spiky spherical immune cell suspended against a dark background in a stylized microscopic view.]

Contents


	FOREWORD Welcome to our eBook on electroporation

	INTERVIEW Beyond the barrier: an interview about non-viral transfection

	REVIEW Mesenchymal stem cells modifications for enhanced bone targeting and bone regeneration

	POSTER Inducible Cas9 T cells: An innovative platform for allogeneic CAR-T cell generation

	RESEARCH ARTICLE Efficient transient genetic labeling of human CD34+ progenitor cells for in vivo application

	POSTER Efficient transfection and sustained long term functionality of primary human hepatocytes

	REVIEW CRISPR-mediated modification of DNA methylation pattern in the new era of cancer therapy

	BENCHMARK Evaluation protocol for CRISPR/Cas9-mediated CD19 knockout GM24385 cells by flow cytometry and Sanger sequencing







[image: An illustration presents a single spiky spherical immune cell suspended against a dark background in a stylized microscopic view.]

Foreword

We are pleased to present you with this eBook on electroporation.

Electroporation is a powerful transfection tool that utilizes an electrical pulse to transiently increase the permeability of the cell membrane, allowing nucleic acids or proteins to enter the cells. Having the ability to introduce molecules into cells is beneficial in many applications, including the study of gene function and protein expression and the engineering of cells for cell and gene therapy applications.

Unfortunately, many of the cell types that are typically used for cell therapies, such as primary T cells, natural killer cells, or hematopoietic stem cells, cannot be efficiently transfected using traditional electroporation methods.

In this eBook, we delve further into the applications of electroporation for cell therapies and investigate how advanced electroporation technologies, such as nucleofection, can overcome challenges when working with difficult-to-transfect cell types.

We hope you enjoy reading these expert insights into electroporation with us.
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Megan Giboney

Editor, RegMedNet

 m.giboney@future-science-group.com
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Beyond the barrier: an interview about non-viral transfection




	

[image: ]
	
Ludger Altrogge

Head of Cell Engineering Research & Development Lonza (Cologne, Germany)




Ludger Altrogge is the Head of Cell Engineering Research & Development at Lonza Cologne. He is a trained biochemist with a Diploma Thesis completed at the Max-Planck-Institute for Developmental Biology (Tübingen, Germany) and a PhD from the University of Basel (Basel, Switzerland), both in Neurobiology. He started his career as senior scientist at amaxa (now Lonza). In his role he is driving product development of complex laboratory instruments and related consumables for biology or medical research applications. During his career, he gained profound knowledge in non-viral gene editing.
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Theodore Roth

Resident, Stanford Pathology; Co-Founder, Arsenal Biosciences (CA, USA)



Theo Roth was the founding Chief Scientific Officer and is a scientific co-founder of Arsenal Biosciences (CA, USA). He completed his undergraduate and Masters work at Stanford University (CA, USA) and the National Institutes of Health (MD, USA) in biomedical informatics and systems biology. During his MD-PhD at University of California, San Francisco (CA, USA), he developed non-viral genome targeting and pooled knock-in screening, new methods for large scale genetic engineering of primary human immune cells. He is currently completing his residency in clinical pathology at Stanford University.


1 Ludger, where do you see advantages of non-viral methods, such as electroporation, for gene modification?

Non-viral methods provide flexibility with regards to the type of cargo/substrate used. For instance, it cannot only deliver nucleic acids (DNA, mRNA) but also proteins such as Cas9 RNPs for CRISPR-based gene editing. Non-viral methods are suitable for both transient expression e.g., of a therapeutic gene, or stable genetic engineering of cells. The first can be achieved by delivering mRNA or DNA (plasmids, minicircles or nanocircles), while transposase systems (e.g., Sleeping Beauty or PiggyBac), as well as engineered nucleases for targeted integrations (e.g., CRISPR) lead to stable genetic engineering of cells. With the latter, a safer and precisely controlled modification can be achieved. Viral- and transposase-based modifications are generally more efficient, but are less controllable as integration occurs randomly in the genome. Delivering the engineered nucleases as preassembled RNPs allows for a better dosage control of the modification.




2 Theo, how are you using electroporation in your lab?

We use Lonza electroporators for a wide variety of gene editing applications. We are able to flexibly edit different cell types, cell lines and primary cells, small and large numbers of cells, arrayed and pooled editing format, different macromolecule payloads - the flexibility to do all of these types of experiments with a single system enables us to think about the ideal experiment for whatever we are testing and know that we’ll be able to use our existing system to accomplish it.



3 Ludger, can you give more insight to the non-viral gene transfer technology that Lonza offers?

The key for a successful implementation of a non-viral technology is to combine high transfection efficiencies that can be achieved by viruses with the flexibility of a non-viral technology. Our solution is an improved electroporation technology, the Nucleofector® Technology. Optimized electrical parameters combined with cell-type-specific solutions enable the transfer of a molecule directly into the cell’s nucleus. It has been optimized for highly efficient transfection of primary cells, including those relevant for ex-vivo cell therapy. Since it does not rely on proliferation, it can even transfect non-dividing cells, like resting T cells.

It is based on three key components: Firstly, a Nucleofector Device, as mentioned by Theo, that generates unique electrical pulses. Secondly, specified Nucleofection vessels used in combination with cell-type specific Nucleofector Solutions acting as a supportive environment for high transfection efficiency, cell viability and functionality. And thirdly, optimized protocols offering comprehensive guidance for optimal Nucleofection conditions along with tips for cell sourcing, passage, growth conditions and media and post-transfection culture.

There are different platforms available ranging from small-scale, higher throughput (96-well or 384-well) for drug discovery phases to larger- scale for preclinical and manufacturing phases.



4 Theo, in your opinion, what are the advantages to use Nucleofector Technology for CRISPR/Cas9 mediated genome editing?

We really take advantage of the 96-well electroporation capacity of the Nucleofector. The ability to make genetic edits in high throughput within the 96-well format enables editing, screening and validation experiments across scales to be accomplished simply and using the same instrument.



5 Theo, do you also perform CRISPR Screens?

Yes, we perform both arrayed and pooled screens on the Lonza system. We can make 96 different gene edits all on one plate - or we can make hundreds of millions of cells all edited with a single pooled library. This flexibility, while using the same editing technology, lets us bounce around experiment types, running exactly the right type of experiment for each question we are asking.



6 Theo, where do you see the use of Nucleofector Technology for therapeutic approaches and drug development?

By lowering the cost of screening new genetically edited cellular medicines, we are able to test more potential therapies earlier in the development cycle. This means that by the time a drug enters a patient, it wasn’t just the best out of say five options, it was the best out of five hundred or five thousand. More effective drugs going into trials from the start will hopefully lead to faster drug development and most importantly faster approved, effective and safe drugs being offered to patients.

Disclaimer: The opinions expressed by Theodore Roth are his own and do not necessarily reflect the view of Stanford University.

Theo Roth was a speaker in Lonza’s virtual live event “Genome Editing of ImmuneCells” in September 2022. Please register here to watch the video on demand.
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In pathological bone conditions (e.g., osteoporotic fractures or critical size bone defects), increasing the pool of osteoblast progenitor cells is a promising therapeutic approach to facilitate bone healing. Since mesenchymal stem cells (MSCs) give rise to the osteogenic lineage, a number of clinical trials investigated the potential of MSCs transplantation for bone regeneration. However, the engraftment of transplanted cells is often hindered by insufficient oxygen and nutrients supply and the tendency of MSCs to home to different sites of the body. In this review, we discuss various approaches of MSCs transplantation for bone regeneration including scaffold and hydrogel constructs, genetic modifications and surface engineering of the cell membrane aimed to improve homing and increase cell viability, proliferation and differentiation.
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A bone fracture is a common medical condition, which can be due to traumatic injury or as a result of pathological weakening of the bones. The severity of the injury depends on the fracture (type, magnitude and location) and increases with age [1]. Some fractures require only temporary fixation and protection, while other serious fractures (in elderly, critical size bone defects, bone tumor surgery, pathologic fractures etc.) undergo a more difficult process of natural regeneration and often fail to heal. These conditions are called a ‘nonunion’ and a ‘delayed union’ of fractures.

Osteoporosis is the most common systemic bone disorder that predisposes the affected individuals to pathological bone fractures. Furthermore, fractures in elderly osteoporotic patients are challenging to treat due to prolonged healing time and the complexity of surgical fracture fixation in a weakened bone [2]. Second, the most common pathological bone condition is Paget’s disease of bone [3]. The etiology of the Paget’s disease of bone is still unknown and may include genetic factors as well as environmental. In this condition, the normal bone equilibrium is shifted toward the bone resorption processes which inevitably alters the fracture healing process [4]. Both disorders are primarily diagnosed in older people and in rare cases in people less than 55 years old [3,5]. Besides the aging-associated pathological conditions, there is also a group of genetically induced bone disorders. The genetic condition known as osteogenesis imperfecta is characterized by a defect in the collagen production genes (COL1A1 or COL1A2 gene), which results in bone malformation and impairment in the bone regeneration process [6]. Some other conditions are also able to worsen bone regeneration. For example, bacterial osteomyelitis impairs bone remodeling and leads to uncontrolled bone loss [7]. There are also a group of auto-inflammatory bone diseases that can affect proper bone healing including chronic nonbacterial osteomyelitis, Majeed syndrome, deficiency of IL-1 receptor antagonist and cherubism [8].

Many innovative therapeutic strategies have been identified in recent years to improve bone regeneration, and mesenchymal stem cell (MSCs) transplantation is one of the promising approaches. Overall the properties of MSCs make them very suitable biological material for transplantation in bone-associated conditions and fractures. MSCs are able to differentiate into the target tissue; they have advantageous immune modulating properties and provide growth factors to facilitate the repair process. The stimulation of the natural repairing processes by providing osteoblasts precursors (MSCs) that will home and attach firmly to the site of injury increases the rate of regeneration of bone structures and improve healing. Transplantation of MSCs into the injured area can promote healing not only by directly increasing the number of precursor cells but also through a paracrine effect by releasing growth factors and immunomodulatory cytokines and chemokines to induce regeneration [9].

MSCs have been isolated so far from various types of tissues, including bone marrow, adipose tissue, synovial membrane and fluid, human placenta, umbilical cord, amniotic fluid or various fetal tissues. Although MSCs from these different sources have been applied in preclinical models, bone marrow-derived MSCs (BM-MSCs) and adipose-derived MSCs (AD-MSCs) are the most commonly used cell types for bone regeneration [10,11]. BM-MSCs are isolated at a relatively low density and must be expanded in vitro, in contrast with AD-MSCs that can be harvested in higher quantities [12]. However, BM-MSCs show more expression of osteogenic differentiation genes [11], while AD-MSCs show stronger angiogenic potential [13], and is a promising tool in the treatment of vascular ischemic conditions [14].

There are two main routes of transplantation of MSCs: systemic and local. Systemic administration involves intravenous (IV) and intra-arterial (IA) injection of the cells, while local administration involves direct injection of the cells into the regeneration site. Systemic route is often less invasive and keeps the cells close to the source of oxygen and nutrients with the ability to extravasate into the target tissue [15]. However, previous research in this area showed that, upon systemic administration, most of the transplanted MSCs are concentrated in the lungs [16,17,18,19], though after 10 days, the percentage drops dramatically – to 2% compared with the initial 35% [20]. Migration of transplanted MSCs from the lungs is believed to be driven by inflamed organs [21]. Due to their nature, MSCs can sense chemokine CCL21 in vessels near the sites of inflammation and some MSCs escape the lungs and home to inflamed tissue [22]. Thus, the efficacy of systemic MSCs administration in cases of bone pathology could be affected by other underlying chronic conditions. Another disadvantage of the systemic MSCs administration is the aggregation of the transplanted cells in the areas of abnormal cancerous cell proliferations such as breast or ovary cancer [23].

There are several ways to target MSCs to the tissue of interest. The targeting moiety can be induced by an independently administrated component, for example, an injection of parathyroid hormone (PTH). It has been shown that therapy with PTH together with MSCs transplantation increases cell migration to the site of the bone defects and improves further differentiation of the cells [24]. In general, recruitment of the MSCs to the site of fracture is activated through the stromal cell-derived factor 1/C-X-C CXCR4 axes. However, PTH administration shifts the mechanism of MSCs recruitment to the amphiregulin pathway in which EGF-like ligand is secreted in the damaged area [24,25].

Another approach is a local transplantation of MSCs to the site of bone fracture. A major advantage of local cell delivery is the close proximity of the transplanted cells to the areas of bone defect. However, the survival of those cells is questionable since oxygen and nutrients are not always available at the sites of injection. Therefore, in order to increase the degree of cell engraftment, the delivery system must place cells at, or allow MSCs to migrate to the site of bone defect. Thus, the main focus of this review is modifications of MSCs that are aimed at improving the bone targeting potential of the MSCs and enhancing survival of cells upon therapeutic transplantations.

In this review, we refer to MSCs as a multipotent stem cells that according to International Society for Cell and Gene Treatment fulfills three main criteria: first, MSCs are adherent to plastic in culture; second, they express CD73, CD90, CD105 on their cell surface membrane and lack CD14, CD34, CD45 and human leukocyte antigen – DR isotype HLA-DR) expression; finally, MSCs can differentiate down the osteogenic, chondrogenic and adipogenic lineage [10].


Scaffolds & hydrogels

The use of biomaterial scaffolds is one of the most widely used strategies to enhance repair processes in bone tissue. The organic and inorganic materials implemented in scaffold manufacturing, including polymeric constructs, ceramics, metals and natural matrices are summarized in the scheme below (Figure 1). A precise review of all currently available scaffold materials for bone tissue engineering was given by Ghassemi et al. [26]. The authors concluded that different approaches should be combined in order to provide the scaffold with better mechanical strength (that lack both synthetic and natural polymeric scaffolds), less fragility (than ceramics scaffolds) and the incorporation of biologically active agents in order to promote osteoinductivity.
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Figure 1. Materials implemented in scaffold manufacturing. ECM: Extracellular matrix; PBT: Polybutylene terephthalate; PCL: Polycaprolactone; PEG: Polyethylene glycol; PGA: Polyglycolic acid; PLA: Polylactic acid; PLGA: Poly(lactic-co-glycolic acid); PPE: Polyphenyl ether; PVA: Polyvinyl alcohol; TCP: Tricalcium phosphate.


Seeding scaffolds with osteoblast precursor cells is a promising approach to increase the efficacy of scaffold transplants. Ceramic scaffolds are very suitable for filling critical size bone defects because the scaffold matrix provides mechanical support for the cells to proliferate, differentiate into osteoblasts and eventually calcify. In a study by Agacayak and colleagues, the combination of MSCs, platelet rich plasma and biphasic calcium phosphate construct has been demonstrated to be a more effective approach for inducing osteogenesis in rat calvarial bone defect than the use of ceramic bone scaffold alone [27]. Similarly, hydroxyapatite ceramic scaffolds seeded with culture-expanded BM-MSCs were able to regenerate critical size bone defects of tibia diaphysis in sheep to a greater extent than synthetic bone substitute alone [28]. Several clinical cases were reported on the use of β-tricalcium phosphate scaffolds to meet craniomaxillofacial applications [29,30,31,32,33]. A β-TCP scaffold loaded with AD-MSCs and BMP-2 was used to reconstruct a maxillary defect left after the removal of keratocyst. The construct was first implanted into a muscle for ectopic bone formation and then transplanted into the maxillary area and led to successful healing 4 month after surgery [31].

Yet, the interactions between scaffolds and MSCs involve many factors affecting stem cell survival, proliferation and differentiation. One of the very important issues in cell-scaffold constructs is the lack of oxygen supply and nutrients, since vessel formation is a slow process. In this regard, a number of recent studies have been directed toward creating bioactive scaffolds and hydrogels that promote angiogenesis while supporting cell proliferation and differentiation (Table 1) [34,35].



Table 1. Bioactive hydrogels and scaffolds for bone regeneration.


	Scaffold/hydrogel carrier
	Biologically active agent
	Outcome
	Ref.





	Poly(lactic-co-glycolic acid)
	VEGF
	Bone formation in an irradiated rat calvarial defect
	[36]



	A 3D honeycomb-like PCL scaffold
	rhBMP2-PCL
	Promotes bone healing in a large bone defect of rabbit ulna.
	[37]



	Cylindrical porous PCL-HA scaffolds
	Osteoblasts and ECs
	A widely distributed capillary network, osteoid generated by osteoblasts and absent ischemic necroses in a 0.4-cm-long segmental femur defect of BALB/c mice
	[38]



	Silk scaffolds
	BMSCs, VEGF and BMP-2
	Regeneration of critical size cranial bone defects in rats
	[39]



	Collagen sponge/hyaluronic acid-based hydrogel complex scaffolds
	VEGF and BMP-2
	Increase of bone mineral density at canine maxillary alveolar bone defects
	[40]



	Photocrosslinkable hydrogel microspheres composed of gelatin-methacryloyl chloride
	BMSCs and BMP-2
	Improved bone formation in rabbit femoral ankle
	[41]



	Nano calcium sulfate/alginate scaffold
	BMP-2 transfected MSCs
	Bone bridging of critical-sizes calvarial bone defects in rats.
	[42]



	Alginate microcapsules
	Fibrinogen, fibronectin or RGD
	Increased viability, proliferation and osteogenic differentiation of enclosed MSCs
	[43,44,45]



	High guluronic acid-content alginates at hydrogel with elasticity of 60 kPa
	hMSCs
	Bone formation in nude rats with cranial defects
	[46]



	Hydrogel scaffolds derived from bone extracellular matrix
	Dental pulp stem cells
	Cell survival, upregulated expression of RUNX-2, osteocalcin and bone sialoprotein
	[47]



	p-tricalcium phosphate and BMP-2
	Adipose derived stem cells
	Maxillary defect healing
	[30,31]





bECM: Bone extracellular matrix; BM-MSC: Bone marrow derived mesenchymal stem cell; EC: Endothelial cell; hMSC: Human mesenchymal stem cell; MSC: Mesenchymal stem cell; HA: Hydroxyapatite; PCL: Polycaprolactone; RGD: The tripeptide Arg–Gly–Asp.

For example, Yu et al. seeded the polycaprolactone–hydroxyapatite scaffolds with a combination of osteoblast precursor cells and endothelial cells to enhance angiogenesis, which significantly improved the bone regeneration process [38]. Porous silk scaffolds seeded with BM-MSCs in a study carried out by Zhang et al. was successful and provided evidence for increased rate of regeneration of cranial critical size bone defects in rats [39]. The authors showed that cells were able to survive up to 8 weeks due to the presence of VEGF and BMP-2 factors that promoted angiogenesis and the subsequent differentiation of cells along the osteogenic lineage. Similarly, transplantation of MSCs entrapped into the collagen sponge/hyaluronic acid-based hydrogel complex scaffolds containing VEGF and BMP-2 resulted in a significant increase of bone mineral density at canine maxillary alveolar bone defects [40]. Zhao et al. encapsulated BMSCs and BMP-2 into photocross-linkable hydrogel microspheres composed of gelatin-methacryloyl chloride and demonstrated improved bone formation of the rabbit femoral ankle [41].

He et al. demonstrated that encapsulation of BMP-2-transfected MSCs into nano calcium sulfate/alginate scaffold resulted in bone bridging of critical-sizes calvarial bone defects in rats [42]. Sayyar et al. enclosed human MSCs in biomimetic microcapsules made with alginate, a natural carbohydrate from seaweed. The decoration of alginate with fibrinogen, fibronectin or RGD (the tripeptide Arg–Gly–Asp) led to a higher viability of encapsulated human MSCs [43]. Furthermore, alginate decorated with either fibrinogen or fibronectin, but not RGD increased cell proliferation and osteogenic differentiation of enclosed MSCs [44,45].

To enrich the hydrogel scaffold with oxygen available to MSCs, Kimelman-Bleich used perfluorotributylamine (PFTBA) [48]. PFTBA is a type of perfluorocarbons that traps oxygen due to high oxygen solubility, in other words, 35 mm compared with the 2.2 mm of oxygen in water. Hydrogel with PFTBA was mixed with the cells and injected in the area of ectopic bone formation. Results showed a 2.5-fold increase in bone formation compared with the hydrogel without PFTBA as well as increase in cell survival and in osteocalcin expression [48]. Study of synthetic oxygen carriers by Benjamin et al. has also led to the conclusion that PFTBA promotes cell survival especially if MSCs are encapsulated. Availability of oxygen to MSCs significantly downregulated hypoxia-related genes as well as promoted osteogenic over chondrogenic differentiation [49].

Hydrogel scaffolds could also be derived from decellularization of the extracellular matrix (ECM). ECM scaffolds hold a great potential as they contain proinflammatory cytokines, BMPs and various growth factors including VEGF [50]. Besides the biological properties, ECM also has structural properties that allow mechanical support of the cells. In a study of Paduano et al. decellularized bone ECM with dental pulp stem cells was examined in vivo. The construct of bone ECM showed an upregulated expression of RUNX-2, bone sialoprotein and osteocalcin compared with the cells cultured on the collagen Type I hydrogel scaffold [47].

