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Gene therapy has become a rapidly growing field with significant advancements. This innovative therapeutic approach is

revolutionizing the treatment of various diseases. Gene therapy drugs have revolutionized the field of medicine by

providing a targeted approach to treating genetic disorders. 
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1. Small Interfering RNA (siRNA)

siRNA is a synthetic molecule used to knock down the expression of any gene with a complementary sequence. The

molecule works by targeting specific mRNA and cleaving it, preventing it from being translated into protein. Additionally,

siRNA can also be used to regulate protein-coding genes and transposons, as well as functioning as an antiviral defense

mechanism.

The size of siRNA ranges from 20 to 25 base pairs. One of the key advantages of siRNA is its high specificity due to its

100% complementarity to the target mRNA. This makes it an attractive drug candidate for diseases caused by specific

gene mutations. Additionally, siRNA has been shown to be effective in delivering drugs to the brain, a feat that is

notoriously difficult to achieve.

However, siRNA therapy also has some limitations. One major concern is off-target effects, which means that the siRNA

may unintentionally target genes with similar sequences to the intended target. Another potential issue is innate immunity,

which can cause an immune response and limit the effectiveness of the therapy .

2. MicroRNAs (miRNAs)

miRNAs are short non-coding RNA molecules that regulate gene expression at the post-transcriptional level. They play a

significant role in a wide range of cellular processes, including differentiation, apoptosis, and development. In plants,

miRNAs and their target mRNA are almost perfectly complementary, making them highly effective. They are involved in

developmental timing, tissue growth, and left–right asymmetry in the nervous system. In animals, miRNAs comprise only

approximately 1% of all genes, but they play an essential role in regulation, including mRNA degradation, translational

repression, and the regulation of protein-coding genes.

MicroRNAs (miRNAs) offer a key advantage in gene therapy due to their small size and manipulability. Moreover, around

12 miRNAs have been identified for suppressing endogenous CFTR mRNA expression in the Caco-2 cell line. CFTR,

responsible for the monogenic autosomal recessive cystic fibrosis (CF), impacts 1 in 3500 global live births. Maria V.

Esposito et al.  examined 706 CF carriers, revealing undiagnosed CFTR-RD among a subset. Genetic testing scanning

analysis aids in CFTR-RD identification, offering potential for tailored follow-up and therapies to enhance outcomes.

However, functional duplexes in animals can be more variable in structure than in plants, with only short complementary

sequence stretches that may contain gaps and mismatches. Specific rules for functional miRNA–target pairing that

capture all known functional targets have not been developed to date .

3. PIWI-Interacting RNAs (piRNAs)

piRNAs are small non-coding RNA molecules that interact with PIWI proteins to repress transposable elements in the

genome.

piRNAs are known to have diverse functions such as transcriptional or post-transcriptional repression of transposons and

multigenerational epigenetic phenomena in worms. In addition to transposon silencing, pre-pachytene piRNAs also have
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roles in the formation of the nuage, a perinuclear structure in germ cells.

These RNAs are larger than other small RNAs, typically ranging from 26 to 32 nucleotides in length.

While the exact mechanisms of piRNA biogenesis remain unclear, current models suggest that they are processed from

long, single-stranded RNA precursors in a Dicer-independent manner. Studies on piRNAs are still ongoing to understand

the full range of their functions and mechanisms of action .

4. Short Hairpin RNA (shRNA)

shRNA is an artificial RNA molecule used for gene silencing via RNA interference. This type of drug contains a hairpin turn

that tightly binds to its target gene, leading to suppression of its expression.

shRNAs range in size from 19 to 29 base pairs and have the advantage of being relatively resistant to degradation and

turnover, providing long-lasting gene silencing effects.

However, to use shRNA, an expression vector is required, which may cause side effects when used as a medicine.

Despite these limitations, shRNA is considered an effective tool for gene therapy due to its specific targeting ability and

long-term effects .

