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Abstract

RNA-binding proteins (RBPs) play an important role in RNA metabolism, regulating the stability, 

localization, and functional dynamics of RNAs. Alternation in the RBP-RNA network has 

profound implications in cellular physiology, and is related to the development and spread of 

cancer in certain cases. To regulate the expression of specific genes and their biological activities, 

various strategies have been applied to target RBPs for cancer treatments, including small-

molecule inhibitors, small-interfering RNA, peptides, and aptamers. Recently, the deployment 

of the CRISPR-Cas9 technology has provided a new platform for RBP screening and regulation. 

This review summarizes the delivery systems of the CRISPR-Cas9 system and their role in 

RBP-based cancer therapeutics, including identification of novel RBPs and regulation of cancer-

associated RBPs. The efficient delivery of the CRISPR-Cas9 system is important to the profound 

understanding and clinical transition of RBPs as cancer therapeutic targets.
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Delivery of the CRISPR-Cas9 system for RBP editing and RNA regulation.
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1. Introduction

RNA binding proteins (RBPs) control intrinsic networks of RNA metabolism, modulating 

various post-transcriptional RNA processes, including splicing, polyadenylation, transport, 

translation, and stability [1]. The modular structure and multiple repeats of RNA-binding 

domains (RBDs) of RBP allow them to coordinately bind to coding or non-coding 

RNA with different sequence specificities and affinities, thereby forming a functional 

ribonucleoprotein (RNP) complex [2]. Among over 1,500 validated human RBPs, about 600 

structurally distinct RBDs were identified [3]. The classical RBDs include RNA recognition 

motif (RRM), double-stranded RNA-binding domain (dsRBD), K-homology domain (KH), 

zinc-finger domain (ZnF), Piwi domain and others [2]. The RBDs are arranged in a variety 

of ways to enable RNA binding specificity and regulate expansive biological activities. 

For example, the arrangement of various RBD modules creates different macromolecular 

binding surfaces to define the RNA-binding specificity. In addition, the length of the linker 

between two RBDs affects the applicable RNA range. Longer linkers allow the two domains 

to recognize various target sets while short linkers recognize contiguous nucleic acids 

sequences [2].

Given the importance of RBP functions in RNA processing and the subsequent cellular 

activities, it is not surprising that RBP malfunction may cause carcinogenesis through 

chromosomal rearrangements, mutations, and gene amplification [4–7]. Although the 

changes in RBP mRNA levels might be small across multiple cancer cell lines, these 

changes may result in large-scale disruption in the downstream regulatory networks [8]. 

Therefore, tampering RBP functions holds great potential in cancer therapeutics as RBPs 

coordinate complex RNA-protein and protein-protein interactions. Various strategies have 

been applied to target RBP for cancer therapeutics, including small-molecule inhibitors, 

peptides, aptamers, antisense oligonucleotides, and siRNA [9]. In the last decade, the 

breakthrough of the RNA-guided DNA endonuclease CRISPR-Cas (clustered regularly 

interspaced short palindromic repeats and CRISPR-associated proteins) system has led to 
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dramatic advances in the biomedical field, which provides a unique strategy to modulate 

RBP activities and related RNA expressions [10]. Originated in prokaryotes as a protective 

mechanism against viral infections, the programmable CRISPR-Streptococcus pyogenes 
(SpCas9) is extensively utilized across multiple disciplines [11,12]. The single-guide RNA 

(sgRNA) guides the Cas9 endonuclease to the desired site to create a double-stranded 

break (DSB), which is then repaired by non-homologous end-joining (NHEJ) or homology-

directed repair (HDR) [13]. The flexible design of sgRNAs greatly simplifies the process of 

knocking out or correcting mutations in the targeted RBPs for cancer treatment (Fig. 1).

The CRISPR system has been applied in a variety of ways to explore RBP-based 

cancer therapies. First, CRISPR facilitates the identification of new RBP targets for 

cancer treatment. For example, CRISPR-Cas9 mediated genome knockout validates 

functional studies of RBPs through loss-of-function screens, and further cross-linking 

immunoprecipitation (CLIP) and RNA-sequencing can be used to recognize upregulated 

and downregulated genes following RBP knockdown [14]. Second, CRISPR can be used 

to reverse the cancer-causing situations by targeting cancer-associated RBPs, including 

knockout of oncogenic RBPs, upregulation of tumor-suppressive RBPs, and correction of 

tumor-specific RBP mutations [9]. However, several challenges remain for the delivery 

of CRISPR in diseased cells for RBP regulation. One challenge is the selection of 

delivery platforms and CRISPR components according to their physiological properties 

and biological functions, as the CRISPR system necessitates all parts of the system to be 

delivered into the same cell for effect. Furthermore, the selective targeting of tumor cells 

and identification of key RBPs are essential for the CRISPR system to exert its anti-tumor 

functions. This article overviews recent advances in the delivery and application of CRISPR-

Cas9 in RBP-based cancer therapeutics.

2. Delivery platforms of the CRISPR-Cas9 system

CRISPR-Cas9 system has been applied for genome editing in different forms [15,16]. 

The CRISPR system has been delivered in three forms of cargoes: DNA plasmids that 

encode both Cas9 protein and the sgRNA, mRNAs that encode Cas9 protein and separate 

sgRNAs, and ribonucleoprotein (RNP) complexes that contain Cas9 protein and sgRNA 

[17,18]. Different components of the CRISPR system can be relatively easily delivered 

into cellular models. However, CRISPR components must be protected from multiple 

degradation mechanisms while circulating in vivo. Therefore, the selection and optimization 

of a CRISPR delivery system can greatly affect gene editing efficiency. Currently, several 

clinical trials utilize CRISPR-mediated genome editing for various therapeutic areas. Table 

1 highlights CRISPR-mediated cancer therapeutics in clinical trials. CRISPR delivery can 

be broadly grouped into three categories: physical, viral, and non-viral delivery. There are 

advantages and disadvantages to each delivery method, which are described in this section.

2.1 Physical Delivery

Physical delivery methods utilize external forces to disrupt the cellular membrane and 

deliver the cargo into the cells. These methods include microinjection, electroporation, 

microfluidic constriction, and hydrodynamic delivery [19]. Although the physical delivery 
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of the CRISPR system is currently deemed too invasive for clinical applications in humans, 

advances have been made towards the in vivo delivery in mice [20,21]. Due to the high 

delivery efficiency even in difficult-to-transfect cells, physical delivery is commonly used 

for initiating CRISPR delivery for ex vivo applications.

2.1.1 Microinjection—Microinjection is a commonly used type of mechanical delivery, 

which utilizes mechanical force to pierce the cell membrane and deposit the cargo into 

the cell. The advantage of microinjection is its high efficiency, specificity, and controlled 

dosage of all components. However, the microinjection process is laborious, technically 

challenging, and limited to a single injection per cell [22]. Microinjection is commonly 

used for single-cell applications and has been used to create various transgenic animals 

[23]. CRISPR-Cas9 system was utilized to generate multiple gene mutant mice using 

single microinjection in zygote by co-injecting Cas9 mRNA with multiple sgRNAs targeting 

different genes which resulted in a biallelic mutation at 80% efficiency [22]. Additionally, 

microinjection of the CRISPR-Cas9 system has been utilized in other mammalian animals 

as well, including sheep and cynomolgus monkeys [24,25]. Microinjection of CRISPR 

components is a viable and standardized method for genome editing in various animal 

models, but is limited to single-cell applications.