Huebsch et al. were able to improve survival rate of human mesenchymal stem cell (hMSC) by modulating elastic modulus of the hydrogels composed of high guluronic acid-content alginates (medium viscosity high-guluronic acid alginate [MVG]; FMC BioPolymer). The authors used as model nude rats with cranial defects and demonstrated that the most prominent regenerative effect occurred using a hydrogel elasticity of 60 kPa [46]. This finding suggests that the biophysical properties of scaffold/hydrogel carriers may also play an important role in promoting the effectiveness of stem-cell based therapies.



Genetic modifications of MSCs

MSCs can be genetically modified to enhance their survival rate, homing efficiency and differentiation potential [51,52,53,54]. Since the late 90s, many researches have been actively conducted to develop strategies of ex vivo gene therapy for bone engineering [10,51,52,54,55,56,57,58]. The strategies of ex vivo gene therapy are based on three pillars: the cell type, molecular target and gene transfer type (viral or nonviral; Table 2 & Figure 2). As mentioned before, MSCs from different tissue sources have been applied in preclinical models, yet BM-MSCs and AD-MSCs are the most commonly used cell types for bone regeneration (Table 2).
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Figure 2. Viral and nonviral genetic modifications of mesenchymal stem cells for bone regeneration and treatment of bone diseases. A targeting strategy for genetic modifications of MSCs is mainly focused on three aspects: (A) activation of cytokines’ secretion (BMPs, IL-4, IL-10, bFGF, VEGF) to promote MSC survival and osteogenic differentiation; (B) increasing expression of the cell surface receptors responsible for cell homing (CXCR4) or inhibition of osteoclast differentiation and activation (RANK-Fc); (C) activation of transcription factors and other proteins responsible for differentiation and migration of MSCs (Runx2, Cbfa1, Sox11). MSC: Mesenchymal stem cell; RANK-Fc: Recombinant RANK-L antagonist synthesized based on fusing the extracellular domain of RANK to the Fc portion of human immunoglobulin G(1); Runx: Runt-related transcription factor 2; Sox11: Sry-related high-mobility group box 11.



Table 2. Preclinical in vivo studies of genetic modified mesenchymal stem cells for bone disease treatment


	Genetic modifications
	Cell type
	Cellular mechanisms
	Gene transfer type
	Ref.





	BMP-2
	Rat bone marrow cells

Human bone marrow MSCs

Murine bone marrow MSCs

C3H10T1/2 MSCs

Murine bone marrow MSCs

Human adipose tissue-derived MSCs

C3H10T1/2 MSCs

	Osteoblast differentiation
	Adenovirus

Adenovirus

Adenovirus-associated virus

Liposome

Adenovirus-associated virus

Adenovirus

Liposome

	[59]

[56]

[60]

[61]

[62]

[57]

[63]




	BMP-2 and BMP-7
	Sheep adipose-derived MSCs

Rat adipose-derived stem cell

	Osteoblast differentiation

Osteoblast differentiation

	Adenovirus

Lentivirus

	[64]

[65]




	BMP-2 and VEGF
	Human periosteum-derived cells

Rabbit bone marrow stromal cell

	Osteoblast differentiation

Osteoblast differentiation

	Plasmid

Adenovirus

	[66]

[67]




	BMP-2 and miR-148b
	Human adipose-derived MSCs
	Osteoblast differentiation
	Baculovirus
	[68]



	BMP-4
	Rat adipose-derived stromal cells

Rat unfractioned bone marrow stromal cell

	Osteoblast differentiation and ectopic bone

Osteoblast differentiation

	Adenovirus

Retroviral vector

	[69]

[70]




	BMP-4 and VEGF
	Murine muscle-derived stem cells
	Osteoblast differentiation, ectopic bone, and vasculogenesis
	Retroviral vector
	[71]



	BMP-6
	Porcine adipose-derived stem cells
	Osteoblast differentiation
	Lentivirus
	[72]



	BMP-6 or BMP-2
	Porcine adipose and bone marrow MSCs
	Osteoblast differentiation
	Nucleofection
	[73]



	BMP-6
	Porcine bone marrow MSCs
	Osteoblast differentiation
	Nucleofection
	[74]



	BMP-6 and VEGF
	Rat bone marrow MSCs
	Osteoblast differentiation and vasculogenesis
	Adenovirus-associated virus
	[75]



	BMP-7
	New Zealand white rabbit’s bone marrow MSCs
	Osteoblast differentiation
	Adenovirus
	[76]



	BMP-9
	Human MSCs

Human MSCs

Rat bone marrow stromal cells

	Osteoblast differentiation, ectopic bone

Osteoblast differentiation

Osteoblast differentiation

	Adenovirus

Adenovirus

Adenovirus

	[77]

[78]

[79]




	BMP-9 or BMP-2
	Human bone marrow cells
	Osteoblast differentiation
	Nucleofection
	[80]



	Interleukin-4
	Murine bone marrow MSCs
	Accelerates bone mineralization
	Lentivirus
	[81]



	bFGF
	Murine adipose-derived MSCs
	Stimulates endogenous angiogenesis and osteogenesis
	Lentivirus
	[82]



	CXCR4, Cbfa1
	Murine C3H10T1/2 cells
	MSCs homing
	Adenovirus
	[83]



	CXCR4
	Murine bone marrow MSCs
	MSCs homing
	Retroviral vector
	[84]



	RANK-Fc
	Murine bone marrow MSCs
	Inhibits osteoclast differentiation and activation
	Retroviral vector
	[84,85]



	Alpha-1 Antitrypsin
	Murine adipose tissue-derived MSCs
	Inhibition of osteoclast-associated bone resorption
	Lentivirus
	[86]



	Sox-11
	Rat bone marrow MSCs
	MSCs differentiation and homing
	Lentivirus
	[87]



	Runx2
	Rat bone marrow MSC spheroids
	Osteoblast differentiation
	Plasmid
	[88]



	Jarid1a knockdown
	Rat bone marrow MSCs
	Activation of Runx2 and subsequent osteoblast differentiation
	Transfection of small-interfering RNAs
	[89]



	miR-135
	Rat adipose-derived MSCs
	Osteoblast differentiation
	Lentivirus
	[90]



	miR-31
	Rat adipose-derived MSCs
	Osteoblast differentiation
	Lentivirus
	[91]





Jarid1a: Histone demethylase Jumonji AT-rich interactive domain 1A; miR: MicroRNA; MSC: Mesenchymal stem cell; RANK-Fc: A recombinant protein of receptor activator of NF-kB; Runx2: Runt-related transcription factor 2; Sox-11: Sry-related high-mobility group box 11.

Molecular targeting strategies for genetic modifications of MSCs are mainly focused on three aspects: activation of cytokines’ secretion (e.g., BMP-2, BMP-6, BMP-7, IL-4 and IL-10) in order to to promote MSC differentiation; increasing expression of the cell surface receptors responsible for cell rolling and eventual migration to the targeted tissue (e.g., CXCR4); and activation of transcription factors and other proteins responsible for differentiation and homing of MSCs (e.g., Sry-related high-mobility group box 11 [Sox11] and runt-related transcription factor 2 [Runx2]; Table 2 & Figure 2).

Bone morphogenetic proteins are the most important molecular targets for bone-targeted genetic engineering of MSCs [92]. BMPs are the multifunctional cytokines belonging to a TGFβ superfamily [93]. Kang et al. demonstrated that BMP-2, BMP-4, BMP-6, BMP-7 and BMP-9 possess the highest orthotopic bone-forming activity among 14 types of human BMPs [94], and recombinant human BMP-2 and BMP-7 were approved by US FDA for treating open tibia shaft fractures and long bone nonunions, respectively [95].

Numerous investigations, pioneered by the studies of Lieberman’s [59], Huard’s [96] and Gazit’s [56], applied BMP-2 for ex vivo gene therapy. In various experimental models, the treatment of bone defects with BM-MSCs, AD-MSCs and C3H10T1/2 cells overexpressing BMP-2 led to increased bone regeneration [56,57,58,59,60,61,62,63]. A recent study has also demonstrated that BMP-2 transduced adipose-derived stem cells had higher osteogenic potential compared with BM-MSCs in vitro [97].

BMP- 4 is a key player in development of axial and craniofacial structures of the skeleton and in the early phase of fracture healing [98]. Lin et al. reported new bone formation in athymic mice transplanted with BMP-4-modified adipose-derived stromal cells from Sprague–Dawley rats [69]. In another study, the transplantation of unfractioned BM-MSCs transfected with BMP-4 improved healing of a critical-sized femur defect in adult rats [70]. Rose et al. have reported that BMP-4-engineered muscle-derived cells demonstrated superior results when compared with BM-MSCs in terms of improving healing of the segmental defects [99].

BMP-6 and BMP-7 are the cytokines that also possess high osteoinductive properties. For example, injection of adipose-derived stem cells overexpressing BMP-6 gene was capable of repairing the vertebral bone void in nude rats [72]. In another study, implantation of BMP-6-modified stem cells accelerated bone regeneration of the lumbar vertebral body in the mini pig animal model [74]. Furthermore, there is data demonstrating that AD-MSCs and BM-MSCs transfected with rhBMP-6 had higher osteogenic differentiation potential compared with transfection with rhBMP-2 in vitro and in vivo [73]. In turn, BMP-7 demonstrated great therapeutic potential in the treatment of fractures resistant to healing [100]. It was reported that New Zealand white rabbit’s BM-MSCs with high expression of BMP-7 combined with an nano-hydroxyapatite/collagen (NHAC) scaffold effectively repaired a rabbit radius defect [76].

A BMP-9 probably is the most effective osteoinductive growth factor among BMPs family [94]. A number of studies have demonstrated that ex vivo modification of hMSCs with BMP-9 activated endochondral bone formation [77] and promoted spinal fusion [78] in rodents. Wang et al. have revealed that BM-MSCs transfected with BMP-9 induces callus formation in rats with osteoporotic fracture [79]. Recently, it was reported that functional Notch signaling in MSCs plays a role in osteogenesis induced by BMP-9 [101].

In addition to BMPs, some other growth factors may be implicated in osteogenesis and bone regeneration. As an example, Zhang and coauthors demonstrated that MSCs, genetically modified to express bFGF, improved bone fracture healing and enhanced bone strength in mice by stimulating endogenous angiogenesis, osteogenesis and rapid cartilage turnover through endochondral ossification [82].

It is worth mentioning that bone formation is a complex process that requires fine-tuning of many signaling pathways and for optimal bone regeneration the effects of several proteins are desired [102]. In this regard, a number of studies have revealed that the use of the BMPs is the most efficient for bone formation when combined with VEGF. For example, formation of ectopic bone was more prominent after implantation of human periosteum-derived cells cotransfected with BMP-2 and VEGF [66]. Similarly, regeneration of critical-sized bone defects in rabbits was more successful when treated with a coral scafold loaded with BMP2- and VEGF-expressing BM-MSCs compared with any single factor [67]. BM-MSCs co-expressing VEGF and BMP-6 injected to avascular necrosis of the femoral head in nude mice led to the enhancement of blood vessels and bone formation [75]. In another study, Peng et al. found that combined transplantation of VEGF- and BMP-4-expressing muscle-derived stem cells lead to a more optimal bone formation compared with transplantation of BMP4-expressing cells alone [71]. Some studies have also revealed enhanced efficiency of new bone formation on a model of tibial fracture in sheep and rat models of femurs defects after the transplantation of AD-MSCs co-transfected with both BMP-2 and BMP-7 compared with those with cells expressing only BMP-2 or BMP-7 [64,65]. Furthermore, there is evidence that co-transfection of MSCs with microRNA (miR)-148b enhances BMP2-induced osteogenesis [68], and MSCs engineered with BMP-7- and IL-4 cDNA accelerates bone repair in mice [81].

CXC chemokine receptors (CXCRs) belong to a family of transmembrane proteins that specifically bind to CXC chemokines. At the moment, there are seven known CXCRs, and CXCR4 presented on the surface of MSCs is considered to be a key mediator of MSCs’ rolling and engraftment [103,104,105,106]. It has been demonstrated that transduction of MSCs with adenovirus carrying CXCR4 and Cbfa1 increased homing of MSCs to the defect site [83]. Using this rationale, Cho et al. prevented bone loss in ovariectomized (OVX) mice by intravenous transplantation of CXCR4-transfected MSCs [84]. Monocyte chemotactic protein, MIP-1α and RANTEs are also involved in the process of MSCs homing, but to a lesser extent [107].

Cho et al. also demonstrated that bone loss in OVX mice could be reversed by MSCs overexpressing receptor activator of NF-κB (RANK-Fc) [84], and this finding was confirmed by Kim et al. [85]. RANK-Fc is a recombinant protein of RANK which acts as a soluble antagonist of RANKL to prevent osteoclastogenesis [108]. In a similar study, Akbar et al. demonstrated the indirect influence of AD-derived MSCs expressing Alpha-1 Antitrypsin on bone repair in OVX mice [86]. Alpha-1 Antitrypsin is a proteinase inhibitor which suppresses the release of proinflammatory cytokines, enhances the production of anti-inflammatory cytokine and reduces osteoclast-associated bone resorption [109].

Sox11 is a transcription factor which plays an important role in differentiation and migration of MSCs via activation of Runx2 and CXCR4 expression [87,110]. Recently, Xu et al. demonstrated that genetically modified MSCs displaying high expression of Sox11 enhanced the differentiation and migration of MSCs and improved bone fracture healing in an open fracture model on Sprague–Dawley rats [87].

Runx2 has been identified as one of the transcription factors involved in osteoblast differentiation of MSCs [94]. Recent results showed that treatment of rat femurs bone defects with MSC genetically modified with Runx2 in spheroid cell implants accelerated bone repair as compared with nontransfected MSC spheroids [88]. Similarly, Deng and coauthors showed that knockdown of histone demethylase Jumonji AT-rich interactive domain 1A (Jarid1a) in bone MSCs of rats led to activation of Runx2 and subsequent improvement of calvarial bone defect regeneration [89].

As mentioned above, there are viral and nonviral vectors for the generation of genetically modified MSCs. Nonviral gene transfer for MSCs may generally be categorized in two groups: physical methods and chemical methods. Physical methods include gene guns, electroporation and sonoporation [73,74,111]. Another sufficiently effective method of a physical gene transfer is a nucleofection which is a variant of electroporation. The effectiveness of this method has been demonstrated in the studies where nucleofection of BMP-6 gene was capable of enhancing osteogenic differentiation of AD-MSCs and BM-MSCs in vitro and in vivo [73,74]. Aslan et al. have reported that transplantation of hMSCs transfected with human BMP-2 or BMP-9 genes via nucleofection induced ectopic bone formation in NOD/SCID mice [80]. Chemical gene transfer approach involves application of the different nonviral carriers such as cationic lipids (liposome-based transfection) polymer-based systems and others [63,112,113]. In a comparison study, Park et al. evaluated liposome-mediated and adenoviral BMP-2 gene transfer of BM-MSCs in order to regenerate critical-size bone defects in rats [112]. The authors have established that liposome-mediated gene delivery into BM-MSCs was able to enhance bone repair albeit it took longer period than the adenoviral transfection.

The use of viral vectors has shown to be very effective in inducing the desired biological modifications in MSCs. This is in great part due to the very high level of transgene expression achieved by viral vectors. Among them, lentiviral vectors have the unique feature of allowing sustained transgene expression even after MSCs differentiation [114], which is often sought. Although integrating viral vectors such as adenovirus-associated virus, retrovirus and lentiviral vectors lead to persistent transgene expression, they also pose the potential risk of insertional mutagenesis, particularly retrovirus [115]. While the risk appears to be relatively small based on the information available today, it should still be taken into account when designing novel therapeutic strategies.

Notwithstanding the proven advantageous properties of MSCs in homing to sites of injury, inflammation and regeneration, there is evidence suggesting that MSCs may also promote tumor angiogenesis and development. Galderisi et al. indicate that tumors may be seen by MSCs as injury or regeneration sites, and as such may help create a microenvironment that promotes angiogenesis and metastasis of tumor cells [116]. Therefore, a word of caution in carefully selecting the applications of MSCs is also recommended. Even though the effect of MSCs on tumor progression has not been satisfactorily elucidated and can be considered debatable, the evidence of MSCs recruitment to tumors is quite strong [23]. Furthermore, the effect of MSCs on cancer stem cells demands important consideration and not fully established. Nevertheless, it is reasonable to assume that the context (such as the type of cancer cell line used in the study or the cytokines’ profile) plays a key role in determining the ultimate effect of MSCs in promoting or inhibiting tumors. In this regard, simple activation or genetic engineering of MSCs may alter the context of the relationship between MSCs and tumor microenvironment leading to unforeseen consequences.

A further consideration is that for certain applications the expression of the therapeutic gene is only required for a short period of time, after which it is no longer required, and at times even unwanted. For instance, the time required for cytokines to exert its biological activity is quite short. Therefore, long-term expression of cytokines is often neither required nor recommended. Similarly, the cocktail of genes required to differentiate MSCs into the osteoblastic lineage is only required during the short period of time that it takes for the expressed transgene to induce changes in the cellular gene expression pattern. Once the differentiation process is underway the expression of the transgenes is no longer needed. Therefore, for certain applications, it is preferable to modify genetically MSCs transiently rather than permanently. In this regard, the use of episomal nonviral vectors potentially increases the safety of the treatment, although it is at the expense of lower transgene expression [117,118].

Additionally, newer transient cell engineering strategies based not on DNA but on the delivery of mRNA are available and have proven effective [119]. Mice transplanted with MSCs transiently transfected with mRNA for IL-10 and for homing ligands induced the homing to the cells to site of inflammation and reduced the inflammation without the need for persistent IL-10 expression [119]. MiRs are another key molecules that regulate the processes of cell differentiation [120], and there are several in vitro and in vivo studies indicating that miRs are capable of inducing osteogenic differentiation of human and rat AD-MSCs [68,91,120].



Surface modifications of MSCs

According to Wu et al. at least 19 receptors are expressed on the surface of MSCs and all of them can potentially be used for cell targeting and homing [121]. These naturally occurring receptors may be effective in direct transplantation of MSCs without prior expansion in vitro. However, during in vitro proliferation of MSCs most of the receptors are found to be absent on the surface of culture-expanded cells [103]. This creates a whole niche for receptor or ligand engineering for targeted delivery of MSCs (Table 3).



Table 3. Target moiety and corresponding agents for surface modifications of cells.


	Target moiety
	Agent
	Ref.





	Hydroxyapatites
	Bisphosphonates
	[122,123]



	CXC4R
	SDF-1
	[124]



	E-selectins
	CD44 glycoform
	[125]



	P-selectins
	SLeX
	[126]





SDF-1: Stromal cell-derived factor-1; sLeX: Sialyl Lewis X.

For example, a receptor of particular interest, CX4CR, promotes MSCc rolling and binding to SDF-1 that is present in bone marrow and ischemic tissue [104,105]. In this regards, Jones et al. primed MSCs with SDF-1 for 1 h before transplantation to increase the transcription expression level of CXCR4 receptor, and obtained an increased cell engraftment rate both in wild-type and in osteogenesis imperfecta mice, as well as improved bone quality and plasticity in response to fracture, especially in osteogenesis imperfecta mice animals [124].

As previously mentioned, MSCs have high affinity to inflamed tissues and there are data indicating that MSCs are actively recruited to the sites of inflammation via endothelial expressed P- and E- selectins [127]. The selectins belong to a family of Type 1 transmembrane cell adhesion molecules that mediate the initial step of leukocyte recruitment in the inflammatory process. The physiological ligands for selectins are numerous glycoproteins, including P-selectin glycoprotein ligand 1, E-selectin ligand 1, CD34 and CD44, and CD44 is present on the MSCs [127]. Sackstein et al. used a glycan engineering approach to enhance MSCs trafficking (targeting?) to bone. MSCs were modified ex vivo to change native CD44 glycoform on the surface of MSCs into hematopoietic cell E-selectin/L-selectin ligand. The results showed that MSCs accumulated in bone marrow within hours after systemic infusion [125]. Similarly, Sarkar et al. proposed the use of a nanometer-scale polymer construct containing sialyl Lewis X, also known as cluster of differentiation 15s (CD15s) or stage-specific embryonic antigen 1 to target MSCs to bone marrow. This molecule is a tetrasaccharide carbohydrate which is usually presented on the surface of leukocytes as an active binding site of selectins’ ligands [128,129] and promotes rolling and engraftment into the inflamed tissue with high expression of P-selectins [126].

In another study, researchers developed a two-end construct that binds to cell surface via a synthetic peptidomimetic ligand coupled to bisphosphonate (alendronate, Ale) [122]. The complex induced MSCs migration and differentiation along the osteogenic lineage in vitro. Intravenous injection of modified cells showed increased bone formation (especially trabecular) in estrogen deficient mice (role model of osteoporosis) by improving homing and retention of MSCs in bone tissue. The same polymer construct was also used in the study of D’Souza et al. [123]. Hydroxyl succinyl group was used for cell surface binding and alendronate was applied as a bone seeking agent. The polymer was synthesized using novel atom transfer radical polymerization (ATRP) technique to allow controlled polymerization of functional chains. In vitro data showed enhanced bone affinity compared with the polymer without bisphosphonate group. The polymer was not found to be toxic and therefore, opens the opportunity for its further testing in vivo.



