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A B S T R A C T   

CRISPR/Cas9 is a revolutionary genome editing technology with the tremendous advantages such as precisely 
targeting/shearing ability, low cost and convenient operation, becoming an efficient and indispensable tool in 
biological research. As a disruptive technique, CRISPR/Cas9 genome editing has a great potential to realize a 
future breakthrough in the clinical bone and cartilage repairing as well. This review highlights the research status 
of CRISPR/Cas9 system in bone and cartilage repair, illustrates its mechanism for promoting osteogenesis and 
chondrogenesis, and explores the development tendency of CRISPR/Cas9 in bone and cartilage repair to over-
come the current limitations.   

1. Introduction 

For the regeneration of bone and cartilage, it is crucial to promote 
the proliferation or differentiation of osteoblasts and chondroblasts. In 
the ordinary bone or cartilage defect repair, fixation and suture repair 
are preferred methods in clinic. While large bone defects always need 
autologous bone or allogeneic bone transplantation, which has 
numerous side effects like chronic pain, nerve injury, infection, high risk 
of disease transmission and immune rejection [1]. Furthermore, im-
plantation of orthopaedic materials is another important strategy in 
current clinic treatment. However, long-term biocompatible problems of 
some widely used non-bioabsorbable biomaterials are reported 
frequently, such as poly-ether-ether-ketone (PEEK) and polymethyl 
methacrylate (PMMA), may causing some unavoidable drawbacks, such 
as osteolysis, secondary surgery requirement and increasing risk of 
postoperative complications (Table 1) [2]. 

Gene editing is regarded as a monumental technology in life science. 
The early techniques relied on site-specific identification of DNA loci 
based on nucleases, including Zinc Finger nucleases (ZFNs) and 

Transcription Activator-Like Effector nucleases (TALENs) [3]. However, 
the difficulties in protein design and synthesis were limited the wide-
spread use of these nucleases [4,5]. In 1980s, a defense mechanism of 
some prokaryotes against the virus was found based on a sequence called 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) to 
identify of exogenous pathogenic DNA [6]. CRISPR is guided by RNA, 
and is epoch-making in the current application of gene editing while 
thanks to the specificity and codability of RNA sequences [7]. The gene 
in CRISPR locus nearby was named as CRISPR-associated (Cas). After 
years of research, the mature CRISPR system was simplified with two 
parts: single guide RNA (sgRNA) and CRISPR-associated protein 9 
(Cas9) nuclease. Since then, CRISPR/Cas9 technology has brought a 
huge impact to the life science field, and researches was recognized by 
the Nobel Prize in Chemistry in 2020. 

In bone and cartilage repair field, CRISPR/Cas9 system as a third- 
generation genome editing technology can overcome many shortcom-
ings of traditional strategies. It can provide powerful ability to regulate 
genome sequence and gene expression, which could change or correct 
gene function and defects for long-term to achieve therapeutic effects at 
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the genetic level. Usually, bone and cartilage repair are regulated by 
several growth factors, such as transforming growth factor (TGF-β), 
insulin-like growth factor-1 (IGF-1) and basic fibroblast growth factor 
(bFGF) [8a,8b,9a,9b]. Besides, some osteogenesis-related proteins such 
as alkaline phosphatase (ALP), bone morphogenetic protein (BMP) and 
osteocalcin (OCN) are also involved in the synthesis and mineralization 
of bone matrix and the value-added and differentiation of osteoblasts 
[10a,10b,11]. Gene therapy for the repair of bone and cartilage defects 
usually involves the introduction of target gene fragments into the or-
ganism so that the relative expression products can be sustainably 
expressed in the subsequent repair with the aim of promoting 

osteogenesis. Unlike direct regulation of osteogenic-related factors, the 
CRISPR/Cas9 system can reprogram pluripotent stem cells and induce 
their differentiation towards bone or cartilage [12]. By exploiting the 
multifunctional differentiation properties of bone marrow mesenchymal 
stem cells (BMSCs), BMSCs are widely used in the treatment and repair 
of bone and soft tissues and are shown to be a viable approach to 
mediate bone regeneration [13]. Compared with the traditional gene 
therapies, the CRISPR/Cas9 system enables precise target gene inser-
tion, knockout and editing. It can not only circumvent the systemic side 
effects of traditional surgery and conventional drugs, but also induce 
large amounts of phenotypic proteins at once to complete the treatment 
in a targeted manner, providing a promising new pathway for bone and 
cartilage repair (Fig. 1). 

In recent years, rapid advances in molecular biology and genomics 
greatly promote the possibility of gene editing techniques in the treat-
ment of bone and cartilage diseases. Here, CRISPR/Cas9 system, as the 
most powerful genome engineering tool, benefits from programmable 
RNA that can rapidly generate specific sequences and easily accomplish 
applications [14]. In this review, we presented a comprehensive discuss 
of the molecular mechanisms and technical principles of the CRISPR/-
Cas9 system and detailly described the classification and research 
progress of delivery vectors. We highlighted the applications and chal-
lenges of the CRISPR/Cas9 system for promoting osteogenesis and 
chondrogenesis. Finally, we summarized the off-target effects and edit-
ing efficiency of CRISPR/Cas9 systems in bone and cartilage repair and 
discuss the direction of their subsequent development. 

2. Mechanism of CRISPR/Cas9 gene editing technology 

Generally, CRISPR consists of a leader (promoter), repeats and 
genome-targeting sequences (spacers) [15]. When an exogenous gene is 
invaded into a prokaryotic organism, the original spacer in its genome is 
recognized by the Cas proteins through the protospacer adjacent motif 

Table 1 
Comparison of mainstream bone and cartilage repair methods.  

Repair methods Example Advantages Disadvantages 

Autogenous and 
Allogeneic 
bone 

/ No immunological 
rejection 

Chronic pain, 
nerve injury 

Non- 
bioabsorbable 
materials 

PMMA, PEEK 1) Rapid Curing 
2) No magnetism 

Secondary 
surgery 

Bioabsorbable 
metal materials 

Magnesium, Zinc 1) Reduce stress 
shielding 
2) High 
biocompatibility 

Low mechanical 
strength and 
corrosion 

Bioabsorbable 
polymer 
materials 

Collagen, 
Chitosan 

1) Can be cross- 
linked or blended 
2) Promote cell 
adhesion 

Poor stability and 
mechanical 
properties 

Bioabsorbable 
inorganic 
materials 

Hydroxyapatite, 
Bio-glass 

Poor stability and 
mechanical 
properties 

Low toughness 
and high 
brittleness 

Bioabsorbable 
compound 
materials 

Mineralized 
collagen 

Better osteogenic 
capacity 

Process 
complexity  

Fig. 1. Schematic diagram of CRISPR/Cas9 genome editing for bone and cartilage repair.  
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(PAM) sequence downstream of the original spacer and then cut 
(Fig. 2A). Cas proteins insert the clipped original spacer into the middle 
of the leader and the repeat to form a new spacer [16]. The A-T-rich 
leader contains a promoter, which is used to initiate transcription of 
repeat and spacer sequences. The transcribed long-stranded RNA is 
called precursor transcript CRISPR RNA (pre-crRNA), which is then 
processed into mature CRISPR RNA (crRNA) by related enzymes [17]. 
Cas proteins can form new Cas protein complexes together with crRNA 
and trans-activating crRNA (tracrRNA). The small guide RNA (sgRNA) 
formed by the fusion of crRNA and tracrRNA complementarily pairs 
with the gene in the exogenous gene and directs the Cas protein to shear 
the exogenous gene fragment [18]. 

The recognition of target DNA by the CRISPR/Cas9 system differs 
from traditional protein-guided gene editing techniques in that it uses 
small molecules of RNA sequences, which not only avoids the cumber-
some protein engineering associated with DNA recognition, but also 
greatly improves its applicability for high-throughput genomic manip-
ulation or screening [19]. As mentioned previously, Cas9 needs to 
assemble with crRNA and tracrRNA to form a new complex in order to 
achieve recognition and cleavage of the target DNA. sgRNA of the Cas9 
complex matches the target DNA according to the principle of 
Watson-Crick base pairing, while localizing at a specific site [20]. PAM 
sequence which near this specific site is a short sequence associated with 

a specific Cas protein and necessary for complementary pairing [21]. 
Different Cas proteins often match different short sequences, for 
example Cas9 from Streptococcus pyogenes (SpCas9) matches 
5′-NGG-3’ [22]. The relatively simple PAM sequence has a higher 
probability of occurring in the genome and is more conducive to the 
widespread use of Cas9. The sequence from staphylococcus aureus is 
5′-NNGRRT-3′, and the longer PAM sequence increases the specificity of 
its recognition and helps prevent off-target effects at the same time [23]. 
Upon binding to the target gene, the complementary single strand 
(complementary paired with crRNA) and non-complementary single 
strand of the target gene are recognized and cleaved by the HNH and 
RuvC structural domains of Cas9 respectively, producing a double 
stranded break (DSB) at the flat end of the target gene [24]. 

