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ABSTRACT 

Gene expression silencing is one of the key tools in molecular biology and is widely applied in in vitro studies to investigate 
gene function and the mechanisms regulating cellular processes. The dynamic development of molecular techniques has 
resulted in the availability of numerous strategies that enable either transient or permanent reduction of gene activity at 
different stages of gene expression. The aim of this work is to review and compare gene expression silencing methods used 
in in vitro models, with particular emphasis on their mechanisms of action, efficiency, durability of the effect, and 
experimental limitations. 
The article discusses classical approaches based on RNA interference, including the use of siRNA, shRNA, and microRNA 
modulation, as well as strategies employing antisense oligonucleotides. Special attention is given to technologies based on 
the CRISPR system, including CRISPRi as a tool for reversible transcriptional repression and CRISPR–Cas9, which enables 
permanent disruption of gene function. Issues related to the delivery of molecular tools into cells, validation of silencing 
efficiency, and the importance of appropriate experimental controls are also addressed. 
Analysis of the literature indicates that the choice of an appropriate method should be tailored to the research objective, the 
characteristics of the gene under investigation, and the planned duration of the experiment. Increasingly, a complementary 
approach—combining different gene silencing strategies is recommended, as it enhances the reliability of results obtained 
in in vitro studies. 
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Concept and significance of gene expression silencing 

Gene expression silencing is one of the fundamental tools in molecular biology, enabling the 

investigation of gene function through the deliberate reduction of gene activity [1]. This term encompasses a 

variety of methods that lead to a decrease in the amount of mRNA or protein produced from a given gene 

without permanently altering the DNA sequence [2]. Depending on the selected approach, the silencing effect 

may be achieved at the initiation of transcription or at later stages—for example, by influencing mRNA 

stability or the efficiency of translation into protein [3]. In some cases, it is difficult to clearly separate these 

processes due to their partial overlap; however, in practice, the specific point of intervention largely determines 

the nature and magnitude of gene silencing [4]. 
In studies employing in vitro models, gene silencing plays a particularly important role [5], as it allows 

for the assessment of individual gene functions under relatively well-controlled conditions [6]. Cell-based 

models make it possible to examine the consequences of reduced gene expression, which may affect a wide 

range of biological processes, such as cell proliferation, differentiation, and survival [7]. It should also be noted 

that, in contrast to complete gene knockout, gene silencing typically results in a partial and reversible effect 

[8]. This feature is especially important when studying genes that are essential for normal cellular function [9]. 

An additional advantage of gene silencing methods is their ability to facilitate analysis of the relationship 

between gene expression levels and cellular responses [8]. This enables the investigation of dose-dependent 

effects of gene products [10]. Consequently, these strategies are widely applied in both basic and applied 

research, including the validation of potential therapeutic targets and high-throughput screening studies [11]. 

Nevertheless, accurate interpretation of the results requires a thorough understanding of the mechanisms 

underlying each method, as well as consideration of their limitations, such as variable efficiency and the 

potential occurrence of off-target effects [12]. 

 

Methodology 

This work constitutes a literature review of methods for gene expression silencing in in vitro models. 

The analysis focuses on scientific publications available in the PubMed database, including both review articles 

and original research studies relevant to the topic. The selection of literature was based on the relevance of the 

publications to issues related to RNA interference, antisense oligonucleotides, and CRISPR technologies 

applied in in vitro research. 

The review includes studies describing the mechanisms of action of individual methods, their 

experimental applications, advantages, and limitations, with particular emphasis on efficiency, durability of 

the effect, and aspects of result validation. The objective of the literature analysis was to provide a concise 

synthesis of the current state of knowledge and to compare available gene expression silencing strategies in 

terms of their practical application in molecular biology research. 
 

Methods of gene expression silencing at the RNA level – RNA interference (RNAi) 

RNA interference (RNAi) is one of the most widely used methods for gene expression silencing in in 

vitro studies [7]. It operates through short RNA molecules which, upon introduction into the cell, engage the 

endogenous regulatory pathway, leading to a specific reduction in the level of the target transcript [13]. A 

central component of this process is the RNA-induced silencing complex (RISC), which recognizes sequences 

complementary to the target mRNA and initiates either its degradation or the inhibition of translation [14]. 