5. Antisense Oligonucleotides (ASOs)

ASOs are a type of drug that have gained significant attention in recent years due to their potential in gene therapy. ASOs

are single strands of DNA or RNA that are complementary to a specific sequence of mRNA. They work by binding to the

targeted RNA and blocking the translation of certain proteins, thereby modulating gene expression. ASOs are relatively

small in size, ranging from 18 to 30 base pairs, which enables them to easily penetrate cell membranes and target both

nuclear- and cytoplasmic-located long non-coding RNAs (lncRNAs).

Despite their potential therapeutic benefits, ASOs have several limitations that need to be addressed. One major concern

is off-target effects, where ASOs bind to unintended RNA sequences and cause unwanted biological effects. Additionally,

ASOs may have insufficient biological activity, limiting their efficacy in gene therapy.

ASOs have shown promising results in clinical trials for treating genetic disorders, such as spinal muscular atrophy and

Huntington’s disease, and several ASOs have been approved by the FDA .

6. Oligodeoxynucleotides (ODNs)

ODNs are synthetic DNA molecules that have shown potential as a gene therapy tool. ODNs work through two main

mechanisms: the antisense strategy and the antigene strategy (also known as the decoy strategy). In the antisense

strategy, ODNs bind to the targeted mRNA and block protein synthesis, while the antigene strategy involves the use of

ODNs to bind to specific transcription factors and inhibit their activity, thus preventing the expression of downstream

genes.

One of the benefits of using ODNs is the simplicity of their synthesis and manipulation, as well as the tissue specificity of

their target transcription factors. This specificity enables precise targeting of specific genes or cell types, reducing the risk

of off-target effects.

However, ODNs also have several limitations that need to be addressed. One major concern is their high rate of

degradation by endocytosis or nucleases, which limits their stability and effectiveness. Additionally, their short lifetime may

reduce the duration of therapeutic effects.

Despite these limitations, ODNs have shown potential in preclinical and clinical trials for treating various diseases, such as

cancer and autoimmune disorders .

7. Clustered Regularly Interspersed Short Palindromic Repeats
(CRISPR)/CRISPR-Associated Protein 9 (Cas9)

In recent years, CRISPR/Cas9 has been making waves in the field of gene therapy. This protein, formerly known as Cas5,

Csn1, or Csx12, plays a critical role in the defense of certain bacteria against DNA viruses and plasmids. Its primary
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function is to cut DNA, which allows for the alteration of a cell’s genome.

One of the biggest advantages of CRISPR/Cas9 is its ease of design. It can be delivered via plasmid or viral vectors,

which makes it accessible to many researchers. However, there are some downsides to consider. For example, off-target

editing is common without an additional homologous sequence, which can be a challenge.

Another drawback is the requirement for a PAM or Protospacer Adjacent Motif, a short sequence downstream of the target

DNA sequence. While this motif is necessary for CRISPR/Cas9 to work, it can also limit the range of targets available for

editing .

8. Plasmid DNA (pDNA)

One of the most promising vectors for gene therapy is pDNA. These small, extrachromosomal DNA molecules replicate

independently and are physically separated from chromosomal DNA within a cell. pDNA gene therapy has been shown to

be particularly effective in the treatment of cardiovascular diseases because it allows for targeted transfer to cardiac or

skeletal muscle.

One of the major advantages of using pDNA as a vector is its versatility in size. This allows for a wide range of genes to

be delivered using this method. Additionally, plasmids can be engineered to include a variety of promoters and enhancers

to increase gene expression in the target tissue.

However, like all gene therapy vectors, pDNA has its drawbacks. One of the biggest concerns is its potential for

immunogenicity, which can cause an immune response and limit the effectiveness of the therapy. Therefore, careful

consideration must be given to the design and delivery of pDNA to minimize this risk .

9. Messenger Ribonucleic Acid (mRNA)

mRNA is a promising drug for gene therapy. It is a single-stranded molecule of RNA that corresponds to the genetic

sequence of a gene and is read by a ribosome in the process of protein synthesis. By delivering corrected mRNA into

cells, they can receive the right blueprint for creating healthy proteins, which can help treat a variety of genetic disorders.