Conclusion

MSCs cell therapy is undoubtedly becoming a reality for the treatment of bone-related conditions and fracture healing. Different approaches for cell transplantation and successful engraftment are being exploited to improve the healing outcomes. In this regard, cell engineering for bone regeneration attracts a lot of scientific attention making it of great clinical interest. There are three main strategies to increase the efficacy of MSCs transplantation: effective scaffold and hydrogel carriers, genetic modifications of MSCs and cell surface membrane engineering. Biomaterial scaffolds place the cells directly into the injury site; the genetic modifications of MSCs are aimed at improving the degree of engraftment via overexpression of genes controlling MSCs homing, proliferation and differentiation, whereas, the chemical engineering of the cell surface membrane provide bone targeting moieties to MSCs. Transplanting scaffolds populated with MSCs is a very suitable strategy for filling critical size bone defects, while transplantation of genetically or chemically modified MSCs would manage the inflammatory conditions that do not require scaffolds stability and can result in significantly enhanced bone regeneration in pathological fractures. All of the approaches discussed here hold a great potential for present and future clinical practices related to bone regeneration.



Future perspective

MSCs applications for bone regeneration have been extensively used in numerous preclinical and clinical studies. Despite the increasing interest of MSC-based regenerative therapies for bones and its promising clinical potentials, the limited therapeutic effects of MSC treatment remain a major challenge suggesting that the modifications of MSC are required. A comprehensive review of the available literature indicates that most efforts are focused on scaffolds development and genetic modifications of MSCs, while the number of studies aimed at nongenetic chemical cell surface modifications are limited. Although, the use of genetic modifications has shown to be very effective in conferring the desired biological properties to MSCs, they also pose potential mutagenesis and carcinogenesis risks and more studies are required to address biosafety issues. In contrast to genetic modifications that are mostly used to manipulate nucleic acids, cell surface engineering may be used to manipulate lipids, proteins or glycans on plasma membrane, potentially increasing the safety of the treatment. In our view, cell surface engineering that involves multidisciplinary approach and convergence of chemists and cell biologists is a very promising research direction that may lead to the development of safe and clinically relevant technologies of MSCs’ based cell therapy. In any event, there is a need to further understand the biology of MSCs in the context of chemical/genetic modifications and its behavior upon transplantation.


Executive summary


	In pathological bone fracture conditions natural processes of bone regeneration are hindered, and, in this case, transplantation of mesenchymal stem cells (MSCs) is a promising therapeutic method to facilitate the healing processes.

	Managing homing affinity and improvement of cell viability, proliferation and differentiation are the primary tasks in MSC transplantation for bone regeneration.



Scaffolds & hydrogels


	Seeding scaffolds with MSCs is a promising approach to increase the efficacy of scaffold transplants.

	One of the very important issues in cell-scaffold constructs is the lack of oxygen supply and nutrients.

	A number of recent studies have been directed toward creating bioactive scaffolds and hydrogels that increase the amount of oxygen available to MSCs, promote angiogenesis and support cell proliferation and differentiation.



Genetic modifications of MSCs


	Molecular targeting strategies for genetic modifications of MSCs are mainly focused on the activation of cytokines’ secretion to promote MSC differentiation, increasing expression of the cell surface receptors responsible for cell rolling and migration and activation of transcription factors and other proteins responsible for the differentiation of MSCs.

	The use of viral vectors can give more stable results in terms of cell viability, proliferation and homing, though encounters major safety issues.

	The use of nonviral transfection potentially increases the safety of the treatment, although it is at the expense of lower transgene expression.



Surface modifications of MSCs


	During in vitro proliferation of MSCs, most of the receptors are found to be absent on the surface of culture-expanded cells and this creates a whole niche for receptor or ligand engineering for targeted delivery of MSCs.

	Surface binding of the different ligands to the cell membrane significantly reduces the potential risk of mutagenesis while allowing navigation of the cells precisely to the site of interest.



Conclusion & future perspective


	All of the approaches discussed here hold a great potential for present and future clinical practices related to bone regeneration, yet there is a need to further understand the biology of MSCs in the context of chemical/genetic modifications and its behavior upon transplantation.
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Background


	CART cells show great promise in treating many types of cancers

	Genetically engineered allogeneic T cells have the potential to provide universal CART cells to treat large number of patients

	CRISPR/Cas9 is used for generating allogeneic T cells
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Knock-out (KO) Using iCas9 T Cells
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Figure 1. Establishing single or multiple genes’ KO in iCas9 T cells (A) Schematic representation showing the workflow of genes KO in iCas9 T cells. iCas9 T cells transfecled with: (B) single gRNA targeted to TRAC gene (C) β2M-/TCR- knock out (from PD1 negative cells) of iCas9 T cells transfected with multiple gRNAs targeted to TRAC. β2M and PD1 genes. (D)β2M-/TCR- knock out [from PD1 negative cells) of iCas9T cells transfected with single vector expressing multiple gRNAs targeted to TRAC. β2M and PD1. In (B-D), iCas9 T cells were induced (Dox) and compared to uninduced control. All experiments were performed using FACS. Two factor repeated measures ANOVA was performed for all comparisons.




Take Home Message

The iCas9 T cells platform is an innovative approach for the generation of allogeneic CART cells that allows the KO of genes involved in a range of immunogenic responses at high efficiency and more importantly for KI of relevant CARs.



Why is it Necessary?

The use of autologous CAR-T cells requires individual manufacturing for each patient which is challenging in terms of quality, mass production and logistics. Allogeneic CAR-T cells have the potential to address these challenges



Method
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Knock-in (KI) Using iCas9 T Cells
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Figure 2. Knock-in into TRAC locus in iCas9 T cells (A) Schematic representation of the workflow for gene Kl coupled to TCR KO in iCas9 T cells. (B) GFP Kl efficacy into the TRAC locus of iCas9 T cells. iCas9 T cells were induced (Dox) and compared to uninduced control.



Generation of CAR-T Cells Using iCas9 T Cells vs Cas9 RNP
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Figure 3. CAR T cells generation in iCas9 T cells and T cells(A) FACS analysis showing CD19 KI efficacy into the TRAC locus of iCas9 I cells (B) FACS analysis shewing CD19 KI efficacy into the TRAC locus of T cells Two factor repeated measures ANOVA was performed for all comparisons.




Conclusions


	Successful generation of inducible Cas9 expressing T cells

	Generation of inducible Cas9 expressing T ceils master cell bank

	The platform allows for single/multiple knock-outs and knock-ins using iCas9 T cells transfected with single/multiple gRNAs and/or plasmid encoding multiple gRNAs

	Transfection of single stranded DNA template with promoter yield the highest knock-in efficiency in iCas9 T cells

	iCas9 T cells and Cas9-RNP reach comparable KO and KI efficiencies
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Efficient transient genetic labeling of human CD34+ progenitor cells for in vivo application
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Genetic labeling of human hematopoietic progenitor cells (HPC) and their consecutive fate-mapping in vivo is an approach to answer intriguing questions in stem cell biology. We recently reported efficient transient genetic labeling of human CD34+ HPC with the truncated low-affinity nerve growth factor receptor (∆LNGFR) for in vivo application. Here we investigate whether HPC labeling with ∆LNGFR affects lineage-specific cell differentiation, whether ∆LNGFR expression is maintained during lineage-specific cell differentiation and which leukemia cell line might be an appropriate cell culture model for human CD34+ HPC. Human CD34+ peripheral blood stem cells and various leukemia cell lines were characterized by immunophenotyping. Cells were transfected using nucleofection. Hematopoietic differentiation was studied by colony-forming assays. ∆LNGFR expression was assessed using reverse transcription-PCR, immunofluorescence and flow cytometry. Nucleofection was efficient and did not significantly reduce hematopoietic cell differentiation. Mature myeloid cells (CD66b+) derived from human CD34+ HPC and Mutz2 cells maintained ∆LNGFR expression at a high percentage (70 ± 2% and 58 ± 2%, respectively). Mutz2 cells may serve as an in vitro model for human myeloid HPC. The method described herein has been adopted to Good Manufacturing Practices (GMP) guidelines and is ready for in vivo application.


Adult stem cells, especially hematopoietic progenitor cells (HPC), are well characterized and have been routinely used for autologous and allogeneic transplantation to treat various diseases [1,2,3,4]. HPC are isolated from bone marrow or peripheral blood mobilized by granulocyte colony-stimulating factor (G-CSF). Recent studies suggest that HPC and bone marrow cells are also able to participate in the regeneration of nonhematopoietic tissues and organs [5,6,7,8]. Following transplantation of HPC, donor-derived cells have been detected in various organs [9,10]. These results suggest that HPC might have the ability to home to different tissues and contribute to the regeneration of damaged tissues by ‘transdifferentiation’ into organ cells [11,12]. However, this proposed plasticity of HPC remains a controversial issue. The interpretation of experimental data ranges from the suggestion of a high efficiency of transdifferentiation of adult bone marrow stem cells [5,6,7,8], to the notion that there is no evidence of transdifferentiation at all [13,14] and that endogenous stem cells may be recruited to differentiate into, or fuse with, organ cells [15]. Although repair of damaged tissue with autologous HPC has been proposed as a novel therapeutic option for myocardial infarction [16,17,18], the molecular mechanisms of homing or transdifferentiation of autologous HPC in humans have not yet been studied in vivo [19]. To this end, labeling of HPC and their consecutive fate-mapping in vivo is desirable. Labeling of HPC prior to application in humans, however, must be efficient and safe. Genetic cell markers are appropriate to track transplanted HPC in vivo. However, the method of gene transfer into stem cells is critical, as viral vector transduction involves the risk of tumor induction by nonspecific genomic integration [20,21,22], whereas nonviral transfection often fails due to low transfection efficiency [23]. Electroporation of CD34+ HPC, for example, is reported to achieve transfection efficiencies within the range of 20–25% [24,25,26], whereas lipofection is repeatedly reported to be inefficient [27,28].

Our group and others have recently described the method of nucleofection to facilitate a rapid, specific and highly efficient transient transfection of hematopoietic or embryonic stem cells [29,30]. Nucleofection is a novel technology based on electroporation, which involves introducing extrinsic nucleic acids gently and directly into the cell nucleus. Using this method, a high transfection efficiency was achieved without a marked decrease in cell viability. Importantly, no clonal integration of the transgene was observed [29], and thus, the risk of side effects, such as tumor induction by nonspecific viral promoter integration into the genome, was markedly reduced. Most in vivo studies in humans have been performed using the truncated low-affinity nerve growth factor receptor (ΔLNGFR) or neomycin phosphotransferase (NPT) as marker genes. Unfortunately, no antibody is available to detect NPT in cells by immunostaining and therefore ΔLNGFR was deemed the more appropriate marker for our studies. Although earlier studies have demonstrated that ΔLNGFR enhances signaling through neurotrophin receptors of the tropomyosin receptor kinase (TRK) family and thereby may increase the risk of cellular transformation and possibly metastasis, recent data have confirmed its safety for in vivo application in humans [31].

This study has been designed to investigate whether nucleofection of CD34+ HPC with ΔLNGFR affects hematopoietic cell differentiation and whether ΔLNGFR expression is maintained during hematopoietic cell differentiation after transient transfection. Furthermore, we have characterized the immunophenotype, transfection efficiency and hematopoietic cell differentiation of transfected leukemia cell lines to decide which cell line may be an appropriate model for human CD34+ HPC.


Materials & methods


Cell culture

Human CD34+ HPC: CD34+ cells stimulated with G-CSF were prepared by leukapheresis. Informed consent was taken from all patients treated in a framework of studies approved by the local ethics committee. Immunomagnetic selection of CD34+ cells was performed using the Clin-iMACS® system (Miltenyi Biotech GmbH, Germany). Flow cytometry (FACS) analysis using anti-CD34 antibody conjugated with phycoerythrin (PE) (Becton Dickinson GmbH, Germany) showed a purity of more than 98% for CD34+ HPC. Cells were cryopreserved as described [32]. Cryopreserved CD34+ HPC were thawed and washed with phosphate buffered saline (PBS). Cells were cultured in Roswell Park Memorial Institute (RPMI) medium (Biochrom, Germany), supplemented with 10% fetal calf serum (FCS), 1% penicillin, streptomycin and glutamine (PSG) at 37°C, 5% CO2. Medium was changed every other day. After nucleofection, cells were stimulated for lineage-specific differentiation.



Cell lines

The human chronic myeloid leukemia (CML) cell line K562 and the human acute myeloid leukemia (AML) cell lines HL60 (FAB M2), Kasumi1 (FAB M2) and KG1 (FAB M7) were obtained from American-type culture collection (ATCC) (Manassas, VA, USA). Cell lines were cultured in RPMI 1640 medium, FCS, 10% (v/v), L-glutamine (2 mM), penicillin (100 units/ml) and streptomycin (100 units/ml). Mutz2 (the German Resource Centre for Biological Material-DSMZ, Braunschweig, Germany) is a human cell line established from cells of a patient with ALL. Mutz2 cells were cultured in αMEM-medium (PAA Laboratories GmbH, Linz, Austria) supplemented with 10% FCS, 2% PSG and 10% conditioned medium from the cell line 5637 (DSMZ, Germany), a carcinoma cell line from the urinary bladder. Cells were cultured at 37°C, 5% CO2. Medium was changed every other day. After nucleofection, cells were stimulated for hematopoietic cell differentiation.



Immunophenotyping of human CD34+ HPC & Mutz2 cells

Human CD34+ HPC and Mutz2 cells were tested for expression of cell-surface antigens with the following antibodies: CD1A-PE (DakoCytomation-Glostrup, Denmark), CD2-FITC, CD3-PC5 (Beckman Coulter GmbH, Germany), CD7-FITC, CD10-FITC, CD13-PE (DakoCytomation), CD14-PE, CD19-PC5, CD33-PC5 (Beckman Coulter), CD34-FITC (Becton Dickinson), CD45-PC5 (Beckman Coulter), CD56-PE (Bekton Dickinson), CD61-FITC (DakoCytomation), CD65-FITC (Caltec), CD117-PC5 (Beckman Coulter), HLA-DR-PE (Bekton Dickinson), K-FITC, Lambda-PE (DakoCytomation), and 7.1-PE (Beckman Coulter).

The antigens recognized are found in the following cell types:


	T cells: CD1A, CD2, CD3, CD7

	B cells: CD10, CD19, CD79

	Myeloid lineage: CD13, CD14 and CD33

	Hematopoietic stem cells and endothelial cells: CD34

	Leukocytes: CD45, CD61

	Hematopoietic stem cells: CD117 (ckit; stem cell factor)

	Natural killer cells: CD56 Myeloperoxidase (MPO)-fluorescein isothiocyanate (FITC) (DakoCytomation) was used as a cytoplasmatic marker. Expression was analyzed using the FACS Calibur flow cytometer (Becton Dickinson).





∆LNGFR labeling

Vector construction

The ∆LNGFR vector was generated by cloning the human truncated LNGFR gene into the eukaryotic pVAX1 expression vector (Invitrogen GmbH, Germany). The ΔLNGFR 834 bp fragment was amplified by polymerase chain reaction (PCR) as described [29].

Nucleofection

CD34+ HPC and Mutz2 cells were pelleted and resuspended in human CD34 Cell Nucleofector™ Solution or Cell Line Nucleofector Solution V (Amaxa GmbH, Köln, Germany), respectively, at 2–3 × 106/100 µl. Cells were nucleofected with 2 µg plasmid DNA (pVAX1/ΔLNGFR or pVAX1 (Invitrogen Life Technologies)) using program U-08 (for HPC) or G-09 (for Mutz2) of the nucleofector device. After nucleofection, cells were immediately mixed with 500 µl prewarmed culture medium and transferred into 6-well plates containing pre-warmed medium. Cells were incubated at 37°C over a time period of 10 days.



LNGFR expression

Reverse transcription (RT)-PCR

To analyze ΔLNGFR mRNA in transfected and nontransfected CD34+ cells, RT-PCR was performed. Total RNA was extracted using the RNeasy MinikitTM (Qiagen, Germany) and transcribed using Omniscript RT kit (Qiagen). cDNA was subjected to RT-PCR for a 250 bp fragment of the LNGFR gene (forward primer 5′-caggacaagcagaacaacgtg-3′, reverse primer 5′-cgtgctggctatgaggtcttg-3′) and a 220 bp fragment of the housekeeping gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward primer 5′-aagagaggcatcctcaccct-3′, reverse primer 5′-tacatggtcggggtgttgaa-3′) using the Hot Star Taq Master Mix kit (Qiagen). The ΔLNGFR–vector construct was used as a positive control.



FACS analysis

Expression of ΔLNGFR was evaluated in nontransfected, mock-transfected and ΔLNGFR-transfected HPC and leukemia cell lines, using FACS analysis. Cells were incubated with nonconjugated purified mouse monoclonal anti-human nerve growth factor (NGF) antibody (CL10012) (Cedarlane Laboratories Limited, Canada). Data were analyzed using the Cellquest Version 3.1 software (Becton Dickinson). To examine ΔLNGFR surface expression of CD34+ HPC and Mutz2 cell lines during differentiation into CD66b+ cells, FACS analysis was performed at 1, 4, 7 and 10 days after transfection using the anti-human NGF antibody and the monoclonal FITC-labeled CD66b antibody (Beckman Coulter GmbH).

The CD66b+ population as well as the CD66b/ΔLNGFR double-positive population was quantified.



Immunofluorescence microscopy

For immunofluorescence microscopy, 10 µl of the cell suspension used for FACS analysis was mounted on a microscopic slide and fixed using the Dako fluorescent mounting medium (Dako-Cytomation). Cells were visualized by immunofluorescence microscopy using a blue and green fluorescent filter (Zeiss, Germany).



Differentiation capacity

Differentiation of CD34+ HPC & Mutz2 cells into CD66b+ cells

ΔLNGFR positivity of CD34+ HPC and Mutz2 cells was assessed during differentiation into cells expressing CD66b+, a cell-surface marker for granulocytes [33]. Cells were plated at a density of 5–10 × 105 cells/ml in Cellgro medium (Cell Genix, Germany) supplemented with 10% FCS, 2% PSG, 0.5 × 10-4 α-thioglycerol, and recombinant human (rh) cytokines Epo (1 U/ml), rh-interleukin (IL)-3 (20 ng/ml) and rh-stem cell factor (SCF) (100 ng/ml) (R&D Systems, Germany). Medium was changed every other day. Cells were harvested by centrifugation. The CD66b+ population and the CD66b/ΔLNGFR double-positive populations were measured.



Methylcellulose assays

To evaluate differentiation capacity, HPC were examined in burst-forming unit (BFU) and colony-forming unit (CFU) assays using non-, mock- and ΔLNGFR-transfected CD34+ HPC and Mutz2 cells. For evaluation of BFU and CFU granulocyte, erythrocyte, macrophage and megakaryocyte (GEMM) assays, 0.05–0.2 × 105/ml viable cells were plated in methylcellulose medium and 1000 mU/ml rh-Epo, 20 ng/ml rh-IL-3 and 100 ng/ml rh-SCF were added, while CFU-C were evaluated using 2 ng/ml GM-CSF, 20 ng/ml rh IL-3 and 100 ng/ml rh-SCF. Colonies were assessed 14 days after plating.



Endomyocardial biopsies/ immunohistochemical staining for LNGFR

Right ventricular (septal) endomyocardial biopsies were obtained from patients with dilated cardiomyopathy presenting with the clinical symptoms of cardiac failure and echocardiographic ventricular dysfunction [40,41]. Coronary artery disease was excluded by coronary angiography.

Furthermore, valvular and congenital heart disease was excluded. Biopsies were performed by standard technique using the percutaneous transvenous femoral approach with a Pilling Weck bioptome (Bioptom 1.8 × 1000 mm, REF, MDZ-4, Lot D0601, Chirurgische Produkte GmbH, Karlstein, Germany). All procedures were performed in accordance with ethical standards and with the informed consent of the patients.

Five sequential sections (6 µm) from endomyocardial biopsies were immunohistochemically analyzed by Avidin-Biotin-Staining for LNGFR expression using the mouse monoclonal anti-human NGF-receptor antibody (Cedarlane, Canada) at a dilution of 1:25, followed by a second antibody staining with a biotinylated horse anti-mouse antibody at a dilution of 1:100. Cardiomyocytes were stained with Troponin I (Hytest, Finland) at a dilution of 1:2500 followed by a second antibody staining with an anti-mouse biotinylated antibody at a dilution of 1:100.



Statistical analysis

All experiments were carried out three times with three independent samples. The mean value and the standard deviation were calculated using Microsoft Excel and statistical analysis was performed using SigmaStat version 2.0 software. Tests included One-Way Analysis of Variance (ANOVA), Tukey-Test, and student’s t-test. p < 0.05 was considered statistically significant.




