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The natural CRISPR-Cas9 system are composed of Cas9, crRNA, and tracrRNA. The artificial CRISPR/Cas9

system usually consists of two components: the Cas9 endonuclease and the sgRNA, which form the

ribonucleoprotein complex via base pairing to mediate the gene editing. 
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1. Mechanism of CRISPR/Cas9

CRISPR/Cas9 stemmed from the adaptive immune systems of most archaea and many bacteria and has been

widely utilized in genome editing . The natural CRISPR-Cas9 system are composed of Cas9, crRNA, and

tracrRNA. The crRNA contains a sequence for target DNA recognition and a sequence for tracrRNA binding. The

tracrRNA can bind with the tracrRNA via complementary pairing. In mammalian genome editing with CRISPR-

Cas9, crRNA, and tracrRNA have been engineered into sgRNA. Therefore, the artificial CRISPR/Cas9 system

usually consists of two components: the Cas9 endonuclease and the sgRNA, which form the ribonucleoprotein

complex via base pairing to mediate the gene editing. That is, the Cas9 is directed to the upstream of protospacer

adjacent motif (PAM) under the guidance of sgRNA and cleaves the target gene to generate the double-strand

breaks (DSBs). DSBs can be repaired by cells via two pathways: non-homologous end joining (NHEJ) and

homology-directed repair (HDR) . The insertion/deletion (InDel) of edited DNA strands often occurs during

NHEJ, leading to the frameshifts and/or the premature of stop codons . Unlike NHEJ, which joins the breaks

together, the donor DNA template was inserted at the specific sites during HDR to edit the gene accurately (Figure

1). Although both pathways exist in cells simultaneously, only 25% of genome repair occurs via the HDR pathway,

while the remaining 75% of DSBs are repaired by the error-prone NHEJ mechanism . Strategies to improve the

efficiency of HDR have been developed, such as using NHEJ inhibitors or HDR enhancers .
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Figure 1. Mechanism of the CRISPR/Cas9 system. The CRISPR/Cas9 system is composed of Cas9 and sgRNA.

The Cas9 can specifically cleave the target gene under the guidance of sgRNA to generate DSBs. The cell can

repair the DSBs via two pathways: NHEJ or HDR. During NHEJ, indel mutations of edited DNA strands often occur,

leading to the frameshifts and/or the formation of premature termination codons. During HDR, the donor DNA

template is inserted at the specific sites for precise gene editing.

Different from conventional gene editing tools like ZFNs and TALENs, it is more convenient and easier to

personalize the CRISPR/Cas9 complex by only changing the sgRNA sequence , rendering it possible to edit

multiple independent sites simultaneously. Thus, CRISPR/Cas9 gene editing technology has been broadly utilized

to correct mutated genes to treat various diseases, including Duchenne muscular dystrophy (DMD) , hereditary

tyrosinemia I , hypercholesterolemia , and cancer . Since the main cause of cancer is the dysregulation of

cell growth, knocking out the oncogenes or repairing the tumor-suppressive genes by CRISPR/Cas9 gene

engineering tools has shown promising potential in cancer treatment. Up to now, CRISPR/Cas9-based therapy has
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been utilized to treat multiple tumors, including lung cancer, breast cancer, colon cancer, melanoma, hepatocellular

carcinoma, etc. The therapeutic targets for CRISPR/Cas9-mediated cancer treatment include oncogenes (Kras)

, cell death-related genes (MTH1) , epigenetic genes (DNMT1) , immune-related genes (CD47) , viral

oncogenes (E6 or E7) , and tumor microenvironment-associated gene targets (VEGFA) , etc.

2. Three Forms of CRISPR/Cas9 Delivery

There are three forms of delivery when using the CRISPR/Cas9 system: DNA, mRNA, and ribonucleoprotein

(Figure 2). Each of these delivery forms has advantages and disadvantages in efficiency and accuracy.

Regardless of the different delivery forms, the ribonucleoprotein complex formed by Cas9 and sgRNA is the key to

gene editing.

