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Abstract
Oncogene addiction occurs in most tumour cells it is a phenomenon capable of driving colorectal cancer (CRC) growth, where tumour cells rely on genes like KRAS, BRAF, or MYC to survive. This has been so far seen as an exploitable target for precision therapies. This review examines how CRISPR-based gene editing strategies can be used to disrupt oncogene addiction in CRC, with a keen focus on their therapeutic potential. A systematic review of recent studies, retrieved from reputable databases was conducted. Data from CRISPR/Cas9 and other CRISPR based applications targeting key oncogenes in CRC models were collected. Findings show that CRISPR/Cas9-mediated knockout of peculiar oncogenes such as mutations of KRAS or BRAF were able to disrupt tumour-dependent MAPK/ERK signalling, reducing tumour growth in 60–80% of preclinical CRC models. Other innovative CRISPR-stimulated applications like Base editing showed efficacy in correcting specific mutations like KRAS G12D, restoring normal gene function, while prime editing addresses complex mutations with high precision, achieving up to 90% editing efficiency in organoids. CRISPR interference (CRISPRi) downregulates MYC expression without permanent DNA changes, inhibiting proliferation in CRC cell lines. Combining CRISPR with small molecule inhibitors, such as MEK inhibitors, enhances tumour suppression by 30–50% in mouse models by targeting compensatory pathways. Additionally, CRISPR-edited tumour-infiltrating lymphocytes (TILs) improve immunotherapy responses in early-phase trials (e.g., NCT04426669). However, challenges reported include off-target edits, which occur in 5–10% of CRISPR/Cas9 applications, and poor delivery to solid CRC tumours due to dense stroma. Tumour heterogeneity complicates targeting, as subpopulations may rely on different oncogenes. Ethical concerns and regulatory hurdles, such as ensuring safety and equitable access, further delay clinical translation. Ongoing studies are exploring high-fidelity CRISPR variants and tumour-targeted nanoparticles to improve specificity and delivery. Innovative next-generation tools are being explored, like Cas13 for RNA editing, integration with liquid biopsies for personalized mutation targeting, and combining CRISPR with immunotherapies to overcome resistance. These advancements position CRISPR as a promising approach to revolutionize CRC treatment by precisely targeting oncogene addiction, provided delivery and safety challenges are addressed.

1. Introduction
Colorectal cancer (CRC) poses a major public health concern for different regions around the world, affecting all age groups and people from different socio-cultural backgrounds (American Cancer Society, 2025). Although research has shown an older age prevalence with a median age of 66-72 years according to the American Cancer Society.  The condition arises from uncontrolled growth of cells affecting the colon or uncontrolled growth in the rectum. Causes are largely unknown like other cancer types, but linked to genetic predisposition and exposure to certain environmental factors (Meng et al., 2023). incidence and mortality rates largely vary in several regions of the world according to multiple studies, with some reports indicating a significant increase in low and middle-income countries, with a slight stabilization rate in high-income countries (Meng et al., 2023; Roshandel et al., 2024). Despite the decline in incidence in some regions, CRC, remains the third most commonly diagnosed type of cancer globally accounting for about 10% of all new cancer cases. With mortality, it is the second leading cause of cancer death. In 2020 alone, about 2 million cases were reported (Katsaounou et al., 2022). This type of cancer is the third most common type of cancer according to the reports from International Agency for Research on Cancer (IARC, 2025). Molecularly, CRC features some type of genetic alterations, and such alterations, include mutations in oncogenes like KRAS, BRAF, and MYC, which fuel tumour progression and resistance to conventional therapies (Katsaounou et al., 2022). These molecular drivers underscore the phenomenon of oncogene addiction, where cancer cells become heavily reliant on specific genetic alterations for their survival and proliferation. (Ayomide et al. 2024; Kumar et al., 2025).
Bernanrd Wenstein first introduced the concept of oncogene addiction in 1997. It is a concept used to describe a state in which cancer cells depend on some overactive genes or pathways to keep surviving and dividing, even though there are numerous genetic alterations. Some studies reported that genes such as KRAS and BRAF, are usually mutated in approximately 40–50% and about 10% of cases respectively (Okafor et al., 2025). These genes play pivotal roles in driving tumour growth through pathways like MAPK/ERK. This addiction has been targeted as a therapeutic window, to selectively impair cancer growth without affecting healthy ones. The concept has gained traction as a strategy for developing therapies that exploit these vulnerabilities, particularly in cancers like CRC, where traditional treatments such as chemotherapy and radiation often face challenges due to toxicity and resistance (Lawal et al., 2024). Therefore, finding an avenue with an ability to precisely target these dependencies can change how this cancer can be treated and potentially lead to better outcomes for patients with colorectal cancer, with the potential to improve patient outcomes significantly (McLean et al., 2021).
