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� Due to its high accuracy and
efficiency, CRISPR/Cas9 techniques
may provide a great chance to treat
some gene-related diseases.

� Researchers used the CRISPR/Cas9
technique to cure or alleviate cancers
through different approaches, such as
gene therapy and immune therapy.

� The treatment of ocular diseases by
Cas9 has entered into clinical phases.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 27 August 2021
Revised 22 November 2021
Accepted 30 November 2021
Available online 4 December 2021

Keywords:
CRISPR/Cas9
Gene therapy
Clinical application
Cancer
Immune therapy
a b s t r a c t

Background: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is derived from the bac-
terial innate immune system and engineered as a robust gene-editing tool. Due to the higher specificity
and efficiency of CRISPR/Cas9, it has been widely applied to many genetic and non-genetic disease,
including cancers, genetic hemolytic diseases, acquired immunodeficiency syndrome, cardiovascular dis-
eases, ocular diseases, and neurodegenerative diseases, and some X-linked diseases. Furthermore, in
terms of the therapeutic strategy of cancers, many researchers used the CRISPR/Cas9 technique to cure
or alleviate cancers through different approaches, such as gene therapy and immune therapy.
Aim of Review: Here, we conclude the recent application and clinical trials of CRISPR/Cas9 in non-cancer-
ous diseases and cancers and pointed out some of the problems to be solved.
Key Scientific Concepts of Review: CRISPR/Cas9, derived from the microbial innate immune system, is
developed as a robust gene-editing tool and has been applied widely. Due to its high accuracy and effi-
ciency, CRISPR/Cas9 techniques may provide a great chance to treat some gene-related diseases by dis-
rupting, inserting, correcting, replacing, or blocking genes for clinical application with gene therapy.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
History of CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) was first discovered in Escherichia coli and described as
a 1,664-nucleotide sequence by Ishino and his colleagues in 1987
[1] (Fig. 1). Six years later, Mojica and Van Soolingen found similar
DNA fragments in Haloarcula and Haloferax archaea[2], and M.
tuberculosis[3] separately. By 2000, Mojica’s group had identified
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Fig. 1. The history of CRISPR techniques. CRISPR was firstly reported in E. coli in 1987, then was discovered widely from 1993 to 2005. After identification of genes adjacent to
the CRISPR locus in 2002 and foreign viral DNA sequences in CRIPSR spacers in 2005, the functions of CRISPR was proven in 2007. In 2013, two labs simultaneously engineered
CRISPR to become the most effective gene-editing tool available. The first CRISPR/Cas9 application in clinical treatment occurred in 2016 to treat lung cancer in China. In
recent three years, several clinical treatments based on CRISPR/Cas9 techniques were reported. To recognize their contributions of CRISPR/Cas9 techniques, Emmanuelle
Charpentier and Jennifer Doudna were awarded the Nobel Prize in 2020.
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CRISPR DNA sequences in twenty microbial species[4]. Following
the development of DNA sequencing techniques, the broader exis-
tence of CRISPR was reported in 2005: the majority of archaea
(90%) and certain bacteria (40%) contain CRISPR fragments[5].

However, compared with its wide discovery in the first two dec-
ades, the functions of the CRISPR still kept unknown until 2007.
Before making clear its functions, two crucial research speeded
up the development: the study of genes adjacent to the CRISPR
locus in 2002[6], and the discovery of foreign viral DNA in CRISPR
spacers in 2005[5,7,8], which directly propelled the proposing of
the hypothesis that the CRISPR system is an innate immune system
in archaea and bacteria to fight against viruses[5,7,8]. Finally, in
2007, the hypothesis was verified by experiments in Barrangou’s
lab, and the functions of the ‘weird’ CRISPR sequences were finally
figured out[9].