One of the major advantages of mRNA as a drug is its ease of manipulation. It can be rapidly produced and modified to fit

specific needs. Additionally, it offers transient expression, meaning protein production is not permanent and can be turned

off if necessary. Moreover, mRNA is adaptive and can be converted without mutagenesis.

However, there are some downsides to using mRNA for gene therapy. One of the major drawbacks is its immunogenicity,

meaning the body’s immune system may recognize it as foreign and attack it, leading to negative side effects. Additionally,

it can be challenging to control the concentration of reporter mRNA, which can lead to unintended effects .

10. Meganucleases

Meganucleases are a promising tool for targeted gene editing, characterized by a large recognition site and high

specificity. They can be thought of as molecular DNA scissors, capable of replacing, eliminating, or modifying specific

sequences in a highly precise manner.

The small size of meganucleases allows for their use with many viral vectors, and they can tolerate some mismatches,

resulting in low off-target editing.

However, the design and reengineering of meganucleases for new specificities can be extremely challenging.

Despite these obstacles, recent research has demonstrated the potential of meganucleases to induce homologous

recombination in yeast and mammalian cells, highlighting their potential as a tool for precise gene editing in various

applications .

11. Zinc Finger Nucleases (ZFNs)

ZFNs are artificial endonucleases that have been developed for targeted gene editing. They are composed of a designed

ZFP and the cleavage domain of the FokI restriction enzyme. The ZFP is engineered to recognize and bind to specific

DNA sequences, while the FokI domain cleaves the DNA at the target site.
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One advantage of ZFNs is that they can tolerate some mismatches, which reduces off-target editing. However, G-rich

regions of DNA can be challenging for ZFNs, and their design can be difficult. Multiplexing, or targeting multiple genes at

once, is also a challenge with ZFNs .

12. Transcription Activator-like Effector Nucleases (TALENs)

TALENs are a promising gene therapy tool that can be used to cut specific sequences of DNA. TALENs are restriction

enzymes that have been engineered to bind and cut DNA in a highly specific manner.

Their size ranges from 32 to 40 base pairs, and they are capable of tolerating some mismatches, resulting in low off-target

editing. Additionally, TALENs have moderate design requirements.

However, TALENs do have some limitations. Specifically, they require a 5’ T for each TALEN and are challenging to

multiplex. Furthermore, their large size makes it difficult to utilize viral vectors, and repetitive sequences can lead to

unwanted recombination .

13. DNA Aptamers

DNA aptamers are short sequences of artificial DNA that can bind specific target molecules with extremely high affinity

based on their structural conformations. These aptamers are becoming increasingly popular in various biosensing and

therapeutic applications due to their stability and the ease of their generation and synthesis. They are also known for

having almost no immunogenicity and for their efficient penetration, lower batch variation, easy modification, cost-

effectiveness, and short production times.

DNA aptamers have been compared with other biorecognition elements, such as antibody scFv and antibody Fab’

fragments. They have also been used to select molecules that bind to specific targets, such as gluten, cocaine, and

malachite green. In addition, their secondary structural requirements have been investigated through thermodynamic and

mutation studies. The 2.8 A crystal structure of the malachite green aptamer and the structural investigations of RNA and

DNA aptamers in solution have been described in detail in previous studies .

14. Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
(TRAIL/APO2L)

TRAIL is a member of the tumor necrosis factor family. Its main function is to induce apoptosis, or programmed cell death,

in cancerous cells by binding to the death receptor 4 (DR4) or DR5. Unlike other treatments, TRAIL has the advantage of

selectively targeting tumor cells while avoiding side effects in normal tissues. This makes TRAIL a promising therapy for

cancer treatment.