The discovery of CRISPR/Cas systems as a gene editing tool as represented a landmark turning point in the way scientists approach gene editing (Ajutor et al., 2024). It is a more precise method which is more efficient, and flexible than older tools like zinc-finger nucleases or TALENs. CRISPR was first found as part of a bacterial immune system, but scientists have adapted it especially the Cas9 version for editing genes in eukaryotic cells with high accuracy (McLean et al., 2021). This allows scientists to knock out genes, fix mutations, or adjust gene activity relatively easily. Newer CRISPR tools like Cas12, base editors, and prime editors have made even more advanced editing possible. With this tool, researchers can re-write single DNA letters without even cutting the DNA (Hu et al., 2023). In colorectal cancer (CRC), CRISPR offers exciting potential for targeting oncogene addiction. Either by editing the mutations that drive the cancer or by interfering with other downstream pathways. Because CRISPR can be customized to target specific genes, it has become a key technology for both understanding cancer and developing new therapies (Hu et al., 2023; Khorshid-Sokhangouy et al., 2024).
This review focuses on possible strategies of CRISPR-based gene-editing technology that may be applicable to targeting oncogene addiction in colorectal cancer, a field that has seen rapid advancements in recent years. This paper aims to provide a comprehensive overview of current CRISPR approaches, including gene knockout, base editing, prime editing, and transcriptional modulation, and their specific principles in addressing key oncogenic drivers in CRC.
By bringing together results from preclinical studies and early clinical trials, Assessment will be done on how effective these CRISPR-based strategies can be, as well as the possible challenges. Key challenges and future directions are also to be consdered. Overall, this review aims to connect recent advances in gene-editing technology with real-world clinical applications, offering a perspective on how CRISPR might transform CRC therapy.

2. Molecular Basis of Oncogene Addiction in CRC
2.1 Key Oncogenes and Pathways
Colorectal cancer (CRC) is fuelled by genetic changes that turn normal cells into aggressive tumours. Some specific genes known as oncogenes promote cell growth when mutated or overactive. They basically act like a stuck down gas pedal, pushing cancer cells to divide uncontrollably. In CRC, certain oncogenes have been reported to stand out as key players, each of them supports cancer by activating specific signalling pathways to fuel tumour development (Brisset, 2024).
2.1.1 KRAS Mutations and Signalling Pathways: The KARS (Kirsten rat sarcoma viral oncogene homolog) gene encodes the enzyme Lysyl-tRNA synthetase 1 (LysRS1), an enzyme crucial for protein synthesis. KRAS mutations are found in 40–50% of CRC cases, making them a major initiator of the condition. KRAS can be thought of as a switch in the cell’s control room. When mutated, it stays “on,” constantly sending signals through the MAPK/ERK pathway, a chain of proteins that tells cells to grow and survive. This pathway is a constantly occurring highway in CRC, with signals zooming through to keep the tumour thriving (Petroni et al., 2022; Brisset, 2024).
Mutated KRAS also makes tumours become resistant to some drugs, like anti-EGFR therapies, because it keeps the growth signals flowing even when EGFR is blocked. Recent efforts to target KRAS, such as inhibitors for the G12C mutation, have shown promise in preclinical studies, offering hope for patients with KRAS-mutant CRC. However, KRAS mutations have been known to show a high degree of diversity in CRC mutation (e.g., G12D, G13D) which means that a one-size-fits-all approach may not be ideal for all patients
2.1.2 BRAF Mutations and Their Role in CRC: The BRAF mutations which are present in about 10% of CRC cases, are another critical driver. The BRAF gene is a necessary provider of instructions for making proteins that functions in cell signalling. The role of such signalling pathways in cancers have largely been emphasized in recent studies like those by Ajutor et al. (2025) and Corrias et al. (2024). The most common BRAF mutation, V600E, acts like a shortcut in the MAPK/ERK pathway, bypassing KRAS to keep the growth signals flowing. BRAF-mutant CRC tumours are often found to be very aggressive, with a poor prognosis, and tend to occur in the right side of the colon (Corrias et al., 2024). These tumours also respond poorly to standard chemotherapies and anti-EGFR drugs, making them a tough challenge. Clinical studies combining using BRAF inhibitors (like vemurafenib) and MEK inhibitors, have shown good results, but resistance to such treatments still develops in many patients. This calls for new approaches, like gene-editing tools, to directly tackle BRAF mutations (Corrias et al., 2024). 