The simplest application of RNAi involves small interfering RNAs (siRNAs), which are extensively used 

in short-term experiments [15]. siRNAs enable rapid and efficient downregulation of specific gene expression, 

making them a valuable tool for functional analyses and preliminary validation of research hypotheses [16]. 

However, this approach is limited by the transient nature of the effect and the strong dependence of silencing 

efficiency on transfection efficacy and the intracellular stability of siRNA molecules [12]. 
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More prolonged gene silencing can be achieved using short hairpin RNAs (shRNAs), which are 

processed into their active form following expression within the cell [17]. shRNAs are typically delivered via 

plasmid or viral vectors, allowing stable expression and long-term modulation of target mRNA levels [7]. This 

strategy is particularly useful in studies requiring extended observation periods, although it entails greater 

technical complexity and necessitates careful experimental control [7]. 

RNAi-based approaches also include modulation of microRNA activity through the use of microRNA 

mimics or inhibitors [4]. This strategy enables the manipulation of entire regulatory networks, which may yield 

valuable biological insights but also complicates the interpretation of observed effects [3]. Despite the broad 

applicability of RNAi, these methods carry a risk of off-target effects and activation of cellular responses to 

exogenous RNA, underscoring the importance of appropriate controls and independent validation of results [12]. 

The limitations of RNA interference–based methods, such as variable durability of the silencing effect 

and the risk of nonspecific interactions, have contributed to the development of alternative gene silencing 

strategies [12]. These include approaches based on antisense oligonucleotides as well as CRISPR-based 

technologies [18]. 

 

Antisense oligonucleotides 

Antisense oligonucleotides (ASOs) constitute a distinct class of tools used for gene expression silencing 
through direct interaction with target RNA molecules [19]. These single-stranded nucleic acid sequences are 

designed to bind complementarily to specific regions of a transcript, leading to inhibition of its function or its 

degradation. Unlike classical RNA interference–based approaches, ASOs do not require the endogenous RNA-

induced silencing complex (RISC) and can exert their effects in both the cytoplasm and the nucleus [20]. 

One of the best-characterized mechanisms of ASO action is RNase H–dependent mRNA degradation [19]. 

In this process, the enzyme recognizes DNA–RNA hybrids and initiates transcript cleavage [21]. 

Oligonucleotides designed for this purpose, known as gapmers, are widely used in in vitro studies due to their 

high efficiency and ability to target nuclear transcripts [20]. Another strategy involves ASOs that modulate pre-

mRNA splicing [22]. These molecules function by blocking splice sites or regulatory splicing elements, resulting 

in altered mRNA structure and often leading to the production of non-functional protein products [23]. 

The use of antisense oligonucleotides offers several important advantages, including high sequence 

specificity and the ability to precisely interfere with RNA processing [19]. However, the effectiveness of ASOs 

in in vitro models largely depends on their chemical modifications, which influence molecular stability, 

cellular uptake, and potential toxicity [21]. Consequently, ASO-based approaches require careful optimization 

of experimental conditions and thorough validation of the obtained results [18]. 

Although antisense oligonucleotides are characterized by high specificity and broad applicability, the 

demand for more stable and precise regulation of gene expression has contributed to the development of 

technologies based on the CRISPR system [1]. These innovative approaches enable targeted control of gene 

activity at the transcriptional level [24]. 

 

CRISPR Technologies in Gene Expression Silencing 

The introduction of CRISPR technologies has revolutionized our approach to the regulation of gene 

expression in in vitro models [25]. These tools now enable precise and targeted inhibition of gene activity 

without the need for permanent genomic modification [26]. In the context of gene expression silencing, the 

use of a catalytically inactive form of the Cas9 nuclease (dCas9) is of key importance [24]. This variant retains 

the ability to bind specific DNA sequences but does not induce double-strand breaks [27]. 

