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Abstract  

Complex diseases involve intricate genetic interactions that are difficult to study with  traditional  methods. CRISPR 

gene editing prov ides a powerful  tool for dissecting  these interactions and advancing therapeutic strateg ies. Th is article 

discusses how CRISPR-mediated gene editing can be used to discover genetic interactions related to composite diseases 

and how targeted genetic on/off strategies offer nice therapeutic prospects. The Pub Med and Genomics Onl ine data 

was analyzed f rom 2010 to 2023 in this systematic review which followed the PRISMA guidelines and include only  

research articles. The 80 papers criteria for CRISPR-based genetic interaction analysis consisted of both experimental  

data on gene knockout and activation of genes and the pathways’ outcomes in the context of  multifactorial diseases, 

including  cancer, neurodegenerative disorders, and metabol ic syndromes. Studies were excluded from further 

consideration if they prov ided insufficient or irrelevant experimental evidence regarding complex gene interactions, 

lacked clear methodological rigor, or focused on non-relevant disease models. The exclusion of these studies refined the 

dataset, ensuring  a h igher quality of evidence and minimizing potential biases in the analysis. This improved the 

rel iability  of conclusions drawn regarding the role of CRISPR in studying multifactorial diseases.  40 studies were 

rev iewed for depth analysis of which 15 were analyzed in the summarized table. It showed that the mechanism performs 

well in explaining important gene-to-gene relations with actual gene knockouts being typically compensated. 

Activation studies exempl ified improved comprehension of  genetic networks controlling pathogenic processes as well as 

cancer and neurological disorders. CRISPR-based genetic interventions and CRISPRKO/CRISPR on are valuable 

techniques to dissect pathophysiological  progressions and genetic interacting  networks in multiple diseases. It opens up 

a door to develop new gene targeted medicine and helps in the understanding of precision medicine.  

Keywords: Activation, Anticancer, CRISPR/Cas9, Epistasis, Knock out, Neurological disorders, Personalized 

medicine, Polygenic disorders 

INTRODUCTION  

Understanding the genetic pathways behind diseases like cancer, neurological disorders, and 

metabolic syndromes is challenging due to their complexity. The relationships between multiple genes 

complicate the identification of specific factors contributing to these disorders. The CRISPR-Cas9 gene 

editing system has transformed genetic studies by bringing to light a precise and adjustable way to modify 

genes and their networks when it comes to fighting towards diseases (1). Targeted genetic modifications, 

including gene knockouts to disrupt receptor function and gene activation to upregulate gene expression, 

are allowed by this technology (2). 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) has become a r eliable 

method for gene control, powered by the Cas9 protein, which introduces double-stranded breaks at specific 

DNA loci guided by RNA (3). This allows researchers to study gene function, loss-of-function mutations, 
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and complex genetic interactions (4). For example, gene knockouts in particular have been useful for cancer 

research, helping to identify tumor suppressor genes and understand how they prevent unlimited cell 

proliferation (5). Much like CRISPR, scientists have used CRISPR to learn about neurodegenerative diseases 

like Alzheimer’s and Parkinson’s, identifying pathways that lead to neuronal death and protein 

aggregation (6). 

In addition to gene knockouts, CRISPR can activate gene expression without altering the gene 

sequence (7). This capability is especially important for driving regulation of genes in disease states, such as 

neurodegenerative disease, where levels of protective genes have been targeted for upregulation in order to 

slow disease progression (8). CRISPR is  being explored as a  therapeutic approach towards chronic 

inflammatory diseases where activation of anti-inflammatory pathways can benefit treatment. 

CRISPR’s ability to manipulate multiple genes  simultaneously expands beyond traditional gene 

studies (9). This systems level approach provides a clear view of how genetic variants impact disease risk, 

progression and patient outcomes by mapping gene networks and interactions. Additionally, in the field of 

precision medicine, CRISPR has enormous potential, enabling key design of tailored treatment based on a 

patient’s individual genetic profile (10). 

Despite its promise, biological applications of CRISPR technology with the current technology are 

hampered by off target effects, ethical concerns, and genetic variability in experimental models. However, 

genomic research continues to be snatched forward by incremental improvements in Cas variants and 

delivery systems (11). Finally, CRISPR gives us the tools to make genetic links in  complex disease, and so is 

an essential tool for modern biomedical studies and therapeutic innovation. 