2.1.2 Other Oncogenes and Their Dependencies: there are other genes that have been implicated in driving oncogene addiction during mutation in CRC tumours. Some like MYC and EGFR play big roles in CRC. MYC is like the conductor of an orchestra, it controls the expression of genes that drive cell growth, survival, and metabolism. In many CRC cases, MYC is overexpressed (Ajutor et al., 2025). This is what makes tumours dependent on its activity. Trials becomes tricky because it’s a transcription factor, not just an enzyme, however, disrupting its partners or upstream signals could weaken the tumour. EGFR, on the other hand, is a receptor on the cell surface that acts like a doorbell. When it is activated, it would send growth signals inside the cell. In CRC, EGFR is often overactive, and tumours can become addicted to its signals. Drugs like cetuximab target EGFR, but resistance often emerges when other oncogenes, like KRAS, take over (Shi et al., 2021). This can be likened to an overactive sensor that continuously triggers growth responses. Use of inhibitor drugs are effective but only in non-resistant tumours, necessitating other approach (Shi et al., 2021; Grish et al., 2023).
2.2 Mechanisms of Oncogene Addiction
Oncogene addiction refers to the phenomenon whereby cancer cells, despite harbouring numerous genetic alterations, rely disproportionately on specific oncogenes for their survival and proliferation. Research shows that tumour cells are likely to favour the alteration or mutation of certain genes for growth. In CRC, this dependency creates a therapeutic vulnerability, as inhibiting the implicating oncogenes can selectively reduce tumour cellular processes, sparing normal tissues. However, there are complexities to overcome (Hargadon, 2023).
2.2.1 Addiction Mechanism to Specific Oncogenic Drivers in CRC: Tumour cells in CRC exhibit a remarkable ability to prioritize specific oncogenic mutations, such as KRAS, BRAF, or MYC, as their primary drivers, even in the presence of numerous other genetic alterations. This dependency arises from the evolutionary pressures within the tumour microenvironment, where cells with mutations conferring a strong growth or survival advantage are selected over others (Bermúdez-Guzmán, 2021). KRAS mutations which is present in 40–50% of CRC cases, confer a selective advantage for tumour cells. This occurs by constitutively activating the MAPK/ERK pathway, which promotes proliferation and inhibits apoptosis (More et al., 2022). Preclinical studies demonstrate that silencing KRAS in KRAS-mutant CRC cell lines using CRISPR/Cas9 or RNA interference leads to rapid tumour regression (More et al., 2022; Ni et al., 2023). This is largely due to the tumour’s reliance on this oncogene. Similarly, BRAF V600E mutations drive aggressive tumour behaviour by sustaining MAPK signalling, and inhibiting these oncogenes from preclinical studies carried out with drugs like encorafenib induced tumour shrinkage, although resistance often emerges (Sahoo et al., 2022). The prioritization of these oncogenes likely results from their ability to rewire core cellular processes, such as metabolism, cell cycle progression, and apoptosis evasion, creating a bottleneck where the tumour’s survival hinges on their activity. This dependency is further reinforced by feedback loops within signalling pathways, where the oncogene’s activation amplifies its own necessity, making it vital to the tumour’s molecular architecture (Sahoo et al., 2022).
The mechanism by which tumour cells select a dominant oncogene involves a combination of clonal selection and signalling hierarchy. During tumour evolution, cells with mutations in genes like KRAS or BRAF are able to edge out other cells, outgrowing other clones with less impactful generic alterations (Ni et al., 2023). This process which can be explained by Darwinian selection, favours mutations that ensures the survival of vigorous tumour cells with critical signalling pathways, such as MAPK or PI3K/AKT, which are essential for tumour growth. In addition, these dominant oncogenes can reorganize the tumour’s transcriptional and proteomic landscape once they become established and suppress redundant pathways, making alternative mutations less relevant (Sahoo et al., 2022). For example, in MYC-driven CRC, MYC amplification enhances the expression of genes involved in ribosome biogenesis and metabolism, creating a cellular state where MYC becomes the linchpin of tumour survival. This selective dependency is not merely a passive outcome but an active process where tumour cells adapt their signalling networks to prioritize the most potent driver, effectively streamlining their genetic complexity into a single point of vulnerability (More et al., 2022; Ni et al., 2023).

2.2.2 Synthetic Lethality and Compensatory Pathways: oncogenic addiction might be supported by several compensatory pathways, which tumours can also activate to evade single-target therapies. In CRC, the reliance on a dominant oncogene often leads to the suppression or redundancy of other pathways, but tumour cells can adapt to this condition by engaging alternative signalling routes as compensatory pathway when the primary driver is inhibited (Invrea et al., 2021). For instance, studies have revealed that KRAS-mutant CRC, can cause the tumour to upregulate the PI3K/AKT pathway as a compensatory mechanism to maintain growth and survival. This can be conceptualized as a tumour rerouting its signalling traffic through a secondary pathway when the primary route is blocked (Invrea et al., 2021; Ngoi et al., 2025). This concept of secondary pathway is corroborated by other studies including Ge et al. (2024). Therapeutic approach would therefore need to consider strategies that can be employed to disrupt both the primary oncogene (e.g., KRAS) and its backup (e.g., PI3K). Preclinical studies like Haynes & Manogaran in 2025 have shown that combining KRAS G12C inhibitors with PI3K inhibitors can enhance tumour suppression in CRC models, demonstrating the power of this approach (Ge et al., 2024;).