2.1.2 Electroporation—Electroporation uses high voltage electrical current pulses to 

temporarily permeabilize the cellular membrane, allowing larger components, such as 

nucleic acids, to enter the cell [26]. Since the electric pulse can be applied to multiple 

cells simultaneously, electroporation foregoes the need to individually inject single cells as 

in microinjection and is a useful technique for generating a population of mutant mammalian 

cells. A side-by-side comparison of mutagenesis between microinjection and electroporation 

found simple knock-in allele and indel mutagenesis was similar between the two methods 

[27]. However, a comparison between the two methods of manipulation found that the 

electroporation method was statistically more efficient at creating knock-in alleles and 

embryos show higher rates of survival as compared to microinjection methods [27].

Electroporation is well suited for in vitro or ex vivo applications because the required 

large voltage is often not suitable for in vivo applications. However, there have been 

some reported instances of electroporation to deliver CRISPR components in vivo in 

mice utilizing in utero electroporation of the developing brain [28,29]. Organ-specific 

gene knockout in the brain can be possible by delivering the CRISPR-Cas9 system with 

electroporation in vivo. In another study, a single plasmid encoding for CRISPR-Cas9/

sgRNA targeting the human Rhodopsin (RHO) gene was injected via electroporation to 

the subretinal area of RHO mutant mice which significantly reduced mutant RHO protein 

expression [20]. By utilizing the specificity of the CRISPR-Cas9 system, specific locus 

within the genome can be manipulated in vitro to study and identify cancer-related human 

chromosomal translocations and the role of specific genes on cell proliferation [30,31].

Nucleofection is a type of specialized electroporation which is designed to deliver cargoes 

directly to the nuclei of cells. The nucleofection method does not rely on nucleus 

disassociation, usually during the cell division cycle, for the nucleic acid to enter the 

nucleus. Therefore, this method of delivery is especially useful for delivering DNA cargo 
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for non-dividing cells, such as neurons [32]. DNA plasmids encoding CRISPR-Cas9/sgPD-1 
and CD133-CAR piggyBac transposon were co-nucleofected into primary T cells, which 

generated CD133-specific chimeric antigen receptor (CAR) T cells with PD-1 deficiency 

[33]. Compared to non-transfected T cells or traditional CAR T cells, injection of these 

engineered CAR T cells to the tumor sites showed improved survival in mouse orthotopic 

glioma model. The improved efficacy of engineered CAR T cells for cancer immunotherapy 

shows how the nucleofection-delivered CRISPR system can be utilized as an ex vivo 
therapeutic option for cancer treatments [33]. In a report, allogeneic CD34+ hematopoietic 

stem and progenitor cells (HSPCs) were nucleofected with a CRISPR-Cas9 RNP system 

to create a mutant CCR5 gene [34]. These engineered HSPCs were transplanted into a 

patient who was diagnosed with both HIV-1 infection and acute lymphoblastic leukemia. 

Although engraftment of CRISPR edited HSPCs did not cure HIV-1 infection at 19 months, 

the patient showed up to 8.28% of bone marrow cells that displayed CCR5 disruption, and 

no associated off-target side effects which exhibited that allogeneic CRISPR modified cell 

transplantation can be a valuable therapeutic vector. Cas9 RNP nucleofection avoids the 

integration of exogenous DNA and reduces the possibility of off-target editing because of 

the transient nature of RNPs. Because nucleofection is highly specific and efficacious at 

delivering large cargoes such as RNPs, it can be a useful tool for engineering specific cells 

for ex vivo applications.

2.1.3 Microfluidic Constriction/Microfluidic Squeezing—Microfluidic constriction 

or microfluidic squeezing is a process of passing cells through a microtechnology-enabled 

device to perforate the cell membrane temporarily. Through the transiently disrupted cellular 

membrane, various macromolecule cargoes such as DNA, RNA, protein, or RNP can 

be passively diffused into the cytoplasm without the need for other forms of delivery 

vectors [35]. Han et al. optimized the microfluidic constriction device concerning fluid 

flow rates, cell constriction pore size and shape, and duration of the cell passage through 

the constriction pore. Taken together, the optimized microfluidic microchip device showed 

increased delivery of CRISPR/Cas9 encoding DNA plasmids across various cell types while 

simultaneously enhancing the survivability of these cells [36]. Microfluidics constriction 

has also been shown to efficiently deliver CRISPR RNP complexes to primary CD4+ T 

cells [37]. In addition, a comparison between electroporation and microfluidic squeezing 

methods showed that cells manipulated through microfluidic squeezing displayed less up-

regulated cytokine secretion when adoptively transferred into mice models in vivo [38]. 

Taken together, the microfluidic constricted method of delivery of the CRISPR system can 

be an appealing delivery strategy for in vitro and ex vivo applications.

2.1.4 Hydrodynamic injection—Unlike previously discussed methods of physical 

delivery which were more applicable for in vitro or ex vivo delivery, hydrodynamic 

injection is an in vivo physical delivery technique. By injecting a relatively large amount 

of fluid carrying genetic materials into the bloodstream, the sudden increase in pressure 

will temporarily increase the permeability of capillary endothelium and parenchymal cells 

to promote the passage of large molecules into the cytoplasm [39]. A highly practiced 

example of hydrodynamic injection is gene delivery to hepatocytes through tail vein 

injection in rodents. The rapid increase in blood pressure through intravenous injection 
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causes a sharp increase in pressure in the liver sinusoids, which temporarily increases the 

permeability of hepatocytes to uptake large cargoes. Typically, physiological functions of 

hydrodynamically treated mice return to baseline levels within 72 hours post-injection, 

which suggests that hydrodynamic injection is a viable method of gene delivery in vivo [40]. 

Different tissues have been specifically targeted by modifying injection sites which also 

demonstrates the safety and applicability of hydrodynamic injection for clinical applications 

[39]. Hydrodynamic injection of CRISPR plasmid DNA that encodes for Cas9 and sgRNA 

that targets genes Pten and p53 caused direct mutation of both genes in the liver of mice 

in vivo which subsequently resulted in the generation of liver tumors [41]. An advantage 

of hydrodynamic injection is that a naked nucleic acid cargo can be effectively delivered, 

reducing potential adverse side effects related to delivery vectors [17].

2.2 Viral Vectors

Viral vectors can efficiently infect a wide variety of mammalian cells, which is an 

advantageous feature for delivering CRISPR components. However, because the immune 

system has been designed to identify and fight off any potential viral pathogens, decreased 

efficiency of delivery can occur due to host immune system-mediated response. The viral 

vectors do not cause serious illnesses in humans, and most often, are engineered to reduce 

host immune responses but can still trigger adverse immune responses [42]. Another 

advantage of viral vectors is the ability to design the vector to incorporate the CRISPR 

DNA into the host genome for stable expression. However, this feature may cause adverse 

side effects, such as off-target effects and insertional mutagenesis [43]. Therefore, careful 

administration in response to potential side effects should be considered before utilizing 

viral vector-mediated delivery. Currently, recombinant Adeno-associated Virus (AAV) is the 

leading delivery system for CRISPR delivery in vivo [44]. Other forms of viral vectors 

include adenoviral vectors (AdVs) and lentiviral vectors (LV) and are also discussed in this 

section.