Results


Immunophenotyping of CD34+ HPC & Mutz2 cells

Human HPC were positively selected for the cell-surface antigen CD34. A purity of more than 98% was achieved (Figure 1, Table 1). CD34+ HPC were characterized by FACS analysis according to standards applied for leukemia typing [34]: they expressed CD34 (99%), CD45 (99%), HLA-DR (97%), CD13 (70%) and, to a lesser extent, CD33 (36%) and CD117 (20%) (representative experiment shown in Figure 2). Cells did not express CD66b (Figure 3). Due to the difficulties (both availability and ethically) in obtaining human CD34+ primary cells, we went on to characterize leukemia cell lines as potential in vitro models of CD34+ HPC. The Mutz2 cell line showed high expression of CD34 and the highest transfection efficiency of all leukemia cell lines studied (Table 2). Similarly to CD34+ HPC, Mutz2 cells expressed CD34 (83%) as well as CD45 (92%), HLA-DR (93%), CD13 (92%), CD33 (99%) and CD117 (90%). They also showed significant expression of the antigens CD65 (75%), CD1A (60%) and MPO (35%) (Figure 4). The expression pattern characterizes these cells as leukemic blasts of an acute myeloid leukemia, FAB type M2. No expression of the antigens CD2, CD3, CD7, CD10, CD14, CD19, CD56, CD61, CD79a, 7.1, k and λ light chain was found in the human HPC and Mutz2 cells. Typical characteristics of CD34+ HPC and Mutz2 cells are listed in Table 1.
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Figure 1. Representative immunophenotyping of human CD34+ HPC and unselected Mutz2 cells. The main population of both CD34+ HPC and unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45, and is characterized by low granularity. PBSC: Peripheral blood stem cells; SSC: Side scatter.
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Figure 2. Representative immunophenotyping of human CD34+ HPC. The main population of CD34+ HPC expressed the cell-surface antigens CD34 and CD45. Human CD34+ HPC expressed CD34, CD45, HLA-DR , CD13 and, to a lesser extent, CD33 and CD117. FSC: Forward scatter; HPC: Hematopoietic progenitor cells; SSC: Side scatter.
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Figure 3. CD66b FACS staining of CD34+ HPC. The main population of both CD34+ HPC and unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45. CD34+ HPC did not express CD66b. FACS: Fluorescence activated cell sorting; FSC: Forward scatter; HPC: Hematopoietic progenitor cells; SSC: Side scatter.
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Figure 4. Representative immunophenotyping of unselected Mutz2 cells. The main population of unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45. Mutz2 cells expressed CD34 and the antigens CD45, HLA-DR, CD13, CD33, and CD65. FSC: Forward scatter; SSC: Side scatter.




Table 1. Comparison of human CD34 HPC with the leukemia cell line Mutz2.


	
	CD34-selected HPC
	Unselected Mutz2 cells





	CD34
	>98%
	83%



	Granularity
	Low
	Low



	Transfection efficiency
	41 ± 2%
	55 ± 5%



	Differentiation potential
	Granulocytes, erythrocytes, macrophages, megakaryocytes
	Granulocytes, macrophages, megakaryocytes



	Derivation
	Normal HPC
	Cell line, leukemic blasts



	Availability
	Limited
	Unlimited





HPC: Hematopoietic progenitor cells.



Table 2. CD34 expression and transfection efficiency of different leukemia cell lines 1 day post transfection.


	AML cell line
	CD34 positivity
	Transfection efficiency





	CD34+ HPC
	98%
	41%



	Mutz2
	83%
	55%



	K562
	13%
	53%



	Kasumi-1
	96%
	25%



	HL60
	12%
	24%



	KG1
	66%
	6%





AML: Acute myeloid leukemia; HPC: Hematopoietic progenitor cells.



Neither CD34+ HPC nor Mutz2 cells express LNGFR

RT-PCR amplification of a 250 bp ΔLNGFR fragment of cDNA was used to investigate whether LNGFR is expressed in untreated HPC and Mutz2. No LNGFR expression was detectable in CD34+ HPC nor in Mutz2 cells. The vector plasmid containing ΔLNGFR cDNA was used as a positive control and GAPDH as a housekeeping gene (Figure 5). In order to further confirm the transient character of ΔLNGFR nucleofection, we performed PCR, 21 and 28 days after nucleofection, which showed complete loss of the marker gene after 28 days.
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Figure 5. Lack of constitutive mRNA expression of ΔLNGFR in human CD34+ HPC and Mutz2 cells. Untreated CD34+ HPC (1) and Mutz2 cells (2) do not express ΔLNGFR. (3) Negative control. The plasmid containing ΔLNGFR served as a positive control. (4) GAPDH was used as housekeeping gene. GADPH: Glyceraldehyde-3-phosphate dehydrogenase; HPC: Hematopoietic progenitor cells; ΔLNGFR: Truncated low-affinity nerve growth factor receptor.




High transfection efficiency of CD34+ HPC & Mutz2 cells

Human CD34+ HPC and Mutz2 cells were transfected with ΔLNGFR by nucleofection. Transfection of both human CD34+ HPC and Mutz2 cells is highly efficient (Figure 6). Figure 6A shows a representative example of FACS analysis on day 1 after transfection. Figure 6B depicts the mean transfection efficiency of Mutz2 cells compared with human CD34+ HPC: 41% (± 2%) of human CD34+ HPC and 55% (± 5%) of Mutz2 cells were positive for the marker gene ΔLNGFR after transient transfection. No statistically significant differences were observed (n = 3). As an additional control we also found high transfection efficiencies using the marker gene enhanced green fluorescent protein (EGFP) [data not shown].


[image: Scatter plots compare L N G F R expression in Mutz 2 cells and P B S C for transfected and mock-transfected samples. A bar graph quantifies transfection efficiency percentages.]
Figure 6. Transfection efficiency of human CD34+ HPC and Mutz2 cells using nucleofection. A representative FACS-dotblot shows that transfection with ΔLNGFR is highly efficient on day 1 after transfection (A). 41 ± 2% of human CD34+ HPC and 55 ± 5% of Mutz2 cells were positive for ΔLNGFR 1 day post transfection (n = 3) (B). ns: Not significant.
FSC: Forward scatter; HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor; PBSC: Peripheral blood stem cells.




Hematopoietic cell differentiation of transfected cells

To investigate whether HPC and Mutz2 cells are still able to differentiate after nucleofection with ΔLNGFR, we performed colony-forming assays. Non-, mock- and ΔLNGFR-transfected CD34+ HPC differentiated into blood cells of different hematopoietic cell lines (erythrocytes, granulocytes, macrophages, megakaryocytes). Non-, mock- and ΔLNGFR-transfected Mutz2 cells showed differentiation into granulocytes, macro-phages and megakaryocytes, but not into erythrocytes. Colonies derived from human CD34+ HPC and Mutz2 are shown in Figure 7A & B, respectively. A significant decrease of colonies was observed between untreated and ΔLNGFR-transfected CD34+ HPC in burst forming units with erythrocytes (BFU-E) (3210 ± 1473 vs 606 ± 526; p < 0.05) and CFU-GEMM (2678 ± 498 vs 681 ± 243; p < 0.01), as well as in CFU-GEMM of untreated compared with mock-transfected CD34+ HPC (2678 ± 498 vs 1300 ± 1032; p < 0.05). Similarly, a significant decrease in colony number was seen in untreated versus ΔLNGFR-transfected Mutz2 cells in CFU-GEMM (716 ± 136 vs 194 ± 19; p < 0.01) and CFU-GM (444 ± 140 vs 94 ± 35; p < 0.05) assays. However, no statistically significant differences were found between mock- and ΔLNGFR-transfected cells in both HPC and Mutz2 cells (n = 3) (Figure 7C & D).
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Figure 7. Hematopoietic cell differentiation of transfected human CD34+ HPC. Methylcellulose assays of untreated, mock-, and ΔLNGFR-transfected human CD34+ HPC formed all colonies (BFU-E, CFU-GEMM, CFU-GM) (A). For Mutz2 cells (B) CFU-GEMM and CFU-GM colonies were formed, but not BFU-E. Quantitative analysis of lineage-specific cell differentiation of transfected CD34+ HPC (C) and Mutz2 (D) into hematopoietic cell lines.
 BFU-E: Burst-forming units with erythroctyes; CFU-GEMM: Colony-forming units with granulocytes, erythrocytes, megakaryocytes and macrophages; CFU-GM: Colony-forming units with granulocytes and macrophages; HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor. (n = 3; *p < 0.05; **p < 0.01)




Maintenance of marker expression during hematopoietic cell differentiation

CD66b, a cell-surface antigen characteristically expressed in mature myeloid cells such as granulocytes, was used as a surrogate marker for lineage-specific cell differentiation to investigate whether differentiated cells maintain ΔLNGFR expression. Figure 8A shows immunofluorescent images of CD34+ HPC and Mutz2 cells cultured for 4 days after nucleofection in a differentiation medium. Whereas both cells shown in the panels express CD66b (green), only one of these also expresses the marker gene ΔLNGFR (red) (Figure 8A). Figure 8B shows a representative FACS analysis of the percentage of transfected HPC and Mutz2 cells that maintain ΔLNGFR expression after differentiation into CD66b+ cells on day 4. The kinetics of ΔLNGFR expression during differentiation of transfected CD34+ HPC and Mutz2 cells into CD66b+ cells was also assessed over 10 days by FACS analysis. The percentage of ΔLNGFR expression in CD66b+ cells derived from CD34+ HPC showed a maximum at day 4 post transfection (70 ± 2%), and decreased to 43 ± 6% on day 7 and 24 ± 4% on day 10 (n = 3, Figure 8C). Similarly, the number of ΔLNGFR expressing CD66b+ cells derived from Mutz2 cells decreased over time. Maximal expression was measured at day 1 post transfection with 58 ± 1%, which decreased to 48 ± 1% at day 4, 26 ± 6% at day 7 and 19 ± 3% at day 10 (n = 3, Figure 8D).
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Figure 8. Maintenance of ΔLNGFR expression in CD66b+ cells derived from CD34+ HPC and Mutz2 cells. Microphotographs of cells derived from transfected CD34+ HPC (a–d) and Mutz2 cells (e–h) 4 days after nucleofection. Cells were viewed under normal light filter (a, e); FITC-filter (CD66b, green) (b, f); and PE-filter (ΔLNGFR, red) (c, g); Colocalization of CD66b and ΔLNGFR (orange) on the same cell shows that transfected cells stay positive for the marker gene ΔLNGFR in CD66b+ cells derived from CD34+ HPC or Mutz2, respectively (d, h). (Bar = 10 µm) (A). Representative fluorescence activated cell sorting (FACS) analysis of ΔLNGFR- and mock-transfected CD66b+ cells derived from CD34+ HPC or Mutz2 cells on day 4 after transfection: 50% (11% out of 22% total CD66b+) of CD66b+ cells derived from CD34+ HPC and 56% (9% out of 16% total CD66b+) of CD66b+ cells derived from Mutz2 cells maintained ΔLNGFR expression (B). Expression of the marker gene ΔLNGFR on CD66b+ cells derived from CD34+ HPC determined by FACS analysis (n = 3). The percentage of ΔLNGFR-expressing cells of the CD66+ cells derived from CD34+ HPC showed a maximum at day 4 post transfection (C). ΔLNGFR expression on CD66b+ cells derived from Mutz2 cells as determined by FACS analysis (n = 3). The maximum was observed at day 1 post transfection (D). HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor.




LNGFR-expression in endomyocardial biopsies

In order to define ΔLNGFR as a suitable marker gene in human myocardium we stained endomyocardial biopsies immunohistochemically with anti-human NGF receptor antibody. Physiologically, human cardiomyocytes (positive for troponin I) were negative for LNGFR. Only intramyocardial nerve strands showed positive staining for LNGFR (Figure 9).
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Figure 9. Sections of myocardial tissue, stained for LNGFR or LNGFR and troponin. (A) Stained for LNGFR, (B) stained for LNGFR and troponin. Only the neurons around the vessels show LNGFR expression, whereas the cardiomyocytes (troponin-positive cells) are LNGFR-negative. LNGFR: Low-affinity nerve growth factor receptor




Discussion

CD34+ HPC are commonly used in clinical settings for allogeneic and autologous transplantation and are targets for gene therapy studies [35,36]. HPC may also contribute to the regeneration of damaged tissue in other organs [5,6,7,8], especially in the heart [16,17,18]. However, homing of HPC to nonhematopoietic tissues and the potential of HPC to transdifferentiate into various organ cells is still a very controversial issue [6,13,14]. Genetic labeling of human HPC and their consecutive fate-mapping is an approach to in vivo-monitoring of stem cells. Attempts at such labeling have been reported as early as 1964. However, two major obstacles must still be overcome. First, toxicity of genetic labeling [20,21,22] and second, dilution and loss of the genetic marker.

It is important to note that genetic labeling of stem cells for in vivo use is accompanied by the risk of certain side effects, the most important being the induction of transformation and undesirable immune reactions [20,21,22]. In contrast to viral vectors, transient transfection by nucleofection, as reported in this study, reduces the risk of side effects caused by stable genomic integration. In addition, nucleofection is a highly efficient method for transient transfection of HPC with, for example, ΔLNGFR [29] or of embryonic stem cells with EGFP [30]. ΔLNGFR, the truncated, nonfunctional form of the LNGFR, is currently the only marker gene which is easily detectable by immunohistochemistry and FACS analysis and can be applied in humans without toxic side effects [31].

In the current study, we have investigated the toxicity and efficiency of ΔLNGFR nucleofection of CD34+ HPC during hematopoietic cell differentiation. Colony-forming assays were performed in order to analyze whether ΔLNGFR nucleofection influences lineage-specific cell differentiation. Despite the fact that the total number of colonies was decreased when comparing nontransfected with transfected cells, there was no statistically significant difference between ΔLNGFR- and mock-transfected cells. This indicates that although nucleofection itself influences the potential for proliferation and differentiation, the marker gene ΔLNGFR does not. The observation that ΔLNGFR labeling does not qualitatively interfere with hematopoietic cell differentiation would infer that transdifferentiation of CD34+ HPC into organ cells, if present, would not be substantially influenced by ΔLNGFR transfection.

A second major observation in our study is the fact that mature blood cells derived from ΔLNGFR-transfected CD34+ HPC obviously maintain ΔLNGFR expression at a higher percentage than proliferating cell cultures. Blood cells derived from transfected CD34+ HPC-expressing CD66b+, a cell-surface marker for granulocytes, displayed a high coexpression of ΔLNGFR with a maximum of 70 ± 2% at day 4 after transfection. This demonstrates a remarkable maintenance rate of ΔLNGFR-expression in differentiated cells. Even 10 days after transient transfection, a high percentage of CD66b+ cells maintained expression of the marker gene ΔLNGFR. Therefore, cell maturation obviously reduces the extinction of this transient marker gene in contrast to proliferating cells. Taken together, the observations that: although nucleofection reduces the number of colonies, transient ΔLNGFR labeling allows substantial lineage-specific cell differentiation and; that mature blood cells derived from ΔLNGFR transfected CD34+ HPC obviously maintain ΔLNGFR expression, both suggest that ΔLNGFR nucleofection may be an adequate method to study homing, differentiation and potentially also transdifferentiation of human HPC in vivo.

Due to the difficulties in obtaining sufficient quantities of human CD34+ HPC for in vitro experiments, appropriate cell lines are desirable tools to establish and optimize transfection conditions and differentiation protocols. In earlier studies, the differentiation of myeloid leukemia cell lines has been induced by cytokines or various therapeutic agents [37,38,39]. We aimed to characterize a cell line that might be useful as an in vitro model for CD34+ HPC. Mutz2 cells showed the highest transfection efficiency (55% ± 4.9) of the leukemia cell lines tested in this study. Similar to the observations made with CD34+ HPC [29], the percentage of ΔLNGFR-positive Mutz2 cells decreased with time, confirming the transient character of nucleofection. Furthermore, Mutz2 cells were also found to have the potential to differentiate into all hematopoietic lineages, except erythrocytes. Importantly, no significant differences were found in colony-forming cells for ΔLNGFR-transfected compared with mock-transfected Mutz2 cells. In analogy to HPC, Mutz2 leukemia cells maintained expression of the marker gene ΔLNGFR with a maximum of 58 ± 2% after differentation into CD66b+ cells.



Conclusion

In conclusion, the leukemia cell line Mutz2 may be an appropriate model of CD34+ HPC for transfection and myeloid cell differentiation experiments. Furthermore, nucleofection of human CD34+ HPC with ΔLNGFR does not affect their ability to differentiate into all hematopoietic cell lines, and differentiated CD66b+ myeloid cells maintain expression of the transient marker gene up to 10 days post transfection. Although the time-frame is relatively short, ΔLNGFR nucleofection could be an appropriate method for labeling HPC for in vivo studies investigating homing and (possibly) transdifferentiation of CD34+ HPC in the human heart, for example in dilated cardiomyopathy, where myocardial biopsies are routinely performed [40,41].



Future perspective

The methodology described herein may be applied in animal studies; for example, in non-obese diabetic severe combined immunodeficient (SCID) mice, in order to study the fate of human HPC and to study potential side effects. However, it is also ready for in vivo application in humans; that is, it has been accepted by the ethical committees of Germany. To our knowledge, this is the first description of a genetic labeling technique for human adult stem cells that is ready for autologous in vivo application. It may thus be widely useful for homing and, possibly, transdifferentiation studies in humans.


Executive summary


	

	Nucleofection was efficient and did not significantly reduce hematopoietic cell differentiation.






	

	Mature myeloid cells (CD66b+) derived from human CD34+ hematopoietic progenitor cell (HPC) and Mutz2 cells maintained expression of the truncated low-affinity nerve growth factor receptor (ΔLNGFR) at a high percentage.






	

	Mutz2 cells may serve as an in vitro model for human myeloid HPC.






	

	The method described herein has been adopted to Good Manufacturing Practices (GMP) guidelines and is ready for in vivo application.
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Purpose

Primary Human Hepatocytes (PHH) are the state-of-the art in vitro human liver model system in the field of toxicology. PHH are known to be difficult to transfect with classical transfection methods. Furthermore, PHH tend to lose their typical liver functions rapidly in culture. In this study, we optimized the thawing, transfection and culture procedure for cryopreserved PHH. Transfection efficiency and hepatocyte functionality were analyzed over 7 days.



Methods

Lonza’s cryopreserved plateable human hepatocytes were transfected using the 4D Nucleofector® System. Prior transfection, cryopreserved PHH were gently thawed and resuspended in P3 Nucleofector® Solution. Following transfection using program EX-147 or DS-150, PHH were plated on collagen-coated cell culture vessels in Matrigel™ (Corning) sandwich culture. We characterized specific hepatocyte functions of the resulting transfected sandwich cultures for up to 7 days. Transfection efficiency of both pmaxGFP™ Plasmid DNA and Cleancap® mCherry RNA (TriLink) was assessed by fluorescence microscopy. PHH were analyzed for cell viability, bile canaliculi formation, albumin secretion and CYP3A4, CYP1A2 and CYP2B6 metabolite formation. Experimental details can be found in the figure legends below.
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Figure 1: 4D Nucleofector® Device for efficient transfection of difficult to transfect primary cells and cell lines



Conclusion

We present reliable protocols for efficient DNA and mRNA expression in cryopreserved PHH. We demonstrate highly preserved functionality of transfected hepatocytes for 7 days when using program DS-150. Our protocols enable transfection of human hepatocytes for generation of more sophisticated long-term in vitro liver models.



Results
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Figure 2: High GFP expression 24 hours after transfection with the high efficiency program EX-147 24 hours after plating, GFP fluorescence and cell morphology was observed and documented by (A) fluorescence and (B) bright field microscopy. (Zeiss AxioObserver Z.1 microscope).
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Figure 3: High GFP expression 24 hours after transfection with the high efficiency program EX-147 5x105 cells were transfected with program EX-147 using 5 ug pmaxGFP™ Vector in 100 uL Nucleocuvette® Vessel. Cells were plated in collagen/Matrigel™ sandwich culture in 24-well plate. (A) For calculation of transfection efficiency, fluorescent cells were counted manually 24 hours post transfection. Data from 5 independent experiments with 4 different donors are shown, n=17. Error bars indicate standard deviation. (B) Viability was assessed with the CellTiter-Blue® Cell Viability Assay (Promega) 24 hours post transfection. Data of five independent experiments with five different donors is shown, n = 22. Albumin content in the supernatant was quantified with the Human Albumin ELISA Kit (Bethyl). Data from one representative donor HUM4235 are shown, n=3. The respective non-transfected sample was set to 100% for normalization. Error bars indicate standard deviation. (C) For measurement of CYP3A4 activity 24 hours post transfection cells were incubated with 200 µM testosterone for 15 minutes and the formation of 66-hydroxytestosterone was evaluated. For measurement of CYP2B6 activity PHH were incubated with 250 uM bupropion for 15 minutes and the formation of OH-bupropion was evaluated. For measurement of CYP1A2 activity PHH were incubated with 100 uM phenacetin for 15 minutes and the formation of acetaminophen was evaluated. All culture supematants were analyzed by LC/MS/MS. The respective non-transfected sample was set to 100% for normalization. Results of one typical lot (HUM4253) are shown, n = 3. Error bars indicate standard deviation.



