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he revolutionary CRISPR/Cas9 system has transformed biotechnology by enabling 

targeted genome modification; however, its traditional reliance on double-strand breaks 

(DSBs) presents significant challenges, including unpredictable "stochastic" mutations and 

low efficiency in non-dividing cells. To overcome these limitations, a new generation of 

"DSB-free" genome engineering tools has emerged, utilising catalytically inactive "dead" 

Cas9 (dCas9) and Cas9 nickases (nCas9) as versatile DNA-binding chases. These platforms 

enable surgical precision by tethering diverse functional domains to specific genomic loci 

without physically severing the DNA backbone. In this article, we explore the mechanisms of 

Base Editing, Prime Editing, Transcriptional Modulation (CRISPRi), and RNA-targeted 

interventions, highlighting how these strategies offer a safer and more efficient pathway for 

advancing basic biological research, developing resilient crop traits, and pioneering human 

gene therapies. 

Introduction 
Beyond the Cut: The Era of Precision Genome Surgery 

The advent of CRISPR/Cas9 technology has fundamentally reshaped the landscape of 

biological research, offering a programmable "molecular toolkit" derived from the adaptive 

immune systems of bacteria and archaea. At its inception, this technology relied on a two-

component system: the Cas9 endonuclease and a single-guide RNA (sgRNA). By recognising 

a specific protospacer adjacent motif (PAM) and complementary DNA sequence, the Cas9 

enzyme induces targeted double-strand breaks (DSBs). While these breaks are a powerful 

tool for genome modification, their repair typically relies on the cell’s endogenous 

machinery—either the error-prone non-homologous end-joining (NHEJ) pathway, which 

creates stochastic insertions and deletions (indels), or the more precise homology-directed 

repair (HDR) pathway. 

 Despite its revolutionary impact, the reliance on DSBs presents significant technical 

bottlenecks. NHEJ, while efficient, is often uncontrollable, leading to unintended genomic 

heterogeneity. Conversely, HDR-mediated precision editing remains notoriously inefficient, 

particularly in non-dividing (non-mitotic) cells, and requires the complex simultaneous 

delivery of a donor DNA template. Furthermore, the cellular stress and potential for 

chromosomal translocations associated with physical DNA cleavage have necessitated a 

paradigm shift in genome engineering. 

 To address these limitations, a new generation of "DSB-free" technologies has 

emerged, utilising catalytically inactive "dead" Cas9 (dCas9) or Cas9 nickases (nCas9) as 

protein chases to tether diverse enzymatic activities. These advancements have initiated an 

era of surgical precision, allowing for: 
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Base Editing: The Genetic Pencil 

Base editing works by using a modified CRISPR-Cas9 "chassis"—either a catalytically 

inactive dead Cas9 (dCas9) or a Cas9 nickase—fused to a deaminase enzyme. Guided by an 

sgRNA, the complex identifies a specific genomic target and creates a small "bubble" of 

single-stranded DNA. Within this window, the deaminase catalyses a direct chemical 

reaction, such as converting a C-G base pair to a T-A base pair, without ever breaking both 

strands of the DNA. To ensure the change is permanent, the system often includes a uracil 

glycosylase inhibitor (UGI) to block natural repair enzymes from reverting the edit, while a 

strategic "nick" on the non-edited strand tricks the cell into using the new edit as the master 

template 

Prime Editing: Search-and-Replace Technology 

Prime editing represents the latest evolution in the CRISPR-Cas9 toolkit, often described as a 

"search-and-replace" technology. While base editors are limited to specific single-letter 

swaps, prime editing is a highly versatile "all-in-one" solution. It can achieve all twelve 

possible base-to-base conversions, as well as precise insertions and deletions, without ever 

needing to break both strands of the DNA or requiring an external donor template. This 

makes it a powerful tool for correcting the vast majority of known genetic mutations that 

cause human diseases and undesirable crop traits. 

 The mechanism of prime editing is a feat of molecular engineering that combines 

three critical components into one functional machine. It starts with a Cas9 nickase (a 

version of Cas9 that cuts only one strand) fused to a Reverse Transcriptase (RT) enzyme. 