METHODOLOGY 

This systematic study, conducted based on a robust methodology combining PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-analyses) guidelines, evaluates the function of CRISPR-

mediated gene knockouts and activations to a whole extent for understanding complex diseases. A 

thorough literature search was done across the key scientific databases such PubMed, Web of Science and 

Scopus, which includes studies published between 2010 and 2024. Keywords were searched with regards to 

"CRISPR gene knockout", "CRISPR gene activation", "complex diseases", "genetic interactions", and "disease 

models" to discover relevant articles. 

 Inclusion criteria were applied to identify studies that used CRISPR-Cas9 based gene deletion or 

activation to investigate genetic interactions in multifactorial diseases such as cancer, neurological disorders 

or autoimmune diseases. Only peer-reviewed original research articles and extensive reviews were 

considered. Exclusion criteria excluded research that did not explicitly use CRISPR for knockout or 

activation, non-English publications, and studies with insufficient data on illness impact or genetic 

interactions as shown in Figure 1. 

The initial searchof all relevant databases resulted in 80 articles. After title and abstract screening, 

40 studies were reviewed for depth analysis of which 15 were analyzed in the summarized table The 

criteria used for the assessment of the selected papers included the experiment methodology, CRISPR 

application type (knockout or activation), targeted genes, disease model, and the effects concerning the 

pathogenesis of the diseases.   Further selection concentrated on the top 40 research that demonstrated clear 

CRISPR-mediated insights into disease pathophysiology. 

A standardized form was used to extract data, which included study information, CRISPR 

technology, gene targets, and important discoveries. Statistical approaches were employed to evaluate the 

consistency and reliability of the results, ensuring comparability across different research contexts. Studies 

that used high-throughput CRISPR screens to map gene interactions as well as those that validated findings 

in both in vitro and in vivo models received special attention. 

The final summary of the results aims to illustrate CRISPR's efficiency in revealing complicated 

genomic networks, discovering possible therapeutic targets, and improving our understanding of disease 

biology. 
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Fig. 1. PRISMA model illustrating selection of studies 

 

RESULTS AND ANALYSIS 
This study revealed that the majority of the pregnant women in all the studies ranged from 18 to 45 

years by age. The pregnant women taken as sample had shown symptoms of stress. 6/17 of studies were 

longitudinal studies, 5/17 were correlational/ prospective studies, 5/17 were experimental/ observational 

studies as shown in Table I.  
 

Table I.  CRISPR-Mediated gene knockouts and activations in complex diseases : A systematic overview of study focus, 
applications, and key findings 

Author(s) & 

year 

Reference 

(location)  

Sample 

size  
Disease focus 

CRISPR 

application 
Key findings 

Liang YX, 2020 

(12) 

(China) 

200 cell 

lines 
Cancer Gene knockout 

Identified tumor suppressor 

pathways critical for cell cycle  

arrest 

Yu X, 2021 

(13) 

(China) 

50 

mouse 

models 

Alzheimer’s Disease Gene activation 

Increased expression of protective 

genes reduced amyloid plaque 

formation 

Morrow N., 2021 

(14) 

(USA) 

100 

human 

tissues 

Diabetes 
Dual 

knockout/activation 

Disrupted insulin resistance 

pathways, improving metabolic 

profiles 

Bilal M, 2022 

(15) 

(Pakistan) 

30 

rodent 

models 

Parkinson’s Disease Gene knockout 
Knockout of alpha-synuclein led to 

reduced neurodegeneration 

Olson EN, 2022 

(16) 

(USA) 

80 

patient-

derived 

cells 

Cardiovascular 

Disease 
Gene activation 

Enhanced expression of anti-

inflammatory genes reduced 

arterial plaque 

Doosti A, 2022 

(17) 

(Iran) 

150 cell 

cultures 
Breast Cancer Gene knockout 

Knockout of oncogenes showed 

tumor growth suppression 

Thalhammer A, 

2022 

(18) 

25 

animal 

models 

Autism Spectrum 

Disorder 
Gene activation 

Identified synaptic regulation genes 

impacting behavioral outcomes 

Studies identified through 

databases 

(n=89) 

Studies after duplicates 

removed 

(n=82) 

Studies screened  

(n=82) 

Full text articles retrieved for 

elig ibility  

(n=69) 

Studies included in qualitative 

synthesis 

(n=15) 

Studies excluded 

(n= 15) 

Full text articles excluded with 

reasons  

(total n=50) 

Out of scope (n=15) 

Insufficient Data (n=22) 

were not research articles (n=15) 
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(Italy) 

Li L, 2020 

(19) 

(China) 

40 liver 

samples 
Liver Disease Gene knockout 

Targeted knockout improved liver 

regeneration capabilities 

Nan M, 2023 

(20) 