With program EX-147, high DNA transfection efficiencies of 68% were observed. Albumin secretion and Cytochrome p450 activity were clearly detectable 24 hours post transfection, but partially not sustained for a longer period of time (data not shown). Therefore, we recommend program EX-147 for highly efficient short term DNA transfection.
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Figure 4: Sustained plasmid DNA and efficient mRNA expression for 7 days in primary human hepatocytes maintaining typical healthy hepatocyte morphology after transfection with program DS-150 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using 5 ug pmaxGFP™ Vector or 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plate. On day 1 and 7 after transfection, transfection efficiency and cell morphology was observed and documented by fluorescence- and bright field microscopy.



[image: Two bar graphs compare transfection efficiency for p max G F P and m Cherry over 1, 4, and 7 days. Error bars indicate variability across all time points.]
Figure 5: Sustained GFP and mCherry expression for at least 7 days after transfection with program DS-150 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using (A) 5 ug pmaxGFP™ Vector or (B) 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plates. For calculation of transfection efficiency, fluorescent cells were counted manually on day 1, 4 and 7 after plating.
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Figure 6: Preserved viability and typical hepatocyte functionality of the cells for at least 7 days after transfection with program DS-150 Primary human hepatocytes were transfected with program DS-150 using 5 µg pmaxGFP™ Vector in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plates. (A) Viability was assessed with the CellTiter-Blue® Cell Viability Assay (Promega). (B) Albumin content in the supernatant was quantified with the Human Albumin ELISA Kit (Bethyl). (C) For measurement of CYP3A4 activity 24 h post transfection cells were incubated with 200 uM testosterone for 15 minutes and the formation of 6β-hydroxytestosterone was evaluated. (D) For measurement of CYP2B6 activity PHH were incubated with 250 uM bupropion for 15 minutes and the formation of OH-bupropion was evaluated. (E) For measurement of CYP1A2 activity PHH were incubated with 100 µM phenacetin for 15 minutes and the formation of acetaminophen was evaluated. All culture supematants were analyzed by LC/MS/MS. The respective non-transfected sample was set to 100% for normalization. For viability and albumin content, data of two donors (lot HUM4235 and HUM4108) are shown, n=6. For Cyp Acticity, data of one typical donor (lot HUM4235) is shown, n=3.
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Figure 7: Branched bile canaliculi network in both transfected and non-transfected hepatocytes on day 4 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plate. Culture medium was changed daily. On day 4, Cholyl-lysyl-fluorescein (CLF) staining (Corning) was used for visualization of bile canaliculi formation. Cells were incubated for 1 hour in medium containing 4 uM CLF followed by three washing steps with culture medium prior to examination by fluorescence microscopy. Typical results are shown.



To address the needs of long-term culture of transfected hepatocytes, conditions preserving cell functionality over time were identified. Following transfection with program DS-150, efficiencies of up to 20% for DNA and up to 85% for mRNA were achieved and sustained for 7 days. Viability and albumin secretion at 24h after transfection were slightly reduced, but recovering over time. In comparison to control cultures, CYP1A2, CYP2B6 and CYP3A4 activity was between 60% and 80%. Transfected PHH formed complex, branched bile canaliculi network. We recommend program DS-150 for efficient transfection of siRNA and mRNA as well as intermediate levels of DNA transfection for long-term culture after transfection.
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In the last 2 decades, a wide variety of studies have been conducted on epigenetics and its role in various cancers. A major mechanism of epigenetic regulation is DNA methylation, including aberrant DNA methylation variations such as hypermethylation and hypomethylation in the promoters of critical genes, which are commonly detected in tumors and mark the early stages of cancer development. Therefore, epigenetic therapy has been of special importance in the last decade for cancer treatment. In epigenetic therapy, all efforts are made to modulate gene expression to the normal status. Importantly, recent studies have shown that epigenetic therapy is focusing on the new gene editing technology, CRISPR-Cas9. This tool was found to be able to effectively modulate gene expression and alter almost any sequence in the genome of cells, resulting in events such as a change in acetylation, methylation, or histone modifications. Of note, the CRISPR-Cas9 system can be used for the treatment of cancers caused by epigenetic alterations. The CRISPR-Cas9 system has greater advantages than other available methods, including potent activity, easy design and high velocity as well as the ability to target any DNA or RNA site. In this review, we described epigenetic modulators, which can be used in the CRISPR-Cas9 system, as well as their functions in gene expression alterations that lead to cancer initiation and progression. In addition, we surveyed various species of CRISPR-dead Cas9 (dCas9) systems, a mutant version of Cas9 with no endonuclease activity. Such systems are applicable in epigenetic therapy for gene expression modulation through chemical group editing on nucleosomes and chromatin remodeling, which finally return the cell to the normal status and prevent cancer progression.
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Cancer is one of the most common diseases around the world, causing a huge psychological and economic burden for society and many deaths worldwide [1]. Cancers are developed with both genetic and epigenetic abnormalities. More importantly, epigenetic abnormalities are even more frequent in most human cancers. Heritable modifications in gene expression caused by epigenetic factors can lead to suppression or activation of particular genes without directly altering DNA sequences [2]. Epigenetic profiles change in different steps of tumor development and progression. DNA methylation, as one of the major mechanisms of epigenetic regulation, not only can control gene expression but also plays a well-established role in the pathogenesis of many cancers [3]. DNA methylation occurs primarily on cytosine residues near the gene promoters with a higher concentration of CpG sites, known as CpG islands, via DNA methyltransferase (DNMT). Subsequently, chromatins are remodeled and gene transcription is inhibited through complexes such as histone deacetylase (HDAC), and some proteins such as heterochromatin protein 1. However, such alterations are reversible and return to the normal state through other enzymes such as ten-eleven translocation methylcytosine dioxygenase (TET).


DNA methylation EpiEffectors

EpiEffectors are a huge collection of proteins that control epigenome structure and function. EpiEffectors consist of enzymes that are able to form covalent modifications (writers) including the addition of acetyl or methyl groups to particular amino acid residues or bases on the nucleosome; proteins that identify the added groups for the recognition and remodeling of specific genomic regions to modulate gene expression (readers); and enzymes that are capable of removing active and repressive marks (erasers), leading to the reversibility of such changes [4]. Table 1 indicates the main EpiEffectors and their functions used as targets in epigenetic therapy or in the CRISPR-Cas9 system.



Table 1. DNA methylation EpiEffectors and their functions.


	EpiEffectors
	Subtypes
	Functions
	Ref.





	DNA methyl transferase (DNMT)
	DNMT1 DNMT3A

DNMT3B

	DNMT1 is responsible for both de novo methylation and methylation maintenance DNMT3A and DNMT3B are de novo DNA methyl transferases that are involved mainly in methylation of new CpG sites in the DNA and have a critical role in genome regulation and development. The Arg836 residue from DNMT3A target recognition domain encounters with CpG, guaranteeing DNMT3A enzymatic function toward CpG sites in cells
	[5]



	SWItch/sucrose nonfermentable (SWI/SNF[BAF])
	ARID1A

ARID1B

ARID2

	The ATP-dependent nucleosome remodeling complex is bound extensively across the genome at promoters and enhancers; such complexes can serve as tumor suppressors, leading to both activation or repression of gene expression
	[6]



	Heterochromatin protein 1 (HP1)
	HP1α

HP1β

HP1γ

	HP1 is a transcriptional repressor that directly binds to the methylated histone H3 lysine 9 residue (H3K9me), a hallmark of histone modification for untranslatable heterochromatin. HP1 contains two conserved domains, including chromodomain at the N-terminus (directly bound to H3K9me) and chromo shadow domain at the C-terminus (cooperating in protein–protein interactions)
	[7]



	Methyl CpG-binding protein 2 (MeCP2)
	 
	MeCP2 is an important reader of DNA methylation. MeCP2 is an x-linked protein and has two functional domains, including a methyl-cytosine-binding domain that binds to the methylated CpG sites on the DNA strands and a transcriptional repression domain that interacts with SIN3A to apply HDAC
	[8]



	Insulator proteins
	CTCF (CCCTC binding factor)
	Insulator binding proteins (IBPs) regulate gene expression through binding to specific DNA sites and facilitate gene regulation specificity. A fundamental role of IBPs is to cover gene promoters from the activity of regulatory elements, leading to activation or silence of transcription. IBPs make target gene promoters inaccessible for the activating or silencing effects of adjacent regulatory elements CTCF produces chromatin loops between bound CTCF sites that separate the enhancer and promoter of a target gene, leading to the prevention of physical and regulatory contact between chromosomal regions present within the loop with those present outside. Mammalian CTCF supports long-distance regulation by approximating regulatory elements and promoters, and physically segregates loci to limit regulatory cross-talk.
	[9,10]



	Enhancer of zeste homolog 2 (EZH2)
	 
	EZH2 is a histone-lysine N-methyltransferase enzyme that plays a critical role in histone methylation and transcription repression. EZH2 facilitates the addition of methyl groups to histone H3 at lysine 27 by using a cofactor S-adenosyl-L methionine and functions as a gene suppressor. Methylation activity of EZH2 catalyzes heterochromatin formation, thereby silencing gene functions
	[11]



	Ten-eleven translocation methylcytosine dioxygenase (TET)
	TET1

TET2

TET3

	5mC is oxidized by the TET family of dioxygenases to generate 5-hydroxymethylcytosine (5hmC). TET enzymes produce 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) through hydroxylating 5hmC
	[12]



	Isocitrate dehydrogenase (IDH)
	IDH1

IDH2

	Isocitrate is metabolized to a-ketoglutarate (a-KG), either in the mitochondrion (by IDH2) or in the cytoplasm (by IDH1). The a-KG produced is used as a co-factor for a-KG-dependent dioxygenases, particularly for the TET family of DNA demethylases and the Jumonji (Jmj) family of histone demethylases. Gain of mutations in IDH1 or IDH2 results in decreased levels of a-KG, which leads to increased formation of D-2-hydroxyglutarate (2-HG). a-KG is an important co-factor needed for certain histones and DNA demethylases, while 2-HG functions as a competitive inhibitor of the DNA demethylases
	[13]



	Oxoguanine glycosylase 1 (OGG1)
	 
	Reactive oxygen species may attack guanine at the dinucleotide site, leading to the formation of 8-hydroxy-2′-deoxyguanosine (8-OHdG). This results in the formation of a 5mCp-8-OHdG dinucleotide site. The base excision repair enzyme OGG1 targets 8-OHdG. OGG1, present at the 5mCp-8-OHdG site, applies TET1, while TET1 oxidizes 5mC adjacent to 8-OHdG. This initiates demethylation of 5mC
	[14]



	Thymine DNA glycosylase (TDG)
	 
	TDG recognizes 5fC and 5caC. This leads to excision of the glycosidic bond, resulting in an apyrimidinic site in the oxidation pathway
	[15]



	Cytidine deaminase /Apolipoprotein B editing complex (AID/APOBEC)
	 
	5hmC can be deaminated by AID/APOBEC deaminases to form 5-hydroxymethyl uracil (5hmU) in an alternative oxidative deamination pathway. In addition, 5mC can be converted to thymine. TDG, methyl-CpG-binding protein 4 (MBD4), Nei-Like DNA Glycosylase 1 (NEIL1) and single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1) can potentially cleave 5hmU
	[16,17]



	Histone methylation erasers
	KDM1A

KDM1B

KDM2

KDM3

KDM4

KDM5

KDM6

	Histone demethylases are able to remove methyl groups. Amino oxidase homolog lysine demethylase 1 (KDM1) and JmjC domain, which contain histone demethylases, are two categorized groups of histone methylation erasers

In the KDM1 family, also referred to as lysine-specific demethylase 1 (LSD1), KDM1A demethylates H3K9me1 and H3K9me2, leading to transcriptional activation. KDM1B specifically targets H3K4me1 and H3K4me2

JmjC KDMs contains a family of demethylases able to demethylate histones

	[18]

[19]

[20]




	Histone acetyltransferase (HAT/KAT)
	Gcn5/PCAF (KAT2A/KAT2B) MYST (KAT5) p300/CBP (KAT3B/KAT3A) Rtt109 (KAT11)
	The acetyl groups can be transferred from the acetyl-CoA cofactor to the Nζnitrogen of a lysine side chain within histones by HAT/KAT. These enzymes participate in various transcription-mediated biological events, such as hormonal signaling, dosage compensation and cell-cycle progression.
	[21]



	Bromodomain and extra-terminal (BET)
	BRD2

BRD3

BRD4

BRDT

	Proteins that are histone acetylation readers are enriched at promoter sites, particularly upstream of oncogenes, where they recruit other transcriptional factors capable of interacting with acetylated lysine residues on histone tails and an extra C-terminal domain, obtaining a functional link between acetylation-mediated protein–protein interactions and lysine acetylation in chromatin-mediated gene transcription
	[22]



	Histone deacetylase (HDAC)
	HDAC1-11 sirtuins (SIRT1-7)
	HDAC removes acetyl groups from lysine on the histone, allowing for histones to wrap DNA more tightly. Acetylation/deacetylation can regulate DNA expression
	[23]









The role of DNA methylation in cancer development

Aberrant DNA methylation is commonly found in tumors and marks the early stages of cancer development. Hypermethylation of CpG islands in gene promoters prevents transcriptional activation through blocking the access of transcriptional machineries to the gene promoter, finally leading to gene silencing. Promoter hypermethylation not only alters gene expression but also can change cell functions, cycle, signaling, adhering and proliferation, as well as DNA repair, apoptosis, angiogenesis, tumor invasion, protooncogene activation and downregulation of tumor suppressor genes. In the following, we mention some of the genes whose downregulation occurs commonly in cancers, including p16INK4a, p15INK4b, Rb, p14ARF (which are related to the cell cycle), MGMT, BRCA1 [24], hMLH1 (which play a role in DNA repair), DAPK (which contributesto apoptosis), RARB2 (as a cell signaling gene), ER (which contribute to hormonal responses), RASSF1A (in Ras signaling), microRNAs, etc. [25]. Hypermethylation of CpG islands has the potential to turn off various tumor suppressor genes [26], allows cells to escape the normal checkpoints of cell division and promotes tumor growth, leading to tumorigenesis [27]. On the other hand, chromosomal instability, loss of genomic imprinting and reactivation of transposable elements are developed by gene promoter hypomethylation, which results in gene overexpression and cancer development (Figure 1). For example, hypomethylation was reported in the BCL2 gene in lymphocytic lymphoma [28] and the RRAS gene in gastric carcinoma [29]. In addition, a wide variety of tumors frequently show mutations in genes encoding EpiEffectors. Abnormal DNA methylation (hypermethylation or hypomethylation) can stem from mutations in EpiEffectors or some other driving factors. Numerous studies demonstrated the critical role of mutations in the DNMT family, especially DNMT3A, in tumors, which leads to malignant transformation. Mutations in DNMT3A were reported in 23–36% of the acute myeloid leukemia (AML) patients with poor prognosis [30] and myelodysplastic syndromes [31]. Importantly, healthy individuals with DNMT3A mutations have a predisposition to development of malignant hematological disorders including AML [32]. Mutations in DNMT1 were also observed in colorectal cancers and AML [33,34]. Most studies on TET2-mutant cancers revealed that TET loss-of- function is frequently observed in different types of cancers, including both solid tumors and blood malignancies such as T cell lymphomas [34]. Mutations occurring in epigenetic regulatory enzymes are either loss-of-function or gain-of-function. There is evidence demonstrating EZH2 gain-of-function mutations in follicular lymphoma [35] and IDH1/2 mutations in some patients with AML [36] and various solid tumors such as gliomas, prostate cancer and cholangiocarcinoma [37,38]. Mutations in HDAC-encoding genes were found to be related to cancer progression. There are studies indicating the role of frame-shift mutation-based dysfunction of HDAC2 expression in colorectal cancer and human epithelial cancers [39]. The prevalence of somatic mutations in HAT is more frequently observed in lymphomas, lung cancer and urothelial carcinoma [40]. A meta-analysis conducted in a variety of sequencing studies pointed that the SWI/SNF mutation occurs in about 20% of the human malignancies [41]. More recently, a variety of cancer types, such as ovarian, endometrial and colorectal cancers, have showed mutations in ARID1A [42]. Mutation or inhibition of AID/APOBEC was observed in many cancers [43]. All of these mutations promote metastasis and lead to poor prognosis in patients with such cancers. Therefore, epigenetic modulators play highly important roles in gene expression and cellular processes, whose dysfunctions lead to cancer development.
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Figure 1. The role of DNA methylation in cancer development. (A) Hypermethylation of the tumor suppressor gene promoter. Tumor suppressor genes are unmethylated in normal cells; when a promoter of a tumor suppressor gene is hypermethylated by DNMT, tumor suppressor gene transcription is inhibited and then turned off, allowing cells to escape the normal checkpoints of cell division, promoting tumor growth and finally leading to tumorgenesis. (B) Hypomethylation of proto-oncogene promoter. Oncogenes are methylated in normal cells as a suppressing regulatory mechanism. However, when proto-oncogene promoters are hypomethylated by the TET enzyme, the oncogenes are activated and overexpressed. This causes chromosomal instability, loss of genomic imprinting and tumorgenesis.

There are a wide variety of emerging strategies for the treatment and diagnosis of cancer [44], showing a great improvement to introduce novel therapeutic ways and tools [45,46]. In epigenetic therapy, all efforts are made to modulate gene expression to the normal status through several ways, for example, hypomethylating agents such as DNMT inhibitors or HDAC inhibitors. Of great note, CRISPR is a novel way to modulate gene expression. The CRISPR-Cas9 system is a site-specific genome editing tool that could be used to specifically target genes in eukaryotic cells [47]. In the following, we discuss CRISPR as a novel tool for cancer treatment, particularly its ability to edit gene expression.



Workmanship & ingredients of the CRISPR-Cas9 system as a gene editing tool

Zinc finger nucleases, transcription activator-like effector nucleases, meganucleases and CRISPR-Cas9 systems are genome editing tools, functioning by targeting and altering almost any sequences in the genome of cultured cells or whole organisms. However, the CRISPR-Cas9 system overcomes the challenges associated with zinc finger nucleases and transcription activator-like effector nucleases due to its ease of design and use, more flexibility and higher efficiency [48]. CRISPR-based mechanisms are a natural adaptive immune system against bacteria-killing viruses found in bacteria to cleave viral genomes [49].

The CRISPR-Cas9 system consists of a Cas9 endonuclease that cleaves the target sequence in the genome, and a single guide RNA (sgRNA) that has two components including CRISPR RNA (crRNA) and a noncoding trans-activating crRNA as a homing device required for Cas9 cleavage [50]. crRNA, which contains approximately 20 base-pair sequences designed to complementarily bind to the target DNA site by Watson-Crick base-pairing, must be followed by a short DNA sequence (the protospacer-adjacent motif [PAM]) that is critical for compatibility with Cas9. sgRNA and Cas9 form a ribonucleoprotein complex guided to the target DNA site by sgRNA. Cas9 precisely cleaves DNA at approximately three nucleotides before PAM to produce double-strand breaks (DSBs). Cas9 has two catalytic sites, including RuvC and HNH capable of cleaving opposite DNA strands to generate DSBs [51]. Following the activation of Cas9 endonuclease, DSBs are repaired by cell machinery through one of two main mechanisms relying upon the existence of a repair template and the cell state, such as homology directed repair (HDR) and nonhomologous end joining (NHEJ) [52]. NHEJ, as an error-prone system, is commonly applied for the random insertions or deletions (indels) of nucleotides at the DSB site, and to induce particular gene knockout through the formation of frameshift mutations. NHEJ functions throughout the whole cell cycle, particularly in the absence of a donor DNA template (Figure 2). Therefore, exact genome editing will be achievable through providing a donor DNA template and sustaining the homology directed repair. Moreover, the CRISPR-Cas9 system employs simple alterations of the sgRNA sequence and introduces multiple DSBs for retargeting new DNA sequences [53]. In epigenetic editing, it is important to limit the nucleolytic activity of the CRISPR-Cas9 system. Recently, Cas9 has remodeled as inactive or dead Cas9 (dCas9) with two mutations in the catalytical site (D10A mutation in RuvC and H840A in the HNH nuclease domain) [54], which can be used for the alteration of gene expression and the rewriting of epigenetic marks without DSB production [55]. Newly-introduced CRISPR-dCas9 systems such as CRISPR activation (CRISPRa) and interference (CRISPRi) exert fused transcriptional regulators to repress or induce gene transcription in the direction of dCas9 to the transcription start site of the target gene [56].
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Figure 2. The CRISPR-Cas9 system as a gene editing tool. CRISPR consists of a Cas9 endonuclease (which cleaves the target sequence in the genome) and a single guide RNA (sgRNA; which contains two parts including (i) CRISPR RNA (crRNA) with an approximately 20-base-pair sequence binding to the target DNA site as a guide for Cas9 followed by a short DNA sequence known as PAM, which is essential for compatibility with the Cas9 nuclease, and (ii) Noncoding trans-activating crRNA (tracrRNA), as a homing device necessary for Cas9 cleavage. Cas9 cleaves DNA to produce DSBs. After Cas9 endonuclease activity, the cell machinery repairs DSBs by one of two main mechanisms, including HDR or NHEJ. DSB: Double-strand break; HDR: Homology directed repair; NHEJ: Nonhomologous end joining; PAM: Protospacer-adjacent motif.