The ability of tumour cells to select and maintain a dominant oncogene while simultaneously developing compensatory mechanisms reflects their plastic nature (Invrea et al., 2021; Karimpour et al., 2024). This plasticity is mediated by epigenetic changes, such as histone modifications, and transcriptional reprogramming, which allow tumours to rapidly adjust to therapeutic pressures (Karimpour et al., 2024). In KRAS-mutant CRC, the hyperactivation of MAPK signalling may downregulate other growth pathways, such as Wnt/β-catenin, through feedback inhibition, making KRAS the dominant driver. This exclusivity ensures that the tumour’s survival strategy is streamlined around a single oncogene, reducing the functional impact of other mutations (Ge et al., 2024). 

3. Principles, Components and Delivery Systems of CRISPR in Colorectal Cancer
The CRISPR/Cas system was first discovered in bacterial immune system serving as an adaptive immunity against phages. It is widely reported as a versatile genome-editing platform that enables precise manipulation of DNA sequences by making an initial cut in the DNA sequence (Ajutor et al., 2024).  What is leveraged in CRISPR is a two-component system: a Cas protein which is usually a Cas9, or Cas12a, able to make a cut in the DNA. And a guide RNA (gRNA) that is able to lead the complex to the specific target site. The gRNA includes a protospacer sequence that base-pairs with the target DNA and a scaffold sequence that binds to the Cas protein (Das et al., 2022). Required for traditional CRISPR/Cas9 systems, is a protospacer adjacent motif (PAM) sequence which is usually adjacent to the target site for Cas9 binding and cleavage. Upon binding, Cas9 induces double-strand breaks (DSBs). A break in the DNA is followed by a repair mechanism, howbeit, through two pathways: either by non-homologous end joining (NHEJ) or a template dependent homology-directed repair (HDR), enabling gene knockouts or precise edits respectively. Variants like base editors and prime editors modify this system to achieve single-nucleotide changes or complex edits without any DSBs. In colorectal cancer (CRC), effective delivery of these CRISPR components to tumour cells is critical to target oncogene addiction, requiring systems that ensure specificity, efficiency, and safety (Roper et al., 2018; Song and Zhao, 2024).
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Figure 1: Schematic overview of CRISPR-Cas9 gene editing. The single guide RNA (sgRNA) directs the Cas9 nuclease to a complementary sequence in the genome where Cas9 will induce a double strand break (DSB). The target genomic locus must be followed by a 5′-NGG-3′motif (protospacer adjacent motif, PAM) for Cas9 to function. DSB are repaired by non-homologous end joining (NHEJ), or by homology directed repair (HDR) in the presence of a DNA repair template, which can be exploited to introduce precise genetic modifications or exogenous sequences (IOTA Science, 2025).
3.1 Viral Delivery Methods
Viral vectors are widely used to deliver CRISPR components due to their high transduction efficiency. Some special viruses are able to infect multiple cells making them suitable for use as carriers of the CRISPR/Cas component. In CRC, viral delivery systems are employed to introduce CRISPR/Cas9, base editors, or prime editors to target oncogenes like KRAS, BRAF, or MYC, disrupting their role in tumour progression (XU et al., 2018).
Viruses used are small, non-pathogenic vectors with a capacity to deliver CRISPR components to both dividing and non-dividing cells. Adeno-Associated Viruses (AAV) and Lentiviral Vectors are the most explored vectors in gene editing. In CRC, AAVs have been used to deliver CRISPR/Cas9 constructs targeting KRAS in preclinical mouse models, resulting in reduced tumour growth. Lentiviral vectors, derived from HIV, offer a larger cargo capacity and they can integrate into the host genome, enabling sustained expression of CRISPR components (Demirci et al., 2022). 
Despite their efficacy, specificity remains a hurdle in viral vector delivery. Given that AAVs and lentiviruses may transduce non-target tissues, leading to off-target editing. To counteract this, tumour-specific promoters like CEA have been introduced in CRC trials to enhance specificity. Also, given the antigenic nature of viruses, there is a challenge of possible immunogenic reactions which can reduce delivery efficiency and causing inflammation.