Due to the excellent ability to target and cleave specific DNA
sequences, CRISPR was engineered as a gene-editing tool in
2012[10-13]. Compared with the previous gene-editing tools,
including zinc finger nuclease (ZFN) and transcription activator-
like effector nucleases (TALENs), the CRISPR-based gene-editing
tool performs dramatically better. More importantly, CRISPR is
easier to design for researchers, which accelerates its application
widely. At present, CRISPR/Cas9 has been a routine and versatile
method to edit genes over all the world. The first clinical applica-
tion occurred in 2016. Chinese group injected CRISPR/Cas9-edited
cells to treat aggressive lung cancer at the West China Hospital
[14]. In recent years, a lot of clinical trials have been processing
and some results have been reported, including the CRISPR/Cas9-
based clinical treatment of acquired immunodeficiency syndrome
(AIDS)[15], sickle cell disease (SCD)[16], b-thalassemia[16], and
various cancers[17,18]. In recognition of their contribution to
developing CRISPR/Cas9 genome editing techniques, Emmanuelle
Charpentier and Jennifer Doudna were awarded the Nobel Prize
in 2020 (Fig. 1).
Classification of CRISPR

The classification of CRISPR is updated continually. In 2015,
only five types and 18 subtypes were recognized[19], while it
had expanded to six types and 33 subtypes after five years[20].
According to the number of Cas proteins, CRISPR is generally
divided into two classes: CRISPR/Cas system contains multiple
Cas proteins in class 1 system, and only has a single Cas protein
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in class 2 system [21]. The type and subtype of CRISPR are based
on different signature proteins. For example, Cas9 protein only
exists in the type II CRISPR system, and Csn2 is the signature pro-
tein of subtype II-A. The class 1 CRISPR includes types I, III, and IV,
whereas type II, V and VI belong to class 2 CRISPR[20]. More infor-
mation about CRISPR classification has been concluded by Makar-
ova[20].

Biosynthesis of CRISPR/Cas9

CRISPR/Cas9, the type II CRISPR system of class 2[20], is one of
the most well-known CRISPR systems (Fig. 2). Gene-editing tool
based on CRISPR/Cas9 is considered an efficient and reliable
method to edit genes, and it is applied most widely among all
CRISPR systems at present [21]. Intracellularly, genomic CRISPR/
Cas9 locus comprises trans-activating CRISPR RNA (tracrRNA) gene,
Cas9 gene, CRISPR repeat and spacer sequences, and their tran-
scriptional products are tracrRNA, Cas9 protein, and Pre-crRNA
separately[22]. After tracrRNA is anchored on the Cas9 enzyme,
the dissociative part of tracrRNA is paired with the repeat
sequences of Pre-crRNA to form Cas9 precursors. Finally, mature
Cas9 complexes are formed by clipping Pre-crRNA under the cat-
alyzation of RBase III[23].

Cas9 complexes in microbes could detect foreign DNA frag-
ments complementary to spacer sequences then create double-
strand breaks (DSBs) in the specific points, which provides innate
protection against viral genomes. Based on its mechanism, Jinek’s
lab simplified and microbial CRISPR/Cas9 by fusing duo-
tracrRNA:crRNA units as a single, truncated RNA chimera, and they
utilized the engineered CRISPR/Cas9 to introduced DSBs success-
fully[10]. The simplified CRISPR/Cas9 only contains a single but
bifunctional Cas9 protein[24] and a single small guide RNA
(sgRNA) to catalyze both DNA targeting and cleaving processes,
which promoted its wide use (Fig. 3A). Compared with the previ-
ous generation of gene-editing tools, including ZFN and TALENs,
CRISPR/Cas9 is more specific but less cytotoxic[25,26]. It is also
simpler to design for researchers, which speeds its applications
up dramatically.

Mechanism of CRISPR/Cas9-mediated gene editing

Mechanically, CRISPR/Cas9 is quite different from the previous
generation gene-editing tools. The previous tools, including ZFN



Fig. 2. Biosynthesis of CRISPR/Cas9. CRISPR locus mainly includes the DNA sequence of TracrRNA, CRISPR repeat-spacer array and Cas9 gene. Following transcription or
translation, TracrRNA paired with the Pre-crRNA is anchored in the Cas9 protein, then the Cas9 complexes maturate after cleaving by RNase III.
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and TALENs, are based on the pairing between protein domains
and nucleotides. ZFN relies on multiple Cys2-His2 zinc-finger pro-
teins to target specific NDA sequences. Each zinc-finger protein
consists of about 30 amino acids and is capable of pairing three
nucleotides. After designing and assembling different zinc-finger
domains, ZFN can recognize the DNA sequences that contain 9–
18 specific nucleotides[27]. The recognition domains of TALENs
are derived from Xanthomonas, called transcription activator-like
effector (TALE). Single TALE repeats are composed of 33–35 amino
acids and recognize one nucleotide according to the 12th and 13th
amino acids of TALE[28]. Both ZFN and TALENs exert cleavage
functions by Fok I nuclease that is activated in dimers. Therefore,
ZFN and TALENs need a pair respectively when editing genes,
which increases the threshold and is inconvenient to design for
reserachers[27,28].