The most commonly employed strategy is CRISPR interference (CRISPRi), which involves the fusion of 

dCas9 with repressor domains such as KRAB [24]. Guided by a carefully designed guide RNA, this complex binds 

to the promoter or regulatory regions of a gene, leading to inhibition of transcription initiation and alterations in the 

local chromatin structure [26]. The resulting effect is characterized by relative stability and reversibility, making 

CRISPRi a highly useful tool for functional studies and the analysis of non-coding genes [27]. 

An extension of the classical CRISPRi approach includes epigenetic editing techniques, in which dCas9 

is fused to chromatin-modifying enzymes, such as DNA methyltransferases or histone demethylases [28]. 

These methods enable more durable modulation of gene activity through the introduction of targeted epigenetic 

changes [29]. However, interpretation of the observed effects may be more complex due to the long-term 

nature of these modifications [30]. 

Despite the numerous advantages of CRISPR technologies, their application to gene expression 

silencing requires careful design of guide RNAs and optimization of delivery conditions to cells [31]. The 
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efficiency of silencing may be limited by chromatin accessibility at the target site, and although the risk of off-

target effects is lower than that associated with RNAi-based methods, the use of appropriate experimental 

controls remains essential [32,8]. 

Although dCas9-based technologies allow for controlled and reversible transcriptional repression, many 

in vitro studies still rely on the CRISPR–Cas9 system, which results in permanent gene knockout. This 

approach enables the assessment of long-term consequences of gene loss [8,33]. 

 

CRISPR–Cas9 as a Method for Functional Gene Knockout 

The CRISPR–Cas9 system is widely used in in vitro studies as a tool for the permanent ablation of gene 

function through the introduction of targeted DNA damage. Its mechanism of action is based on the induction 

of double-strand breaks at the target locus, which are subsequently repaired predominantly via the non-

homologous end joining (NHEJ) pathway. This process frequently results in insertions or deletions, leading to 

frameshift mutations and loss of gene functionality [33,34,35]. 

The application of CRISPR–Cas9 enables the investigation of long-term effects resulting from complete 

loss of gene activity, which is particularly important for genes in which partial silencing does not produce clear 

phenotypic changes [8,33]. However, it should be noted that complete absence of a gene product may trigger 

compensatory mechanisms or selection of cellular subpopulations with altered expression profiles, factors that 
must be taken into account when interpreting the obtained results [36]. 

In in vitro studies employing CRISPR–Cas9, one of the key challenges is the mosaicism of edited cell 

populations, which arises from the heterogeneity of introduced mutations [37]. In practice, this often 

necessitates the isolation and characterization of individual clones, thereby extending the duration and 

increasing the complexity of experiments [38]. Additionally, the risk of off-target effects and activation of 

DNA damage responses underscores the need for appropriate controls and multi-level validation of the 

obtained results [39]. 

Regardless of the chosen strategy for gene silencing or knockout, the effectiveness of the resulting 

outcome in in vitro models largely depends on the method used to deliver the appropriate molecular tools into 

cells [18]. 

 

Methods for Delivering Gene-Silencing Tools to Cells In Vitro 

The efficiency of gene expression silencing in in vitro models largely depends on how effectively the 

appropriate molecules are delivered into cells. Even the most carefully designed molecular tool may fail to 

produce the expected outcomes if its transfer into cells is insufficient or induces excessive cellular stress. 

Therefore, the choice of a delivery method represents a critical element in the planning of gene-silencing 

experiments [18,40]. 

The most commonly used approach in in vitro studies is chemical transfection, which relies on lipids or 

cationic polymers to form complexes with nucleic acids [41]. This technique is relatively simple and well 

tolerated by many cell lines; however, its efficiency may be limited in primary cells or in cells with low 

proliferative capacity [42]. An alternative strategy is electroporation, including nucleofection-based techniques, 

which allow direct delivery of genetic material into the cell interior, albeit at the cost of increased cytotoxicity 

and the need for precise optimization of experimental parameters [43]. 