2.2.1 Adeno-associated Virus (AAV) vectors—Adeno-associated Viruses (AAV) are 

a member of the Parvoviridae family and are commonly found in humans. The virus is 

small, measuring ~26 nm in diameter and the genome is a single-stranded DNA around 

4.7 kb in length. Because of the small physical size and the genome length, AAV can only 

carry smaller genetic cargo, limited to less than 5 kb of genomic material [44]. AAVs’ 

non-pathogenic nature, high transfection efficiency, low immunogenicity and cytotoxicity 

make them one of the leading delivery systems for in vivo studies[45]. However, AAV can 

still trigger host immune response which can lower the efficacy and increase related toxicity. 

The capsid protein coating of AAV can be engineered to create new AAV vectors for higher 

transfection efficiency and confer transgene expression at lower doses [46]. In addition, the 

capsid protein can be optimized to deliver AAV to specific cells or tissues and to reduce 

binding affinity to AAV antibodies to reduce host immune response [47,48]. The flexibility 

and diversity of AAV capsid structure is a key advantage to AAV-mediated CRISPR delivery 

in vivo.

To bypass the limitations in cargo size, a different version of the Cas9 protein from S. 
aureus rather than Streptococcus pyrogenes can be used. This Cas9 protein (SaCas9) is 
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equally potent, yet smaller in size, which reduces the overall length of the cargo and creates 

the possibility to include other tags or markers within one AAV particle [49]. Another 

strategy to utilize AAV for CRISPR delivery despite its size limitation is to employ different 

populations of AAVs that deliver separate CRISPR system components. Although this 

method is more complicated because both components of the CRISPR system must be 

transduced into the same cell for efficacy, this methodology has been utilized in various 

ways. Separate AAVs encapsulating DNA coding for SaCas9 and sgRNA targeting MeCP2 
knocked down MeCP2 protein in the mouse brain in vivo, which resulted in approximately 

80% co-transduction efficiency and reduction of MeCP2 protein levels by 60% [50]. In 

another study, Yang et al. delivered two separate AAVs, one containing DNA plasmid 

encoding for SaCas9 and the other expressing sgRNA and donor DNA into newborn mice 

with partial deficiency to ornithine transcarbamylase to correct disease phenotype in treated 

mice through HDR-mediated repairs [51]. In addition, an intein-mediated split-Cas9 system, 

which consists of two separate AAV vectors carrying Cas9 C-terminal and Cas9 N-terminal 

respectively, showed comparable nuclease activity as native Cas9 [52].

AAV-mediated CRISPR delivery is a valuable tool for exploring the complex cancer genetic 

network in vivo. Platt et al. developed knock-in mice models to constitutively express 

Credependent Cas9 and injected with AAV encoding for a single sgRNA to generate 

mutations in the Kras gene while knocking out both p53 and Lkb1 genes [53]. Mice injected 

with the AAV-sgRNA encoding for the three genes developed lung tumor, which showcased 

how the CRISPR genome editing tool can be applied to study the role of multiple genes 

simultaneously in the complex disease of cancer in vivo [53]. One group reported utilizing 

AAV-mediated in vivo CRISPR screen to identify functional suppressors in glioblastoma 

(GBM) by generating a sgRNA library of a mouse-homolog tumor suppressor gene (mTSG) 

library [54]. Four months post-injection, half of the mice injected with AAV-mTSG library 

displayed brain tumors, as compared to empty AAV-vector or PBS injected mice. Combining 

deep targeted-captured sequencing, the drivers for GBM generation could be identified in an 

endemic mouse model, which is a valuable methodology to analyze cancer genetics in vivo 
directly [54].

2.2.3 Adenovirus Vectors (AdVs)—Adenovirus (AdV) is a commonly occurring virus 

that causes mild illnesses in humans. It measures between 80-100 nm in diameter and its 

double-stranded DNA genome is around 40 kb long, which can package around 8 kb of 

foreign DNA [55]. Due to its capacity to carry large genetic cargo, AdV vector-mediated 

delivery can be optimized by including a nuclear localization signal to the CRISPR-Cas9 

components [56]. Advances in AdV engineering have created AdV vectors that lack viral 

genome which allows for up to 37 kb of target DNA delivery [57]. Like AAVs, it can infect 

many mammalian cells including both dividing and non-dividing cells. An advantage of 

AdVs is that their genome does not integrate into the host cells, which reduces off-target 

effects and insertional mutagenesis [58]. Nonetheless, because AdVs can be pathogenic, 

the introduction of AdV vectors can elicit innate immune responses [59]. An emphasis 

on increasing the safety profile of AdV vectors in relation to host immune response 

will greatly improve the therapeutic application of AdV vectors for CRISPR-mediated 

treatments. Therefore, AdV vectors have been optimized and engineered through various 
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methods, including copolymer encapsulation of AdV vectors and utilization of non-human 

AdV vectors to limit cross-reactive immunity [60,61].

Ehrke-Schulz et al. utilized high-capacity adenoviral vectors (HCAdVs) which lack viral 

coding regions to deliver a complete CRISPR/Cas9 system with sgRNA to disrupt HPV16 

or HPV18 oncogene E6. In HPV-positive cervical cancer cell lines, transduction of 

CRISPR-HCAdVs exhibited signs of cell apoptosis [62]. In a separate study, separate 

AdV vectors carrying DNA encoding for Cas9 or sgRNA targeting the oncogenic mutation-

specific EGFR triggered accurate interruption at the oncogenic mutation and diminished 

tumor volume in the xenograft mouse model of human lung cancer [63]. Furthermore, 

recombinant AdVs have been reported to efficiently transduce over 90% of hepatocytes 

in vivo [64]. AdVs encapsulating plasmid encoding for Cas9 with sgRNA targeting Pten 
were injected into mice. Although AdV vector-associated immunotoxicity and Cas9 specific 

cellular immune response were found in the liver, the treated mice showed Nonalcoholic 

Steatohepatitis (NASH) like phenotype consistent with a Pten mutation [65].

2.2.4 Lentivirus Vectors (LV)—Lentiviruses, one type of retroviruses, are ~100 nm 

in diameter, which are capable of packaging around 8kb of genetic material [66]. Similar 

to AAVs and AdVs, LVs are capable of infecting a wide variety of mammalian cells. 

Because retroviruses integrate into the host genome, LV can be disadvantageous for 

delivering CRISPR/Cas systems [67]. To circumvent gene integration, non-integrating LV 

vectors have been engineered [68]. A non-integrating LV vector was used to establish an 

immunocompetent metastatic renal cell carcinoma in mice which is useful for creating 

therapeutic gene editing models in vivo [69]. However, the integrative nature of LV can 

be harnessed for creating gene libraries for genetic screenings [70]. For example, Chen et 

al. generated more than 67,000 sgRNA to screen genes that play a role in lung metastasis 

in mice in vivo. Mouse non-small-cell lung cancer (NSCLC) line was transduced with a 

lentivirus expressing Cas9 fused to GFP to generate a transduced cell line that constitutively 

expresses Cas9-GFP. The genome-wide mouse sgRNA library was then transduced to the 

Cas9-GFP expressing cells. The transduced cells were grown in vitro then transplanted into 

immunocompromised mice which identified loss-of-function mutations that promote cancer 

metastasis. This study exhibits CRISPR/Cas9 mediated in vivo genome screening of genes 

in cancer proliferation [71].