Epigenome editing by CRISPR-dCas9

Three main strategies are suggested for modulating gene expression by the CRISPR-Cas9 system in the cells that lack normal activities of EpiEffectors. The first strategy includes CRISPR-Cas9-based approaches that knock-out the genes involved in cancer by introducing indels at the chosen genome loci of malignant cells. For example, DNMT, and its cognate protein, is one of the major genes correlated to cancer. In a study, He et al. designed a CRISPR-Cas9 system including Cas9 and sgRNA targeting DNMT1 in ovarian cancer. They used a folate receptor-targeted liposome (F-LP) as a delivery tool for in vivo transfer. This system could effectively downregulate DNMT1 expression with fewer side effects in malignant cells [57]. This approach, although having a potential application for cancer therapy, is related to gene editing and not discussed here. The second strategy includes editing mutations occurring in EpiEffector genes. For example, point mutations in TET1 genes can be repaired by the CRISPR-Cas9 system. However, this strategy faces delivery challenges and donor template application problems, showing that the technique needs more progression. The third strategy includes fusing EpiEffectors to catalytic-dCas9 by linkers in the CRISPR system. After recognizing and matching sgRNA and the complementary target sequence, the EpiEffector fulfills its duty at the target region and alters the gene expression profile. Of course, to obtain controlled results, it is recommended to simultaneously use the first and third strategies. A DNA-binding protein, an effector protein and a unique gRNA sequence are three basic requirements for CRISPR used as an epigenome editing tool. To date, three generations of dCas9 tools have been introduced (Figure 3). A transcriptional repressor or activator is the first generation of dCas9 tools that has the ability to be coupled with dCas9 (CRISPRa/i) for achieving gene activation or repression like many EpiEffectors such as TET and DNMT (Figure 3A); the second generation has been developed to improve the efficiency of dCas9, especially in the CRISPRa systems. These tools, which include SunTag, VP64, VPR, SAM, MS2, scRNA, or combinations of them with dCas9, are designed to fuse multiple copies of eppieffectors to dCas9 in order to amplify EppiEffectors (Figure 3B). The third generation of dCas9 tools includes three systems: (i) coupling or dimerization systems, in which chemical or light factors serve as receptors that separately fuse to EpiEffector and dCas9; these proteins, when coupling with their drives, activate EpiEffectors. This system includes PYL1, ABI (which are chemically activated by abscisic acid [ABA]), GID, GAI (which are chemically activated by gibberellin [GA]), PhyB and PIF (which are activated by light), which allow controlling CRISPR–dCas9 systems for inducible gene regulation. (ii) Split dCas9 systems that exert cleft dCas9, which is divided into two parts and, when these two parts connect with other in the target sequence, activates EpiEffectors. This system controls gene expression. (iii) Receptor-coupled systems, in which the EpiEffectors, when receptors couple with their ligands, are activated. In these systems, some molecular devices (G protein-coupled receptors, modular extracellular sensor architecture [MESA] and synthetic receptor tyrosine kinase systems) are involved for gene regulations (Figure 3C) [58]. Here, we reviewed various types of dCas-X proteins and their potential applications as well as crucial factors imperative for transcriptional modulation that can be used to simplify new generations of in vivo transcriptional therapeutics in Table 2.
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Figure 3. Generations of dCas tools. (A) The first generation includes an EpiEffector coupled with dCas9 (CRISPRa/i) to alter gene transcription. For example, dCas9-DNMT has the ability to hypermethylate the target sequence, causing gene repression; however, dCas9-TET has the ability to remove methyl groups, resulting in gene transcription activation. (B) The second generation is designed to fuse multiple copies of EppiEffectors to dCas9 in CRISPRa to amplify them. The dCas9-SUNTag system uses repeating peptides such as GCN4 fused to dCas9 and multiple copies of effectors such as VP64 linked to the scFv, which can connect GCN4 and dCas9, resulting in potent gene activation. dCas9-VPR contains dCas9 fused to a tripartite transactivation complex, including VP64, P65 and Rta to strongly induce gene activation. dCas9-SAM includes a dCas9-VP64 fusion complex and MCP-fused P65-HSF1 through the MS2 scRNA, showing a higher potency for gene expression activation. (C) The third generation includes three systems: dimerization systems that have two separate parts as receptor; for example, ABI-PYL1 dimer (one of them [e.g., ABI] fuses with dCas9 while another part [e.g., PYL1] fuses with EpiEffector) uses chemical or light factors (e.g., ABA) as a ligand to induce dimerization parts and activate EpiEffectors to gene modulating. The split dCas9 system exerts split dCas9 molecules with the receptor such as ERT; the addition of the ligand such as 4OHT activates dCas9 for gene regulation. Receptor-coupled systems, such as MESA, consist of dCas9, a cleavable linker and a protease able to trigger signaling in cells, leading to gene regulation. ABA: Abscisic acid; ERT: Estrogen receptor; MESA: Modular extracellular sensor architecture; scFv: Single-chain variable fragments.




Table 2. CRISPR-dCas9-X systems with their functions and examples for cancer treatment.


	CRISPR-dCas9 System
	Function
	Example
	Ref.





	dCas9-DNMT3A
	Increased DNA methylation and repressed gene transcription
	McDonald et al. fused dCas9-DNMT3A to target the tumor suppressor gene cyclin dependent kinase inhibitor 2A (CDKN2A) [9p21.3]. They observed an increase in DNA methylation at the CDKN2A target locus
	[59]



	dCas9–DNMT3ACD
	Increased DNA methylation and repressed gene transcription
	Vojta et al. fused the catalytic domain of DNMT3A and dCas9 to target the BTB domain and CNC homolog-2 (BACH2) loci (6q15). Methylation increased up to 60% CpG at the BACH2 locus
	[60]



	dCas9-DNMT3A-DNMT3L
	Increased DNA methylation and inhibited efficient gene transcription
	Stepper et al. fused DNMT3A-DNMT3L and dCas9 to target epithelial cell adhesion molecule (EpCAM) [2p21], C-X-C motif chemokine receptor 4 (CXCR4) [2q22.1] and transferrin receptor (TFRC) [3q29] gene promoters. Findings from that study exhibited a greater percentage of induced methylation as compared with that of dCas9-DNMT3ACD
	[61]



	dCas9-DNMT3A-DNMT3L-KRAB
	Increased DNA methylation and efficiently repressed genes
	Amabile et al. reported that dCas9-DNMT3A-DNMT3L-KRAB could more effectively methylate the target gene
	[62]



	dCas9-TET1
	Decreased DNA methylation and increased gene transcription
	Liua et al. fused dCas9-TET1 in Bombyx mori cells (a kind of insect). They chose three endogenous genes (BGIBMGA004109, BGIBMGA002379 and BGIBMGA001471) that have methylation fragments in introns or exons. dCas9-TET1 successfully removed methyl groups near the targeting region, resulting in decreased methylation levels and increased mRNA transcription levels. Choudhury et al. used the dCas9-TET1 system to target breast cancer antigen 1 (BRCA1) [17q21.31] promoter, resulting in the induced gene expression
	[63,64]



	dCas9-MS2-TET1
	Increased gene transcription
	Xu et al. inserted bacteriophage MS2 RNA into the conventional sgRNA. This caused direct tethering of MS2-fused Tet1CD proteins and increased gene transcription
	[65]



	dCas9-MS2-HP1
	Increased gene repression
	Braun et al. used the dCas9 system to target the CXCR4 gene. Their results showed decreased CXCR4 mRNA levels and induced gene silencing. This system caused more potent recruitment and histone modifications
	[66]



	dCas9-MS2-BAF
	Increased gene activation
	Braun et al. used dCas9-MS2-BAF to target four genes including GATA binding protein 4 (GATA4) [8p23.1]. Their results revealed increased gene expression
	[66]



	dCas9-SunTag-TET1CD
	Amplified gene transcription
	Morita et al. reported that dCas9-SunTag-TET1CD improves demethylation efficiency
	[67]



	dCas9-TDG
	Increased gene expression
	Gregory et al. showed that targeted DNA demethylation using TDG could decrease methylation and increase gene expression
	[68]



	dCas9-p300
	Transcription activation
	Hilton et al. used dCas9-p300 to target the myogenic differentiation 1 (Myod) [11p15.1] gene, resulting in induced transcription in adjacent areas
	[69]



	dCas9-HDAC3
	Increased deacethylation and inhibited transcription
	Kwon et al. used dCas9-HDAC3 to target the promoter of survival of motor neuron 1 (SMN1) [5q13.2] gene. They found that dCas9-HDAC3 could regulate SMN1 transcription
	[70]



	EZH2-dCas9
	Induced histone methylation and inhibited transcription
	O’Geen et al. used EZH2-dCas9 to target erb-b2 receptor tyrosine kinase 2 (HER2) [17q12] gene promoter. Their results showed long-term induced HER2 repression, increased H3K27 trimethylation and potent HER2 hypermethylation
	[71]



	dCas9-KRAB-MeCP2
	Transcription repression
	Yeo et al. used dCas9-KRAB-MeCP2 and could repress the transcription of multiple genes
	[72]



	dCas9-LSD1
	Demethylation of histones
	Kearns et al. set the dCas9-LSD1 complex to target T-box transcription factor 3 (Tbx3) [12q24.21]. Their results showed loss of H3K27Ac at the enhancer, downregulation of Tbx3 and silenced Tbx2 gene in embryonic stem cells
	[73]



	dCas9- ROS1
	Increased transcription
	Parrilla-Doblas et al. used dCas9-ROS1-5mC to target DNA glycosylase (ROS1CD). The results showed a decrease in methylation of targeted promoters, resulting the increased transcription
	[74]



	dCas9-KRAB
	Gene repression
	Amabile et al. used dCas9-KRAB to edit enhancer regions by changing the methylation status at the target site, thereby suppressing gene transcription
	[62]



	dCas9-VPR dCas9-VP64
	Gene activation
	Blanas et al. induced fucosyltransferase 4 (FUT4) [11q21] and FUT9 genes in the colorectal cancer cell (MC38) using dCas9-VPR fusion. Their results showed the transcriptional activation of FUT genes and specific neoexpression
	[75]



	dCas9-SunTag
	Increased efficiency of EpiEffectors
	Tanenbaum et al. reported that dCas9-SunTag could add multiple copies of the fusion protein at the target locus
	[76]



	dCas9-SunTag-DNMT3A
	Transcription repression
	Huang et al. used dCas9-SunTag-DNMT3A to target the Homeobox protein Hox A (HOXA) [7p15.2] genomic locus. They reported the ability of this system to recruit multiple copies of DNMT3A, causing more efficient methylation
	[77]



	dCas9-SunTag-VP64
	Activated transcriptional modulators
	Tanenbaum et al. used this system to recruit multiple copies of fusion proteins to achieve more efficacy in epigenetic editing
	[76]



	dCas9-MQ1
	Increased methylation
	Lei et al. used prokaryotic DNA methyltransferase MQ1 to generate genome-wide hypermethylation in wild-type mouse embryonic stem cells
	[78]



	Split dCas9-DNMT
	Increased methylation with high specificity
	Xiong et al. used the split dCas9 for higher specificity
	[79]



	CRISPR-dCas9-R2
	Blocked methylation
	Lu et al. developed a novel CRISPR-dCas9-R2 system able to block the DNMT1 activity with a R2-stem loop in the targeted loci, leading to decreased DNA methylation levels. Therefore, methylation of the targeted DNA loci was blocked
	[80]



	dCas9-CLOUD
	Chromatin remodeling
	dCas9-CLOUD consists of dCas9 proteins fused to a unique, reversible chemically-induced proximity system such as ABA. CLOUD9 could not only reversibly modulate chromatin contacts but also stimulate corresponding alterations in gene expression
	[81]



	CRISPR-genome organization
	Modulated gene expression
	CRISPR-genome organization regulates gene expression through chemical mediators. Findings from that study showed that this system could reversibly change the 3D location of gRNA in targeted loci. In vitro silencing of CXCR4 was achieved through altered positioning of loci near nuclear lamina
	[82]





ABA: Abscisic acid.

CRISPRi blocks the transcriptional process and causes gene expression [83]. Kruppel-associated box (KRAB), known as a strong repressor complex, can fuse to dCas9 and result in a stronger and more specific gene repression [84]. dCas9-VP64 mediates gene activation in CRISPRa. VP64-P65-Rta (VPR), as a second generation of the CRISPR-based gene activation platform, can improve the dCas-VP64 strategy, leading to potent gene induction. dCas9-VPR contains dCas9 fused to a tripartite transactivation complex, including VP64, P65 (transcription activator) and Rta (transactivator) proteins [85]. Effectors directly fuse to the catalytic domain of dCas9 in most dCas9 systems, but can also be recruited in newly-introduced methods through the sgRNA scaffold (scRNA) engineered to RNA modules such as MS2, com, PP7, etc. MS2, a hairpin RNA aptamer, has the ability to bind to particular RNA-binding proteins including bacteriophage MS2-coat protein (MCP). Therefore, effectors, such as transactivation complexes i.e. VP64 and P65-HSF1 (heat shock transcription activators), can fuse to the sgRNA-MS2 scaffold with the mediator of the MCP to activate gene expression. Synergistic activation mediator (SAM) includes the dCas9-VP64 fusion complex and MCP-fused P65-HSF1, exhibiting higher potency for gene expression activation [86]. SunTag is another novel strategy that uses a repeating peptide array such as GCN4 peptide repeats in dCas9 to attract single-chain variable fragment-linked effectors (VP64, p65-HSF1, p300 and others) [87]. This TREE system contains a combination of SunTag and Scaffold, containing up to 32 molecules of VP64 or p65-HSF1 [88].

The third generation of CRISPR was developed to establish more potent CRISPRi/a approaches for the temporal and spatial control of gene function. There are two leading strategies to produce input/output dCas9 molecular devices, including optogenetic or chemical sensing domain-coupled dCas9 and dCas9 coupled to ligand-sensing receptor domains. The former has optogenetically-inducible dimerizing domains (OIDs) or chemical-induced dimerizing domains (CIDs), each containing two separate parts, with the ability to fuse to dCas9 and EpiEffector. The existence of chemical or light ligands with a particular wavelength is able to prompt dimerization parts of OIDs or CIDs, allowing the ability to activate EpiEffectors for gene modulating. There are different types of CIDs or OIDs, including ABA-inducible ABI–PYL1 [89] or blue light-inducible CRY2-CIB1 [90]. Another dimerization system, which controls gene expression through the ligand-inducible control of dCas9, is split dCas9 molecules engendered with the ligand-binding domain such as estrogen receptor. This domain interacts with the cytosolic chaperone Hsp90; when the split dCas9 enters the cytoplasm, the addition of the ligand 4-hydroxytamoxifen disrupts the interaction between estrogen receptor and Hsp90, resulting in activation of dCas9 for gene regulation [91]. In the second strategy, known as the receptor-coupled system for the control of endogenous genes, cellular transmembrane receptors are coupled to the dCas9 system. These receptors, when interacting with their ligands, induce conformational changes in the receptors, resulting in the trigger of signaling in cells. There are several types of such systems, including G protein-coupled receptors, MESA and synthetic receptor tyrosine kinases, each of which has a special mechanism. The MESA system includes fusing dCas9 to the dimerizing target chain through fusing the TEV (tobacco etch virus) protease and cleavable linker to another protease chain [92]. More recently, studies have revealed that induction of long-range hypermethylation or targeted hypermethylation at key components including CTCF, which is capable of altering chromatin folding, may be more efficient as compared with local CpG methylation [93].

In the following, we explain some CRISPR-dCas9 clinical applications for therapeutic targets, which show the importance and potential of such epigenome editing methods. The application of dCas9-activating systems can promote and stabilize the expression of certain genes for different targets; for example, increased FOXP3 expression by CRISPR/dCas9 in primary T cells could induce regulatory T cell differentiation, which can be used in the modulation of the immune system in autoimmune diseases [94]. In cancers, common tumor suppressor genes, such as p53, PTEN and others, have low expression that is mediated by tumor regulatory mechanisms [95,96,97]. Application of the activator dCas9 can modulate either these critical genes or the expression of some certain genes involved in heritable or acquisitive diseases. dCas9 can be used for activating latent viruses, such as HIV, to induce the immune system, or inactivating the virus genome by dCas9 blocker systems [98].



Limitations of CRISPR-Cas9

CRISPR-Cas is a central part of gene editing techniques through potent activity, easy design, high velocity and capacity to target any DNA or RNA site. In addition to its advantages and extensive potentials, The CRISPR-Cas system poses numerous unsolved challenges for clinical applications [99] that can affect its specificity and efficiency such as target specificity, editing efficiency, delivery methods and off-target effects [100,101]. CRISPR-Cas9 suffers from off-target effects because of the fact that the recognition sequence of Cas9 is smaller than 20 base-pairs. More recently, tremendous attempts have been made to diminish off-target effects, which resulted in introduction of sgRNA with two further guanine nucleotides at the 5′end or by the application of Cas9 paired nickases [102]. The nickase enzyme acts via induction of DSBs in the target DNA and production of a single nick in off-target locations, leading to decreased off-target mutations [103]. There are also other approaches to lessen off-targets, such as dCas9 [104], SpCas9 and fCas9 (Cas9 fused with the Fokl nuclease domain). These catalytically inactive enzymes cleave target DNA sites with more than 100-fold specificity as compared with wild-type Cas9 [105]. Cas9.Cpf1 (a single RNA) is another type of endonuclease that requires no tracrRNA for DNA cleavage to insert DNA into the target site, and utilizes a T-rich PAM on the 5′side of the crRNA [106]. Another strategy is designing a synthetic switch to develop self-regulated Cas9 expression in both transcription and translation steps [107]. Another strategy is promoting HDR activity through decreasing or blocking the NHEJ pathway [108] and delivering HDR templates by using vectors, followed by a selection of special sequences to minimize matched off-target sites [101]. Tremendous efforts in the discovery of other types of the CRISPR system and Cas led to improvement in specificity and efficacy; for example, the introduction of RNA-targeting Cas13 suggested an interesting avenue to target the dynamic of endogenous RNA transcripts. dCas13, similar to dCas9, can directly edit RNA at endogenous RNA sites. Systems based on Cas13 can function as a valuable platform to investigate the regulation of endogenous RNAs [109]. Cellular delivery of CRISPR-Cas9 is another issue [110], which affects CRISPR efficacy. A variety of ex vivo strategies were used for the delivery of Cas9 and its derivatives, such as liposomes, plasmid DNA encoding Cas9 as well as sgRNAs [111] including direct injection of Cas9 mRNA and sgRNA [112], viral delivery such as the use of safe and nonpathogenic adeno-associated viruses and other viruses that have serotype-associated target cell specificity and low immunogenicity [113], nanoparticle delivery that leads to decreased nuclease expression, off-targets and side effects such as tumorigenesis [114], electroporation or nucleofection, as well as cationic peptides. However, ex vivo delivery conditions are a challenging issue for hematopoietic stem cells and some primary hematopoietic cells, such as T and B cells [115,116]. Although engineered viral variants deliver foreign DNA into different cell and tissue types, the size of the foreign DNA molecule and the immune system of the host are the main issues [117].



Conclusion

Gene editing has been revolutionized by the introduction of the CRISPR-Cas9 system. Beyond editing, dCas9 not only can be used for the regulation of gene expression, but also holds great potential for the treatment of human diseases such as cancer. Despite many advances in clinical applications of CRISPR-Cas9, there is still a long road for CRISPR-Cas9 to be used in in vivo genome editing.



Future perspective

In the near future, gene editing therapy is expected to be the first-line treatment option for cancer. This is realized by technology progression and overcoming the challenges by further research, such as improved recognition of genetic, epigenetic and various cancer mechanisms, delivery approaches, editing efficiency and target gene specificity, as well as decreased off-target effects and side effects. Consequently, the CRISPR-Cas9 system can be used as a safe, effective, everlasting therapeutic strategy to treat patients with cancer.


Executive summary


	Cancer is one of the most common diseases around the world and causes many deaths worldwide. Cancers are developed with both genetic and epigenetic abnormalities. More importantly, epigenetic abnormalities are even more frequent in most human cancers. DNA methylation, as one of the major mechanisms of epigenetic regulation, not only can control gene expression but also plays a well-established role in the pathogenesis of many cancers.



DNA methylation EpiEffectors


	Structure and function of the epigenome are controlled by a huge collection called EpiEffectors that are used as targets in epigenetic therapy or in the CRISPR-Cas9 system.



The role of DNA methylation in cancer development


	Aberrant DNA methylation is commonly found in tumors and marks the early stages of cancer development.