In studies requiring long-term gene expression silencing, viral vectors—particularly lentiviruses—are 

frequently employed. These vectors offer high transduction efficiency and stable expression of the delivered 

sequences, which is essential for long-term experiments. Nevertheless, the use of viral vectors is associated 

with greater technical complexity and the risk of genomic integration of the delivered genetic material [44,45]. 

The selection of an appropriate delivery method should take into account the cell type, the characteristics 

of the gene-silencing tool employed, and the intended duration of the experiment [42]. Optimization of 

transfection or transduction conditions is essential to obtain reproducible and reliable results in in vitro studies 

[41,18]. 

Regardless of the chosen delivery strategy, rigorous assessment of the extent and consequences of 

silencing of the target gene is crucial for the reliability and interpretability of the obtained results [7]. 

 

 

 

 

 



1(49) (2026): International Journal of Innovative Technologies in Social Science  

 

e-ISSN: 2544-9435 5 

 

Validation of Gene Silencing Efficiency 

Assessment of the efficiency of gene expression silencing is a critical step in studies employing in vitro 

models and is essential for the correct interpretation of experimental results [7]. Given that gene expression is a 

multistep process, validation should include analyses at both the transcript and protein levels [8]. It is important to 

note that changes in mRNA abundance do not always directly reflect protein levels within the cell [46]. 

The primary method for quantitative evaluation of mRNA levels is RT–qPCR, which allows precise 

determination of the extent to which expression of the target gene is reduced [47]. In broader-scale studies, 

RNA sequencing (RNA-seq) is increasingly employed, as it enables comprehensive analysis of global gene 

expression changes and identification of potential off-target effects associated with the applied silencing 

strategy [48]. Protein-level assessment is typically performed using immunochemical techniques such as 

Western blotting, flow cytometry, or immunofluorescence [49]. 

Molecular analyses should be complemented by functional validation, which includes evaluation of 

phenotypic changes, enzymatic activity, and cellular responses to specific stimuli [8]. A key aspect of reliable 

validation is the use of appropriate experimental controls, including control sequences and independent 

strategies for silencing the same gene [11]. Such an approach reduces the risk of misinterpretation and increases 

the robustness of conclusions drawn from in vitro studies [7]. 

The diversity of available gene expression silencing strategies and their distinct mechanisms of action 
underscore the importance of directly comparing these methods in terms of efficiency, durability of the effect, 

and experimental limitations [1,8]. 

 

Comparison of Gene Expression Silencing Methods 

Available gene expression silencing methods differ substantially in their mechanisms of action and in 

the nature of the effects they produce, which directly influences their suitability for specific experimental 

applications [8]. Strategies based on RNA interference and antisense oligonucleotides primarily reduce mRNA 

levels, enabling rapid and typically reversible gene silencing [16,19]. These approaches are particularly useful 

in short-term studies; however, their effectiveness may be limited by variability in transfection efficiency and 

by the risk of off-target effects [7,12]. 

CRISPR-based technologies provide markedly greater control over gene regulation [25]. CRISPR 

interference (CRISPRi) enables stable transcriptional repression without permanent modification of the 

genome, making it an attractive alternative to conventional RNAi-based approaches [8,24]. In contrast, the use 

of CRISPR–Cas9 results in permanent gene knockout, allowing investigation of the long-term consequences 

of gene loss. This strategy, however, is associated with the need for clonal selection and the potential activation 

of compensatory mechanisms [34]. 

The choice of an optimal gene silencing method in in vitro models should be guided by the research 

objective, the characteristics of the target gene, and the intended duration of the experiment [8]. In current 

research practice, complementary approaches that combine multiple silencing strategies are increasingly 

employed to corroborate findings and enhance the reliability of the resulting conclusions [1,11]. 

 

Conclusions 

Gene expression silencing methods constitute one of the key research tools used in in vitro models to 

investigate gene function and the mechanisms regulating cellular processes. A review of the literature indicates 

that the available strategies differ substantially in their mode of action, durability of the effect, and degree of 

cellular perturbation, which directly affects their suitability for different experimental applications. 