Due to its high infectivity and ability to transduce non-dividing cells, such as dendritic 

cells, lentivirus vectors have been used to generate engineered CAR-T cells for acute 

lymphoblastic leukemia (ALL) treatment [72]. Lentiviral vectors are currently utilized in 

numerous clinical trials for ex vivo CRISPR mediated therapeutics [73].

2.3 Non-viral delivery

An emerging field in the delivery of CRISPR systems is non-viral forms of delivery. This 

term broadly encompasses all forms of organic and inorganic delivery methods including 

lipid and lipid-derived nanoparticles, polymer-based particles, cell-penetrating peptides, 

nucleic acids nanoparticles, and inorganic nanoparticles [17]. Nonviral vectors offer 

attractive features such as low immunogenicity, flexibility in cargo size and complexity, 
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and large-scale production capacity [74]. Recent advances in material science and novel 

biomaterial engineering have created biocompatible compounds that can efficiently and 

safely deliver CRISPR components in vivo. Additionally, chemical modifications of these 

synthetic vectors display enhanced delivery efficiency, targeting specificity, and reduction 

of adverse immune responses. Modifications to the CRISPR components by intracellular 

trafficking modules guide the components to the desired intracellular locations. Selected 

non-viral systems mediated CRISPR delivery in vivo are described in this section.

2.3.1 Lipid and lipid-derived nanoparticles—Lipid and lipid-derived nanoparticles 

(LNPs) are frequently used for CRISPR system delivery [18]. LNPs are amphiphilic 

systems that are composed of multiple different hydrophobic and hydrophilic components, 

such as cationic or ionizable lipids, neutral lipids such as phospholipids or cholesterol, 

and polyethylene glycol (PEG)-lipid [75]. LNPs offer many benefits to CRISPR delivery, 

including high encapsulation efficiency, biocompatibility, and delivery efficiency. Since the 

discovery of lipid-mediated gene transfer, cationic lipids or ionizable lipids have been 

applied to nucleic acids delivery in cells [76–79]. These lipids form tight structures with 

anionic nucleic acids at low pH, which helps to encapsulate and protect the nucleic acids 

to be delivered into cells. Due to its versatility in structure and manipulation, LNPs have 

been used to deliver all three forms of CRISPR cargoes. An amino-ionizable lipid was 

utilized to form a lipid nanoparticle with Cas9 encoding mRNA and sgRNA targeting PLK1. 

The formulated CRISPR-LNPs were injected into mice model of aggressive orthotopic 

glioblastoma, leading to improved survival by 30% [80]. In addition, the LNPs were 

engineered for antibody-directed delivery by coating the LNP surface with cell-targeting 

antibodies, specifically anti-EGFR, to reduce offsite toxicities and reach disseminated 

tumors [80]. In a separate study, CRISPR/Cas9 plasmid expressing sgRNA targeting a 

region of the BCR-ABL gene was encapsulated in poly(ethylene glycol)-b-poly(lactic 

acid-co-glycolic acid) (PEG-PLGA) based cationic lipid-assisted polymeric nanoparticles 

(CLANs) to specifically target the disrupted BCR-ABL gene in chronic myeloid leukemia in 

mice. Intravenous injection of CLANs disrupted the BCR-ABL gene and improved survival 

in treated mice [81]. The PEG-PLGA based CLAN formulation was optimized for plasmid 

DNA encapsulation and protection from DNases during circulation [81]. Because RNP 

complexes denature at low pH, Wei et al. established a lipid nanoparticle formulation that 

can be positively charged at neutral pH by including a permanently cationic lipid DOTAP 

to allow for encapsulation of RNP complex at neutral pH [82]. This lipid nanoparticle 

formulation was delivered in vivo encapsulating the Cas9/sgDMD RNP complex in a 

mouse model of Duchenne muscular dystrophy (DMD), which corrected disease-associated 

mutation and restored disease phenotype [82]. Another strategy to deliver RNP complexes 

is through the design of virus-like nanoparticles (VLN). This nanoplatform features a 

mesoporous silica nanoparticle (MSN) based core that encapsulates the CRISPR system, 

which is then entirely encapsulated in a lipid membrane exterior. This system exhibits some 

advantages because the MSN core features a large cargo capacity that can be specifically 

designed to specified size and charge. In addition, the lipid coating can be specifically 

tailored for cell-specific targeting and increased circulation [83]. Liu et al. utilized this 

adaptability of VLN to co-deliver CRISPR RNP with sgRNA targeting PD-L1 and axitinib 

in tumor-bearing mice in vivo [84].
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2.3.2 Polymer-based nanoparticles (polyplexes)—Polymer-based nanoparticles 

can form tight nanocomplexes with nucleic acids or proteins. Similar to LNPs, polymer-

based nanoparticles demonstrate high encapsulation efficiency, versatility in structure, 

and ease of modification and manufacturing [85]. A common polymeric vector used is 

polyethenimine (PEI) which can be branched or linear. Branched PEI has high DNA 

packaging and good endosomal escape, while the linear PEI displays significantly reduced 

cytotoxicity compared to the branched PEI [86]. Therefore, assessment of the structure and 

concentration of PEI should be evaluated for efficient, effective, but most importantly, safe 

delivery. By optimizing the concentration of PEI in relation to other lipids and polymers, 

a functional yet nontoxic delivery vehicle can be achieved. For example, a lipopolymer 

complex made up of PEG-PEI-Cholesterol (PPC) encapsulating a plasmid that encodes for 

CRISPR-Cas9 and sgRNA targeting VEGFA fused with osteosarcoma cell-specific aptamer 

(LC09) demonstrated selective distribution of the CRISPR components to orthotopic and 

metastatic osteosarcoma. Thereby decreasing VEGFA expression in osteosarcoma cells 

and inhibited further metastasis [87]. In addition, a chain-shattering Pt(IV)-backboned 

polymeric particle was developed to more efficiently release the encapsulated DNA plasmid 

encoding for Cas9 and sgRNA targeting EZH2 during the endo/lysosomal escape [88]. 

In vivo application of this Pt(IV) polyplex nanoparticle in prostate cancer tumor-bearing 

mice showed a decrease in tumor burden compared to cisplatin treatment which showcases 

how this polyplex delivery of CRISPR components can be utilized as an effective anti-

tumor treatment [88]. Another study developed a poly(amide-amine)-poly( β-amino ester) 

hyperbranched copolymer (hPPC) to deliver CRISPR-Cas9 encoding DNA to target HPV 

E7 oncogene in HPV-positive cervical cancer cells [89]. hPPC molecule exhibited strong 

plasmid condensation and high transfection efficiency while maintaining low cytotoxicity. 

In vivo biodistribution of the hPPC polyplex particle showed uptake in tumor tissue and 

inhibition of tumor growth in HPV positive cervical cancer tumor-bearing mice [89].

2.3.3 Inorganic nanoparticles—Inorganic nanoparticle is a broad term that is used for 

a wide variety of metallic and nonmetallic synthetic compounds [90]. In particular, gold 

nanoparticles have been used for CRISPR delivery in vivo. Lee et al. synthesized a vehicle 

named CRISPR-Gold which is comprised of a gold nanoparticle core conjugated with Cas9 

RNP and donor DNA, which is then encapsulated with cationic polymer Pasp(DET) to 

deliver CRISPR RNP complexes in vivo and repair genes via homology-directed repair [91]. 

Administration of CRISPR-Gold nanoparticles not only conferred gene editing in vivo but 

also could be well tolerated without toxicity [91].