One of the most significant benefits of TRAIL is its ability to efficiently kill tumor cells. By activating the apoptotic pathway

in cancer cells, TRAIL induces their death, halting their growth and spread. However, some tumor cells are resistant to

TRAIL, which limits its effectiveness. The existence of TRAIL-resistant tumor cells remains a challenge that needs to be

overcome to maximize the benefits of TRAIL therapy.

Despite the limitations, TRAIL is a promising therapy for cancer treatment due to its selective toxicity towards cancer cells.

Researchers are working to overcome the problem of TRAIL resistance by combining it with other treatments such as

chemotherapy or radiation therapy. These combinations have shown promising results in clinical trials and may improve

the effectiveness of TRAIL therapy in the future.

In conclusion, TRAIL has emerged as a promising therapy for cancer treatment due to its ability to selectively target tumor

cells. While the existence of TRAIL-resistant tumor cells limits its effectiveness, ongoing research aims to overcome this

challenge and improve the therapeutic potential of TRAIL .

15. Phosphorodiamidate Morpholino Oligomers (PMOs)

PMOs are short, single-stranded DNA analogs built upon a backbone of morpholine rings connected by

phosphorodiamidate linkages. These uncharged nucleic acid analogs are designed to bind to complementary sequences

of target mRNA through Watson–Crick base pairing, which results in the blocking of protein translation through steric

blockade.
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PMO oligomers range in size from 6 to 22 base pairs and have been shown to be resistant to a variety of enzymes

present in biologic fluids, making them ideal for in vivo applications.

The resistance of PMO to nucleases and other enzymes is a major advantage for their use in gene therapy. By preventing

degradation, they can efficiently target and inhibit translation of specific mRNA molecules. PMOs have been used in

clinical trials to treat various diseases such as Duchenne muscular dystrophy and spinal muscular atrophy, demonstrating

their therapeutic potential .

16. Naked DNA

Naked DNA, which is simply DNA without any associated proteins, has been widely investigated as a gene transfer tool

for several tissues including skin, thymus, cardiac muscle, skeletal muscle, and liver cells. This method involves direct

injection of DNA into the target tissue, allowing for the transfer of a gene with a size range of 2–19 kb.

Naked DNA-based gene transfer is a safe and straightforward approach, but its application is limited to certain areas such

as DNA vaccination. In skeletal muscle, long-term expression has been observed after injection for more than 19 months.

Despite these advantages, the efficiency of naked DNA for gene delivery is low, with less than 1% of total myofibers

showing transgenic expression following a single injection. However, repeated injections can improve the overall

transfection efficiency, making naked DNA a viable option for certain gene therapy applications .

References

1. Dana, H.; Chalbatani, G.M.; Mahmoodzadeh, H.; Karimloo, R.; Rezaiean, O.; Moradzadeh, A.; Mehmandoost, N.;
Moazzen, F.; Mazraeh, A.; Marmari, V.; et al. Molecular mechanisms and biological functions of siRNA. Int. J. Biomed.
Sci. 2017, 13, 48–57.

2. Xu, W.; Jiang, X.; Huang, L. RNA Interference Technology. Compr. Biotechnol. 2019, 5, 560–575.

3. Lam, J.K.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. siRNA Versus miRNA as Therapeutics for Gene Silencing. Mol.
Ther. Nucleic Acids 2015, 4, e252.

4. Flemming, A. siRNA: Brain delivery breakthrough. Nat. Rev. Neurosci. 2007, 8, 570.

5. Jackson, A.L.; Linsley, P.S. Recognizing and avoiding siRNA off-target effects for target identification and therapeutic
application. Nat. Rev. Drug Discov. 2010, 9, 57–67.

6. Robbins, M.; Judge, A.; MacLachlan, I. siRNA and innate immunity. Oligonucleotides 2009, 19, 89–102.

7. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524.

8. Esposito, M.V.; Aveta, A.; Comegna, M.; Cernera, G.; Iacotucci, P.; Carnovale, V.; Taccetti, G.; Terlizzi, V.; Castaldo, G.
Extensive CFTR Gene Analysis Revealed a Higher Occurrence of Cystic Fibrosis Transmembrane Regulator-Related
Disorders (CFTR-RD) among CF Carriers. J. Clin. Med. 2020, 9, 3853.