	EpiEffectors play highly important roles in gene expression and cellular processes, whose dysfunctions lead to cancer development.

	In epigenetic therapy, all efforts are made to modulate gene expression to the normal status through several ways. Of great note, CRISPR is a novel way to modulate gene expression.



Workmanship & ingredients of the CRISPR-Cas9 system as a gene editing tool


	CRISPR-Cas9 systems are genome editing tools, functioning by targeting and altering almost any sequence in the genome of cultured cells or whole organisms.

	In epigenetic editing, it is important to limit the nucleolytic activity of the CRISPR-Cas9 system. Epigenome editing by CRISPR-dCas9

	EpiEffectors fused to catalytic-dCas9 by linkers in the CRISPR system. After recognizing and matching sgRNA and the complementary target sequence, the EpiEffector fulfills its duty at the target region and alters the gene expression profle.

	To date, three generations of dCas9 tools have been introduced.

	Some CRISPR-dCas9 clinical applications explained for therapeutic targets, which show the importance and potential of such epigenome editing methods.



Limitations of CRISPR-Cas9


	CRISPR-Cas is a central part of gene editing techniques through potent activity, easy design, high velocity and capacity to target any DNA or RNA site.

	In addition to its advantages and extensive potentials, there are numerous unsolved challenges for clinical applications, which can affect their specificity and efficiency such as target specificity, editing efficiency, delivery methods and off-target effects.



Future perspective


	In the near future, gene editing therapy is expected to be the first-line treatment option for cancer.
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ABSTRACT

Although several genome editing options are available, CRISPR/Cas9 is one of the most commonly used systems for protein and advanced therapies. There are some long-term data regarding genomic and phenotypic stability, however, information is sparse. Flow cytometry can offer a method to characterize these edited cells for longitudinal studies. The objective of this work is to describe a protocol for using flow cytometry to measure the edits from CRISPR/Cas9 on a well-characterized B-lymphoblast cell line, GM24385, with the goal of supporting safe and effective CRISPR/Cas9-engineered therapies.



METHOD SUMMARY

The objective of this work is to describe a protocol for using flow cytometry to measure the edits from CRISPR/Cas9 on a well-characterized B-lymphoblast cell line, GM24385, with the goal of longitudinal monitoring to support safe and effective CRISPR/Cas9-engineered therapies. The protocol methods include cell culture, flow cytometry, CRISPR/Cas9 editing and Sanger sequencing.
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The CRISPR/Cas9 system is naturally found in bacterial and archaeal immune systems [1]; however, it has been adapted for use in eukaryotes as a Nobel prize-winning genome editing system [2,3]. The CRISPR/Cas9 system uses gRNA to direct the Cas9 nuclease to a specific target near an NGG protospacer adjacent motif sequence. The Cas9 then cleaves the DNA and the cell’s native DNA damage repair machinery repairs the double-strand break.

The two main repair pathways leveraged for knockout and modification of target genes during CRISPR/Cas9 editing are the non-homologous end joining (NHEJ) and homology-directed repair pathways. NHEJ is the primary choice for repairing double-strand breaks when the donor DNA template is not available, making it a good option for CRIPSR/Cas9 knockout experiments. Loss and gain of nucleotides are common occurrences during NHEJ-mediated repair, and a knockout comes from a shift in the coding sequence. Homology-directed repair is based on availability of the donor DNA template and is mainly used for custom gene modifications in coding or non-coding sequences [4,5].

The CRISPR/Cas9 system is being used more and more often for advanced therapies, including cell and gene therapies, with great promise (e.g., CRISPR test for treating sickle cell disease) [6,7]. Many commercial products for enabling CRISPR/Cas9 nuclease RNA-guided genome editing are available in a variety of delivery methods. These products include DNA encoded in viruses, plasmids, mRNA and RNPs. Additionally, CRISPR gRNA can be delivered in two parts, crRNA and tracrRNA, or as an sgRNA. Multiple bacterial species offer CAS protein options; a commonly used one is Streptococcus pyogenes Cas9. Similarly, there are many options for how these molecules can be delivered into cells, including viral vectors, such as lentiviral and adeno-associated viral vectors, and chemical methods, such as lipids, injection and electroporation [8,9]. Although CRISPR/Cas9 is an exciting genome editing tool, there are limited longitudinal data on genomic and phenotypic stability after using CRISPR/Cas9 to edit cells. There are now several reports providing evidence that there is also the potential for additional unintended long-term changes [10,11,12] associated with CRISPR/Cas9 editing. In addition, genetic bottlenecks can arise during selection of edited cell subpopulations. Hence, it is essential to characterize the edited cells intended for use in advanced therapies such as cell and gene therapies, where the therapy often involves administering populations of edited cells to the patient [13].

In biomanufacturing, mammalian cells are often engineered to produce protein products. Common mammalian cell lines for protein expression include Chinese hamster ovary, mouse myeloma (NS0) and human embryonic kidney 293 cells [14,15]. However, for cell and gene therapies, a variety of primary human cell types, including B cells and fibroblast cells, are modified [16,17].

In cell therapies, the final therapeutic edited cell product may be a pool of cells or cells that have been sorted for specific characteristics. Since the therapeutic value is often reliant on DNA sequence changes, it is imperative to determine if the edits are persistent [17]. Although it is expected that different cell types may have varying responses to CRISPR/Cas9 editing, there may also be some similar underlying long-term trends that have yet to be elucidated.

The Genome in a Bottle Consortium has put forth a significant amount of effort in characterizing and developing National Institute of Standards and Technology reference materials for the genomes of several cell lines [18]. For this reason, one of the Genome in a Bottle B-lymphoblast cell lines, GM24385, has become a good candidate for characterizing the products of genome editing. A well-known B-lymphocyte antigen, CD19, is expressed on the surface of human B cells [19] from early stages to terminally differentiated plasma cells, making it a good target for editing a B-lymphoblast cell line.

The objective of this protocol is to enable study of the longitudinal genotypic and phenotypic stability of CRISPR/Cas9 using genomics and flow cytometry. By evaluating the stability of CRISPR/Cas9 genome editing, we will have a better understanding of its long-term effects on the cell. This will help to further characterize the safety and effectiveness of therapies produced using the CRISPR/Cas9 system.



Protocol


Cells & media

The authors used the GM24385 B-lymphoblast cell line (Coriell Institute for Medical Research, NJ, USA), Roswell Park Memorial Institute (RPMI) 1640 medium with 2 mM L-glutamine (30-2001; American Type Culture Collection, VA, USA), fetal bovine serum (FBS) (16140071; Thermo Fisher Scientific, MA, USA) and T flasks or cell culture plates.



Flow cytometry

The authors used an Attune NxT flow cytometer (A24858; Thermo Fisher Scientific), antibodies for B-cell panel (Table 1), phosphate-buffered saline (PBS) (10010049; Thermo Fisher Scientific), FBS, FIX & PERM Cell Fixation and Cell Permeabilization Kit (GAS003; Thermo Fisher Scientific), Attune performance check beads (4449754; Thermo Fisher Scientific), Attune focusing fluid (100085929CST; Thermo Fisher Scientific), centrifuge and tubes (1.5, 5 and 15 ml).



Table 1. Flow cytometry reagents used for cell analysis.


	B-cell panel
	Dilution volume per 0.56 cells, μl
	B-cell subtype expression indicator



	Marker
	Clone
	Fluorophore
	Company
	Product no.



	Live/Dead
	 
	Aqua
	Thermo Fisher Scientific
	L34957
	0.5
	Dead cells



	CD19
	J3-119
	PE
	Beckman Coulter
	IM1285U
	0.5
	All B-cell lineages



	CD27
	1A4CD27
	PE-Cy7
	Beckman Coulter
	A54823
	7.5
	Memory B cells and short-lived plasma cells



	CD20
	B9E9 (HRC20)
	Pacific Blue
	Beckman Coulter
	A74777
	7.5
	Mature B cells and memory B cells



	CD24
	ALB9
	APC
	Beckman Coulter
	A87785
	7.5
	All B cells



	CD38
	LS198.4.3
	APC-AF700
	Beckman Coulter
	B23489
	7.5
	Regulatory B cells



	IgD
	IA6-2
	FITC
	Beckman Coulter
	B306527
	30
	Naive B cells



	CD138
	MI14
	BV711
	BD Biosciences
	563184
	7.5
	Bright plasma B cells



	Compensation
	Dilution volume per 0.56 cells, μl
	 



	Marker
	Clone
	Fluorophore
	Company
	Product no.



	CD19
	SJ24C1
	PE-Cy7
	BD Biosciences
	557835
	5
	 



	CD19
	HIB19
	APC
	BioLegend
	302212
	5
	 



	CD19
	J3-119
	APC-AF700
	Beckman Coulter
	A78837
	5
	 



	CD19
	HIB19
	FITC
	BioLegend
	302206
	5
	 



	CD19
	SJ25C1
	BV711
	BD Biosciences
	563036
	5
	 



	Intracellular
	Dilution volume per 0.56 cells, μl
	 



	Marker
	Clone
	Fluorophore
	Company
	Product no.



	GAPDH
	14C10
	AF647
	Cell Signaling Technology
	3907S
	5
	 





AF647: Alexa Fluor 647; APC: Allophycocyanin; APC-AF700: Allophycocyanin–Alexa Fluor 700; BV711: Brilliant Violet 711; FITC: Fluorescein isothiocyanate; PE: Phycoerythrin; PE-Cy7: Phycoerythrin–Cyanine7.



Transfection reagents & instrumentation

The authors used 4D-Nucleofector (AAF-1003B; Lonza, NJ, USA), SF Cell Line Kit (V4XC-2032 or V4XC-2012; Lonza), sgRNA designed to target (Synthego, CA, USA) (Table 2), S. pyogenes Cas9 (9212-5MG; Aldevron, ND, USA) and tissue culture plates.



Table 2. gRNAs for CD19 knockout.


	Guide
	Sequence
	Cut site, hg19
	Exon
	Binds to





	1
	CGCUGUGCUGCAGUGCCUCA
	28,932,373
	2
	Sense



	2
	GCUGUGCUGCAGUGCCUCAA
	28,932,374
	2
	Sense



	3
	UUCCCAGGCCUGGCAGCCCC
	28,932,458
	2
	Antisense



	4
	UUCAACGUCUCUCAACAGAU
	28,932,527
	2
	Sense








Sanger sequencing

The authors used a Veriti thermocycler (A48141; Thermo Fisher Scientific), NanoDrop (ND-ONE-W; Thermo Fisher Scientific), Quick-DNA Miniprep Plus Kit (D4069; Zymo Research Corporation, CA, USA), Q5 Hot Start High-Fidelity 2× Master Mix (M0494L; New England Biolabs, MA, USA), PCR primers (Table 3) and DNA Clean & Concentrator kit (D4014; Zymo Research Corporation).



Table 3. Primers for PCR amplification of CD19-edited section.


	Direction
	Sequence





	Forward
	GGGTGTCCTTGGCTGAGTAA



	Reverse
	CCTCTCTCCAGCTCCATTGT








Data analysis

The authors used FlowJo (Becton, Dickinson and Company, NJ, USA) and the inference of CRISPR Edits analysis tool (Synthego) for statistical analysis (alternative instruments, kits and software may have similar results).



Methods


Cell culture

The Genome in a Bottle B-lymphoblast cell line, GM24385, was selected as the cell line of choice as a result of its extensive use in genome sequencing [20]. GM24385 cells are anchorage-dependent cells and loosely aggregated when cultured in upright T flasks or plates. Low passage cells are recommended because growth rate decreases after a number of passages [21]. It should be noted that one should always be extremely careful to avoid contamination.

The authors maintained cells in RPMI 1640 medium supplemented with 15% FBS. Cells were cultured in a humidified incubator set at 5% CO2 and 37°C. Cells were passaged when the density reached approximately 1 × 106 cells/ml (a split ratio of 1:4 is recommended). Prior to passage, cells were dissociated by pipetting. If cells had not reached the splitable density in 3–4 days, the medium was changed by centrifuging cells (200 × g for 10 min at 25°C), gently aspirating the supernatant and resuspending cells in prewarmed fresh medium.



CRISPR/Cas9 editing for CD19 knockout

CRISPR/Cas9 is a popular method for creating a DNA double-strand break. When a repair template is unavailable, the cell repairs double-strand breaks using the NHEJ pathway, during which several nucleotides may be lost at the repair sites, leading to knockout of gene expression. Of the many delivery methods available, transfection of an RNP complex by electroporation is popular because of its transient nature, which works for many cell types [22]. In this experiment, because of the possibility of different guide efficiencies, four gRNAs were tested. To knock out CD19, four gRNAs targeting human CD19 (Table 2) were purchased as modified sgRNAs in a Synthego gene knockout kit. sgRNAs were selected based on location in the coding region of the gene, location in an exon found in most transcripts, activity score and base mismatches. sgRNAs were used following the manufacturer’s instructions with the kit-supplied S. pyogenes Cas9 2NLS nuclease and transfected using 4D-Nucleofector and an SF Cell Line Kit. Prior to scaling up to cuvettes, samples were tested in nucleofection strips.

When designing transfection experiments, the authors recommend controls such as electroporation only, Cas9 and electroporation with no gRNA as well as a positive control such as a gRNA targeting the RELA gene with a known knockout effect. Because of the nature of nucleofection, many cells die during this step, and it takes time for the surviving cells to stabilize and replicate to a sufficient quantity to analyze. It is important to begin with healthy cells and handle them gently to minimize cell death.

The authors resuspended gRNA sterile nuclease-free water to make a 30-μM stock solution, used the stock solution to form RNP complexes with 20 μM of Cas9 and nucleofector reagent at a ratio of 9:1 for sgRNA and Cas9 and incubated for 10 min at room temperature. Depending on the size of the cuvette to be used, 1 × 106 cells per cuvette or 2 × 105 cells per well of a 16-well strip cuvette needed to be prepared. Cells were centrifuged at 100 × g for 10 min at 25°C and then resuspended in nucleofector reagent to the appropriate volume (5 μl of cells at 3 × 104 cells/ml per well). Cells were then transferred to a nucleofector cuvette, with RNP complexes or controls added to the cells in the cuvettes and wells to a total of 100 μl per cuvette or 30 μl per well of solution. Next, cells were nucleofected using the SF Cell Line and DN-100 in 4D-Nucleofector. Prewarmed medium was then added to the cuvettes and wells and incubated at 37°C for 30 min. Finally, cells were transferred to a prewarmed six-well plate and incubated at 37°C for 72 h until harvesting.



B-cell panel with flow cytometry

To measure the phenotypic effect of knocking out CD19, the authors established a panel for measuring differences and a baseline phenotype. B lymphoblasts that are immortalized with Epstein–Barr virus express CD19 on the cell surface, so this was used as the test marker for knockout [23,24,25]. A panel containing several surface markers common to B cells and a viability marker was designed based on the expression levels of surface markers and availability of lasers and fluorescence channels (Tables 1 & 4). This panel was initially measured to create a baseline from the parent GM24385 cells. The panel was used with the parent GM24385 cells to set the gates (Figures 1 & 2) [26]. The steps for performing the flow cytometry analysis are discussed in the following sections. This analysis was periodically applied to the edited cells.


[image: A table labeled Spillover displays percentage values across rows for various parameters. Each parameter is associated with numerical values.]
Figure 1. Example compensation matrix for flow cytometry analysis. A compensation matrix was used to ensure proper separation of the fluorescence signals for cell marker staining.


[image: Panel A includes scatter and histogram plots for time, single cells, lymphocytes, and various markers. Panel B compares parent and knockout cell histograms.]
Figure 2. Representative gating strategy for flow cytometry analysis. (A) Representative gating strategy for flow cytometry analysis based on gates set using FMO controls. Time versus SSC was used to gate the steady-state population. Single cells were then gated using the FSC-A versus FSC-H plot. A lymphocyte gate was created using the FSC versus SSC plot. The remaining plots are histograms of the respective markers (CD20, CD19, IgD, CD24, CD27, CD38 and CD138). (B) Example CD19 histogram plot comparing parent cells with knockout cells demonstrating a count of CD19+ cells in the knockout group. FMO: Fluorescence minus one; FSC: Forward scatter; FSC-A: Forward scatter area; FSC-H: Forward scatter height; SSC: Side scatter.


Because of the influence of cell passaging time in cell culture, it is important to be consistent with timing of the sample collection between experiments (e.g., collecting cells of the same passage). Therefore, to minimize variations due to sample preparation and cell behavior, measurements should be made at the same time point.

For cell sample preparation, cells were divided into three groups: live/dead compensation samples; single fluorophore-conjugated antibody-stained samples for compensation; and sample cells, including the controls. Additionally, an intracellular staining process was used with CD19 antibody to determine whether any CD19 proteins were expressed but not translocated on the cell surface. Three groups of samples were stained in parallel. Approximately 5 x 105 cells were needed for each sample, and this was determined using the flow cytometry analysis laser and antibody matrix as a guideline for staining (Table 4). It should be noted that the parent cells were used for compensation and fluorescence minus one controls. Compensation beads can alternatively be used, but they are not the same size as stained cells. Compensation is a technique used in multifluorophore panels to correct for fluorescence spillover between detectors. Fluorescence minus one controls are used to identify positive and negative cells to appropriately place gates for marker identification.



Table 4. Laser and antibody matrix for flow cytometry analysis.


	Attune channel
	440/50
	512/25
	710/50
	530/30
	585/30
	780/60
	670/14
	720/30





	Channel label
	VL1
	VL2
	VL4
	BL1
	YL1
	YL5
	RL1
	RL2



	Fluorophore
	Pacific Blue
	Aqua
	BV711
	FITC
	PE
	PE-Cy7
	APC
	APC-AF700



	Comp unstained
	 
	 
	 
	 
	 
	 
	 
	 



	Comp Pac Blue
	CD20
	 
	 
	 
	 
	 
	 
	 



	Comp Aqua
	 
	Live/Dead
	 
	 
	 
	 
	 
	 



	Comp BV711
	 
	 
	CD19
	 
	 
	 
	 
	 



	Comp FITC
	 
	 
	 
	CD19
	 
	 
	 
	 



	Comp PE
	 
	 
	 
	 
	CD19
	 
	 
	 



	Comp PC7
	 
	 
	 
	 
	 
	CD19
	 
	 



	Comp APC
	 
	 
	 
	 
	 
	 
	CD19
	 



	Comp APC-AF700
	 
	 
	 
	 
	 
	 
	 
	CD19



	FMO1
	 
	Live/Dead
	 
	 
	CD19
	 
	 
	 



	FMO2
	CD20
	Live/Dead
	CD138
	IgD
	CD19
	 
	CD24
	 



	FMO3
	CD20
	Live/Dead
	 
	 
	CD19
	CD27
	 
	CD38



	Samples
	CD20
	Live/Dead
	CD138
	IgD
	CD19
	CD138
	CD27
	CD24





APC: Allophycocyanin; APC-AF700: Allophycocyanin–Alexa Fluor 700; BV711: Brilliant Violet 711; Comp: Compensation; FITC: Fluorescein isothiocyanate; FMO: Fluorescence minus one; Pac Blue: Pacific Blue; PC7: Phycoerythrin–Cyanine7; PE: Phycoerythrin; PE-Cy7: Phycoerythrin–Cyanine7.

With regard to staining cell samples, the aqua compensation tube should possess dead cells to stain for compensation. To obtain dead cells, cells were placed in a tube and heated to 60°C for 20 min. Cells were stained with the Live/Dead stain after washing with PBS or alternatively stained with the compensation stain using PBS containing 2% FBS. The authors added 1 ml of PBS containing Live/Dead stain and incubated in the dark at room temperature for 30 min. To obtain a compensation matrix, the authors stained one tube for each of the fluorophores used (in this case with CD19 to get a sharp peak). After coating the tube with PBS containing FBS, the stain was added to the cells and incubated for 30 min at room temperature.

To remove extra fluorophores, the authors washed cells with PBS containing 2% FBS and then placed the compensation tubes in a refrigerator until use. Next, antibodies were added for additional markers and incubated for 30 min at room temperature. For intracellular staining, cells were split into three groups: cells that were stained with both surface and intracellular antibodies, cells that were stained with only surface antibodies and cells that were stained with only intracellular antibodies (Figure 3). Cells were then washed with PBS and stained with Live/Dead as previously described. Next, cells were washed with PBS containing 2% FBS and stained with a cocktail of CD19 antibodies and GAPDH antibodies as a control for 30 min at 4°C. Finally, cells were washed with PBS with 2% FBS.
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Figure 3. Sample histograms from intracellular staining. An overlay plot of CD19 histograms comparing the knockout and parental cell lines with surface staining only, internal staining only and both surface and internal staining shows less CD19 in the knockout cell lines. Using GAPDH as a control for the staining protocol shows a lack of GAPDH in the surface staining-only cell lines.