3. CRISPR-assisted RBP screening in cancer

Using large-scale quantitative methods, Gerstberger and co-workers revealed that the human 

genome may contain 1,542 or more RBPs. The large repertoire of RBPs underlies the 

complexity of RNA metabolism and post-transcriptional regulation [3]. Recently, Van 

Nostrand et al. built an elaborate RBP-RNA regulatory network to study the functions of 

356 human RBPs using integrative approaches [14]. Common RBP analysis starts with 

cross-linking immunoprecipitation (CLIP) binding assays followed by sequencing, which 

help identify a set of RNA elements that directly bind to each RBPs. RBP functions are then 
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determined through CRISPR- or short hairpin RNA (shRNA)-induced knockdown followed 

by sequencing (KD-RNA-Seq) [14]. Compared with RNA interference (RNAi)-induced 

gene knockdown, the recent implementation of CRISPR-Cas9 system-based knockout 

greatly promoted high-throughput loss-of-function screens, with fewer off-target effects 

and a more thorough depletion of the target gene [92–95]. Despite the variety of CRISPR 

delivery platforms described in the previous section, lentivirus-based delivery is still most 

commonly used in both in vitro (Fig. 2A) and in vivo (Fig. 2B) studies for RBP screening.

RBPs interact with RNAs to form ribonucleoprotein complexes that coordinate RNA 

processing and post-transcriptional gene regulation (PTGR). Some RBPs are key molecular 

determinants of alternative splicing and play an essential role in gene regulation. 

Perturbations in alternative splicing are causally associated with the occurrence of cancer 

[97]. A genome-wide CRISPR-Cas9 knockout screen identified RBP heterogeneous nuclear 

ribonucleoprotein L (HNRNPL) as an essential factor for prostate cancer cell growth by 

regulating the alternative splicing of RNAs encoding the androgen receptor [98]. More 

recently, Wang et al. uncovered an interactive RBPs network in acute myeloid leukemia 

(AML) using CRISPR-Cas9 screens. The sgRNAs were cloned into GFP-tagged lentivirus 

vector and transduced into a Cas9-expressing AML cell line, MOLM-13. Through the 

loss-of-function pooled screening, transcriptome analysis of AML patients, and cell survival 

assays, RBM39 was identified as a top targeting candidate for AML maintenance and 

survival [99]. Gene ontology (GO) analysis revealed RBM39’s role in alternative splicing 

as evidenced by the up-regulation of splicing factors SRSF10 and HNRNPH1 in AML 

patients. Using the CRISPR-Cas9 technology, the authors also identified essential RNA 

binding domains of RBM39, RRM1 and RRM2, which are critical for pre-mRNA splicing 

and AML survival [99].

Post-transcriptional modifications in RNA metabolism, such as polyadenylation and 

methylation, are also tightly regulated by RBPs during fundamental cellular processes and 

have been investigated in oncogenesis. Davis et al. identified proper post-transcriptional 

polyadenylation of RUNX1, a key hematopoietic transcription factor, is important in 

maintaining the balance of hematopoietic stem cells (HSCs) division and differentiation 

[100]. Alternative polyadenylation of RUNX1 produces functional antagonistic protein 

isoforms RUNX1a and RUNX1b/c. RUNX1b/c is the dominant isoform in the healthy 

hematopoietic system, whereas RUNX1a hinders HSC differentiation and is overexpressed 

in AML patients. To accurately detect changes in post-transcriptional processing of RUNX1, 

the authors developed a split GFP minigene reporter by exclusively targeting RBPs. GFP 

reporter accurately recapitulates the two isoforms and monitors their formation. Lentiviral 

delivery of CRISPR-Cas9 sgRNAs alters the expressions of fluorescent proteins and the 

calculated βscores indicate the level of sgRNA enrichment. HNRNPA1 and KNERBS1 were 

identified as mutually antagonistic RBPs during the formation of RUNX1a isoforms, with 

HNRNPA1 inhibiting and KNERBS1 activating the RUNX1a forming process. In another 

study, Wang et al. identified ZFP36L2 as a critical AML differentiation regulator through 

surface-antigen guided CRISPR-Cas9 screens [101]. ZFP36L2 preferentially interacts 

with the 3’UTR of myeloid differentiation mRNAs, mediating mRNA deadenylation 

and degradation to maintain the undifferentiated state of leukemia. Genetic inhibition 

of ZFP36L2 was performed using a CRISPR interference (CRISPRi) system, in which 
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the sgRNA is designed to target the downstream enhancer cluster of ZFP36L2, thereby 

increasing the stability of myeloid differentiation mRNAs and triggering myeloid 

differentiation in AML cells [101]. More recently, an N6-methyladenosine (m6A) writer 

complex, Methyltransferase like 3 (METTL3), stood out as the top candidate regulating 

LPS-induced macrophage activation using TNF-α readout for pooled CRISPR-Cas9 screens 

[102]. METTL3-deficient macrophages exhibited decreased overall RNA m6A methylation 

level and reduced TNF-α expression upon LPS stimulation. Since macrophage activation 

is involved in multiple innate immune responses, Mettl3 conditional knockout mice 

demonstrated increased susceptibility towards bacterial infections and accelerated tumor 

growth.

In addition to the above-mentioned cellular screening, CRISPR screening has also been 

conducted in mouse tumor models. To identify new dependencies in myeloid leukemia, 

Bajaj et al. conducted a genome-wide CRISPR-Cas9 screen in a blast crisis chronic myeloid 

leukemia (bcCML) mouse model for leukemia stem cells (LSCs) regulators [103]. In the 

BCR-ABL/NUP98-HOXA9-driven mouse model of bcCML, the undifferentiated bcCML 

stem cells were isolated from the spleen and then transduced with the Brie library (AddGene 

73633)-encapsulated lentiviral vectors. An aliquot of cells was collected before and after 

puromycin selection for sequencing, and 35 million postselection cells were transplanted 

in sub-lethally irradiated B6 mice for 7 days before collecting leukemic cells. While 

few sgRNAs were depleted in the in vitro selection process, around 3500 genes were 

depleted over 3-fold in vivo. After the Enrichr analysis on genes depleted over 3-fold, gene 

ontology (GO) selection of RBP genes known to bind mRNA, and exclusion of genes with 

generalized functions, RBP Staufen2 (Stau2) was found to be enriched in immature LSCs 

[103].

Integrative analysis revealed Stau2 regulates a network of chromatin-binding factors and 

affects global histone methylation. CRISPR-mediated Stau2 knockout not only reduces 

the colony-forming ability of bcCML in vitro, but also reduces bcCML establishment 

in vivo [103]. More recently, Bieging-Rolett et al. identified ZMAT3 as a key RNA 

splicing factor downstream of p53 (Fig. 2B). The lentiviral sgRNA libraries targeting 

p53 were used to transduce neoplastic mouse embryonic fibroblasts (MEFs) that express 

Cas9 and two oncogenes, E1A and HrasG12V. The Cas9-expressing MEFs were collected 

after puromycin selection and were then subcutaneously transplanted into recipient mice. 

The authors measured the enrichment of individual sgRNAs in tumors three weeks after 

transplantation, and found sgRNA targeting Zmat3 is dominant in every tumor, indicating 

strong tumor-suppressive activity of ZMAT3 [96].