9. Brennecke, J.; Stark, A.; Russell, R.B.; Cohen, S.M. Principles of MicroRNA–Target Recognition. PLoS Biol. 2005, 3,
e85.

10. Gillen, A.E.; Gosalia, N.; Leir, S.H.; Harris, A. MicroRNA regulation of expression of the cystic fibrosis transmembrane
conductance regulator gene. Biochem. J. 2011, 438, 25–32.

11. De Palma, F.D.E.; Raia, V.; Kroemer, G.; Maiuri, M.C. The Multifaceted Roles of MicroRNAs in Cystic Fibrosis.
Diagnostics 2020, 10, 1102.

12. Eslava-Avilés, E.; Arenas-Huertero, F. piRNAs: Nature, biogenesis, regulation, and their potential clinical utility. Bol.
Med. Hosp. Infant. Mex. 2021, 78, 432–442.

13. Moore, C.B.; Guthrie, E.H.; Huang, M.T.-H.; Taxman, D.J. Short Hairpin RNA (shRNA): Design, Delivery, and
Assessment of Gene Knockdown. Methods Mol. Biol. 2010, 629, 141–158.

14. Ge, Q.; Ilves, H.; Dallas, A.; Kumar, P.; Shorenstein, J.; Kazakov, S.A.; Johnston, B.H. Minimal-length short hairpin
RNAs: The relationship of structure and RNAi activity. RNA 2010, 16, 106–117.

15. Larsson, E.; Sander, C.; Marks, D. mRNA turnover rate limits siRNA and microRNA efficacy. Mol. Syst. Biol. 2010, 6,
433.

16. Fellmann, C.; Lowe, S.W. Stable RNA interference rules for silencing. Nat. Cell Biol. 2014, 16, 10–18.

[68][69]

[70]



17. Mcintyre, G.J.; Yu, Y.-H.; Lomas, M.; Fanning, G.C. The effects of stem length and core placement on shRNA activity.
BMC Mol. Biol. 2011, 12, 34.

18. Dhuri, K.; Bechtold, C.; Quijano, E.; Pham, H.; Gupta, A.; Vikram, A.; Bahal, R. Antisense Oligonucleotides: An
Emerging Area in Drug Discovery and Development. J. Clin. Med. 2020, 9, 2004.

19. Scoles, D.R.; Minikel, E.V.; Pulst, S.M. Antisense oligonucleotides. Neurol. Genet. 2019, 5, e323.

20. McClorey, G.; Banerjee, S. Cell-Penetrating Peptides to Enhance Delivery of Oligonucleotide-Based Therapeutics.
Biomedicines 2018, 6, 51.

21. Liang, X.-H.; Sun, H.; Nichols, J.G.; Crooke, S.T. RNase H1-Dependent Antisense Oligonucleotides Are Robustly Active
in Directing RNA Cleavage in Both the Cytoplasm and the Nucleus. Mol. Ther. 2017, 25, 2075–2092.

22. Yoshida, T.; Naito, Y.; Yasuhara, H.; Sasaki, K.; Kawaji, H.; Kawai, J.; Naito, M.; Okuda, H.; Obika, S.; Inoue, T.
Evaluation of off-target effects of gapmer antisense oligonucleotides using human cells. Genes Cells 2019, 24, 827–
835.

23. Rinaldi, C.; Wood, M.J.A. Antisense oligonucleotides: The next frontier for treatment of neurological disorders. Nat.
Rev. Neurol. 2018, 14, 9–21.

24. Rook, M.E.; Southwell, A.L. Antisense Oligonucleotide Therapy: From Design to the Huntington Disease Clinic.
BioDrugs 2022, 36, 105–119.

25. Gardlík, R.; Pálffy, R.; Hodosy, J.; Lukács, J.; Turna, J.; Celec, P. Vectors and delivery systems in gene therapy. Med.
Sci. Monit. 2005, 11, RA110–RA121.