There are three different Cas systems using different mechanisms. 
Type I and Type III require a large protein complex composed of 
different Cas proteins when cutting the target gene, while Type II re-
quires only one Cas protein such as Cas9 [25]. Cas9 in the Type II 
CRISPR system can cleave exogenous DNA into double DSB DNA. There 
are two types of repair methods when a DNA double strand is cut 
(Fig. 2B). The first one is nonhomologous end joining (NHEJ), which 
urgently links the broken DNA double strands like spontaneous “SOS” 
(“save our souls” signal) repair in living organisms. However, this repair 
method is stochastic and prone to insertion or deletion mutations that 

Fig. 2. A) Schematic diagram of the CRISPR/Cas9 
system. Starting with the Cas1-Cas2 complex, the 
target sequence is recognized by PAM and later in-
tegrated into the host sequence during the adaptation 
phase. During the crRNA maturation phase, the 
transcribed long-stranded RNA is called precursor 
transcript CRISPR RNA (pre-crRNA), which is then 
processed into mature CRISPR RNA (crRNA) by 
related enzymes. In the final interference phase, 
crRNA induces Cas protein to shear the exogenous 
gene fragment. Reproduced with permission [151]. 
Copyright 2020, The Authors. B) Cas9 can cleave 
exogenous DNA into double DSB DNA. There are two 
repair methods: the first is NHEJ and the other is 
HDR.   
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can damage the target gene [26]. The other one is homology-directed 
repair (HDR), which is a small fragment of DNA with the same 
sequence at both ends and the broken sequence can be homologously 
recombined with the broken gene, thus completing the exact recombi-
nation of the gene [27]. The most commonly used synthetic CRISPR 
system is the Type II CRISPR system which uses a single cut of Cas9 
protein. Its convenience and speed have given it a potential that cannot 
be underestimated in medical and scientific fields. 

3. Delivery methods of CRISPR/Cas9 system in bone and 
cartilage repairing 

CRISPR/Cas9 changes the current status quo using a single conven-
tional treatment in bone and cartilage tissue diseases. As a powerful 
gene editing tool, CRISPR/Cas9 systems are essential to be delivered to 
bone tissue targets such as the synovial membrane of the joint cavity or 
cartilage tissue, thereby allowing the long-term stable expression of a 
specific gene for the ultimate therapeutic purpose. Many common 
physical delivery methods are limited by in vivo applications while 
highly efficient in delivery. So far, nanotechnology-based non-viral 
vectors or conventional viral vectors are gaining more and more atten-
tion. Herein, delivery/transfer vectors of CRISPR/Cas9 system should be 
focused (Fig. 3). In order to assess the potential of conventional delivery 
methods for application, it is particularly important to consider the 
advantages and disadvantages of various methods in an integrated 
manner (Table 2). 

3.1. Physical delivery methods 

Physical delivery methods include electroporation, magnetofection, 
microfluidics, ultrasonic, and microinjection [28–32]. 

3.1.1. Electroporation 
Previously, electroporation has been widely used as a non-virus de-

livery method for cell transfection. Electroporation also called electro-
transfection. Electrotransfection transiently increases the permeability 
of the cell membrane by applying a high-intensity electric field to the 
cell, thereby allowing the entry of exogenous genes or drugs into the cell 
[33]. And the high intensity of the electric field can reduce complica-
tions associated with targeting and immunogenicity [34]. Beyond that, 
electroporation has the ideal property of transfecting non-dividing cells 

such as nerves, cartilage or bone. It has extraordinary advantages in the 
field of tissue engineering repair [35–37]. Despite its many advantages, 
electroporation still has some limitations. Cells often die or have 
increased toxicity due to high voltages and lower cell viability is one of 
the main disadvantages of electroporation [38]. If in vivo transfection 
therapy is performed, different transmitter devices are required with 
high costs and varying degrees of tissue damage resulting from invasive 
operations [39]. Tröder et al. used a modified electroporation method to 
act on fertilized eggs of C57BL/6 mice to obtain CRISPR/cas9-mediated 
specific mutant mice [40]. Not only was the specific mutation 

Fig. 3. Classification of CRISPR/Cas9 delivery methods.  

Table 2 
Methods of CRISPR/Cas9 transfer.  

Transfer 
methods 

Principle Advantages Disadvantages 

Electroporation Enhance 
membrane 
permeability by 
short electric 
impulses 

Non- 
immunogenicity and 
efficient 

Lower cellular 
viability 

Magnetofection Directed to cells 
by using the 
magnetic field 

Without damaging 
the cell membranes 

High cost 

Microfluidics Exploiting the 
deformability of 
cell membranes 

Integration Inability to 
complete delivery 
in vivo 

Ultrasonic Induced pore 
formation in cell 
membranes 

Non-invasiveness Low 
controllability 

Microinjection With the use of 
microneedles 

High transfection 
efficiency 

Need high 
proficiency 
requirements 

Lentivirus Interaction with 
target cell surface 
receptors 

Sustained expression Recombination 
occurs in vivo 

Adenovirus Interaction with 
target cell surface 
receptors 

High security Momentary 
expression 

Dendrimers Electrostatic 
interaction 

Precise and 
controllable physical 
and chemical 
properties 

Cytotoxicity 

Liposomes Electrostatic 
interaction 

High transfection 
efficiency 

Cytotoxicity 

Micelles Electrostatic 
interaction 

Low cytotoxicity Low transfection 
efficiency  
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successfully introduced without affecting embryonic development, but 
the live birth rate of embryos was also significantly increased. Miao et al. 
targeted the germ cell-specific gene nanos2 by pre-assembling 
sgRNA/Cas9 RNPs and electroporated fertilized eggs from mice, cattle 
and pigs, which stably produced mutant progeny [41]. Xu et al. reported 
a tubular electroporation technique and experimental results showed 
that the new technique could enable efficient genome editing in 
mammalian cells especially for human-derived stem cells that are 
difficult to transfect. It may be a new strategy for delivering CRISPR/-
Cas9 [42] (Fig. 4A). 

3.1.2. Magnetofection 
Magnetofection technology uses the surface activity of magnetic 

nanoparticles like iron oxide to combine with target genes to form gene- 
loaded magnetic microspheres [43] (Fig. 4B). Although the magneto-
fection technique does not directly improve transfection efficiency, the 
powerful magnetic attraction capacity allows the number and speed of 
nucleic acid molecules to enter the cell, maximizing the use of nucleic 
acids [44a,44b]. Different from electroporation, the magnetofection 
technique does not require disruption of the cell membrane and uses the 
endocytosis mechanism to complete uptake which effectively avoids the 

low activity state of cells after transfection [45]. Mykhaylyk et al. suc-
cessfully constructed magnetically responsive siRNA complexes that 
accomplished intracellular translocation and effectively silenced the 
target gene [46]. Hryhorowicz et al. used polyethyleneimine-coated 
magnetic iron oxide nanoparticles to construct magnetic plasmid DNA 
complexes (PEI-Mag2) to facilitate CRISPR/Cas9 plasmid transfection of 
porcine fetal fibroblasts (PFFs). The transfection efficiency can be 
improved using PEI-Mag2, which may be due to its magnetic properties 
that accelerate the deposition of nucleic acids on the cell surface [47]. 

3.1.3. Microfluidics 
The microfluidic membrane deformation method exploits the 

deformation capacity of the cell membrane, which undergoes rapid 
deformation under mechanical action to produce temporary pores 
through which nucleic acid or protein molecules enter the cytoplasm 
[48]. The integrated property of microfluidics itself allows selective 
screening of untransfected cells or repeated transfection again by 
microarray to improve the gene editing activity. Han et al. first applied 
microfluidic membrane deformation to CRISPR/Cas9 delivery and suc-
cessfully completed RNA-guided gene editing [49] (Fig. 4C and D). This 
rapid and high-throughput platform can provide a promising strategy 

Fig. 4. A) Gene editing by CRISPR/Cas9 in human stem and primary cells using tube electroporation. (i) Devices for tube electroporation. (ii) Transfection of human 
iPSC with Cas9/gRNA RNP-targeted APP gene, without ssODN template. (iii) Different types of cells were transfected with pCMV-GFP plasmid, and transfection 
efficiency was detected by fluorescence microscopy and flow cytometry after 48 h. From left to right are the cell bright field plots, fluorescence plots and flow 
cytometry dot plots, where red is the transfected cells and black is the mock-transfected control cells, respectively. Reproduced with permission [42]. Copyright 2018, 
The Authors. B) Magnetic induction is the process of delivering nucleic acids under the influence of a magnetic field acting on a nucleic acid carrier associated with a 
magnetic nanoparticle. (i) Schematic diagram of the magnetically guided nanoparticles targeting method. (ii) Applied magnetic field in mice experiments. (iii) 
Magnetic regimes of magnetite and maghemite as a function of their size. Reproduced with permission [43]. Copyright 2015, The Authors. C) Microfluidic trans-
fection device. (i) Plasmids encoding sgRNA and Cas9 proteins are mixed with cells and flow through the chip. (ii) Flow chart of delivery mechanism. (iii) Scanning 
electron microscope (SEM) images of the device structure. (iv) Diagrammatic representation of cellular stress gradient formation across the cell membrane. D) 
Characterization of microfluidic chip. i) Delivery of FITC-labeled ssDNA to HEK293T cells via two different chips. ii) Delivery efficiency. iii) Cell viability. iv) Western 
blotting for PC-3 cells after 48 h of delivery with three different siRNA oligonucleotides targeting Akt1.l v) Cell Counting. vi) Transfer efficiency of different cell lines. 
Reproduced with permission [49]. Copyright 2015, The Authors. 
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for CRISPR/Cas9-mediated gene editing and gene analysis. Microfluidic 
membrane deformation does not depend on exogenous material, endo-
cytosis or chemical modification of the target molecule. Transfection can 
be done reproducibly with only microfluidic chips [50]. Because of the 
limitation of microfluidic chip, it cannot be delivered in vivo which limits 
its clinical application potential. 