CRISPR-based screening coupled with other integrative analyses provides a promising 

method for identifying functional RBPs and relevant downstream effectors in the RBP-RNA 

network, which could serve as important tools to identify novel therapeutic targets in 

cancers.
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4. CRISPR for preclinical therapeutics of RBP editing in cancer

Post-transcriptional control of gene expression closely regulates the normal and pathological 

phenotypes. RBP plays a key role in regulating gene expressions by binding to the 

exons, introns or untranslated regions (UTR) of the regulated mRNA [104]. Altered 

RBP expressions and activities are often observed in cancer, thereby influencing critical 

pathways in tumor initiation and survival (Fig. 3). Targeting cancer-associated RBPs 

and their regulatory networks using the CRISPR system provide new opportunities for 

cancer therapy. Common approaches include targeting oncogenic RBPs, promoting tumor-

suppressive RBPs, and correcting cancer-associated RBP mutations.

4.1 Selective targeting of oncogenic RBPs

4.1.1 Targeting oncogene transcripts through RBP regulation—The gene 

regulatory function of RBPs is sometimes hijacked by cancer cells, therefore promoting 

the expression and stability of oncogenic mRNA transcripts. The RBP insulin-like 

growth factor 2 mRNA-binding protein 3 (IGF2BP3) is overexpressed in B cell acute 

lymphoblastic leukemia (B-ALL) with mixed lineage leukemia (MLL) arrangement [105]. 

The overexpression of IGF2BP3 provides murine bone marrow (BM) cells with a 

competitive survival advantage and tilts the hematopoietic development toward the B cell/

myeloid lineages. CLIP followed by high-throughput sequencing confirmed that IGF2BP3 

binds to functional motifs within 3’UTRs of oncogenic target CDK6 and MYC and 

enhances their expression in the BM. To knock out IGF2BP3 in a human acute leukemia 

cell line, RS4;11, Palanichamy et al. delivered the LentiCRISPR system with two different 

sgRNAs, Cr1 and Cr2, targeting the IGF2BP3 locus. Compared to Cr1, Cr2-mediated 

IGF2BF3 knockout completely abrogated IGR2BP3 protein expression and resulted in 

significantly reduced RS4;11 cell proliferation [105]. Similarly, Cifdaloz and co-workers 

identified CUGBP Elav-like family member 1 (CELF1) as a key factor in stabilizing 

the oncogenic DEK mRNA, thereby controlling other modulators of melanoma cell 

division and proliferation [106]. shRNA-mediated CELF1 depletion significantly reduced 

cell proliferation in two human melanoma cell lines, SK-Mel-103 and UACC-62 [106]. 

More recently, Zhang et al. found that Argonaute 2 (AGO2) mediates pro-oncogenic 

transcriptomic changes that benefit the survival of hepatocellular carcinoma (HCC) by 

stabilizing oncogenic MYC transcripts [107]. HCC patients with elevated AGO2 expression 

had a worse prognosis compared to patients with low AGO2 levels. To determine the 

role of AGO2 in HCC progression, Zhang et al. cloned sgRNAs targeting the AGO2 into 

LentiCRISPR v2 plasmid to generate AGO2 HCC cell lines, which significantly reduced 

the oncogenic MYC transcripts and expression [107]. To confirm the findings in vivo, the 

authors used shRNA to knock down AGO2 in two HCC cell lines, HuH1 and MHCC97H, 

and injected the cells into athymic/nude mice. Compared with the control mice, knockdown 

of AGO2 significantly delayed the growth of both tumors [107].

In addition to lentivirus vectors, non-viral vectors have also been used to deliver CRISPR-

Cas9 targeting oncogenic RBPs. The HuR (ELAVL1) is a ubiquitously expressed RBP that 

can recognize and bind to the AU-rich RNA elements (ARE) within the 3’UTR, thereby 

regulating mRNA stability and translation [108]. HuR promotes cancer cell survival by 
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binding to pro-oncogenic mRNA transcripts, including WEE1 and IDH1, and is often 

overexpressed in pancreatic ductal adenocarcinoma (PDA) and colorectal cancer cells [109]. 

Lal et al. deleted the HuR gene in both PDA and colon cell lines by transfecting the cells 

with CRISPR-Cas9 plasmid using Lipofectamine 2000 [109]. The HuR-knockout plasmid 

contained Cas9 protein and sgRNAs targeting the exon 2 or exon 3 in the HuR locus. 

Among the tested sgRNAs, only the sgRNA targeting exon 3 succeeded in producing a 

stable HuR-knockout cell line. HuR-deficient PDA cells (MIA Paca-2 and Hs776T) showed 

increased apoptosis in vitro and were unable to engraft tumor in vivo, suggesting HuR 

knockout causes a xenograft lethal phenotype [109]. Similarly, HuR-knockout colorectal 

carcinoma HCT116 cells also demonstrated increased apoptosis in vitro, but were able to 

produce a colon cancer xenograft in vivo, albeit tumor growth was dramatically reduced 

compared to the control group [109]. HuR also stabilizes pro-oncogenic long non-coding 

RNA (lncRNA), NEAT1 and lncRNA-HGBC, and contributes to the development of ovarian 

and gallbladder carcinogenesis, respectively [110,111].

4.1.2 Targeting cancer cell metabolism through RBP regulation—Cell 

metabolisms are tightly regulated by transcription factors and epigenetic modifications. In 

the previous CRISPR-assisted screening section, we discussed the various roles of RBPs in 

transcriptional regulation that may lead to large-scale disruption of downstream metabolic 

pathways. For example, RBM39 mediates alternative splicing of HOXA9 transcripts, an 

essential transcription factor that regulates distinct gene expression and hematopoietic stem 

cell expansions, thereby promoting the progression and maintenance of AML [99]. In this 

study, the authors cloned sgRNAs targeting the RRM1 and RRM2 domains of RBM39 into 

lentiviral vectors and delivered them into Cas9-expressing RN2 cells. The RBM39-knockout 

RN2 cells were then intravenously injected into sub-lethally irradiated mice, which resulted 

in a remarkable delay in leukemic progression compared to the control mice [99]. More 

recently, Musashi1(Msi1) was identified as a key contributor to glioblastoma (GBM) growth 

by regulating the expression of transcription factors, E2F2 and E2F8, therefore promoting 

DNA replication and cell cycle progression [112]. CRISPR-mediated Msi1 knockout in two 

GBM cell lines, U251 and U343, increased the GBM’s sensitivity to cell cycle and DNA 

replication inhibitors, which provides potential combinational treatment of Msi1 inhibition 

and cell cycle/DNA replication inhibitors for GBM patients.

In addition to the modulation of transcription factors, RBPs also regulate post-transcriptional 

modifications for cancer metabolism reprogramming. We discussed in section 3 that 

Stau2 regulates chromatin-binding factors, which affects global histone methylation and 

ultimately the growth and maintenance of chronic myeloid leukemia (CML) cells [103]. 

In this study, the authors generated Stau2 knockout mice through microinjection of Cas9 

nuclease and sgRNA targeting Stau2 exon 4 into fertilized C57BL6/N mice zygotes, 

which resulted in frame-shift mutations that created multiple stop codons and lost 

multiple RBDs. The establishment of bcCML in vivo was reduced 2-fold in Stau2−/− 

mice compared to wild type, which increased the likelihood of survival by 13-fold. 