26. Asmamaw, M.; Zawdie, B. Mechanism and Applications of CRISPR/Cas-9-Mediated Genome Editing. Biologics 2021,
15, 353–361.

27. Xu, C.L.; Ruan, M.Z.C.; Mahajan, V.B.; Tsang, S.H. Viral Delivery Systems for CRISPR. Viruses 2019, 11, 28.

28. Naeem, M.; Majeed, S.; Hoque, M.Z.; Ahmad, I. Latest Developed Strategies to Minimize the Off-Target Effects in
CRISPR-Cas-Mediated Genome Editing. Cells 2020, 9, 1608.

29. Rawashdeh, O.; Rawashdeh, R.Y.; Kebede, T.; Kapp, D.; Ralescu, A. Bio-informatic analysis of CRISPR protospacer
adjacent motifs (PAMs) in T4 genome. BMC Genom. Data 2022, 23, 40.

30. Yang, Y.; Xu, J.; Ge, S.; Lai, L. CRISPR/Cas: Advances, Limitations, and Applications for Precision Cancer Research.
Front. Med. 2021, 8, 649896.

31. Taniyama, Y.; Azuma, J.; Kunugiza, Y.; Iekushi, K.; Rakugi, H.; Morishita, R. Therapeutic option of plasmid-DNA based
gene transfer. Curr. Top. Med. Chem. 2012, 12, 1630–1637.

32. Sousa, F.; Passarinha, L.; Queiroz, J.A. Biomedical application of plasmid DNA in gene therapy: A new challenge for
chromatography. Biotechnol. Genet. Eng. Rev. 2009, 26, 83–116.

33. Dishart, K.L.; Work, L.M.; Denby, L.; Baker, A.H. Gene Therapy for Cardiovascular Disease. J. Biomed. Biotechnol.
2003, 2, 138–148.

34. Enghiad, B.; Xue, P.; Singh, N.; Boob, A.G.; Shi, C.; Petrov, V.A.; Liu, R.; Peri, S.S.; Lane, S.T.; Gaither, E.D.; et al.
PlasmidMaker is a versatile, automated, and high throughput end-to-end platform for plasmid construction. Nat.
Commun. 2022, 13, 2697.

35. Shintani, M.; Sanchez, Z.K.; Kimbara, K. Genomics of microbial plasmids: Classification and identification based on
replication and transfer systems and host taxonomy. Front. Microbiol. 2015, 6, 242.

36. Barnhart, K.M.; Hartikka, J.; Manthorpe, M.; Norman, J.; Hobart, P. Enhancer and promoter chimeras in plasmids
designed for intramuscular injection: A comparative in vivo and in vitro study. Hum. Gene Ther. 1998, 9, 2545–2553.

37. Eusébio, D.; Neves, A.R.; Costa, D.; Biswas, S.; Alves, G.; Cui, Z.; Sousa, Â. Methods to improve the immunogenicity
of plasmid DNA vaccines. Drug Discov. Today 2021, 26, 2575–2592.

38. Antonenko, S.; Gurianov, D.; Telegeev, G. Colocalization of USP1 and РН domain of Bcr-Abl oncoprotein in terms of
chronic myeloid leukemia cell rearrangements. Tsitol. Genet. 2016, 50, 352–356.

39. Antonenko, S.; Telegeev, G. Inhibition of USP1, a new partner of bcr-abl, results in decrease of Bcr-Abl level in k562
cells. Exp. Oncol. 2020, 42, 109–114.

40. Antonenko, S.; Kravchuk, I.; Telegeev, G. GLG1 in K562 cells: Role in pathogenesis of chronic myeloid leukemia. Cytol.
Genet. 2020, 54, 62–70.

41. Tang, X.; Zhang, S.; Fu, R.; Zhang, L.; Huang, K.; Peng, H.; Dai, L.; Chen, Q. Therapeutic Prospects of mRNA-Based
Gene Therapy for Glioblastoma. Front. Oncol. 2019, 9, 2019.