The authors fixed and permeabilized the cells using the FIX & PERM Cell Fixation and Cell Permeabilization Kit following the manufacturer’s instructions. Briefly, FIX & PERM buffer A was added to the cells and incubated at room temperature for 15 min. Cells were washed with PBS containing 5% FBS and 0.1% sodium azide. FIX & PERM buffer B was added to cells with intracellular antibodies, CD19 and GAPDH and incubated at room temperature for 15 min. Excess fluorophores were washed and all cells were then resuspended in PBS containing 2% FBS.

To measure samples, the authors used a panel designed for the Attune NxT flow cytometer. The steps used included checking performance and generating a compensation matrix and then measuring the samples. First, a startup and performance check was done. Following the manufacturer’s instructions, the authors started the instrument, computer and software. Next, three drops of performance beads were added to 2 ml of PBS, vortexing before and after, and a performance check was run.

For compensation samples, the lasers to be used were selected in the compensation window (Table 4). Using a small sample size and slow rate, a small amount of each compensation sample was sampled to make sure the voltages were correct (highest peaks for the positive sample with good separation of positive and negative peaks). After voltages were set, compensation samples were measured at a sample rate of 100 μl/min, and the authors collected 100,000 lymphocyte events. Finally, a compensation matrix was applied (Figure 1). With regard to samples, the authors set up plots for single cell, live/dead and lymphocyte (one for the knockout marker is also recommended). Samples were measured at a sample rate of 200 μl/min, and 200,000 lymphocyte events were collected.

Although several data analysis options are available for flow cytometry data, the authors used FlowJo software. The authors created a group for compensation and a group for the samples and added the respective flow cytometry standard files. The authors used the compensation wizard to create a compensation matrix and applied it to the samples. The authors then set up the gates for the samples using the fluorescence minus one control samples (Figure 2) and used the layout and table editors to generate plots and tables for the samples.



DNA sequencing

To determine the effect of CRISPR/Cas9 editing on the genome, sequencing analysis of the target site was performed after 72 h and then at periodic time points after cell harvest. Cells were harvested by collecting up to 1.5 ml of cell culture by centrifuging at 100 × g and washing cells with PBS. The remaining cells were maintained in the incubator for flow cytometry analysis as described earlier and for future sequencing. The authors extracted gDNA using a Quick-DNA Miniprep Plus Kit following the manufacturer’s protocol and measured DNA concentration using a NanoDrop. The authors used PCR to amplify the CRISPR/Cas9-edited CD19 locus using the primers listed in Table 3 and Q5 Hot Start High-Fidelity 2× Master Mix; the authors followed the manufacturer’s instructions for preparing PCR reaction samples. A total of 500 ng of DNA, the Q5 Hot Start High-Fidelity 2× Master Mix, 10 μM of each primer and nuclease-free water were combined for a 50-ul reaction.

The following conditions were used for PCR in a Veriti thermocycler: denaturation at 95°C for 30 s followed by 35 cycles at 95°C for 5 s, 67°C for 30 s and 72°C for 30 s and a final extension at 72°C for 2 min. The PCR products were cleaned using the DNA Clean & Concentrator kit according to the manufacturer’s instructions and eluted into 25 μl of ultrapure water. The final PCR concentration was determined using a NanoDrop. Clean PCR products were submitted to Psomagen (MD, USA) for Sanger sequencing using their protocol for difficult-to-sequence DNA products. DNA sequences were returned as .ab1 files and analyzed using the Synthego Inference of CRISPR Edits tool to determine editing efficiency (Figure 4). The expected outcome for Sanger sequencing on a mixed population of edited cells is a lower-amplitude signal and mixed signal near the expected CRISPR/Cas9 DNA cut site. Analytics such as the Synthego Inference of CRISPR Edits tool may enable disambiguation of mixed Sanger sequence signal around the cut site.


[image: Sanger sequencing traces for C D 19 knockout edited and parental samples. Edited sample spans 247 to 312 with cut site marked. Parental sample spans 252 to 317 without edits.]
Figure 4. Example Inference of CRISPR Edits analysis result demonstrating edit near the cut site. The defined peaks prior to the targeted CRISPR/Cas9 DNA cut site in the knockout cell line match the parental cell line. At the cut site, the lower-amplitude peaks demonstrate a mixed population of edited cells.



Additional analysis

For long-term stability analysis, Sanger sequencing and flow cytometry are used at multiple time points following editing. To further analyze the effects of CRISPR/Cas9 editing, transcriptomics, next-generation DNA sequencing and single-cell sequencing should be considered as follow-ups for stability analysis. To ensure that the cell population contains a 100% knockout, cell sorting can be used to isolate knockout cells. Ideally, this would occur over a significant period of time, but culture limitations and cell exhaustion will likely impact this time frame.
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		Figure 1. Materials implemented in scaffold manufacturing. ECM: Extracellular matrix; PBT: Polybutylene terephthalate; PCL: Polycaprolactone; PEG: Polyethylene glycol; PGA: Polyglycolic acid; PLA: Polylactic acid; PLGA: Poly(lactic-co-glycolic acid); PPE: Polyphenyl ether; PVA: Polyvinyl alcohol; TCP: Tricalcium phosphate.



		Figure 2. Viral and nonviral genetic modifications of mesenchymal stem cells for bone regeneration and treatment of bone diseases. A targeting strategy for genetic modifications of MSCs is mainly focused on three aspects: (A) activation of cytokines’ secretion (BMPs, IL-4, IL-10, bFGF, VEGF) to promote MSC survival and osteogenic differentiation; (B) increasing expression of the cell surface receptors responsible for cell homing (CXCR4) or inhibition of osteoclast differentiation and activation (RANK-Fc); (C) activation of transcription factors and other proteins responsible for differentiation and migration of MSCs (Runx2, Cbfa1, Sox11). MSC: Mesenchymal stem cell; RANK-Fc: Recombinant RANK-L antagonist synthesized based on fusing the extracellular domain of RANK to the Fc portion of human immunoglobulin G(1); Runx: Runt-related transcription factor 2; Sox11: Sry-related high-mobility group box 11.



		Figure 1. Establishing single or multiple genes’ KO in iCas9 T cells (A) Schematic representation showing the workflow of genes KO in iCas9 T cells. iCas9 T cells transfecled with: (B) single gRNA targeted to TRAC gene (C) β2M-/TCR- knock out (from PD1 negative cells) of iCas9 T cells transfected with multiple gRNAs targeted to TRAC. β2M and PD1 genes. (D)β2M-/TCR- knock out [from PD1 negative cells) of iCas9T cells transfected with single vector expressing multiple gRNAs targeted to TRAC. β2M and PD1. In (B-D), iCas9 T cells were induced (Dox) and compared to uninduced control. All experiments were performed using FACS. Two factor repeated measures ANOVA was performed for all comparisons.



		Figure 2. Knock-in into TRAC locus in iCas9 T cells (A) Schematic representation of the workflow for gene Kl coupled to TCR KO in iCas9 T cells. (B) GFP Kl efficacy into the TRAC locus of iCas9 T cells. iCas9 T cells were induced (Dox) and compared to uninduced control.



		Figure 3. CAR T cells generation in iCas9 T cells and T cells(A) FACS analysis showing CD19 KI efficacy into the TRAC locus of iCas9 I cells (B) FACS analysis shewing CD19 KI efficacy into the TRAC locus of T cells Two factor repeated measures ANOVA was performed for all comparisons.



		Figure 1. Representative immunophenotyping of human CD34+ HPC and unselected Mutz2 cells. The main population of both CD34+ HPC and unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45, and is characterized by low granularity. PBSC: Peripheral blood stem cells; SSC: Side scatter.



		Figure 2. Representative immunophenotyping of human CD34+ HPC. The main population of CD34+ HPC expressed the cell-surface antigens CD34 and CD45. Human CD34+ HPC expressed CD34, CD45, HLA-DR , CD13 and, to a lesser extent, CD33 and CD117. FSC: Forward scatter; HPC: Hematopoietic progenitor cells; SSC: Side scatter.



		Figure 3. CD66b FACS staining of CD34+ HPC. The main population of both CD34+ HPC and unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45. CD34+ HPC did not express CD66b. FACS: Fluorescence activated cell sorting; FSC: Forward scatter; HPC: Hematopoietic progenitor cells; SSC: Side scatter.



		Figure 4. Representative immunophenotyping of unselected Mutz2 cells. The main population of unselected Mutz2 cells expressed the cell-surface antigens CD34 and CD45. Mutz2 cells expressed CD34 and the antigens CD45, HLA-DR, CD13, CD33, and CD65. FSC: Forward scatter; SSC: Side scatter.



		Figure 5. Lack of constitutive mRNA expression of ΔLNGFR in human CD34+ HPC and Mutz2 cells. Untreated CD34+ HPC (1) and Mutz2 cells (2) do not express ΔLNGFR. (3) Negative control. The plasmid containing ΔLNGFR served as a positive control. (4) GAPDH was used as housekeeping gene. GADPH: Glyceraldehyde-3-phosphate dehydrogenase; HPC: Hematopoietic progenitor cells; ΔLNGFR: Truncated low-affinity nerve growth factor receptor.



		Figure 6. Transfection efficiency of human CD34+ HPC and Mutz2 cells using nucleofection. A representative FACS-dotblot shows that transfection with ΔLNGFR is highly efficient on day 1 after transfection (A). 41 ± 2% of human CD34+ HPC and 55 ± 5% of Mutz2 cells were positive for ΔLNGFR 1 day post transfection (n = 3) (B). ns: Not significant.FSC: Forward scatter; HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor; PBSC: Peripheral blood stem cells.



		Figure 7. Hematopoietic cell differentiation of transfected human CD34+ HPC. Methylcellulose assays of untreated, mock-, and ΔLNGFR-transfected human CD34+ HPC formed all colonies (BFU-E, CFU-GEMM, CFU-GM) (A). For Mutz2 cells (B) CFU-GEMM and CFU-GM colonies were formed, but not BFU-E. Quantitative analysis of lineage-specific cell differentiation of transfected CD34+ HPC (C) and Mutz2 (D) into hematopoietic cell lines. BFU-E: Burst-forming units with erythroctyes; CFU-GEMM: Colony-forming units with granulocytes, erythrocytes, megakaryocytes and macrophages; CFU-GM: Colony-forming units with granulocytes and macrophages; HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor. (n = 3; *p < 0.05; **p < 0.01)



		Figure 8. Maintenance of ΔLNGFR expression in CD66b+ cells derived from CD34+ HPC and Mutz2 cells. Microphotographs of cells derived from transfected CD34+ HPC (a–d) and Mutz2 cells (e–h) 4 days after nucleofection. Cells were viewed under normal light filter (a, e); FITC-filter (CD66b, green) (b, f); and PE-filter (ΔLNGFR, red) (c, g); Colocalization of CD66b and ΔLNGFR (orange) on the same cell shows that transfected cells stay positive for the marker gene ΔLNGFR in CD66b+ cells derived from CD34+ HPC or Mutz2, respectively (d, h). (Bar = 10 µm) (A). Representative fluorescence activated cell sorting (FACS) analysis of ΔLNGFR- and mock-transfected CD66b+ cells derived from CD34+ HPC or Mutz2 cells on day 4 after transfection: 50% (11% out of 22% total CD66b+) of CD66b+ cells derived from CD34+ HPC and 56% (9% out of 16% total CD66b+) of CD66b+ cells derived from Mutz2 cells maintained ΔLNGFR expression (B). Expression of the marker gene ΔLNGFR on CD66b+ cells derived from CD34+ HPC determined by FACS analysis (n = 3). The percentage of ΔLNGFR-expressing cells of the CD66+ cells derived from CD34+ HPC showed a maximum at day 4 post transfection (C). ΔLNGFR expression on CD66b+ cells derived from Mutz2 cells as determined by FACS analysis (n = 3). The maximum was observed at day 1 post transfection (D). HPC: Hematopoietic progenitor cells; LNGFR: Low-affinity nerve growth factor receptor.



		Figure 9. Sections of myocardial tissue, stained for LNGFR or LNGFR and troponin. (A) Stained for LNGFR, (B) stained for LNGFR and troponin. Only the neurons around the vessels show LNGFR expression, whereas the cardiomyocytes (troponin-positive cells) are LNGFR-negative. LNGFR: Low-affinity nerve growth factor receptor



		Figure 1: 4D Nucleofector® Device for efficient transfection of difficult to transfect primary cells and cell lines



		Figure 2: High GFP expression 24 hours after transfection with the high efficiency program EX-147 24 hours after plating, GFP fluorescence and cell morphology was observed and documented by (A) fluorescence and (B) bright field microscopy. (Zeiss AxioObserver Z.1 microscope).



		Figure 3: High GFP expression 24 hours after transfection with the high efficiency program EX-147 5x105 cells were transfected with program EX-147 using 5 ug pmaxGFP™ Vector in 100 uL Nucleocuvette® Vessel. Cells were plated in collagen/Matrigel™ sandwich culture in 24-well plate. (A) For calculation of transfection efficiency, fluorescent cells were counted manually 24 hours post transfection. Data from 5 independent experiments with 4 different donors are shown, n=17. Error bars indicate standard deviation. (B) Viability was assessed with the CellTiter-Blue® Cell Viability Assay (Promega) 24 hours post transfection. Data of five independent experiments with five different donors is shown, n = 22. Albumin content in the supernatant was quantified with the Human Albumin ELISA Kit (Bethyl). Data from one representative donor HUM4235 are shown, n=3. The respective non-transfected sample was set to 100% for normalization. Error bars indicate standard deviation. (C) For measurement of CYP3A4 activity 24 hours post transfection cells were incubated with 200 µM testosterone for 15 minutes and the formation of 66-hydroxytestosterone was evaluated. For measurement of CYP2B6 activity PHH were incubated with 250 uM bupropion for 15 minutes and the formation of OH-bupropion was evaluated. For measurement of CYP1A2 activity PHH were incubated with 100 uM phenacetin for 15 minutes and the formation of acetaminophen was evaluated. All culture supematants were analyzed by LC/MS/MS. The respective non-transfected sample was set to 100% for normalization. Results of one typical lot (HUM4253) are shown, n = 3. Error bars indicate standard deviation.



		Figure 4: Sustained plasmid DNA and efficient mRNA expression for 7 days in primary human hepatocytes maintaining typical healthy hepatocyte morphology after transfection with program DS-150 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using 5 ug pmaxGFP™ Vector or 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plate. On day 1 and 7 after transfection, transfection efficiency and cell morphology was observed and documented by fluorescence- and bright field microscopy.



		Figure 5: Sustained GFP and mCherry expression for at least 7 days after transfection with program DS-150 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using (A) 5 ug pmaxGFP™ Vector or (B) 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plates. For calculation of transfection efficiency, fluorescent cells were counted manually on day 1, 4 and 7 after plating.



		Figure 6: Preserved viability and typical hepatocyte functionality of the cells for at least 7 days after transfection with program DS-150 Primary human hepatocytes were transfected with program DS-150 using 5 µg pmaxGFP™ Vector in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plates. (A) Viability was assessed with the CellTiter-Blue® Cell Viability Assay (Promega). (B) Albumin content in the supernatant was quantified with the Human Albumin ELISA Kit (Bethyl). (C) For measurement of CYP3A4 activity 24 h post transfection cells were incubated with 200 uM testosterone for 15 minutes and the formation of 6β-hydroxytestosterone was evaluated. (D) For measurement of CYP2B6 activity PHH were incubated with 250 uM bupropion for 15 minutes and the formation of OH-bupropion was evaluated. (E) For measurement of CYP1A2 activity PHH were incubated with 100 µM phenacetin for 15 minutes and the formation of acetaminophen was evaluated. All culture supematants were analyzed by LC/MS/MS. The respective non-transfected sample was set to 100% for normalization. For viability and albumin content, data of two donors (lot HUM4235 and HUM4108) are shown, n=6. For Cyp Acticity, data of one typical donor (lot HUM4235) is shown, n=3.



		Figure 7: Branched bile canaliculi network in both transfected and non-transfected hepatocytes on day 4 Primary human hepatocytes (lot HUM4235) were transfected with program DS-150 using 5 ug Cleancap® mCherry RNA (TriLink) in 100 uL Nucleocuvette® Vessel 4D-Nucleofector® Device. Cells were plated in collagen/Matrigel™ Sandwich culture in 24-well plate. Culture medium was changed daily. On day 4, Cholyl-lysyl-fluorescein (CLF) staining (Corning) was used for visualization of bile canaliculi formation. Cells were incubated for 1 hour in medium containing 4 uM CLF followed by three washing steps with culture medium prior to examination by fluorescence microscopy. Typical results are shown.



		Figure 1. The role of DNA methylation in cancer development. (A) Hypermethylation of the tumor suppressor gene promoter. Tumor suppressor genes are unmethylated in normal cells; when a promoter of a tumor suppressor gene is hypermethylated by DNMT, tumor suppressor gene transcription is inhibited and then turned off, allowing cells to escape the normal checkpoints of cell division, promoting tumor growth and finally leading to tumorgenesis. (B) Hypomethylation of proto-oncogene promoter. Oncogenes are methylated in normal cells as a suppressing regulatory mechanism. However, when proto-oncogene promoters are hypomethylated by the TET enzyme, the oncogenes are activated and overexpressed. This causes chromosomal instability, loss of genomic imprinting and tumorgenesis.



		Figure 2. The CRISPR-Cas9 system as a gene editing tool. CRISPR consists of a Cas9 endonuclease (which cleaves the target sequence in the genome) and a single guide RNA (sgRNA; which contains two parts including (i) CRISPR RNA (crRNA) with an approximately 20-base-pair sequence binding to the target DNA site as a guide for Cas9 followed by a short DNA sequence known as PAM, which is essential for compatibility with the Cas9 nuclease, and (ii) Noncoding trans-activating crRNA (tracrRNA), as a homing device necessary for Cas9 cleavage. Cas9 cleaves DNA to produce DSBs. After Cas9 endonuclease activity, the cell machinery repairs DSBs by one of two main mechanisms, including HDR or NHEJ. DSB: Double-strand break; HDR: Homology directed repair; NHEJ: Nonhomologous end joining; PAM: Protospacer-adjacent motif.



		Figure 3. Generations of dCas tools. (A) The first generation includes an EpiEffector coupled with dCas9 (CRISPRa/i) to alter gene transcription. For example, dCas9-DNMT has the ability to hypermethylate the target sequence, causing gene repression; however, dCas9-TET has the ability to remove methyl groups, resulting in gene transcription activation. (B) The second generation is designed to fuse multiple copies of EppiEffectors to dCas9 in CRISPRa to amplify them. The dCas9-SUNTag system uses repeating peptides such as GCN4 fused to dCas9 and multiple copies of effectors such as VP64 linked to the scFv, which can connect GCN4 and dCas9, resulting in potent gene activation. dCas9-VPR contains dCas9 fused to a tripartite transactivation complex, including VP64, P65 and Rta to strongly induce gene activation. dCas9-SAM includes a dCas9-VP64 fusion complex and MCP-fused P65-HSF1 through the MS2 scRNA, showing a higher potency for gene expression activation. (C) The third generation includes three systems: dimerization systems that have two separate parts as receptor; for example, ABI-PYL1 dimer (one of them [e.g., ABI] fuses with dCas9 while another part [e.g., PYL1] fuses with EpiEffector) uses chemical or light factors (e.g., ABA) as a ligand to induce dimerization parts and activate EpiEffectors to gene modulating. The split dCas9 system exerts split dCas9 molecules with the receptor such as ERT; the addition of the ligand such as 4OHT activates dCas9 for gene regulation. Receptor-coupled systems, such as MESA, consist of dCas9, a cleavable linker and a protease able to trigger signaling in cells, leading to gene regulation. ABA: Abscisic acid; ERT: Estrogen receptor; MESA: Modular extracellular sensor architecture; scFv: Single-chain variable fragments.



		Figure 1. Example compensation matrix for flow cytometry analysis. A compensation matrix was used to ensure proper separation of the fluorescence signals for cell marker staining.



		Figure 2. Representative gating strategy for flow cytometry analysis. (A) Representative gating strategy for flow cytometry analysis based on gates set using FMO controls. Time versus SSC was used to gate the steady-state population. Single cells were then gated using the FSC-A versus FSC-H plot. A lymphocyte gate was created using the FSC versus SSC plot. The remaining plots are histograms of the respective markers (CD20, CD19, IgD, CD24, CD27, CD38 and CD138). (B) Example CD19 histogram plot comparing parent cells with knockout cells demonstrating a count of CD19+ cells in the knockout group. FMO: Fluorescence minus one; FSC: Forward scatter; FSC-A: Forward scatter area; FSC-H: Forward scatter height; SSC: Side scatter.



		Figure 3. Sample histograms from intracellular staining. An overlay plot of CD19 histograms comparing the knockout and parental cell lines with surface staining only, internal staining only and both surface and internal staining shows less CD19 in the knockout cell lines. Using GAPDH as a control for the staining protocol shows a lack of GAPDH in the surface staining-only cell lines.



		Figure 4. Example Inference of CRISPR Edits analysis result demonstrating edit near the cut site. The defined peaks prior to the targeted CRISPR/Cas9 DNA cut site in the knockout cell line match the parental cell line. At the cut site, the lower-amplitude peaks demonstrate a mixed population of edited cells.
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