In addition, the leukemia stem cells (LSCs) from Stau2−/− established leukemia were 

functionally depleted with reduced colony-forming and self-renewal abilities [103]. More 

recently, Kosti and co-workers identified SERBP1 as a central regulator of metabolic 
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pathways in glioblastoma (GBM), including methylation and serine biosynthesis [113]. 

Although CRISPR-Cas9 failed to produce SERBP1 knockout GBM cell lines due to 

their life-sustaining activities, SERBP1 knockdown via siRNA delayed GBM growth 

and altered GBM-relevant phenotypes. By disrupting methionine production, SERBP1 

knockdown reduced H3K27me3-mediated histone methylation and affected the expression 

of genes implicated in cancer metabolic pathways [113]. SERBP1 knockdown also 

upregulated neurogenesis- and neuronal differentiation-associated genes, which are usually 

downregulated in GBM due to H3K27me3-induced epigenetic silencing. By bringing 

together the functions in both cancer metabolism and epigenetic regulation, SERBP1 

enhances GBM phenotype and promotes a poorly differentiated state of glioma stem cells.

4.2 Restoring anti-tumor activities by targeting RBPs

4.2.1 Restoring p53 tumor-suppressive activities—p53 is a nuclear protein that 

functions as a transcription factor under diverse stress signals, including hypoxia, DNA 

damage, oxidative stress, telomere shortening and oncogene activation. p53 activation 

induces multiple cellular responses that prevent the growth and survival of tumor cells. 

Among them, induction of cell cycle arrest and programmed cell death is considered most 

relevant to tumor inhibition [114]. Around half of human cancers observed mutations in 

p53 tumor suppressors, which mainly occur in the core domains that regulate sequence-

specific DNA binding activities of the p53 protein [115]. Restoration of p53 activities 

through targeted RBP regulations presents a novel anti-tumor strategy. Previously, small 

molecule Nutlin was often used to activate p53 tumor-suppressive activities by inhibiting 

the interaction between p53 with MDM2, a negative regulator of p53 [116]. However, 

the pharmacological outcomes of the treatment, whether it is cell cycle arrest, senescence, 

or apoptosis, were difficult to predict. Recently, Rizzotto and co-workers revealed that 

Nutlin-dependent apoptosis associates with the enhanced translation of mRNA containing 

CG-rich motif mediating p53-dependent death (CGPD-motif) in the 3’UTR. RBPs PCBP2 

and DHX30 repress CGPD-motif expression through PCBP2-dependent binding of DHX30 

to the 3’UTR of the motif genes, thereby inhibiting p53-dependent apoptosis. DHX30 

depletion using shRNA increased CGPD-motif translation and enhanced Nutlin-dependent 

apoptosis [117].

To identify critical downstream components in p53-mediated tumor suppression, Bieging-

Rolett and co-workers transduced mouse embryonic fibroblasts (MEFs) expressing Cas9 

and two oncogenes, E1A and HrasG12V, with lentiviral sgRNA libraries targeting p53 

tumor-suppressor genes [96]. The transfected cells were then injected into recipient mice 

and allowed three weeks to grow before sequencing. Results showed that sgRNA targeting 

Zmat3 dominated every tumor [96]. Zmat3 encodes for RBP ZMAT3, which modulates 

exon inclusion in a variety of transcripts, including p53 inhibitor MDM4 and MDM2. To 

determine the role of ZMAT3 in vivo, the authors delivered lentiviral vectors expressing 

Cre recombinase and sgRNA targeting p53 or zmat3 to the lungs of KrasG12 driven 

lung tumor mouse model by intratracheal injection. CRISPR-mediated inactivation of 

p53 and ZMAT3 demonstrated accelerated lung tumorigenesis in KT;H11LSL–Cas9 mice 

compared to that of control sgRNAs [96]. In a hepatocellular carcinoma mouse model, the 

authors delivered recombinant transposon vectors expressing oncogene KrasG12D, vectors 
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expressing Sleeping Beauty transposase, and CRISPR vectors expressing Cas9/sgRNAs 

targeting p53 or Zmat3 in a mixture of 0.9% NaCl solution, which is then delivered 

to hepatocytes via hydrodynamic injection into mouse lateral tail vein. Similarly, Cas9-

mediated p53 and ZMAT3 inactivation both led to the development of hepatocellular 

carcinoma. In both tumor models, the tumor sizes of Cas9/sgp53 mice were larger than 

those of Cas9/sgZmat3 mice, suggesting ZMAT3 as an RNA splicing regulator downstream 

of the p53 tumor suppression pathways [96].

Some RBPs also function as p53 suppressors. For example, Lucchesi and co-workers 

identified Rbm38 can suppress the translation of p53 by preventing the binding of eukaryotic 

translation initiation factor 4E (eIF4E) to the p53 mRNA [118]. The authors knocked out 

Rbm38 in RKO and MCF7 cells using CRISPR-Cas9, and both cell lines showed increased 

p53 expression. To inhibit the formation of Rbm38-eIF4E complex, they identified an 8 

amino acid peptide (Pep8) from Rbm38 that can alleviate Rbm38-mediated p53 suppression 

and enhance p53 expression [118]. Furthermore, Rbm24, which shares a homogeneous 

family as Rbm38, also interacts with eIF4E and suppresses p53 translation. Targeting 

Rbm24 represents a potential strategy to ensure the proper expression of p53 [119].

4.2.2 Increasing the expression of tumor suppressors—p21 is another 

recognized tumor suppressor downstream of p53 that mediates cell cycle arrest and 

senescence via both p53-dependent and -independent pathways, and is sometimes 

considered as an indicator of p53 activities. Liu and co-workers found that CELF6 

modulates p21 expression by binding to the 3’UTR of p21 mRNA and increase its stability 

[120]. LentiCRISPR vector carrying sgCELF6 was used to knock out CELF6 in colorectal 

carcinoma HCT116 cells. CELF6 depletion not only dramatically reduced p21 expression, 

but also promoted the proliferation and colony forming-abilities in HCT116 cells, suggesting 

CELF6 as a putative tumor-suppressive RBP.

Tumor suppressors also exist in the form of microRNA (miRNA). Let-7, a highly conserved 

tumor suppressor family of miRNAs, represses the expression of multiple oncogenic mRNA 

targets, including MYC, RAS and HMGA2 [121–123]. Let-7 is downregulated in various 

tumors, thereby restoring the let-7 functions provides a novel therapeutic pathway. RBP 

LIN28B has been reported to suppress the biogenesis of let-7 both in vitro and in vivo [124]. 

Lentivirus-mediated CRISPR-Cas9 silencing of LIN28B has de-repressed let-7, decreased 

MYC expression and reduced proliferation in a human multiple myeloid cell line, MOLP-8 

[125].

Due to the important roles of the innate immunity in tumor immune surveillance and 

anti-tumor immune response, tumor suppression can be achieved by activating the innate 

immune pathways. IL-1 receptor-associated kinase 3 (IRAKM) has been identified to 

negatively regulate TLR4 signaling pathway. N6-methyladenosine (m6A) writer complex 

METTL3 installs m6A modification on Irakm mRNA and promotes its degradation 

[102]. CRISPR-mediated knock out of METTL3 decreased overall m6A modification 

in RAW264.7 cells, slowed down Irakm mRNA degradation, and increased IRAKM 

expression, which resulted in suppressed TLR4-signaling and macrophage activation upon 

LPS stimulation [102]. To further confirm the role of m6A modification in the anti-tumor 
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immunity, Mettl3 conditional KO mice (Mettl3flox/flox;Lyzm-Cre mice) was generated and 

subcutaneously implanted with MC38 murine colon adenocarcinoma cells. As a result, 

METTL3-deficient mice demonstrated faster tumor growth compared to their wild-type 

littermates (Mettl3flox/flox mice). Tumor-associated macrophages (TAMs) from METTL3-

deficient mice exhibited reduced M1-like markers and increased M2-like markers, which 

indicates the immunosuppressive nature of the TAMs [102]. Therefore, targeting the m6A 

modification for macrophage activation represents a potential therapeutic approach in 

cancer.