3.1.4. Ultrasonic 
Lipid bilayers are capable of directly converting acoustic energy into 

mechanical stress and strain at the subcellular and cellular levels [51a, 
51b]. High-energy ultrasonic produces local shear in the extracellular 
fluid, inducing the formation of pores in the cell membrane and 
increasing the permeability to DNA or RNA [52a,52b]. Ultrasonic 
methods can be safely used in vivo due to their non-invasive nature and 
are currently used in clinical cases [53]. However, its low control leads 
to low transfection efficiency, low success rate and high equipment re-
quirements [54]. Ryu et al. constructed microbubble nano-liposome 
particles as Cas9/sgRNA nucleoprotein complex carriers and success-
fully transferred the protein complex into dermal papilla cells of hair 
follicles in male bald animals under ultrasonic activation The research 
validated the inhibitory effect of CRISPR/Cas9 on SRD5A2 in vivo and in 
vitro which finally restored hair growth [55]. To deliver CRISPR plas-
mids, Dong et al. developed a dual ultrasonic/magnetic responsive 
microdrop that can effectively deliver plasmids to cancer cells, which 
could be a potential strategy for clinical application of ultrasonic 
methods for cancer treatment [56]. 

3.1.5. Microinjection 
Microinjection is a simple and direct non-virus transfection method 

that allows the introduction of DNA or RNA into the cytosol using only 
micron-sized pipettes. Its transfection efficiency tends to be high 
because the injection volume and location can be precisely controlled 
[57a,57b]. However, due to its huge optical instrumentation re-
quirements and the results are related to the proficiency of the techni-
cian, microinjection is only used in specific settings [58]. Ai et al. 
successfully completed the knockout of cotton bollworm genes using the 
CRISPR/Cas9 system by microinjection method, which improved the 
efficiency of gene editing [59]. Li et al. explored the effect of microin-
jection time on the embryonic developmental capacity of the 
CRISPR/Cas9 system and showed that microinjection time had different 
degrees of effect on embryonic development and gene editing rate of in 
vitro fertilized porcine embryos. Proper optimization of sgRNA or Cas9 
concentration and precise determination of injection time could better 
accomplish gene editing [60] (Fig. 5A–C). 

3.2. Virus vector delivery 

Virus vectors are the vectors of choice for gene editing and gene 
therapy. They are widely used not only in vitro but also in clinical set-
tings. However, the safety of vectors is often a concern due to the 
specificity of viruses. To avoid recombination of lentiviral vectors in 
vivo, their genome is first split into multiple different structures. Sec-
ondly, the promoter or enhancer sequences in their terminal repeat 

Fig. 5. A) Schematic of the embryo injection strategy to determine the optimal timing of CRISPR/Cas9 microinjection. In vitro fertilization (IVF) and somatic cell 
nuclear transfer (SCNT)-derived embryos were microinjected with sgRNA and Cas9 mRNA. B) The priming RNA was designed to target exon 5 of the interleukin 2 
receptor gamma (IL2RG) locus in the porcine genome (Sscrofa11.1). Nucleotides in blue text indicate designed gRNAs, and letters in red text indicate PAM sequences 
(NGG). C) The expression of Cas9 protein was assessed by immunofluorescence staining 6 h after microinjection. Reproduced with permission [60]. Copyright 2021, 
The Authors. D) Different approaches to in vivo and in vitro gene therapy. E) Current frequency of use of different viral vectors. F) Third generation lentiviral vector 
constructed from four plasmids. G) Schematic diagram of the wild-type adenovirus type 5 (Ad5) genome and genetic modifications of common Ad5-based vectors. 
Reproduced with permission [69]. Copyright 2021, The Authors. 
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sequences are deleted to avoid activation of related genes. Alternatively, 
the glycoprotein is wrapped around the surface of the virus vector and 
modified to limit the host range [61]. All these safety measures can 
generate inactivated vectors for safe transfer. 

3.2.1. Lentivirus vector 
Lentivirus vectors are retrovirus vectors based on HIV-1 [62]. The 

entry of lentivirus vectors into target cells is mediated by the interaction 
between glycoproteins immobilized on the outer membrane and re-
ceptors on the surface of the target cells. Lentivirus vectors have a large 
capacity of 9 kb, which is sufficient to package the various components 
of CRISPR [63]. As an integrative vector, lentivirus vectors can also 
carry multiple genomic fractions which may be a key element in the 
treatment of certain diseases. In addition, lentivirus vectors can transfect 
cells in stationary phase whereas ordinary retrovirus vectors can only 
transfect cells in division. It increases the scope of application and 
indirectly enhancing the gene therapy effect [64]. Lentiviruses, as car-
riers of CRISPR/Cas9, not only have the ability to gene edit, but also take 
full advantage of the advantages that lentivirus vectors themselves 
possess [65]. Lentivirus vectors can efficiently integrate exogenous 
genes into the chromosomes of target cells, thus expressing target genes 
in a sustained manner. Lentivirus vectors are preferred for cells that are 
more difficult to transfect, such as primary cells or stem cells. It can 
significantly improve the transduction efficiency of target genes and 
achieve long-term and stable expression of target genes conveniently 
and quickly. Joung et al. selected the lentivirus as a vector for 
CRISPR/Cas9 by considering the insertion capacity and cell type. And 
gene editing was successfully completed proving that lentivirus vectors 
are a powerful tool for gene transduction [66]. 

3.2.2. Adenovirus vector 
Adenovirus vectors are double-stranded DNA viruses that enter the 

target cells through receptor-mediated endocytosis and can transduce 
different cell types without being restricted by the division phase. 
Likewise, adenovirus vectors do not integrate into the host cell genome, 
staying outside the chromosome and achieving only instantaneous 
expression with a high safety profile [67]. Adenovirus vectors have 
many unique advantages over other viral vectors. Firstly, most human 
cells can express adenovirus receptors, which makes adenovirus vectors 
have a wide range of application and high transduction efficiency. 
Secondly, modified adenovirus vectors can easily escape the body’s 
intrinsic immune system defenses. Adenovirus vectors are also 
becoming the most commonly used vectors in clinical trials worldwide 
[68]. Adenovirus vectors have not only been used for vaccine develop-
ment and tumor therapy, but also have potential for gene editing [69] 
(Fig. 5D–G). Tsukamoto et al. applied adenovirus vector-loaded AsCpf1 
gene to primary culture of humanized mouse hepatocytes and showed 
that the adenovirus vector-mediated CRISPR/AsCpf1 system provides a 
useful tool for genome editing of human hepatocytes [70]. 

3.3. Nanocarriers 

The development of nanocarriers as an alternative to traditional 
physical transfection methods and viral delivery methods has been very 
rapid. Non-viral vectors are more secure and easier to mass-produce 
than viral vectors. Both dendrimers and liposomes offer extraordinary 
advantages in terms of targeting, high encapsulation and low immuno-
genicity. More and more nanocarriers are taking the stage for bone or 
cartilage gene therapy. 

3.3.1. Dendrimers 
Dendrimers are macromolecules with a dendritic structure, consist-

ing of oligomers repeatedly and linearly linked by dendritic units. Due to 
the controllability of its monomer, the physicochemical properties of 
dendrimers can be precisely controlled and personalized preparation 
can be accomplished. Meanwhile, the dendrimers contain a cavity 

structure inside, forming a dense three-dimensional sphere structure 
that can be perfectly used for gene encapsulation. Also, many functional 
groups are exposed on its surface which can be modified to accomplish 
better performance optimization thanks to the spherical structure [71] 
(Fig. 6A and B). Farbiak et al. developed a dendrimer-based lipid 
nanoparticle in order to accomplish CRISPR/Cas9-mediated HDR while 
avoiding the NHEJ error-prone mechanism. The team encapsulated Cas9 
mRNA, sgRNA and donor ssDNA (single-stranded DNA) in nanoparticles 
with low cytotoxicity and no charge at neutral pH. At the appropriate 
ratio, the nanoparticles are able to complete HDR. This may be related to 
the simultaneous delivery of three nucleic acids [72]. Liu et al. reported 
a boric acid-containing dendrimer that can deliver Cas9 protein with 
high efficiency. Not only that, it can also be used for protein delivery 
with different isoelectric points or sizes without chemical modification, 
overcoming the problem of difficulty in forming stable complexes with 
proteins [73]. 