Classical approaches based on RNA interference and antisense oligonucleotides enable rapid and 

generally reversible reduction of gene expression levels. As a result, they are particularly useful in short-term 

studies and for preliminary validation of gene function. However, these techniques may face several limitations, 

including off-target effects, variable efficacy, and strong dependence on the efficiency of molecule delivery 

into cells. 

The development of CRISPR technologies has opened new avenues for the regulation of gene expression 

in in vitro models. The use of CRISPR interference (CRISPRi) allows for precise and relatively stable 

transcriptional repression without introducing permanent changes to the genome. In contrast, the CRISPR–

Cas9 system enables permanent gene knockout, facilitating the investigation of long-term consequences of 

gene loss. The choice between these approaches should be guided by the study objective, the characteristics of 

the target gene, and the planned observation period. 
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Based on the reviewed literature, effective gene expression silencing in in vitro models requires not only 

the selection of an appropriate method but also careful optimization of experimental conditions and rigorous 

validation of the obtained results. Combining multiple silencing strategies and confirming outcomes at several 

levels of analysis increases the reliability of conclusions and currently represents a recommended approach in 

functional studies. 

 

REFERENCES 

 
1. Sioud, M. (2020). RNA and CRISPR interferences: Past, present, and future perspectives. Methods in Molecular 

Biology, 2115, 1–22. https://doi.org/10.1007/978-1-0716-0290-4_1 

2. El-Sappah, A. H., Yan, K., Huang, Q., Islam, M. M., Li, Q., Wang, Y., Khan, M. S., Zhao, X., Mir, R. R., Li, J., El-

Tarabily, K. A., & Abbas, M. (2021). Comprehensive mechanism of gene silencing and its role in plant growth and 

development. Frontiers in Plant Science, 12, Article 705249. https://doi.org/10.3389/fpls.2021.705249 

3. Huntzinger, E., & Izaurralde, E. (2011). Gene silencing by microRNAs: Contributions of translational repression 

and mRNA decay. Nature Reviews Genetics, 12(2), 99–110. https://doi.org/10.1038/nrg2936 

4. O'Brien, J., Hayder, H., Zayed, Y., & Peng, C. (2018). Overview of microRNA biogenesis, mechanisms of actions, 

and circulation. Frontiers in Endocrinology, 9, Article 402. https://doi.org/10.3389/fendo.2018.00402 

5. Echeverri, C. J., & Perrimon, N. (2006). High-throughput RNAi screening in cultured cells: A user's guide. Nature 

Reviews Genetics, 7(5), 373–384. https://doi.org/10.1038/nrg1836 

6. Boutros, M., & Ahringer, J. (2008). The art and design of genetic screens: RNA interference. Nature Reviews 

Genetics, 9(7), 554–566. https://doi.org/10.1038/nrg2364 

7. Mohr, S., Bakal, C., & Perrimon, N. (2010). Genomic screening with RNAi: Results and challenges. Annual Review 

of Biochemistry, 79, 37–64. https://doi.org/10.1146/annurev-biochem-060408-092949 

8. Housden, B. E., & Perrimon, N. (2016). Comparing CRISPR and RNAi-based screening technologies. Nature 

Biotechnology, 34(6), 621–623. https://doi.org/10.1038/nbt.3599 

9. Wang, T., Birsoy, K., Hughes, N. W., Krupczak, K. M., Post, Y., Wei, J. J., Lander, E. S., & Sabatini, D. M. (2015). 

Identification and characterization of essential genes in the human genome. Science, 350(6264), 1096–1101. 

https://doi.org/10.1126/science.aac7041 

10. Scadden, A. D., & Smith, C. W. (2001). RNAi is antagonized by A-->I hyper-editing. EMBO Reports, 2(12), 1107–

1111. https://doi.org/10.1093/embo-reports/kve244 

11. Echeverri, C. J., Beachy, P. A., Baum, B., Boutros, M., Buchholz, F., Chanda, S. K., Downward, J., Ellenberg, J., 

Fraser, A. G., Hacohen, N., Hahn, W. C., Jackson, A. L., Kiger, A., Linsley, P. S., Lum, L., Ma, Y., Mathey-Prévôt, 