42. Andreev, D.E.; Terenin, I.M.; Dmitriev, S.E.; Shatsky, I.N. Pros and cons of pDNA and mRNA transfection to study
mRNA translation in mammalian cells. Gene 2016, 578, 1–6.

43. Damase, T.R.; Sukhovershin, R.; Boada, C.; Taraballi, F.; Pettigrew, R.I.; Cooke, J.P. The Limitless Future of RNA
Therapeutics. Front. Bioeng. Biotechnol. 2021, 9, 628137.

44. Iqbal, Z.; Iqbal, M.S.; Ahmad, A.; Memon, A.G.; Ansari, M.I. New prospects on the horizon: Genome editing to engineer
plants for desirable traits. Curr. Plant Biol. 2020, 24, 100171.

45. Flisikowska, T.; Kind, A.; Schnieke, A. 10—Production of Transgenic Rabbits. In Transgenic Animal Technology, 3rd ed.;
Pinkert, C.A., Ed.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 275–304.

46. Silva, G.; Poirot, L.; Galetto, R.; Smith, J.; Montoya, G.; Duchateau, P.; Pâques, F. Meganucleases and Other Tools for
Targeted Genome Engineering: Perspectives and Challenges for Gene Therapy. Curr. Gene Ther. 2011, 11, 11–27.

47. Daboussi, F.; Stoddard, T.J.; Zhang, F. Engineering Meganuclease for Precise Plant Genome Modification. In Advances
in New Technology for Targeted Modification of Plant Genomes; Zhang, F., Puchta, H., Thomson, J., Eds.; Springer:
New York, NY, USA, 2015; pp. 21–38.

48. Epinat, J.C.; Arnould, S.; Chames, P.; Rochaix, P.; Desfontaines, D.; Puzin, C.; Patin, A.; Zanghellini, A.; Pâques, F.;
Lacroix, E. A novel engineered meganuclease induces homologous recombination in yeast and mammalian cells.
Nucleic Acids Res. 2003, 31, 2952–2962.

49. Urnov, F.D.; Rebar, E.J.; Holmes, M.C.; Zhang, H.S.; Gregory, P.D. Genome editing with engineered zinc finger
nucleases. Nat. Rev. Genet. 2010, 11, 636–646.

50. Durai, S.; Mani, M.; Kandavelou, K.; Wu, J.; Porteus, M.H.; Chandrasegaran, S. Zinc finger nucleases: Custom-
designed molecular scissors for genome engineering of plant and mammalian cells. Nucleic Acids Res. 2005, 33,
5978–5990.

51. Kim, Y.; Kweon, J.; Kim, A.; Chon, J.K.; Yoo, J.Y.; Kim, H.J.; Kim, S.; Lee, C.; Jeong, E.; Chung, E.; et al. A genome-
wide TALEN resource. Nat. Methods 2013, 10, 286.

52. Heigwer, F.; Kerr, G.; Walther, N.; Glaeser, K.; Pelz, O.; Breinig, M.; Boutros, M. E-TALEN: A web tool to design
TALENs for genome engineering. Nucleic Acids Res. 2013, 41, e190.

53. Zhang, G.; Lin, Y.; Qi, X.; Li, L.; Wang, Q.; Ma, Y. TALENs-Assisted Multiplex Editing for Accelerated Genome Evolution
To Improve Yeast Phenotypes. ACS Synth. Biol. 2015, 4, 1101–1111.

54. Wang, L.; Li, F.; Dang, L.; Liang, C.; Wang, C.; He, B.; Liu, J.; Li, D.; Wu, X.; Xu, X.; et al. In Vivo Delivery Systems for
Therapeutic Genome Editing. Int. J. Mol. Sci. 2016, 17, 626.