3.3.2. Liposomes 
Liposomes are bilayer vesicles that mimic cell membranes and show 

promise in the delivery field because of their efficient delivery capacity 
and good biocompatibility [74]. Cationic lipids are a key component of 
liposomes and play an important role in nucleic acid encapsulation and 
cellular delivery. Pre-liposomes as siRNA delivery vectors have difficulty 
in encapsulating large molecules of Cas9 protein and sgRNA. To over-
come this obstacle, Rosenblum et al. developed a liposome system for 
CRISPR/Cas9 gene editing [75]. The results showed that the system 
successfully delivered Cas9 mRNA and sgRNA into tumor cells and led to 
apoptosis of tumor cells and improved survival. Han et al. prepared a 
series of liposomes containing Cas9 mRNA and modified sgRNA using 
microfluidic technology. The end-modified sgRNA could achieve 85% 
encapsulation rate, and this liposome-mediated gene editing became a 
new safe therapeutic method [76] (Fig. 6C). Unlike viral vectors for in 
vivo delivery, Kenjo et al. reported a liposome that can be repeatedly 
injected into skeletal muscle tissue [77] (Fig. 6D). It was injected into 
the gastrocnemius muscle of mice and maintained stable levels in vivo for 
close to 100 days. Its low immunogenicity and repeatable administra-
tion are important features for the future use of liposomal carriers for 
bone or cartilage repair. 

3.3.3. Micelles 
Micelles are ordered aggregates of molecules that begin to form in 

large numbers after the surfactant concentration reaches a certain value 
in an aqueous solution [78]. The micelles rely mainly on hydrophobic 
and electrostatic interactions for nucleic acid loading [79]. Abbasi et al. 
explored polymorphic micelles (PMs) prepared from polyethylene glycol 
(PEG)-poly(cationic block copolymers) for delivery of CRISPR/Cas9 
components. It was found that loading Cas9 mRNA and sgRNA together 
into 1 p.m. significantly improved the stability of sgRNA compared to 
loading sgRNA alone. The team reported the successful co-encapsulation 
of Cas9 mRNA and sgRNA in PM and the successful completion of gene 
editing [80]. Self-assembled micelles consisting of quaternary ammo-
nium terminated poly(propylene oxide) (PPO–NMe3) and amphiphilic 
Pluronic F127 were designed. Lao et al. optimized micelle performance 
to target the HPV18-E7 oncogene. While assessing gene silencing ca-
pacity, the micelles demonstrated strong protection and delivery capa-
bilities [81a]. 

So far, although there are numerous methods of gene delivery, none 
of them is perfect. We should consider the scope of applicability and the 
advantages and disadvantages of various delivery vectors or methods, 
and reasonably assess their potential for introduction into clinical ap-
plications. Some elements that may determine the efficiency or biosafety 
of gene transfer such as carrying capacity [81b], immunogenicity [81c] 
and economic cost [81c], are the key conditions that we should examine 
comprehensively. 
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4. CRISPR/Cas9 for bone repair 

The basis of bone repair is the formation of bone scabs by osteoblasts 
and osteoclasts in response to various cytokines. Gene editing technique 
based on CRISPR/Cas9 demonstrates a great potential to be translated 
into clinical applications for bone repairing [82]. Currently, long bone 
fractures are self-healing with strong internal fixation, but healing is 
often less optimistic due to many factors such as osteoporosis or 
advanced age. In the face of segmental defects with a defect length of 
more than twice the diameter of the diaphysis, non-healing of the 
broken end often occurs [83]. Conventional autologous bone grafts, 
allogeneic bone grafts and material implants are more or less subject to 
adverse reactions such as pain, infection or immune rejection. Nowa-
days, the concept of introducing one or more osteogenic genes into a 
non-healing patient with the expectation of modifying the healing 
pattern of the organism through gene editing has become very attractive 
(Table 3). There are two main strategies of gene editing for the treatment 
of bone defects. First, the gene-loaded vector is applied directly to the 
defect site, or it can be combined with a scaffold before implantation. 
Second, suitable tissues such as bone or muscle tissue are collected in 
vivo, edited and modified in vitro and then reimplanted in vivo [84]. In 
either strategy, the ultimate goal is to promote osteogenesis and healing, 
using gene editing to complete the treatment of bone defect diseases. 

Bone repair and reconstruction consists of resorption of old bone by 
osteoclasts and formation of new bone by osteoblasts [85]. If osteoclasts 
are deficient, the fracture ends are atrophied on both sides, the bone 

marrow cavity is closed or sclerosis of the bone ends occurs, often 
resulting in non-healing consequences. ELMO1 promotes enhanced 
osteoclast activity and increases bone resorption activity. Arandjelovic 
et al. deleted the ELMO1 gene in Hoxb8 macrophages via CRISPR/Cas9 
and sgRNA. Then the transfected macrophages developed functional 
defects [86] (Fig. 7A and B). To further explore whether ELMO1 can 
control other signaling markers in osteoblasts, the group continued to 
target proteins that may play a role such as athepsin G (Ctsg) and 
myeloperoxidase (Mpo). The results showed that this macrophage 
reduced the degradation function after knocking down the mRNA of this 
protein using CRISPR/Cas9, indicating that ELMO1 is a key part of the 
functional network regulating bone degradation in osteoclasts. Howev-
er, targeting the resorptive activity of osteoclasts is often more beneficial 
than the quantity. A rational selection of target genes could help find 
new breakthroughs in bone repair. 

BMP2 is known as a regulator of bone and cartilage formation and is 
a potent osteoinductive growth factor, but its clinical application is 
limited due to its high cost because of the high dosage required for its 
efficacy [87]. High expression of BMP2 upregulates the expression of 
osteogenic genes and induces differentiation of stem cells into osteo-
blasts. However, bone precursor cells express a Noggin protein in 
response to BMP2 stimulation to antagonize the biological activity of 
BMP2 [88]. Noggin can bind BMP2 and prevent its docking with stem 
cell surface receptors, thereby inhibiting stem osteogenic differentia-
tion. Therefore, inhibition of Noggin expression may reduce the antag-
onistic effect of Noggin on BMP2 and indirectly promote osteogenesis. 

Fig. 6. A) Schematic diagram of HDR gene editing mediated by dendrimers lipid nanoparticles. B) Nanoparticles successfully complete HDR in HEK293 cells 
containing Y66H mutant GFP. (i) Fluorescence disappears when NHEJ is performed and can return to normal levels when HDR is performed. (ii) Trends in HDR, 
NHEJ, total efficiency and unedited cell groups were observed in three different ratios of Cas9 mRNA: sgRNA. Reproduced with permission [71]. Copyright 2021, 
Wiley. C) Schematic diagram of liposome synthesis using microfluidic system. Reproduced with permission [76]. Copyright 2022, The Authors. D) Characterization 
of liposome-CRISPR complexes. (i) Composition of complexes. (ii) Chemical formula of liposome. (iii) In vivo imaging of mice after intramuscular injection. (iv-v) 
Fluorescence signal analysis of different nanoparticles after injection. (vi) Gene therapy for duchenne muscular dystrophy (DMD). Reproduced with permission [77]. 
Copyright 2021, The Authors. 
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Hsu et al. fused Cas9 with transcriptional repressors such as VPR to 
generate dCas9-VPR that binds to specific sgRNA, and performed in vitro 
gene editing using baculovirus as a vector targeting Noggin. The results 
showed that Noggin gene was knocked out and BMP2 was overex-
pressed, which could effectively promote osteogenic differentiation of 
adipose stem cells and promote bone healing [89] (Fig. 7C–F). 

BMP9 induces differentiation of stem cells to osteoblasts by 

activating Smad-dependent signaling pathways and has a higher oste-
ogenic potential compared to BMP2 [90,91]. To evaluate the role of 
BMP9 in promoting bone defect repair in vitro and in vivo, MSCs were 
genetically edited to overexpress BMP9 using the CRISPR/Cas9 system 
[92]. Osteogenic markers, such as Runx2, Sp7, ALP and Oc, were 
increased to varying degrees. In vivo experiments showed accelerated 
new bone formation and increased bone density in rats injected with 
gene edited stem cells. This is the first demonstration that CRISPR-edited 
MSCs overexpressing BMP9 can successfully promote bone formation, 
providing a new option for the application of gene therapy in the field of 
bone defects. 

Until now, healing of large segmental bone defects remains difficult. 
Truong et al. attempted to improve it by stimulating cartilage formation 
through implantation of stem cells [93]. The group constructed a Cas9, 
sgRNA-based CRISPR activation/repression (CRISPRai) system and 
verified that Cas9 synergizes with sgRNAa (activator) to activate the 
mCherry activator and with sgRNAi (inhibitor) to activate the d2EGFP 
repressor. Mesenchymal stem cells from rats introduced via baculovirus 
were simultaneously assayed for the blocking effect of Sox9 and PPAR-γ. 
Sox9 and PPAR-γ act as major transcription factors for cartilage and 
adipose formation respectively, and PPAR-γ inhibits the action of Sox9 
[94]. Therefore, activation of Sox9 while inhibiting PPAR-γ promotes 
bone healing. The CRISPRai system was constructed using the large 
capacity of the baculovirus vector. It was demonstrated that CRISPRai 
could be combined to stimulate tissue regeneration for bidirectional 
regulation for the first time and provided a more flexible tool. 

The osteogenic differentiation capacity of BMSCs needs to be tightly 
regulated. Too little bone formation may not complete repair, but too 
much bone formation may lead to ectopic ossification or osteosclerosis. 
MSX1 balances the level of protein degradation during normal osteo-
genesis. In the present study, Kaushal et al. used the CRISPR/Cas9 sys-
tem to screen for deubiquitinating enzymes (DUBs) that regulate MSX1 
protein and identified the Ubiquitin carboxyl-terminal hydrolase 11 
(USP11) as a regulator of MSX1 [95]. USP11 overexpression enhances 
the expression of osteogenic factors in BMSCs. Also, it affects calcifica-
tion and ALP activity if USP11 is lacking. The group selected 50 sgRNAs 
of USP family genes and validated the selected USP11. There are no 
functional reports on the interaction of USP11 with MSX1 in BMSCs, and 
the group demonstrated a novel role of USP11 in the osteogenic differ-
entiation process. 