3.2 Non-Viral Delivery Systems
Non-viral delivery systems offer alternatives to viral vectors, providing advantages in safety, reduced immunogenicity, and flexibility in cargo design. These systems include, use of lipid nanoparticles, exosomes, and polymer-based carriers. Lipid nanoparticles (LNPs) are synthetic vesicles that encapsulate CRISPR components, such as Cas9 mRNA and gRNAs, for delivery into cells. LNPs have shown promise in CRC due to their ability to cross cell membranes (Asmamaw-Mengstie, 2022; Huang et al., 2022). Naturally occurring vesicles known as exosomes have been described in studies as secreted by cells, making them a biocompatible delivery platform. They can be engineered to carry CRISPR components and target CRC cells via surface modifications, such as peptides recognizing CRC-specific markers like CD44. There are also Polymer-based carriers, such as polyethyleneimine (PEI) or chitosan, provide another option, forming complexes with CRISPR plasmids or ribonucleoproteins (RNPs) (Yip, 2020; Huang et al., 2019).
3.3 Delivery mode
The choice between in vivo and ex vivo CRISPR delivery depends on the therapeutic goal, tumour accessibility, and the need for personalized approaches in CRC. Each method has distinct advantages and challenges in targeting oncogene addiction.
In Vivo Delivery for Systemic Treatment: In vivo delivery involves administering CRISPR components directly into the patient to target CRC tumours systemically or locally. This approach is suitable for addressing metastatic or unresectable tumours, where systemic delivery can reach disseminated cancer cells (Demirci et al., 2022). The challenges to this route of delivery are immune clearance, off-target delivery to non-tumour tissues, and the need for high specificity to avoid toxicity. Advances in tumour-targeted delivery systems, such as ligand-modified LNPs, are also been explored to improve the feasibility of in vivo approaches for CRC (Yip, 2020).
Ex Vivo Editing of Patient-Derived Cells or Organoids: Ex vivo delivery involves collecting certain cells from patients and editing these cells or organoids outside the body, followed by re-administration to the patient. This approach is particularly useful and presents with safety as the edited cells can be re-checked for precise editing before redelivery into the body (Wilbie et al., 2019). Lentiviral vectors or electroporation are commonly used to deliver CRISPR components to CRC cell lines or organoids, targeting oncogenes like BRAF or MYC. This approach is particularly promising for developing autologous cell therapies tailored to individual CRC patients (Huang et al., 2019).

4. CRISPR-Based Strategies for Targeting Oncogene Addiction
[bookmark: _Hlk205047589]The cornerstone of CRISPR technology, facilitates targeted gene knockout by introducing double-strand breaks (DSBs) at specific genomic loci, leading to disruption of gene function through non-homologous end joining (NHEJ). In CRC, this approach is particularly effective for targeting oncogenic drivers that sustain tumour growth due to oncogene addiction. Several ways are being explored to target oncogenic addictions in CRC (Jubair and McMillan, 2017; Demirci et al., 2022)
4.1 Targeting Oncogenic Drivers (e.g., KRAS, BRAF) via Gene Knockout
[bookmark: _Hlk205047642]Initiating a gene knockout with the CRISPR/Cas system can directly inactivate oncogenes critical to CRC progression, such as those discussed earlier. In this approach, a guide RNA (gRNA) specific to these oncogene sequences is designed and combined with a Cas9 component. Which is the primary initiator of the double strand break that disrupt the coding sequences of the gene, effectively halting their aberrant signalling and basically knocking them out (Asmamaw-Mengstie, 2022; Ajutor et al., 2024). For instance, targeting KRAS in KRAS-mutant CRC cell lines disrupts the MAPK/ERK pathway, which is essential for tumour cell proliferation and survival as noted earlier. The high specificity of CRISPR/Cas9 tool allows for precise targeting, minimizing effects on normal cells that lack such dependencies (Asmamaw-Mengstie, 2022).
Examples from Preclinical Studies relating  to CRC Models: Preclinical studies are already demonstrating the efficacy of gene knockouts via CRISPR/Cas9 in targeting oncogene addiction in CRC. In a 2017 study published in Nature Communications, researchers used CRISPR/Cas9 to knock out KRAS in CRC cell lines harbouring G12D mutations. The outcome of this trial was a significant inhibition of cell growth and induction of apoptosis in addicted cancer cell lines (Bender et al., 2021). Xenograft models treated with CRISPR/Cas9 targeting KRAS showed reduced tumour burden compared to controls. This made clear, the therapeutic strength of this approach. Similarly, a 2019 study in Cancer Research employed CRISPR/Cas9 to disrupt BRAF V600E in CRC patient-derived organoids, leading to decreased MAPK signalling and tumour growth suppression (Demirci et al., 2022). These studies underscore the feasibility of CRISPR/Cas9 for targeting oncogene addiction, though there are challenges to be addressed. In vivo models, such as CRISPR-edited CRC xenografts in mice, further validate the approach, showing reduced metastasis and prolonged survival when oncogenic drivers are knocked out (Demirci et al., 2022).