4.3 Correcting tumor-specific mutations

Cancer genomic analysis identified recurrent mutations in genes coding the RNA splicing 

factors SF3B1, U2AF1, and SRSF2 are commonly found in cancer patients [126–129]. 

While SF3B1 mutation induces uncanny 3’ splice site selection through a different 

branchpoint [130], U2AF1 and SRSF2 mutations alter their sequence-specific RNA-binding 

preferences and affinities [131,132]. AML cells containing these spliceosome-mutations 

are sensitive to small molecule modulators of RNA splicing, such as sulfonamides drugs 

E7820 and indisulam [99]. In addition to the small molecules that are used for targeting 

RBPs, the emerging CRISPR-mediated genome editing offers great potential for correcting 

RBP mutations. To identify the genes affected by the SF3B1 mutation-induced mis-splicing, 

Inoue and co-workers analyzed pan-cancer mis-spliced events that trigger target mRNA 

degradation with the CRISPR-Cas9 screen [133]. They found SF3B1 mutation leads 

to Bromodomain Containing 9 (BRD9) mRNA degradation by inducing inclusion of 

poison exon, which resulted in a loss of the non-canonical BAF and promoted melanoma 

tumorigenesis. To correct the mis-splicing of BRD9 caused by SF3B1 mutation, the authors 

used CRISPR-Cas9 to induce mutagenesis of the poison exon, which significantly slowed 

the growth of SF3B1-mutant melanoma cells both in vitro and in vivo. Since no donor 

sequence was provided, the BRD9 mis-splicing mutations were corrected through the NHEJ 

pathway [133]. In another study, SRSF2 P95 mutation was found to cause 20-30% of the 

myelodysplastic syndromes (MDS). Chang and co-workers nucleofected a plasmid carrying 

CRISPR-Cas9/sgRNA targeting the first intron of SRSF2 gene together with a donor 

plasmid carrying normal SRSF2 allele, which corrected SRSF2 P95L mutations in MDS 

patient-derived induced pluripotent stem cells (iPSCs) through the HDR repair pathway 

[134].

Modulating RBP expressions also provide an attractive treatment for cancer-associated 

mutations. For example, about 85% of Ewing sarcoma (EwS) is caused by a chromosomal 

translocation of the EWS gene fused with transcription factor FLI1. The EWS-FLI1 fusion 

underlines EwS pathogenesis and exhibits oncogenic properties by inducing alternative 

splicing and transcriptional changes [135]. Using a whole-genome CRISPR screen, the 

oncofetal RBP LIN28B was identified as one of the top candidates that influence EwS 

evolution and prognosis [136]. LIN28B binds to EWS-FLI1 fusion mRNA and regulates its 

stability in approximately 10% of Ewing sarcomas. CRISPR-Cas9 mediated depletion of 

LIN28B in EwS demonstrated decreased expression of EWS-FLI1 fusion protein, thereby 

abrogating the self-renewal abilities of EwS cells and preventing the occurrence of tumors.
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5. Conclusion

RBPs regulate intricate networks of RNA biogenesis and have profound implications for 

subsequent cellular activities. Alternation in RBP expressions can affect many genes and 

pathways, which often leads to dysregulation in cell growth and tumorigenesis. Previously, 

researchers used small molecules, aptamers and peptides to target specific RBPs for 

cancer treatment. The recently emerging CRISPR-Cas9 technology offers great potential 

for RBP targeting with simple sgRNA designs and versatile targeting sites. However, several 

challenges remain in delivering the CRISPR components for RBP-based cancer therapeutics 

in clinical applications, including low cellular uptake, immunogenicity and selective cell 

targeting. Multiple platforms have been developed for CRISPR delivery, and each of them 

has both advantages and disadvantages. The majority of clinical studies nowadays use 

viral vectors to deliver CRISPR-Cas9/sgRNA plasmid for gene editing, but challenges like 

immunogenicity, cellular toxicity, potential mutagenesis and carcinogenesis are still yet to be 

addressed [73]. Concurrently, innovations in nonviral vectors have enabled targeted delivery 

with reduced immunogenicity and cellular toxicity [18]. In addition, a number of approaches 

have been developed for screening the delivery platform, such as physical transduction-

based high-throughput screening [137–139] and barcoded delivery platforms for accelerated 

in vivo screening [140,141]. Another hindrance to clinical adoption of the CRISPR-Cas 

system is potential off-target effects. Off-target effects can be moderated by more proficient 

and precise engineering of the CRISPR-Cas system to increase the specificity of gene 

editing. Development of new delivery vehicles with high delivery specificity may limit 

the potential toxicity and off-target effects of the CRISPR-Cas system, and promote the 

adoption of the CRISPR system for clinical applications.

In this article, we summarize recent advances in CRISPR-delivery and CRISPR-mediated 

RBP targeting for cancer treatment. Common applications of CRISPR in RBP studies 

include: (1) Identifying new RBPs in cancer and understanding their cancer-related 

functions; (2) Modulating therapeutically relevant RBPs for cancer treatment. With the 

development of RBP-targeting therapies, we envision the emergence of many new delivery 

platforms, which in turn promote the translation of RBP-based cancer therapeutics into 

broad clinical applications.
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Fig. 1. 
CRISPR-Cas9 system for RBP editing and RNA regulation. Directed by the sgRNA, 

CRISPR-Cas9 endonuclease could either knockout or edit the targeted RBP. RBP regulation 

post CRISPR delivery can affect several post-transcriptional RNA processes that occur in 

the nucleus (splicing, capping, polyadenylation and other post-transcriptional modifications) 

and cytoplasm (transport, localization, stability, translation, and degradation). Figure created 

using BioRender.com.
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Fig. 2. 
Pooled CRISPR-Cas9 screens can identify functional RBPs in tumor progression. (A) 

Schematic of in vitro genetic screening with genome-wide lentiviral sgRNA libraries 

(Reprint from Koike-Yusa et al. [93]). (B) Schematic of in vivo genetic screening with 

genome-wide lentiviral sgRNA libraries to assess sgRNA representation (Reprint from 

Bieging-Rolett et al. [96]).
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Fig. 3. 
RBP-based regulation of RNAs for cancer therapeutics. RBPs binding to oncogenic or 

tumor suppressor mRNAs results in an altered expression of the encoded cancer-related 

proteins, thereby affecting cellular metabolisms such as tumor proliferation or apoptosis. 

The binding of RBPs with essential mRNAs, which encodes for transcription factors or post-

transcriptional modulators, has profound implications in cellular physiology as it can control 

cell cycle progression and gene expression levels. RBPs can also regulate the expression of 

non-coding RNAs (ncRNA), which in turn affect the expression of the genes regulated by 

the ncRNA. Figure created using BioRender.com.
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