Figure 2. Different forms of CRISPR/Cas9-based gene editing. There are three strategies to edit the genome using

CRISPR/Cas9: DNA (plasmid), mRNA, and ribonucleoprotein (RNP). The plasmid has to undergo multiple

biological processes (cellular uptake, endosome escape, nuclear import, transcription, transport, and translation) to

express the RNP for efficient gene editing. mRNA is translated to RNP in the cytoplasm and then transported to the

nucleus for gene editing. RNP can initiate gene editing after entering the nucleus without transcription or

translation.
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2.1. DNA (Plasmid)-Based Delivery

Cas9 and sgRNA cassettes can be packed together in the same plasmid or separately in two plasmids. After

transcription and translation, the formed ribonucleoprotein complex enables gene editing at the target locus. Due to

its good stability and relatively low cost, DNA-based gene engineering may be easier to scale up and translate into

the clinic. However, the large size of Cas9 and the plasmid makes it even harder for efficient delivery. An additional

obstacle for DNA-based gene editing is the requirement for multiple biological processes, including transcription

and translation, which delay the onset of gene editing and may decrease the editing efficiency. Moreover, the

continuous expression of ribonucleoprotein increases the risk of off-target mutagenesis .

2.2. mRNA-Based Delivery

Cas9 mRNA can be obtained by in vitro transcription and mediate genome editing after translation in cells. Usually,

mRNA-based delivery enables a quicker onset of gene editing than DNA-based delivery, as it does not require

nuclear entry for DNA transcription. The transient expression of Cas9 mediated by mRNA also reduces the risk of

off-target effects. However, mRNA is less stable than DNA and is prone to degradation, increasing the difficulty of

production, storage, and clinical use. In addition, when delivering in the form of mRNA, the right timing of delivery

has to be taken into account. For efficient genome editing, Cas9 and sgRNA should be presented at the target site

simultaneously. Therefore, delivering the mRNA into the cells before sgRNA is optimal since the mRNA encoding

Cas9 has to be translated first. One study showed that injection of Cas9 mRNA followed by an injection of sgRNA 6

h later in mice is helpful to increase the efficiency of gene editing .

2.3. Protein-Based Delivery

It is the most straightforward way to deliver the ribonucleoprotein complex formed by Cas9 and sgRNA. It does not

require these biological processes, such as transcription and translation, thus enabling the quickest onset of gene

editing . However, the large size of Cas9 protein (160 kDa) and gRNA (34 kDa) increases the difficulty of

delivery. Moreover, it is difficult and costly to obtain proteins of high purity, and proteins isolated from bacteria may

contain toxins, increasing the risk of safety. Additionally, the use of proteins in the body may trigger immune

responses.

3. Multiple Barriers of Delivery

High molecular weight and massive charge are the common characteristics of DNA, mRNA, and ribonucleoprotein,

and the use of these biomacromolecules all face similar dilemmas in their delivery. Firstly, these cargoes should be

packed with suitable materials to facilitate delivery. Then, during circulation, these biomacromolecules should resist

the harsh environment in vivo. Especially for mRNA and proteins of poor stability, it is vital to protect them from

enzymes to maintain their stability for in vivo application. Also, it is essential to prevent clearance by the

mononuclear phagocyte system (MPS) and to maintain long circulation time for efficient genome editing .

Moreover, the efficiency and accuracy of CRISPR/Cas9-based gene engineering relies on the accumulation of
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these cargoes at their target organs, cells, or even organelles. After accumulating at their target organs, they have

to cross the extracellular matrix and accurately identify the target cells. However, the CRISPR/Cas9 machinery is

unlikely to pass through the cell membranes without the assistance of a carrier due to their high molecular weight

and massive charge. In addition to cellular uptake, intracellular barriers, including endosomal escape and nuclear

entry, also severely restrict the editing efficacy. For mRNA and proteins whose target sites are in the cytoplasm, the

key to delivery is cellular uptake and endosomal escape, while for DNA, whose target sites are in the nucleus, the

determining step is nuclear entry. Therefore, it is crucial to design suitable delivery systems on the basis of their

own characteristics to maximize the genome editing efficiency.
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