B., Root, D. E., Sabatini, D. M., ... Bernards, R. (2006). Minimizing the risk of reporting false positives in large-

scale RNAi screens. Nature Methods, 3(10), 777–779. https://doi.org/10.1038/nmeth1006-777 

12. Jackson, A. L., & Linsley, P. S. (2010). Recognizing and avoiding siRNA off-target effects for target identification 

and therapeutic application. Nature Reviews Drug Discovery, 9(1), 57–67. https://doi.org/10.1038/nrd3010 

13. Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E., & Mello, C. C. (1998). Potent and specific genetic 

interference by double-stranded RNA in Caenorhabditis elegans. Nature, 391(6669), 806–811. 

https://doi.org/10.1038/35888 

14. Hammond, S. M., Boettcher, S., Caudy, A. A., Kobayashi, R., & Hannon, G. J. (2001). Argonaute2, a link between 

genetic and biochemical analyses of RNAi. Science, 293(5532), 1146–1150. 

https://doi.org/10.1126/science.1064023 

15. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., & Tuschl, T. (2001). Duplexes of 21-nucleotide 

RNAs mediate RNA interference in cultured mammalian cells. Nature, 411(6836), 494–498. 

https://doi.org/10.1038/35078107 

16. Hannon, G. J. (2002). RNA interference. Nature, 418(6894), 244–251. https://doi.org/10.1038/418244a 

17. Kim, D. H., & Rossi, J. J. (2007). Strategies for silencing human disease using RNA interference. Nature Reviews 

Genetics, 8(3), 173–184. https://doi.org/10.1038/nrg2006 

18. Roberts, T. C., Langer, R., & Wood, M. J. A. (2020). Advances in oligonucleotide drug delivery. Nature Reviews 

Drug Discovery, 19(10), 673–694. https://doi.org/10.1038/s41573-020-0075-7 

19. Bennett, C. F., & Swayze, E. E. (2010). RNA targeting therapeutics: Molecular mechanisms of antisense 

oligonucleotides as a therapeutic platform. Annual Review of Pharmacology and Toxicology, 50, 259–293. 

https://doi.org/10.1146/annurev.pharmtox.010909.105654 

20. Rinaldi, C., & Wood, M. J. A. (2018). Antisense oligonucleotides: The next frontier for treatment of neurological 

disorders. Nature Reviews Neurology, 14(1), 9–21. https://doi.org/10.1038/nrneurol.2017.148 

21. Crooke, S. T. (2017). Molecular mechanisms of antisense oligonucleotides. Nucleic Acid Therapeutics, 27(2), 70–

77. https://doi.org/10.1089/nat.2016.0656 

22. Singh, N. N., Luo, D., & Singh, R. N. (2018). Pre-mRNA splicing modulation by antisense oligonucleotides. 

Methods in Molecular Biology, 1828, 415–437. https://doi.org/10.1007/978-1-4939-8651-4_26 

https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1038/s41573-020-0075-7


1(49) (2026): International Journal of Innovative Technologies in Social Science  

 

e-ISSN: 2544-9435 7 

 

23. Havens, M. A., & Hastings, M. L. (2016). Splice-switching antisense oligonucleotides as therapeutic drugs. Nucleic 

Acids Research, 44(14), 6549–6563. https://doi.org/10.1093/nar/gkw533 

24. Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., & Lim, W. A. (2013). 

Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression. Cell, 152(5), 

1173–1183. https://doi.org/10.1016/j.cell.2013.02.022 

25. Doudna, J. A., & Charpentier, E. (2014). Genome editing. The new frontier of genome engineering with CRISPR-

Cas9. Science, 346(6213), Article 1258096. https://doi.org/10.1126/science.1258096 

26. Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., Stern-Ginossar, N., Brandman, O., 

Whitehead, E. H., Doudna, J. A., Lim, W. A., Weissman, J. S., & Qi, L. S. (2013). CRISPR-mediated modular RNA-

guided regulation of transcription in eukaryotes. Cell, 154(2), 442–451. https://doi.org/10.1016/j.cell.2013.06.044 

27. Dominguez, A. A., Lim, W. A., & Qi, L. S. (2016). Beyond editing: Repurposing CRISPR-Cas9 for precision 

genome regulation and interrogation. Nature Reviews Molecular Cell Biology, 17(1), 5–15. 

https://doi.org/10.1038/nrm.2015.2 

28. Kearns, N. A., Pham, H., Tabak, B., Genga, R. M., Silverstein, N. J., Garber, M., & Maehr, R. (2015). Functional 

annotation of native enhancers with a Cas9-histone demethylase fusion. Nature Methods, 12(5), 401–403. 

https://doi.org/10.1038/nmeth.3325 

29. Amabile, A., Migliara, A., Capasso, P., Biffi, M., Cittaro, D., Naldini, L., & Lombardo, A. (2016). Inheritable 

silencing of endogenous genes by hit-and-run targeted epigenetic editing. Cell, 167(1), 219–232.e14. 

https://doi.org/10.1016/j.cell.2016.09.006 

30. Thakore, P. I., D'Ippolito, A. M., Song, L., Safi, A., Shivakumar, N. K., Kabadi, A. M., Reddy, T. E., Crawford, G. 

E., & Gersbach, C. A. (2015). Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal 

regulatory elements. Nature Methods, 12(12), 1143–1149. https://doi.org/10.1038/nmeth.3630 

31. Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., Smith, I., Tothova, Z., Wilen, 

C., Orchard, R., Virgin, H. W., Listgarten, J., & Root, D. E. (2016). Optimized sgRNA design to maximize activity 

and minimize off-target effects of CRISPR-Cas9. Nature Biotechnology, 34(2), 184–191. 
https://doi.org/10.1038/nbt.3437 

32. Horlbeck, M. A., Witkowsky, L. B., Guglielmi, B., Replogle, J. M., Gilbert, L. A., Villalta, J. E., Torigoe, S. E., 

Tjian, R., & Weissman, J. S. (2016). Nucleosomes impede Cas9 access to DNA in vivo and in vitro. eLife, 5, Article 

e12677. https://doi.org/10.7554/eLife.12677 

33. Shalem, O., Sanjana, N. E., & Zhang, F. (2015). High-throughput functional genomics using CRISPR-Cas9. Nature 

Reviews Genetics, 16(5), 299–311. https://doi.org/10.1038/nrg3899 

34. Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P. D., Wu, X., Jiang, W., Marraffini, L. A., & 

Zhang, F. (2013). Multiplex genome engineering using CRISPR/Cas systems. Science, 339(6121), 819–823. 

https://doi.org/10.1126/science.1231143 

35. Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & Charpentier, E. (2012). A programmable dual-

RNA-guided DNA endonuclease in adaptive bacterial immunity. Science, 337(6096), 816–821. 

https://doi.org/10.1126/science.1225829 

36. Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Hölper, S., Krüger, M., & Stainier, D. Y. (2015). Genetic 

compensation induced by deleterious mutations but not gene knockdowns. Nature, 524(7564), 230–233. 

https://doi.org/10.1038/nature14580 

37. Kosicki, M., Tomberg, K., & Bradley, A. (2018). Repair of double-strand breaks induced by CRISPR-Cas9 leads to 

large deletions and complex rearrangements. Nature Biotechnology, 36(8), 765–771. 

https://doi.org/10.1038/nbt.4192 

38. Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., & Zhang, F. (2013). Genome engineering using the 

CRISPR-Cas9 system. Nature Protocols, 8(11), 2281–2308. https://doi.org/10.1038/nprot.2013.143 

39. Haapaniemi, E., Botla, S., Persson, J., Schmierer, B., & Taipale, J. (2018). CRISPR-Cas9 genome editing induces a 

p53-mediated DNA damage response. Nature Medicine, 24(7), 927–930. https://doi.org/10.1038/s41591-018-0049-z 