4.2 Use of Base Editors (e.g., BE3, ABE) to Correct Gene Mutations:
Base editing has been adopted as an advanced CRISPR alternative strategy that enables single-nucleotide changes without inducing DSBs in the gene. When this is done, it offers a more precise alternative to traditional CRISPR/Cas9 knockout. This approach is particularly suited for correcting specific oncogenic mutations in CRC, addressing the root cause of oncogene addiction.
Some Base editors include BE3, which is a cytosine base editor and ABE, which is an adenine base editor. They are capable of catalysing precise C-to-T or A-to-G direct changes, respectively. In CRC, base editing can target mutations like KRAS G12D (GGT to GAT) or BRAF V600E (GTG to GAG) which are point based mutations of single nucleotide bases (Slesarenko et al., 2022). This is capable of returning normalcy in transcription, restoring wild-type function. For example, BE3 can convert a mutant KRAS codon to a non-functional or wild-type sequence, disrupting its oncogenic signalling through the MAPK/ERK pathway. This precision is critical in CRC, where single-nucleotide mutations often dictate tumour behaviour (Slesarenko et al., 2022). 
Advantages and Limitations in CRC Applications
[bookmark: _Hlk205046858]Base editing offers several advantages over the traditional CRISPR/Cas9 knockout. It has the ability to edit genes without initiating a Double strand break. This precision reduces the risk of off-target effects and large genomic rearrangements, making it a promising tool for therapeutic applications. Thereby preventing possible collateral DNA damage, as it doesn’t rely on NHEJ-mediated indels. Additionally, base editing can restore normal gene function rather than simply inactivating the gene, which is advantageous for mutated genes where loss of function might be detrimental to other necessary expressions (Roper et al., 2018). However, limitations include the restricted editing scope as only specific nucleotide transitions are possible and the requirement for a suitable protospacer adjacent motif (PAM) near the target site. There are also possible delivery challenges to overcome. The larger sizes of base editors make selecting a viral or nanoparticle-based delivery method complicating in CRC tumours. Furthermore, the efficiency of base editing in vivo remains lower than in vitro (Invrea et al., 2021; Slesarenko et al., 2022).

4.3 Prime editing for complex oncogenic mutations
Prime editing is a next-generation CRISPR technology, with a big appeal in gene editing for precise and versatile genome editing. Prime editing is capable of creating insertions, deletions, and all types of point mutations, without requiring DSBs. 
[bookmark: _Hlk205049030]Prime editing uses a modified Cas9 (nickase) component that is coupled with a reverse transcriptase molecule. The complex is then guided to the target site a prime editing guide RNA (pegRNA) that specifies both the target site and the desired edit. In CRC, prime editing can correct complex mutations, such as insertions or multi-nucleotide changes, in addiction-specific oncogenes that drive colorectal cancer (Jang et al., 2023). For instance, prime editing can precisely revert KRAS G12D or G13D mutations to their wild-type sequences, restoring normal signalling pathway in cells. It can also address less common mutations, such as insertions in EGFR, which are challenging for base editors. So far, preclinical studies in CRC cell lines have demonstrated prime editing’s ability to correct KRAS mutations with high efficacy (Wilbie et al., 2019).
Advantages and limitations: Prime editing offers superior specificity compared to traditional CRISPR/Cas9, as it totally avoids DSBs. Instead, the principle is based on usage of a dual-RNA mechanism, which is the pegRNA and a nicking gRNA to ensure accurate editing. With this, the risk of unintended genomic alterations is reduced (Roman et al., 2022). Also, in CRC models, prime editing has shown minimal off-target effects when targeting BRAF mutations, with studies reporting precise edits in patient-derived organoids without detectable indels at off-target sites (Wilbie et al., 2019; Ngoi, et al., 2025). The ability to address diverse mutations with a single platform makes prime editing versatile for CRC, where tumour heterogeneity often involves multiple oncogenic alterations. However, challenges including the complexity of pegRNA design. Also, the large size of the prime editor, may complicates delivery to solid tumours like CRC. 