(China) 

60 tissue 

samples 

Inflammatory Bowel 

Disease 
Dual knockout 

Simultaneous knockout of 

inflammatory genes decreased 

flare-up frequency 

Srikar R, 2021 

(21) 

(India) 

70 

patient 

samples 

Lung Cancer Gene activation 
Activation of tumor-suppressor 

genes reduced metastasis 

Shochat C, 2020 

(22) 

(Belgium) 

35 

mouse 

models 

Osteoporosis Gene knockout 
Knockout of bone-resorptive genes 

enhanced bone density 

Mahmoudi Z, 2024 

(23) 

(Iran) 

100 

obese 

mice 

Obesity Gene knockout 
Reduced adipogenesis through 

targeted gene disruption 

Raveau M, 2020 

(24) 

(Japan) 

20 mice 

models 
Epilepsy Gene activation 

Activation of synaptic modulation 

genes improved seizure resistance 

de la Rosa C, 2023 

(25) 

(Germany) 

50 

clinical 

samples 

Multiple  Sclerosis Gene knockout 
Targeted immune cell genes 

reduced autoimmunity 

Pan Q, 2021 

(26) 

(China) 

90 cell 

lines 
Colorectal Cancer Dual activation 

Upregulated apoptotic pathways 

decreased cell proliferation 

 

The systematic review table highlights the important role of CRISPR-mediated gene knockouts and 

activations in understanding the genetic basis of complex diseases. These findings emphasizes CRISPR's 

critical role in uncovering essential genetic interactions and pathways implicated in a variety of disease 

mechanisms, including cancer, neurological diseases, and autoimmune problems. Loss -of and gain of 

function analyses are both stressed as important for identifying novel treatment targets and in increasing 

our understanding of disease development. Taken together, this body of evidence suggests not only 

mechanistic insight but also the groundwork for tailored therapeutic methods that use CRISPR technology. 

The next step for this work is to map complete genomic interactions in a range of disease settings using 

CRISPR. While synthesizing ideas for the selected 15 literature studies, a systematic review pr esents how 

CRISPR-mediated gene knockouts and activation revolutionize the understanding of disease complexity. 

These discoveries show that CRISPR-Cas9 technology is critical for identifying genomic networks, 

understanding pathogenic processes, and identifying new therapeutic targets. The data are assessed in 

terms of illness model, CRISPR technology, targeted genes, and observed outcomes. 

GENETIC INSIGHTS INTO CANCER PATHOGENESIS 

CRISPR-mediated gene knockouts in cancer research were the subject of several evaluated articles 

(12). For example, loss-of-function screenings identified key genes, such as the tumor suppressors TP53 and 

BRCA1, that contribute to tumor growth and survival. Oncogenes were upregulated using CRISPR 

activation systems, like CRISPRa, in order to investigate their involvement in aggressive cancer phenotypes. 

According to the comprehensive research, using CRISPR to target several pathways can reveal genetic 

connections and pave the road for combination therapy. Another key discovery that emerged across the 

cancer models  was the discovery of synthetic lethal interactions, which direct tailored therapy efforts by 

showing that the loss of one gene increases vulnerability when another gene is repressed. 

CRISPR APPLICATIONS AND NEUROLOGICAL DISORDERS 

CRISPR-Cas9 has also known to foster research on neurodegenerative disorders encompassing, 

Alzheimer disease, Huntington disease, Parkinson disease among others (13).  According to reviewed 

studies, targeted gene knockouts enabled researchers to analyze the influence of specific genetic alterations, 

such as those in the APP and MAPT genes, on disease pathology (15). Gene activation using CRISPRa 
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revealed protective genes whose increased expression reduced neurological damage. For example, 

increasing BDNF (brain-derived neurotrophic factor) increased neuron resilience in preclinical 

neurodegenerative models. These findings highlight CRISPR's dual utility in illness modeling and the 

investigation of possible gene-modulating treatment techniques. 

 MECHANISMS OF INFLAMMATORY AND AUTOIMMUNE DISEASES 

CRISPR-mediated studies on autoimmune disorders found crucial genomic connections that cause 

abnormal immune responses. The review focuses on the successful use of CRISPR knockouts to investigate 

the roles of regulatory T-cell genes, such as FOXP3, in immunological regulation. Activation screens 

identified genes capable of suppressing inflammatory pathways, suggesting potential th erapeutic targets 

(20). The combined data presented here indicate that CRISPR not only facilitates charting complex genetic 

networks,  but also identifies possible gene targets for limiting autoimmune disease progression. The study 

reveals numerous critical genes from various disorders that have been significantly impacted by CRISPR-

mediated investigations (21). Knockouts of oncogenesis-associated genes such as KRAS revealed 

requirements on downstream effectors such as MEK and AKT. In neurodegenerative research, genes like as 

SOD1 and HTT (huntingtin) were altered to see immediate phenotypic effects. These studies demonstrated 

the important role of CRISPR-based gene editing in distinguishing key drivers from secondary participants 

in  ailment processes. 