55. Lau, C.-H.; Zhu, H.; Tay, J.C.-K.; Li, Z.; Tay, F.C.; Chen, C.; Tan, W.-K.; Du, S.; Sia, V.-K.; Phang, R.-Z.; et al. Genetic
rearrangements of variable di-residue (RVD)-containing repeat arrays in a baculoviral TALEN system. Mol. Ther.
Methods Clin. Dev. 2014, 1, 14050.

56. Adachi, T.; Nakamura, Y. Aptamers: A Review of Their Chemical Properties and Modifications for Therapeutic
Application. Molecules 2019, 24, 4229.

57. Mou, Q.; Xue, X.; Ma, Y.; Banik, M.; Garcia, V.; Guo, W.; Wang, J.; Song, T.; Chen, L.-Q.; Lu, Y. Efficient delivery of a
DNA aptamer-based biosensor into plant cells for glucose sensing through thiol-mediated uptake. Sci. Adv. 2022, 8,
eabo0902.

58. Kong, H.Y.; Byun, J. Nucleic Acid Aptamers: New Methods for Selection, Stabilization, and Application in Biomedical
Science. Biomol. Ther. 2013, 21, 423–434.

59. Zhu, Q.; Liu, G.; Kai, M. DNA Aptamers in the Diagnosis and Treatment of Human Diseases. Molecules 2015, 20,
20979–20997.

60. Crivianu-Gaita, V.; Thompson, M. Aptamers, antibody scFv, and antibody Fab’ fragments: An overview and comparison
of three of the most versatile biosensor biorecognition elements. Biosens. Bioelectron. 2016, 85, 32–45.

61. Miranda-Castro, R.; de-los-Santos-Álvarez, N.; Miranda-Ordieres, A.J.; Lobo-Castañón, M.J. Harnessing Aptamers to
Overcome Challenges in Gluten Detection. Biosensors 2016, 6, 16.

62. Kawano, R.; Osaki, T.; Sasaki, H.; Takinoue, M.; Yoshizawa, S.; Takeuchi, S. Rapid detection of a cocaine-binding
aptamer using biological nanopores on a chip. J. Am. Chem. Soc. 2011, 133, 8474–8477.

63. Xie, M.; Chen, Z.; Zhao, F.; Lin, Y.; Zheng, S.; Han, S. Selection and Application of ssDNA Aptamers for Fluorescence
Biosensing Detection of Malachite Green. Foods 2022, 11, 801.

64. Neves, M.A.D.; Reinstein, O.; Saad, M.; Johnson, P.E. Defining the secondary structural requirements of a cocaine-
binding aptamer by a thermodynamic and mutation study. Biophys. Chem. 2010, 153, 9–16.



65. Baugh, C.; Grate, D.; Wilson, C. 2.8 Å crystal structure of the malachite green aptamer. J. Mol. Biol. 2000, 301, 117–
128.

66. Zhong, H.; Wang, H.; Li, J.; Huang, Y. TRAIL-based gene delivery and therapeutic strategies. Acta Pharmacol. Sin.
2019, 40, 1373–1385.

67. Griffith, T.S.; Stokes, B.; Kucaba, T.A.; Earel, J.K., Jr.; VanOosten, R.L.; Brincks, E.L.; Norian, L.A. TRAIL gene therapy:
From preclinical development to clinical application. Curr. Gene Ther. 2009, 9, 9–19.

68. Deere, J.; Iversen, P.; Geller, B.L. Antisense phosphorodiamidate morpholino oligomer length and target position
effects on gene-specific inhibition in Escherichia coli. Antimicrob. Agents Chemother. 2005, 49, 249–255.

69. Nan, Y.; Zhang, Y.-J. Antisense phosphorodiamidate morpholino oligomers as novel antiviral compounds. Front.
Microbiol. 2018, 9, 750.

70. Nayerossadat, N.; Maedeh, T.; Ali, P.A. Viral and nonviral delivery systems for gene delivery. Adv. Biomed. Res. 2012,
1, 27.

Retrieved from https://encyclopedia.pub/entry/history/show/122205