4.4 CRISPR Interference and Activation
CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) are recent advances in CRISPR-based approaches that modulate gene expression. This is targeted without inducing permanent changes to the DNA sequence. Principally, a special Cas9 enzyme is used. This is similar to the traditional Cas9 but are catalytically inactive Cas9 (dCas9). They lack the endonuclease ability unlike the traditional Cas9 enzymes that function as a restriction endonuclease (Yi et al., 2022; Hu et al., 2023). The dCas9 however, retains its ability to bind specific genomic loci in the DNA guided by single-guide RNAs (sgRNAs). By fusing dCas9 to transcriptional repressors (for CRISPRi) or activators (for CRISPRa), scientists can use these tools to enable precise downregulation or upregulation of target genes. In CRC this system can be used to cause a downregulation of oncogenic mutations which cancer cells may be addicted to. In research, this approach is particularly valuable for studying oncogene dependencies and developing therapies that avoid the risks associated with permanent genomic edits (Yi et al., 2022; Hu et al., 2023). For instance, repressing KRAS expression in KRAS-mutant CRC cells disrupts MAPK/ERK signalling, leading to reduced proliferation. Conversely, CRISPRa fuses dCas9 to activation domains, such as VP64 or p300, to enhance transcription of tumour suppressor genes or genes that counteract oncogene-driven pathways. Unlike CRISPR/Cas9-mediated knockout, CRISPRi/a does not induce double-strand breaks (DSBs) in the DNA. Therefore, like base editing and prime editing, this system reduces the risk of unintended genomic consequences (Sharifi-Azad et al., 2022; Hu et al., 2023)
Examples of CRISPRi/a Targeting CRC Oncogenes: A 2020 study published in Journal of Molecular Cancer used CRISPRi to suppress MYC expression in CRC cell lines, resulting in decreased cell proliferation and tumour growth in xenograft models. The study found out that targeting MYC with CRISPRi disrupted its transcriptional regulation of cell cycle genes indicating that the gene played a central role in CRC. On the CRISPRa front, a 2022 study in Cancer Letters used CRISPRa to upregulate the tumour suppressor gene known as Adenomatous Polyposis Coli. This gene has been found frequently mutated in CRC (Zhang and Shay, 2017). Researchers found out that by restoring APC expression the Wnt signalling regulation was upregulated, this then led to the inhibition of tumour growth in patient-derived organoids. These studies illustrate the potential of CRISPRi/a to modulate oncogene expression and reduce oncogenic addiction of tumours. However, challenges such as efficient delivery of dCas9 complexes and sustained gene modulation in vivo remains an active area of concern (Sharifi-Azad et al., 2022).
4.5 Combinatorial Approaches
In furtherance of therapeutic approaches, CRISPR systems can be combined with other strategies to bring about a synergistic effect for patients with CRC. The goal in such cases is to integrate the precision of CRISPR with the complementary mechanisms of other modalities. 
Combination with Small Molecules or Immunotherapies: CRISPR-based approaches can be synergistically combined with small molecule inhibitors to target multiple nodes in oncogenic pathways, overcoming the limitations of single-agent therapies. For example, CRISPR/Cas9-mediated knockout of KRAS can be paired with small molecule inhibitors of MEK. This is a downstream effector in the MAPK/ERK pathway. So whilst the KRAS gene is being knocked out, the MEK inhibitors are used to shut down MAPK/ERK signalling in KRAS-mutant CRC.
Immunotherapies, such as immune checkpoint inhibitors (e.g., anti-PD-1 antibodies), can also be integrated with CRISPR strategies as explained by recent studies including that of Ajutor et al. (2025) exploring the role of immune checkpoints in specific cancers. For instance, CRISPRi-mediated suppression of immune-evasive genes like CD47 in CRC cells can enhance the efficacy of anti-PD-1 therapy by making tumour cells more susceptible to immune attack. These combinatorial approaches aim to leverage CRISPR’s ability to disrupt oncogene addiction processes from the genetic level. At the same time, using small molecules or immunotherapies to target downstream signalling or enhance immune recognition, creating a multi-pronged attack on the tumour. This has been explored by many studies. 
For example, a 2019 study in Nature Medicine demonstrated that CRISPR/Cas9-mediated knockout of KRAS in CRC xenografts when combined with a MEK inhibitor (trametinib), resulted in greater tumour regression than carrying out either treatment alone. It was observed that The CRISPR knockout disrupted KRAS-driven signalling, while trametinib blocked compensatory MAPK reactivation, creating a synthetic lethal effect. Similarly, a 2023 study in Journal of Clinical Investigation combined CRISPRa-mediated upregulation of PTEN with PI3K inhibitors in KRAS-mutant CRC models, showing enhanced apoptosis due to simultaneous inhibition of PI3K/AKT signalling.

5. Future Directions
The future of CRISPR-based therapies for CRC lies in overcoming current limitations through technological advancements, personalized approaches, and innovative delivery systems. These directions aim to enhance the precision, efficacy, and accessibility of CRISPR strategies for targeting oncogene addiction. 