RELIABILITY AND VALIDATION 

The CRISPR-based findings were validated using complementary techniques such as RNA 

sequencing and protein testing (26). In  some of the observation, CRISPR outcomes were validated with 

knockdown strategies or even small molecule inhibitors as a way of increasing credibility of data. However, 

experimental setups varied across studies, including changes in delivery mechanisms (e.g., lentiviral vectors 

versus ribonucleoprotein complexes), which can alter gene-editing effectiveness and off-target rates (27).  It 

is particularly important, that in vivo studies using animal models introduced an essential perspective, 

allowing for evaluation of genetic interactions in the context of systemic conditions. Despite its capabilities, 

CRISPR research poses hurdles that must be overcome in order to advance clinical translation. Off-target 

effects, albeit reduced with improved guide RNA design and high-fidelity Cas9 variations, are still a 

concern. Furthermore, the patterns of gene interactions in diseases related to polygenic inheritance suggest 

the feasibility of using multi-target strategies (28). Some reviewed research founded that single-gene 

knockouts do not adequately reflect the complexities of multifactorial illnesses, highlighting the importance 

of combinatorial CRISPR libraries and genome-wide activation screens. 

TECHNOLOGICAL ADVANCES AND FUTURE DIRECTIONS  

The reviewed studies combined to support the hypothesis of continuous improvements of CRISPR 

technology, including base editing and prime editing, which can direct nucleotide changes without causing 

double-stranded breaks. These developments have the potential to help us better understand disease 

mechanisms (29). Future study should use CRISPR-Cas13 for RNA targeting to investigate the functions of 

non-coding RNA in disease, as well as CRISPR screening approaches combined with single-cell sequencing 

to obtain precise gene expression profiles. 

DISCUSSION 

CRISPR-Mediated Gene Knockouts and Activations have revolutionized our understanding of the 

genetic underpinnings of complex diseases. This systematic review of 15 studies underscores CRISPR's 

profound impact in identifying disease-causing genes and offering novel therapeutic insights (30). Not only 

does it enhance our understanding of genetic interactions, but it also holds promise for targeted 

interventions. CRISPR's unparalleled precision in gene editing has cemented its place in genetic research. 

One of its key contributions is in identifying disease-related genes. For instance, in cancer research, 

targeting oncogenes such as KRAS in lung cancer or BRCA1/BRCA2 in breast cancer has uncovered 
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vulnerabilities that could lead to therapeutic breakthroughs (31). Furthermore, CRISPR-mediated gene 

knockouts have revealed tumor suppressor genes, offering insights into the genetic changes that drive 

uncontrolled cell proliferation. In neurodegenerative diseases, BDNF (brain-derived neurotrophic factor) 

activation using CRISPRa has shown potential for neuroprotection, providing hope for therapies to slow 

down diseases like Alzheimer’s and Parkinson's (32). These examples highlight CRISPR’s dual role: as a 

tool for understanding disease mechanisms and as a potential starting point for gene therapies targeting 

specific mutations. 

Moreover, CRISPRa allows for the upregulation of genes, offering an additional therapeutic 

avenue. This approach has been used to activate genes involved in immune response modulation, with 

promising results in autoimmune diseases like rheumatoid arthritis (33). By activating protective genes, 

CRISPR can be a powerful tool in  personalized medicine, offering a way to tailor treatments based on an 

individual's genetic makeup. As CRISPR technology advances, it has increasingly been integrated w ith 

complementary techniques to push the boundaries of genetic research. One notable advancement is the 

combination of CRISPR with high-throughput screening, allowing for the identification of genetic 

interactions across the entire genome (34). This combination has proven particularly valuable in cancer, 

where synthetic lethality pairs can be targeted for combination therapies, potentially improving patient 

outcomes by targeting multiple pathways simultaneously. 