The Wnt signaling pathway is a central regulator of bone develop-
ment and repair. And the Wnt pathway is an attractive therapeutic target 
that plays an important role in the osteogenic differentiation of BMSCs 
[96]. Wnt16 is a ligand that affects stem cell proliferation, differentia-
tion and migration through the Wnt pathway [97]. McGowan et al. 
generated stable Wnt16 − /− mutant zebrafish lines using CRISPR/Cas9 
technology to study their effects on bone tissue using tissue mineral 
density (TMD) as an observation [98] (Fig. 8A). Bone defects were 
subsequently induced in the caudal fin of Wnt16− /− zebrafish. 
Compared to wild-type zebrafish, Wnt16 mutants exhibit delayed bone 
mineralization during bone repair. Osteoblast recruitment was also 
significantly delayed in Wnt16 mutants after bone defect. This study 
effectively demonstrates that Wnt16 may regulate Wnt activity through 
Runx2a to promote osteoblast differentiation and bone matrix deposi-
tion. Appropriate treatment targeting Wnt16 may prevent fractures and 
promote bone repair. 

The function of some osteogenic transcription factors can be 
enhanced by the specific AT-rich sequence binding protein 2 (Satb2). 
Deletion of Satb2 may result in incomplete expression of osteogenic 
genes or poor skeletal development [99]. To further explore the mo-
lecular mechanism of Satb2-mediated osteogenic function, Dowrey et al. 
used the CRISPR/Cas9 system to induce mutations in the Satb2 gene in 
MC3T3-E1 cells [100] (Fig. 8B–D). When Satb2 expression is reduced, 
the growth rate of osteoblasts is slowed down. In addition, Satb2 mu-
tations lead to nuclear abnormalitie. And the osteoblast value-added 
process, in which Satb2 is involved, can help to demonstrate the 

Table 3 
CRISPR/Cas9 for bone repair.  

Target 
gene 

Repair Mechanism Research progress Literature 

ELMO1 ELMO1 promotes 
enhanced osteoclast 
activity and increases 
bone resorption 
activity. Knock-out. 

Deleted the ELMO1 gene 
in Hoxb8 macrophages 
(osteoclast precursor 
cells) via CRISPR/Cas9 
and sgRNA. Then the 
transfected macrophages 
developed functional 
defects. 

Arandjelovic 
et al., [86] 
2021 

Noggin High expression of 
BMP2 upregulates the 
expression of 
osteogenic genes and 
induces differentiation 
of stem cells into 
osteoblasts. Noggin can 
bind BMP2 and prevent 
its docking with stem 
cell surface receptors. 
Knock-down. 

Gene editing mediated by 
a hybrid baculovirus 
system that prolongs 
BMP2 expression and 
reduces Noggin 
expression. 

Hsu et al., [89] 
2020 

BMP9 BMP9 induces 
differentiation of stem 
cells to osteoblasts by 
activating Smad- 
dependent signaling 
pathways. 
Upregulation. 

MSCs were genetically 
edited to overexpress 
BMP9 using the CRISPR/ 
Cas9 system. 

Freitas et al., 
[92] 2021 

Sox9 
and 
PPAR- 
γ 

Sox9 and PPAR-γ act as 
major transcription 
factors for cartilage and 
adipose formation 
respectively, and PPAR- 
γ inhibits the action of 
Sox9. Activation of 
Sox9 while inhibiting 
PPAR-γ promotes bone 
healing. Knock-down. 

The CRISPRai system was 
constructed using the 
large capacity of the 
baculovirus vector. 
CRISPRai could be 
combined to stimulate 
tissue regeneration for 
bidirectional regulation. 

Truong et al., 
[93] 2019 

USP11 USP11 overexpression 
enhances the 
expression of 
osteogenic factors in 
BMSCs. MSX1 balances 
the level of protein 
degradation during 
normal osteogenesis. 
Upregulation. 

Used the CRISPR/Cas9 
system to screen for 
deubiquitinating 
enzymes (DUBs) that 
regulate MSX1 protein. 

Kaushal et al., 
[95] 2022 

Wnt16 The Wnt pathway plays 
an important role in the 
osteogenic 
differentiation of 
BMSCs. Wnt16 is a 
ligand that affects stem 
cell proliferation, 
differentiation and 
migration through the 
Wnt pathway. Knock- 
out. 

Generated stable Wnt16 
− /− mutant zebrafish 
lines using CRISPR/Cas9 
technology to study their 
effects on bone tissue 
using tissue mineral 
density (TMD) as an 
observation. 

McGowan 
et al., [98] 
2021 

Satb2 Deletion of Satb2 may 
result in incomplete 
expression of 
osteogenic genes or 
poor skeletal 
development. 
Mutation. 

Used the CRISPR/Cas9 
system to induce 
mutations in the Satb2 
gene in MC3T3-E1 cells. 
When Satb2 expression is 
reduced, the growth rate 
of osteoblasts is slowed 
down. 

Dowrey et al., 
[100] 2019  
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genetic background for the repair of bone defects. 

5. CRISPR/Cas9 for cartilage repair 

Cartilage has no nerves or blood vessels and therefore lacks the 
ability to heal itself. The repair of cartilage defects remains a great 
challenge at this time. Traditional methods include microfractures, 
cartilage grafts or scaffold implants, but these methods do not fully 
restore the natural cartilage tissue. Current research is exploring the 
potential of MSCs in cartilage repair, and CRISPR/Cas9 is an excellent 
tool for this purpose. As the preferred tool for gene editing, how to 
promote cartilage regeneration is an important direction for its devel-
opment (Table 4). 

LncRNA DANCR was reported to induce differentiation of human 
synovial-derived stem cells and synovial-derived MSCs toward cartilage 
[101]. Nguyen et al. packaged dCas9-VPR and its corresponding gRNA 
into a baculovirus for gene transfection and compared four dCas9-VPRs 
derived from different bacteria, showing that SadCas9-VPR derived from 
Staphylococcus aureus successfully induced DANCR activation in rat 
adipose stem cells [ 

2] (Fig. 9A–C). Activation of DANCR significantly promotes the 
differentiation of adipose stem cells to chondrocytes and enhances 
cartilage formation in vitro. Activation of DANCR with CRISPR/Cas9 can 

dramatically upregulate the expression of Smad3 and enhance bone 
defect repair, which is expected to be a novel therapeutic target for 
future cartilage repair. 

Seidl et al. reconstructed human articular chondrocyte populations 
using a CRISPR/Cas9-mediated gene editing strategy that stably reduced 
MMP13 expression in cartilage [103] (Fig. 9D–F). Reduction of total 
MMP13 secretion by CRISPR/Cas9 indirectly reduces degradation of the 
extracellular matrix. Firstly, a 3D tissue model was established to 
simulate the natural environment of cells and tissues. Next, the level of 
collagen type 2 (Col2) was detected to determine whether the secretion 
and activity of MMP13 was successfully inhibited. Tissues like cartilage 
which lack vascularization and have low self-proliferative activity are 
good candidates for gene editing and are well protected from migration 
of other accidental edits from cartilage tissue. This approach would 
greatly improve the efficacy of current cell-based cartilage repair. 

Similar to the previous approaches, stem cell therapy has been 
demonstrating a central role in clinical regenerative therapy. Whether it 
is exogenous implantation of stem cells or re-induction of differentiation 
using growth factors, etc., the aim is to precisely control protein 
expression and enhance the activity of target cells. To address the un-
controllable in vivo environment, Farhang et al. used the dCas-VPR 
CRISPR gene activation system to upregulate aggrecan (ACAN) and 
Col2 [104]. By RNA-seq analysis, Col upregulation was found to mediate 

Fig. 7. A) Elmo1-deficient mice exhibit reduced bone erosion in two models of arthritis. (i) Schematic diagram of collagen-induced arthritis (CIA) induction in 
Elmo− /− DBA/1J mice. (ii) RT-PCR analysis of the expression of the indicated genes. (iii) MicroCT images of the ankle joint in mice. (iv) Quantification of bone 
erosion in the heel bone region of mice. (v) Schematic representation of K/BxN serum transfer-mediated induction of arthritis in Elmo− /− C57BL/6 mice. (vi) On day 
10 after K/BxN serum injection, the expression of the indicated genes. (vii) On day 10 after K/BxN serum injection, H & E staining of histological sections of mouse 
ankle. B) ELMO1 is a signaling hub that regulates osteoclast function. (i) Genes are sorted from left to right according to the magnitude of change. (ii) TRAP staining 
was performed 7 days after differentiation of different Hoxb8 cells into osteoblasts. Hoxb8 osteoblasts tested for resorptive function on OsteoAssay plates. (iii) (iv) 
Osteoclast surface and total ELMO1 protein interaction group. Reproduced with permission [86]. Copyright 2021, The Authors. C) BMP2 binds to surface receptors, 
activates downstream signaling and promotes osteogenesis, leading to upregulation of Nog, antagonism of BMP2 and inhibition of osteogenesis (left). Baculovirus 
(BV) provides CRISPRi to inhibit Nog and reduce the antagonistic effect of Nog on BMP2, thereby promoting osteogenesis (right). D) Concepts of BV design. E) 
Alizarin red staining after CRISPRi-mediated Nog inhibition. F) qRT-PCR analysis of OSX and OCN. Reproduced with permission [89]. Copyright 2021, Elsevier. 
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broader cartilage gene expression. Besides, dual overexpression of 
ACAN and Col2 resulted in deposition of sGAG and Col2. As a major 
component of the ECM, collagen not only provides mechanical support 
but also controls the growth and differentiation of cells [105]. In 
conclusion, the dCas-VPR CRISPR system serves as a method to 
up-regulate endogenous ECM proteins which can well regulate the cell 
phenotype. 