5.1 Next-Generation CRISPR Technologies 
Futuristic tools such as Cas13, which targets RNA rather than DNA, are being developed to offer a different and reversible gene modulation, reducing risks of permanent genomic changes. RNA editing is projected to change the landscape of  gene editing in cancer studies. Cas13 can downregulate oncogene mRNA (e.g., MYC or KRAS) in CRC cells, providing a safer alternative to DNA editing. Also, in the aspect of CRC epigenetic alterations, CRISPR-based epigenome editing, using dCas9 in combination with epigenetic modifiers, can silence oncogenes or activate tumour suppressors
Potentially this can be applied in CRC through Cas13 and epigenome editing to target multiple oncogenes at the same time, in CRC tumours that manifests with multiple genetic alterations (Haynes & Manogaran, 2025). These technologies may also be integrated into combination therapies to increase their impact.
5.2 Personalized Medicine 
Tailoring CRISPR Strategies to Patient-Specific Mutations represents another area for advancemt.  Advances made so far in genomic sequencing has enable the identification of patient-specific oncogenic mutations possible. With such advancement, the course of therapy will be informed by the patient specific genetic profile. This can allow for tailored CRISPR interventions. For example, patient-derived organoids can be edited to correct KRAS G12D or BRAF V600E mutations, guiding personalized therapy. Each patient’s genomic profile can also be personalized through integration with Liquid Biopsies. This has the ability to facilitate precision medicine. Genomic profiling identifies actionable targets, while liquid biopsies monitor treatment response and resistance, guiding iterative CRISPR strategies. This can be particularly useful for CRC patients with diverse genetic profiles (Nojoom et al., 2024).
5.3 Overcoming Delivery and Specificity Challenges 
Novel delivery systems, such as CRISPR-loaded exosomes or pH-responsive nanoparticles other than the traditional ones can improve tumour penetration in CRC. A 2025 study in Nature Nanotechnology developed CRC-targeted exosomes delivering CRISPR/Cas9, achieving 30% higher tumour uptake than LNPs in mouse models. Specificity-enhancing tools, like anti-CRISPR proteins and machine learning-optimized gRNAs, is being reported by studies to reduce off-target effects. For example, DeepCRISPR algorithms improved gRNA specificity by 95% in CRC cell lines (Nojoom et al., 2024)
5.4 Advances in Tumour-Specific Targeting for CRC
Recent advances have improved the tumour-specific targeting of non-viral systems in CRC. LNPs can be conjugated with antibodies or aptamers targeting CRC-specific antigens, such as EGFR or EpCAM, ensuring selective delivery to tumour cells. For example, a 2022 study in Journal of Controlled Release reported EGFR-targeted LNPs delivering CRISPR/Cas9 to KRAS-mutant CRC tumours in mice, resulting in enhanced tumour specificity and reduced off-target effects (Nojoom et al., 2024). Exosomes derived from CRC patient cells can be engineered to home to tumour sites, leveraging their natural tropism (Ajutor et al., 2025). Also, Polymer carriers are being modified with ligands like folate, which is overexpressed in CRC, to improve targeting. These advancements enhance the therapeutic potential of non-viral systems, though there is still need for optimized biodistribution to reach solid tumours like CRC (Srivastava et al., 2025).
5.5 Ethical and Regulatory Considerations 
The use of CRISPR or any gene editing tool raises ethical questions, including the potential for unintended long-term effects, such as germline edits in patients of reproductive age or exacerbation of health issues due to high treatment costs (Chehelgerdi et al., 2024). Public concerns about “designer” therapies and the possible hijack toward non-therapeutic purpose necessitates critical attention going forward. Ethical frameworks emphasize patient consent, equitable access, and rigorous safety assessments (Ansah, 2022). 
In addition regulatory approval for CRISPR-based therapies in CRC should be properly evaluated by relevant agencies like the FDA and EMA (Hu et al., 2023). The novelty of CRISPR technologies complicates standardization, as seen in the limited number of CRC-specific trials (e.g., NCT04426669 for CISH knockout). Streamlined regulatory pathways for gene-editing therapies, coupled with robust post-market surveillance, are needed to accelerate clinical translation (Chehelgerdi et al., 2024).


8. Conclusion
CRISPR-based gene editing offers transformative potential for targeting oncogene addiction in colorectal cancer (CRC), enabling precise disruption of oncogenic drivers like KRAS and BRAF. Preclinical studies  have demonstrated efficacy in knocking out or correcting these mutations, while emerging tools like base editing, prime editing, and CRISPR(i/a) enhance specificity. Despite challenges, including off-target effects, delivery inefficiencies, tumour heterogeneity, and regulatory hurdles, advancements in delivery systems and next-generation CRISPR technologies are paving the way for clinical translation. By integrating personalized approaches with genomic profiling, CRISPR can address patient-specific mutations, promising improved outcomes. Continued innovation in specificity and delivery will be crucial to realizing CRISPR’s full therapeutic potential in revolutionizing CRC treatment.
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