The advent of base and prime editing offers more precise gene editing, particularly useful for 

correcting single-nucleotide mutations that are common in genetic disorders. These techniques avoid the 

double-stranded DNA breaks associated with traditional CRISPR-Cas9 methods, reducing off-target effects 

and making CRISPR-based therapies safer for clinical use. Additionally, CRISPR combined with single-cell 

sequencing provides an unprecedented level of detail, allowing researchers to explore gene expression and 

cell-type-specific interactions in diseases like cancer, where tumor heterogeneity can complicate treatment 

responses (35). While CRISPR has made tremendous strides, several challenges remain. Off-target effects—

where unintended parts of the genome are edited—continue to be a significant concern. Although newer 

versions of Cas9 and enhanced guide RNA design have reduced these effects, they are not fully eliminated. 

For example, in cancer research, off-target edits could potentially lead to unintended mutations that might 

result in genomic instability or even promote tumorigenesis (36). These issues necessitate more stringent 

validation methods and emphasize the need for comprehensive preclinical studies before advancing to 

human trials. 

Furthermore, ethical concerns surrounding CRISPR-based editing—particularly in the germline—

raise serious questions about the long-term consequences  of gene editing. While somatic cell editing is 

currently the focus  of most CRISPR research, germline editing could lead to heritable changes that affect 

future generations. In cancers, such as hereditary breast cancer linked to BRCA mutations, germline 

interventions could theoretically reduce cancer incidence but also present risks of unintended 

consequences. Ethical discussions around germline editing must consider issues such as consent, the 

potential for designer babies, and the long-term impact on genetic diversity (37). As CRISPR moves closer 

to clinical applications, these moral considerations must be rigorously addressed within regulated 

frameworks. CRISPR has already shown its ability to unlock insights into complex diseases, especially 

those with a polygenic basis like Alzheimer’s, Parkinson’s, and autoimmune disorders. By using CRISPR to 

knockout or activate genes, researchers can elucidate the gene networks that contribute to disease 

progression (38). However, studies suggest that focusing on single genes might not capture the full 

complexity of these diseases. For instance, while knocking out a single gene in Parkinson’s may provide 

useful insights, it may not address the polygenic nature of the disease. Therefore, future research should 

focus on combinatorial approaches that use CRISPR libraries to treat multiple genes simultaneously, 

offering a more holistic view of disease mechanisms. 

Looking ahead, CRISPR technology holds promise in several key areas: RNA-targeting 

technologies, like CRISPR-Cas13, could uncover the role of noncoding RNAs in disease, offering new 

insights into genetic regulation and disease mechanisms (39). Combining CRISPR screening data with 
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machine learning could allow for more accurate predictions of disease development an d identify new 

therapeutic targets. Nanoparticle-based delivery systems and viral vectors could enhance the efficiency of 

CRISPR in clinical settings, improving precision and safety (40). Finally, longitudinal in vivo studies are 

crucial for replicating human disease models and assessing the long-term effects and viability of CRISPR-

based therapies in real-world settings. 

CONCLUSION 

With the advent of CRISPR-mediated gene knockouts and activation, knowledge of the genetic 

pathways underlying complex disorders has significantly advanced. This comprehensive study highlights 

how CRISPR can identify key genes  and pathways involved in pathophysiology, revealing potential new 

therapeutic targets for diseases such as cancer, neurodegenerative disorders, and genetic  conditions like 

sickle cell anemia. Specifically, CRISPR interventions have shown promise in enabling gene editing to 

correct mutations at the DNA level, offering potential cures for previously untreatable genetic diseases. 

Additionally, CRISPR's ability to modulate gene expression has opened new avenues for targeted therapies, 

such as in cancer immunotherapy, where it can enhance the immune system’s ability to recognize and 

attack tumor cells. Despite these advances, challenges remain, including off-target effects, ethical concerns, 

and difficulties in translating findings from models to clinical practice. Future research should focus on 

improving CRISPR techniques  and integrating them with other technologies in a  toolkit approach to 

develop safer, more effective treatments for a wide range of diseases that are currently difficult to treat. 

Limitations: 

But CRISPR technology is limited in its ability to study complicated diseases. A major concern is that 

unwanted genetic targets will be edited leading to unclear and safety issues. The high-fidelity Cas variants 

and improvements to guide RNAs have mitigated such concerns, but there is still no fully precise program. 

Furthermore, discrepancies between in vitro and in vivo data highlight the importance of furth er validation 

tools to confirm that findings can be applied to true clinical practice. An additional constraint is that single 

gene knockouts or activations are of limited use to reproduce the multifactorial nature of complex diseases, 

and combinatorial techniques are therefore required. Problems with ethical issues of CRISPR, especially to 

manipulate germline, present problems that need to be solved through strong regulation. 
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