Metatropic dysplasia caused by mutations in the TRPV4 (transient 
receptor potential vanilloid 4) gene is a form of congenital skeletal 
dysplasia. Nonaka et al. repaired single base mutations in TRPV4 using 
CRSIPR/Cas9. The results showed that in the presence of TRPV 4-spe-
cific agonists, the mutant group showed significantly accelerated carti-
lage differentiation at early stages and upregulated Sox9 mRNA 
expression [106]. In brief, a mutation in TRPV 4 is a functional mutation 
that can lead to an increase in intracellular calcium ion levels. Currently, 
most clinical cartilage repair involves upregulation of a gene or 
correction of a mutation. This study provides a new direction for 
prompting a mutation in a gene to treat cartilage injury. 

Osteoarthritis is a degenerative disease of cartilage, often resulting 
from disruption of cartilage integrity or subchondral bone plate lesions 
[107]. Previous studies have found high levels of transmembrane pro-
tein connexin43 (Cx43) expression in osteoarthritic cartilage [108]. 
Varela-Eirín et al. found that Cx43 maintains the presence of various 
immature cells present in cartilage by increasing the expression of 
Twist-1 and MMPs [109] (Fig. 10A). Next, Cx43 also upregulated 
p16INK4a and NF-κB to cause senescence and apoptosis in cells such as 
chondrocytes. In the present study, the investigators used CRSIPR/Cas9 
to downregulate Cx43 expression and successfully slowed cartilage 
degeneration. Cx43 is a specific mechanism for chondrocytes towards 
senescence. Controlling chondrocyte plasticity and apoptosis through 
targeted treatment of Cx43 is a new approach to treat cartilage diseases. 
This could also be a potential candidate for promoting cartilage repair in 

regenerative medicine. 
Liu et al. designed a therapeutic protocol using modified mesen-

chymal stem cells (MSC) as implants for cartilage repair [110]. MSC not 
only contribute structurally to cartilage repair, but also have potent 
immunomodulatory activity. It can interact with macrophages to coor-
dinate tissue repair in rheumatoid arthritis [111]. The research team 
selected human synovial-derived MSC to further improve the chondro-
genic ability of MSC by modifying the target gene via CRISPR/Cas9. The 
target gene modified MSC would then become a novel therapeutic op-
tion for chronic diseases of cartilage damage like rheumatoid arthritis. 

Although pluripotent stem cells currently have multiple chondro-
genic differentiation options, incomplete differentiation and cellular 
heterogeneity remain major barriers to cartilage formation [112,113]. 
MSCs expressing CD105, CD166 and CD146 have been reported to have 
a higher chondrogenic potential [114–116]. Dicks et al. used 
CRISPR-Cas9-edited COL2A1-GFP knock-in human pluripotent stem 
cells [117] (Fig. 10B–F). The aim was to identify cell surface markers of 
true chondroprogenitor cell populations. Single cell RNA sequencing 
was then used to analyze the different subpopulations. The results 
showed that the CD146+/CD166+/PDGFRβ+/CD45- subpopulation of 
chondrogenic progenitor cells possessed more powerful chondrogenic 
ability. Or purification by identifying surface markers would greatly 
improve chondrogenic efficiency. 

6. Establishment of bone disease model with CRISPR/Cas9 

The establishment of several bone disease models will help to further 
explore new models of the role of CRISPR/Cas9 in bone repair. Con-
ventional mechanisms of bone repair such as osteoclast-osteoblast ho-
meostasis, matrix mineralization, and scab plasticity are represented in 
common bone disease models. Osteogenesis imperfecta (OI) is an 
autosomal dominant disorder that often causes fragility fractures and 

Fig. 8. A) Delayed osteoblast recruitment and bone mineralization. (i) Marking of old and new bone. (ii) Reduced callus formation in the Wnt mutant group 2–7 days 
after injury. (iii) Alizarin red (gray) labeling of old bone and callus labeled by calcein. White asterisks are fracture centers. (iv) Calcified bone (alizarin red) and 
osteoblasts (osx:GFP). Reproduced with permission [98]. Copyright 2021, The Authors. B) Location map of Satb2 protein and Cas9 cleavage site. C) Satb2 gene 
mutation reduces osteoblast proliferation rate. D) Satb2-mediated models of molecular and cellular outcome variation. Reproduced with permission [100]. Copyright 
2019, Elsevier. 
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recurrent fractures [118]. OI is a rare genetic disease and various 
treatment modalities have failed to achieve good outcomes [119]. With 
the development of induced pluripotent stem cell (iPSC) strategies, gene 
editing techniques are gradually being applied in the study of OI. 
CRISPR/Cas9 can correct patient genes, correct genetic mutations, and 
repair pathophysiological changes in a comprehensive manner across all 
processes. 

The main pathogenic factor of OI originates from impaired type I 
collagen synthesis. Mutations in COL1A1 and COL1A2 are the direct 
cause of impaired type I collagen α-chain synthesis [120]. As an 
important component of the bone matrix, collagen causes impaired bone 
mineralization and osteoporosis. Jung et al. isolated iPSCs from patients 
with COL1A1 mutation, and osteogenic induced differentiation resulted 
in lower than normal collagen type I levels as expected [121]. Increased 
osteoblast differentiation potential and improved collagen levels after 
correction of the mutant gene COL1A1 by CRISPR/Cas9. 

Rauch et al. successfully generated a type V OI mouse model using 

CRISPR/Cas9 [122]. Type V OI is mainly caused by the MALEP-BRIL 
mutation in the chromosome-producing IFITM5 gene. The modeling 
results showed reduced cranial mineralization, curved and shortened 
long bones and increased rib fragility. The histological findings also 
showed no formation of primary ossification centers and less cortical 
bone. The expression of relevant osteogenic markers and angiogenic 
factors was reduced by monitoring the genetic level of the model. Low 
level of MALEP-BRIL expression may affect the induced differentiation 
of osteoblasts. 

7. CRISPR/Cas9 technology improvements 

7.1. CRISPR/Cas9 off-target effect 

CRISPR/Cas9 is a powerful gene editing tool with low cost and high 
efficiency. It has been widely used in biomedical fields and opened a 
new avenue for regenerative medicine research. However, off-target 
effects remain one of the non-negligible drawbacks of the CRISPR/ 
Cas9 system [123]. The first step in editing by CRISPR/Cas9 system is to 
select a target region thus determine the sequence of the target sgRNA. 
As mentioned earlier, Cas9 cuts the DNA and then completes further 
modification of the site after the sgRNA recognizes the PAM of the target 
genome. However, many Cas9 complexes can also bind to non-target 
regions and accomplish unexpected gene modifications called 
off-target effects [124]. Off-target effects often result in unwanted 
sequence mutations or deletions and can even activate oncogenes or 
cause cell death [125]. This potential side effect of CRISPR/Cas9 greatly 
limits its application in in vivo translational medicine research and poses 
a high risk to clinical treatment. If stem cells are edited using 
CRISPR/Cas9, off-target effects can cause irreversible apoptosis or 
transdifferentiation of stem cells. The original osteoblasts or chondro-
genic cells may become osteoclasts or fibroblasts, which is detrimental 
to bone or cartilage repair. How to increase the efficiency of precision 
editing and reduce the off-target rate has become another challenge for 
researchers. 

It is well known that the editing efficiency of CRISPR/Cas9 is influ-
enced by the recognition efficiency of sgRNA and PAM, and more than 
three mismatches between the target sequence and sgRNA may lead to 
off-target effects [126]. The human genome tends to be many times 
smaller than the bacterial genome. CRISPR/Cas9 derived from the nat-
ural immune system of bacteria tends to have poor specificity in humans 
and a higher probability of off-target effects than in bacteria [127]. The 
efficiency of gene editing would be improved if the off-target effects 
could be detected or quantified by some method in vitro or in vivo. First, 
the design of sgRNA is crucial. Scientists have developed algorithms 
based on computer simulation prediction models to detect off-target 
effects. A computerized prediction program called Cas-OFFinder is not 
limited by the number of mismatches and allows PAM changes to find 
potential off-target sites. It is now freely accessible [128] (Fig. 11A). 
Similar to Cas-OFFinder, CRISPOR (http://crispor.org) is an off-target 
site scoring tool that allows for better off-target prediction and saves 
time for researchers’ screening [129] (Fig. 11B). 