The secret to its precision lies in the prime editing guide RNA (pegRNA). Unlike standard 

guides that only show the Cas9 where to go, the pegRNA is "dual-purpose": one end 

identifies the target "search" site, while the other end contains the "replace" template—the 

new genetic code the scientist wants to install. 

 Once the pegRNA leads the complex to the correct location, the Cas9 nickase nicks 

the target DNA strand. This creates a small "flap" of DNA. The Reverse Transcriptase 

enzyme then reads the template provided by the pegRNA and "writes" the new genetic 

information directly onto that DNA flap. The cell's natural repair machinery then steps in to 

incorporate this newly written information into the genome while removing the old, original 

sequence. Because this process avoids double-strand breaks and the messy "NHEJ" repair 

pathway, it results in extremely clean and precise edits with very few unintended "off-target" 

effects. 

CRISPRi and CRISPRa: Tuning Gene Expression 

CRISPR Interference (CRISPRi) and CRISPR Activation (CRISPRa) are powerful functional 

genomics platforms that enable the precise repression or induction of gene expression without 

altering the underlying DNA sequence. Unlike traditional CRISPR-Cas9, which acts as a 

"molecular scissor" to create permanent genetic changes, CRISPRi and CRISPRa function as 

a programmable "dimmer switch." By88 a catalytically inactive or "dead" Cas9 (dCas9) as a 

DNA-binding chassis, these systems can either muffle a gene’s activity to study its necessity 

or boost its expression to uncover new biological functions, all while maintaining the 

integrity of the original genome. 

 The mechanism of these systems centers on the use of dCas9, a version of the Cas9 

protein with mutated nuclease domains that allow it to bind to DNA without cleaving it. In 

CRISPRi, this dCas9 is often fused to a repressor domain, such as the KRAB (Krüppel-

associated box) domain; when guided to a promoter or transcribed region, the complex 

creates a physical and epigenetic blockade that obstructs RNA polymerase, effectively 

silencing the gene. Conversely, in CRISPRa, dCas9 is fused to transcriptional activators like 

VP64 or p65, which recruit the cell’s natural transcription machinery to the target site to 

"ramp up" the production of messenger RNA. Because this process relies on the recruitment 

of regulatory proteins rather than DNA breaks, the effects are highly specific, tunable, and—

most importantly—reversible, providing a safer alternative for modulating complex 

biological pathways. 



Sindhu and Khumukcham (2026) Agri Magazine, 03(03): 537-540 (MAR, 2026)     

Agri Magazine ISSN: 3048-8656 Page 539 

RNA-Targeted Interventions: Expanding the toolbox to the transcriptome via CASTs for 

site-specific integration 

 In contrast, CRISPR-associated transposases (CASTs) leverage a "find-and-paste" 

mechanism to achieve the integration of large DNA payloads. This system utilizes a 

CRISPR-Cas effector (typically Type I or Type V) as a high-fidelity GPS to locate a specific 

genomic attachment site. Once the target is identified, the associated transposase enzymes 

catalyze a direct, site-specific insertion of the donor DNA "cargo" into the genome. This 

integration occurs through a specialized transposition pathway that bypasses the need for the 

cell’s traditional double-strand break repair machinery. By combining CRISPR’s 

programmable targeting with the natural efficiency of transposons, CASTs allow for the 

stable insertion of entire functional genes with minimal off-target risks and high efficiency. 

Conclusion 
The transition from traditional CRISPR-Cas9 "scissors" to sophisticated DSB-free tools like 

base editors, prime editors, and epigenetic modulators marks the beginning of the "CRISPR 

2.0" era. By circumventing the hazardous double-strand break, these technologies have 

drastically reduced the risks of off-target mutations and genomic instability. As we refine 

these tools, they promise to unlock unprecedented potential in agriculture—creating climate-

resilient and biofortified crops—and in medicine, where they may finally offer safe, 

permanent cures for complex genetic disorders. The ability to write, erase, and regulate the 

code of life with surgical precision ensures that the future of biotechnology is not just about 

making changes, but about making the right changes with absolute certainty. 
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