40. Gilleron, J., Querbes, W., Zeigerer, A., Borodovsky, A., Marsico, G., Schubert, U., Manygoats, K., Seifert, S., 

Andree, C., Stöter, M., Epstein-Barash, H., Zhang, L., Koteliansky, V., Fitzgerald, K., Fava, E., Bickle, M., 

Kalaidzidis, Y., Akinc, A., Maier, M., & Zerial, M. (2013). Image-based analysis of lipid nanoparticle-mediated 

siRNA delivery, intracellular trafficking and endosomal escape. Nature Biotechnology, 31(7), 638–646. 

https://doi.org/10.1038/nbt.2612 

41. Kim, T. K., & Eberwine, J. H. (2010). Mammalian cell transfection: The present and the future. Analytical and 

Bioanalytical Chemistry, 397(8), 3173–3178. https://doi.org/10.1007/s00216-010-3821-6 

42. Stewart, M. P., Sharei, A., Ding, X., Sahay, G., Langer, R., & Jensen, K. F. (2016). In vitro and ex vivo strategies 

for intracellular delivery. Nature, 538(7624), 183–192. https://doi.org/10.1038/nature19764 

43. Neumann, E., Schaefer-Ridder, M., Wang, Y., & Hofschneider, P. H. (1982). Gene transfer into mouse lyoma cells 

by electroporation in high electric fields. EMBO Journal, 1(7), 841–845. https://doi.org/10.1002/j.1460-

2075.1982.tb01257.x 

https://doi.org/10.1126/science.1258096
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nprot.2013.143


1(49) (2026): International Journal of Innovative Technologies in Social Science  

 

e-ISSN: 2544-9435 8 

 

44. Naldini, L. (1998). Lentiviruses as gene transfer agents for delivery to non-dividing cells. Current Opinion in 

Biotechnology, 9(5), 457–463. https://doi.org/10.1016/S0958-1669(98)80029-3 

45. Moffat, J., Grueneberg, D. A., Yang, X., Kim, S. Y., Kloepfer, A. M., Hinkle, G., Piqani, B., Eisenhaure, T. M., 

Luo, B., Grenier, J. K., Carpenter, A. E., Foo, S. Y., Stewart, S. A., Stockwell, B. R., Hacohen, N., Hahn, W. C., 

Lander, E. S., Sabatini, D. M., Root, D. E. (2006). A lentiviral RNAi library for human and mouse genes applied to 

an arrayed viral high-content screen. Cell, 124(6), 1283–1298. https://doi.org/10.1016/j.cell.2006.01.040 

46. Vogel, C., & Marcotte, E. M. (2012). Insights into the regulation of protein abundance from proteomic and 

transcriptomic analyses. Nature Reviews Genetics, 13(4), 227–232. https://doi.org/10.1038/nrg3185 

47. Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., Nolan, T., Pfaffl, M. 

W., Shipley, G. L., Vandesompele, J., & Wittwer, C. T. (2009). The MIQE guidelines: Minimum information for 

publication of quantitative real-time PCR experiments. Clinical Chemistry, 55(4), 611–622. 

https://doi.org/10.1373/clinchem.2008.112797 

48. Wang, Z., Gerstein, M., & Snyder, M. (2009). RNA-Seq: A revolutionary tool for transcriptomics. Nature Reviews 

Genetics, 10(1), 57–63. https://doi.org/10.1038/nrg2484 

49. Taylor, S. C., & Posch, A. (2014). The design of a quantitative western blot experiment. BioMed Research 

International, 2014, Article 361590. https://doi.org/10.1155/2014/361590 

 

https://doi.org/10.1038/nrg3185
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1038/nrg2484

	Concept and significance of gene expression silencing
	Antisense oligonucleotides
	CRISPR Technologies in Gene Expression Silencing
	Methods for Delivering Gene-Silencing Tools to Cells In Vitro
	Validation of Gene Silencing Efficiency
	Comparison of Gene Expression Silencing Methods