The sgRNA is considered to be a key factor for target specificity. 
Designing a low off-target sgRNA is a challenging task [130]. To reduce 
off-target effects, scientists have used strategies such as adjusting GC 
content and sgRNA length. sgRNAs with GC content between 40% and 
60% possess a low off-target rate because higher GC content stabilizes 
the DNA/RNA duplex and reduces binding to non-target regions [131]. 
Not only that, repetitive bases (a continuous stretch of identical bases) 
are also associated with new DNA synthesis. Four adjacent guanines are 
most strongly correlated with low CRISPR activity, which can lead to 
sgRNAs that do not bind easily to the target sequence [132]. Ren et al. 
found that the sgRNA GC content of six PAM proximal nucleotides 
(PAMPNs) was positively correlated with editing efficiency which may 
provide a more optimal modification [133] (Fig. 11C and D). Interest-
ingly, the length of sgRNAs also affects off-targeting. Fu et al. found that 

Table 4 
CRISPR/Cas9 for cartilage repair.  

Target 
gene 

Repair Mechanism Research progress Literature 

DANCR Activation of DANCR 
significantly promotes 
the differentiation of 
adipose stem cells to 
chondrocytes and 
enhances cartilage 
formation in vitro. 
Upregulation 

Packaged dCas9-VPR and 
its corresponding gRNA 
into a baculovirus for 
gene transfection and 
compared four dCas9- 
VPRs derived from 
different bacteria, 
showing that SadCas9- 
VPR derived from 
Staphylococcus aureus 
successfully induced 
DANCR activation in rat 
adipose stem cells. 

Nguyen 
et al., [102] 
2021 

MMP13 Reduction of total 
MMP13 secretion by 
CRISPR/Cas9 indirectly 
reduces degradation of 
the extracellular matrix. 
Knock-down. 

Reconstructed human 
articular chondrocyte 
populations using a 
CRISPR/Cas9-mediated 
gene editing strategy that 
stably reduced MMP13 
expression in cartilage. 

Seidl et al., 
[103] 2019 

ACAN 
and 
Col2 

As a major component of 
the ECM, collagen not 
only provides mechanical 
support but also controls 
the growth and 
differentiation of cells. 
Upregulation. 

Used the dCas-VPR 
CRISPR gene activation 
system to upregulate 
aggrecan (ACAN) and 
Col2. 

Farhang 
et al., [104] 
2020 

TRPV4 A mutation in TRPV 4 is a 
functional mutation that 
can lead to an increase in 
intracellular calcium ion 
levels. Repair template. 

In the presence of TRPV 
4-specific agonists, the 
mutant group showed 
significantly accelerated 
cartilage differentiation 
at early stages and 
upregulated Sox9 mRNA 
expression. 

Nonaka 
et al., [106] 
2019 

Cx43 High levels of 
transmembrane protein 
Cx43 expression in 
osteoarthritic cartilage. 
Cx43 also upregulated 
p16INK4a and NF-κB to 
cause senescence and 
apoptosis in 
chondrocytes. Knock- 
down. 

Used CRSIPR/Cas9 to 
downregulate Cx43 
expression and 
successfully slowed 
cartilage degeneration. 

Varela-Eirín 
et al., [109] 
2018 

COL2A1- 
GFP 

Purification by 
identifying surface 
markers would greatly 
improve chondrogenic 
efficiency. Knock-in. 

The CD146+/CD166+/ 
PDGFRβ+/CD45- 

subpopulation of 
chondrogenic progenitor 
cells possessed more 
powerful chondrogenic 
ability. 

Dicks et al., 
[117] 2020  
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sgRNAs with 17 or 18 nucleotide fragments usually function more spe-
cifically than longer sgRNAs [134]. Appropriate shortening of the length 
of sgRNA might allow for a more efficient CRISPR/Cas9 system. The 
remaining modifications such as the incorporation of 2ʹ-O-methyl-3ʹ--
phosphonoacetate in sgRNA [135] (Fig. 11E), modification of the 5ʹ-end 
hairpin structure [136], improvement of non-virus delivery methods 
[137] or selection of Cas variants [138] can reduce the off-target effect 
to some extent. Rational improvement of some of the factors affecting 
off-target can help to complete bone or cartilage repair safely and 
efficiently. 

7.2. CRISPR/Cas9 editing efficiency 

CRISPR/Cas9 editing efficiency often refers to the percentage of 
target genes that are inserted, replaced or deleted. A higher editing ef-
ficiency not only costs less but also accomplishe the desired effect better. 
Appropriate improvement of editing efficiency is crucial for the appli-
cation of CRISPR/Cas9 in bone and cartilage repair. Bone and cartilage 
repair is often accompanied by a longer healing period. Lower editing 
efficiency may require repeated implantation and testing, or increase 
cytotoxicity thereby reducing efficacy and prolonging recovery time. 
Currently, the editing efficiency is mainly improved by optimizing 
CRISPR/Cas9 sequences, improving delivery systems or changing gene 
repair strategies. 

Ma et al. improved gene editing efficiency by optimizing plant co-
dons [139]. However, gene editing in plants and animals is slightly 
different. The same methods may not be reproducible, but it points to a 
potential direction. Not only that, the team also suggested that the 
editing efficiency of CRISPR/Cas9 is also related to the Cas9 expression 
level, the composition of the target sequence (GC content) and the 

secondary structure of the sgRNA. This matches the factors associated 
with the efficiency of animal editing. Similarly, Farboud et al. designed 
an sgRNA with a GC sequence at the 3’ end. This simple design induced 
efficient editing [140]. The order of bases determines the specificity of 
codons and even genes [141]. During the sequence modification or 
optimization of sgRNA, there are some tricks that may help to improve 
the editing efficiency. Firstly, guanine will perform better at positions 
− 1 and − 2 [142]. Secondly, thymine is not preferred at the four posi-
tions close to the PAM. Finally, the − 3 position is preferred for cytosine 
and − 5 to − 12 for adenine [143]. Consistent with the previous findings, 
nucleotides downstream of the PAM influence the efficiency of sgRNA 
more than nucleotide sequences upstream [144]. 

For CRISPR/Cas9, the mechanisms of NHEJ- and HDR-mediated 
repair are very different and the editing efficiency varies greatly from 
cell to cell [145]. In the current study, HDR repair is predominant which 
acts preferentially in the S or G2 phase and is slightly slower [146]. In 
contrast, mutations induced by NHEJ are more frequent which acts 
throughout the cell cycle. This competing repair relationship inspired 
scientists. Ma et al. mixed Scr7 (DNA ligase IV inhibitor) into the Cas9 
protein complex to inhibit NHEJ [147]. The HDR-mediated precision 
modification was enhanced by inhibiting NHEJ to improve the effi-
ciency of gene editing. Conversely, focusing solely on HDR strategies 
may also lead to inefficiencies. He et al. integrated the promoterless 
ires-eGFP fragment into the GAPDH locus and were able to highly ex-
press GFP in somatic cells [148]. NHEJ-based editing may be more 
effective than HDR. For bone and cartilage repair, the differentiation 
ability of pluripotent stem cells determines the timing and efficiency of 
repair. Rapid completion of the corresponding editing and significant 
reduction of healing time are what we need to consider. These results 
provide a valuable pathway for human stem cell editing. 

Fig. 9. A) CRISPRa activates DANCR to promote skull formation. B) Evaluation of different dCas9-VPR direct homologs on DANCR activation. C) Stimulatory effect 
of DANCR activation on rASC cartilage formation. (i-iii) Expression of chondrogenic markers (Sox9, Col2a1, Acan) at 7 dpt measured by qRT-PCR. (iv) Effects of 
DANCR activation at 1 and 14 dpt on cell morphology during differentiation of chondrogenic cells. (v) Alcian blue staining at 14 dpt. Reproduced with permission 
[102]. Copyright 2021, Elsevier. D) Cas9 editing strategy for human chondrocytes. E) Immunofluorescence of COL2A1, comparing unedited and edited spheres. Scale 
bars = 100 μm. N, unedited; E, MMP13 edited. F) Western blotting for COL2A1. Reproduced with permission [103]. Copyright 2021, Elsevier. 
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Currently, there is an increasing number of methods to chemically 
modify Cas9 proteins to improve editing efficiency. Modification of Cas9 
proteins by azide-containing noncanonical amino acids (ncAA) has also 
been reported [149] (Fig. 12A–C). Such a modification allows the 
recruitment of donor DNA templates to the Cas9 complex. Hemphill 
et al. designed a light-controlled Cas9, aiming to achieve precise 
spatiotemporal control by light-regulated Cas9 function [150] 
(Fig. 12D). The caged Cas9 protein has a specific site for incorporation 
into photocaged lysine, which is inactivated prior to UV irradiation. It 
can be restored to normal levels by irradiation at 365 nm for 120 s. This 
light-activated CRISPR/Cas9 system can edit genes with high precision 
and also artificially reduce the toxicity of mutations that occur at certain 
time points. These methods greatly improve the efficiency of 
HDR-mediated editing and show great potential in the treatment of bone 
or cartilage damage. 

8. Summary, challenges and outlook 

Since CRISPR/Cas9 technique emerged, it has been perfected by 
many scientists and been playing a major role in several fields of life 
sciences, agriculture, and bioengineering. Undoubtedly, orthopaedic 
researchers also endeavored to apply this transgenerational tool in their 
relevant area, solving the challenges of treating severe bone or cartilage 
defects, along with bringing new treatment models and promising cures 
to clinicians. 

Compared to traditional gene editing techniques that rely on protein 
guidance, the CRISPR/Cas9 system relies mainly on sgRNA for the 
recognition of target DNA. This particular mechanism grants the 
CRISPR/Cas9 system the possibility of high-throughput operation and 

higher matching precision, and avoids the tedious and costly upfront 
protein construction engineering. Not only that, Type II CRISPR/Cas9 
can accomplish more precise HDR after cutting exogenous DNA. This has 
a non-underestimated application potential in the balance of human 
NHEJ-based repair mechanism. 

The ideal CRISPR/Cas9 delivery methods should be characterized by 
high efficiency and low toxicity. The commonly used physical or bio-
logical delivery methods have been extensively investigated, but phys-
ical delivery methods mainly electroporation are limited in clinical 
applications. Generally, CRISPR/Cas9 for bone or cartilage gene therapy 
is applied in three main routes. First, the CRISPR/Cas9 gene editing is 
performed in vitro on osteoblasts or chondroblasts, and then the edited 
cells are reimplanted in vivo for treatment. Second, gene editing is per-
formed on the reproductive or embryonic cells, by this means to obtain 
healthier offspring for patients with genetic diseases. However, gene 
editing for reproductive purposes is the most controversial route which 
is still an absolute research no-go area. Third, editing happens in vivo 
after delivery of CRISPR/Cas9 systems to the body via virus or non-viral 
carriers to complete relevant repairs in vivo. Since all CRISPR/Cas9 
clinical trials conducted at this stage are mainly in vitro experiments, the 
cells need to be isolated from the patients’ bodies, edited and then 
infused back into the patients. This makes CRISPR/Cas9 delivery heavily 
dependent on viral carriers or nanocarriers. The long-term stability of 
viral carriers and the modifiability of nanocarriers have demonstrated 
powerful bone or cartilage repair capabilities in the field of smart 
delivery. 

As of now, the gene editing produced by CRISPR/Cas9 is similar to 
natural mutation in that it does not produce foreign genes, but only 
involves modifications based on the original genes. In addition, the gene 

Fig. 10. A) Down-regulation of Cx43 in osteoarthritis promotes cartilage repair. Reproduced with permission [109]. Copyright 2018, The Authors. B) Differentiation 
of RVR cell lines carrying the COL2A1-GFP reporter gene into chondroprogenitor cells. C) Higher population of triple positive cells. D) Chondrogenic progenitor cells 
were identified by RNA sequencing to contain at least 9 populations. There are 3 major groups: neurogenic cells (blue dashed circles), chondrogenic cells (green 
dashed circles) and mesenchymal (brown dashed circles). E) Characteristic genes of chondrogenic cells. F) Cells expressing these desired markers were sorted from 
wild-type chondroprogenitor cells. Reproduced with permission [117]. Copyright 2020, The Authors. 
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editing tools represented by CRISPR/Cas9 are able to converge more 
precisely to a purpose that benefits the organism. In the face of many 
common orthopaedic diseases such as fractures, osteoarthritis, cartilage 
injuries and bone tumors, relevant vectors were used rationally to knock 
out disease-causing genes or overexpress antagonistic genes to accom-
plish fundamental cures from the transcriptional level. Degenerative 
diseases such as osteoarthritis (OA) are often accompanied by many 
pathological features involving the upregulation of many genes in the 
joint tissue. Changes in MMPs or some inflammatory cytokines play an 
important role in the pathophysiological process of OA. Blockade of 
certain cytokines by CRISPR/Cas9 will provide new ideas for safe and 
effective treatment of OA. Also for rheumatoid arthritis (RA) or osteo-
porosis, CRISPR/Cas9 can target specific sites for editing. Gene therapy 
can significantly improve the efficacy of inflammatory or immune dis-
eases, and obtaining specific phenotypes by knockdown warrants 
further attempted studies. Although orthopaedic diseases are influenced 
by many factors, the relevant target factors are relatively mature and 
stable. While known loci are studied, relevant effects due to mutations 
continue to be explored. 

For orthopaedic diseases, stem cell editing, osteogenic targeting or 
chondrogenic targeting editing has become a new therapeutic direction. 
Theoretically, the edited stem cells can be implanted into the body to 
play a corresponding osteogenic or chondrogenic role, otherwise, the 
CRISPR/Cas9 components also can be delivered to osteoblasts or 
chondrogenic cells via vectors. At present, CRISPR/Cas9 technology in 

orthopaedics is still applied in a single direction, stagnating in the 
overexpression or silencing of the corresponding mature targets. In the 
future, we should focus on other cells such as macrophages or fibro-
blasts, and pay attention to the dynamic process of osteogenesis- 
osteolysis, and deeply investigate the mechanism of extracellular ma-
trix mineralization. Rational use of CRISPR/Cas9 tools at different entry 
points to accomplish better orthopaedic applications. Significant 
breakthroughs have been made in CRISPR/Cas9 technology, but there 
are still some issues worth discussing in the future.  

1. Off-target effects remain the biggest limitation for the development 
of CRISPR/Cas9 systems at present. Mutations caused by off- 
targeting may reduce the repair effect. In severe cases, they may 
alter the phenotype and even trigger inflammatory storms or death. 
It is not only a matter of editing success rate, but also a matter of 
safety. Altering the original normal genes or triggering unnecessary 
mutations can cause irreversible and permanent damage to humans. 
While improving the way of detecting mutations, the research on the 
causes of off-targeting should be strengthened. Optimize the condi-
tions of various parameters to ensure safety as much as possible.  

2. The efficiency of CRISPR/Cas9 editing can have a direct impact on 
bone or cartilage therapeutic outcomes. Whether it is improving 
delivery vectors or modifying sgRNA sequences, these efforts stop at 
the level of a single cell or a single disease. In the face of frequent 
bone or cartilage defects, how to maintain the high efficiency editing 

Fig. 11. A) Basic structure of Case-OFFinder. (i) Diagram of Case-OFFinder. (ii) Workflow of Case-OFFinder. (iii) Running time per target site as a function of the 
number of target sites input via CPU and GPU. Reproduced with permission [128]. Copyright 2014, Oxford University Press. B) 225 off-target modification fre-
quencies of 26 sgRNAs separated by mismatch number. Reproduced with permission [129]. Copyright 2016, The Authors. C) Optimizing sgRNA parameters to 
improve the specificity and efficiency of the drosophila CRISPR/Cas9 system. D) Schematic diagram of the Cas9/sgRNA system. Reproduced with permission [133]. 
Copyright 2014, Elsevier. E) Chemically modified sgRNA. Reproduced with permission [135]. Copyright 2017, Oxford University Press. 

C. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 22 (2023) 254–273

269

level is the future direction of development. It is hoped that single 
cell sequencing technology, microfluidic technology, and microarray 
screening technology will all be involved in the application of 
CRISPR/Cas9 editing efficiency enhancement.  

3. Faster advancement of human clinical trials based on completion at 
the cellular and animal levels. Although CRISPR/Cas9 is still quite 
some time away from being used in the clinic, we cannot stop moving 
forward. As mentioned earlier, there are very few clinical trials 
completed and they are mostly oncology related. In the future, more 
therapeutic modalities such as stem cell editing, mutation gene 
knockout, etc. are expected in the field of orthopaedics. The 

challenge of bone or cartilage defects can be faced in a shorter time 
and with better rehabilitation results.  

4. We need to pay attention not only to the efficacy of CRISPR/Cas9 
applications, but also to the ethical issues of CRISPR/Cas9-based 
gene editing therapies. Some side effects of CRISPR/Cas9 such as 
off-target effects may cause more serious harm to patients. On the 
other hand, the emergence of gene editing may permanently change 
the sequence of the human genome and cause irreversible repro-
ductive catastrophe. We need to consider a combination of potential 
risks, cultural, ethical, regulatory, policy, and public outreach issues. 
The rational use of this powerful tool can benefit humanity. But how 

Fig. 12. A) Chemical structure of ncAA AeF (4-(2-azidoethoxy)-l-phenylalanine) and the crystal structure of SpyCas9 with gRNA. Aef: labeled in red. B) Bio- 
orthogonal strain-promoted alkyne-azide cycloaddition of azide-modified Cas9 with DBCO (dibenzylcyclooctyne)-modified single-stranded oligodeoxynucleotide. 
C) Precise genome editing of chemically modified Cas9-adaptor in mouse fertilized eggs. (i) Schematic representation of targeted Sox2 gene editing with insertion of 
V5 tag. (ii) Validation of V5 gene insertion. (iii) DNA sequencing results confirmed the integration of the V5 tag at the end of the Sox2 gene. (iv) HDR efficiency was 
determined by genotyping PCR. Reproduced with permission [149]. Copyright 2020, The Authors. D) CRISPR/Cas9 optical control system. (i) The caged Cas9 protein 
contains a specific site and is incorporated into the photocaged lysine. (ii) Conformation of gRNA before (left) and after (right) binding to Cas9. K866: labeled in red. 
(iii) Photocaged lysine (PCK). (iv) Western blotting of PCK-dependent Cas9 K866TAG expression. Reproduced with permission [150]. Copyright 2015, American 
Chemical Society. 
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to avoid the risks and maximize the research and development of 
CRISPR/Cas9 is a question that deserves our consideration. 
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