CRISPR/Cas9 targets the specific DNA sequences via comple-
mentary base pairing. Engineered CRISPR/Cas9 gene-editing tools
(abbreviated as CRISPR/Cas9 without specific explanation) consist
of Cas9 nuclease and sgRNA (Fig. 3B). After binding between the
Cas9-anchor sequence (tracrRNA or ‘‘scaffold” sequence) of sgRNA
and the recognition lobe (REC) of Cas9, the user-defined 20 nucleo-
tide targeting sequence (also called ‘‘spacer” sequence) in sgRNA
targets the specific DNA site, then the Cas9 nuclease lobe (NUC)
exert cleavage to generate DSB[29]. Intracellularly, DSBs are
mainly repaired by two pathways: 1. non-homologous end-
joining (NHEJ)[30], a pathway introduces random indels, leading
to gene knocking out, and 2. homology-directed repair (HDR)
[31], a pathway that needs homologic template sequences, result-
ing in gene correcting, knocking in or replacement. Noticeably, Pro-
tospacer Adjacent Motif (PAM), the first three bases in the spacer
sequence, is essentially for gene targeting. CRISPR/Cas9 firstly
binds with potential DNA fragments containing PAM sites. Then,
the whole spacer sequence pairs the remanent nucleotides[32].

The further development of CRISPR/Cas9 technology

Following the rapid development and the considerable success
of the CRISPR/Cas9 technique, CRISPR/Cas9 is re-engineered to
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apply in other aspects. For example, utilizing the targeting ability
of CRISPR/Cas9, the CRISPR interference(CRISPRi) and
catalytically-dead Cas9 enzyme (dCas9) were designed by remov-
ing nuclease domains to decrease or suppress gene expression
[33] while Cas9 nickase (nCas9) that could create a gap in single
DNA sequence only loss the partial functions of nuclease activity
[34]. One year later after developing dCas9, the same lab fused
transcription factors with dCas9 to amplify gene expression,
namely CRISPR activation (CRISPRa)[35]. In addition, more accu-
rate and safer CRISPR/Cas9-based gene-editing techniques without
introducing DSBs, like base editing[36,37] and prime editing[38],
were also developed. The base editing tools, including cytidine
base editor (CBE) and adenine base editor (ABE), usually consist
of cytidine deaminase/evolved adenine deaminase-fused nCas9/
dCas9. The CBE realizes the conversion of C�G to T�A while the
ABE enables the conversion of A�T to G�C, and the current devel-
oped nNme2-CBE system shows higher editing efficiency and flex-
ibility[39]. However, the applications of base editing tools are still
limited because they can only exert specific base conversion.
Therefore, prime editing tools are developed via fusing engineered
reverse transcriptase to dCas9 and adding primer sequences to
gRNA (pegRNA) to realize the accurate gene editing with lower
off-target effect[38]. Both base editing and primer editing tools
are safer than the traditional CRISPR/Cas9 so they are potential
to be applied in clinical gene therapy. Interestingly, Zhang F and
his colleagues developed CRISPR-associated transposase in 2019,
which also achieves gene insertion without DNA cleavage[40]. In
terms of gene therapy in vivo, numerous Inducible CRISPR systems
were studied, such as photoactivated and chemically induced Cas9
[41,42], and smaller-size CRISPR editing tools were also discovered
recently[43].

Apart from that, the RNA-editing technique is also one of the
most important aspects because RNA plays an essential role in
gene expression and gene regulation. In 2014, Mitchell found
CRISPR/Cas9 is possible to target RNA sequences rather than DNA
after adding a PAM-presenting oligonucleotide (PAMmer)[44].
Based on Mitchell’s research, Nelles and his colleagues utilized a
fluorescent-protein-fused and nuclease-inactive Cas9, a modified



Fig. 3. A Simplification of CRISPR/Cas9. CRISPR/Cas9 is simplified as a robust gene-editing tool via fusing crRNA (spacer + repeat sequence) with TracrRNA as a single guide
RNA (sgRNA). B. Mechanism of CRISPR/Cas9 gene-editing. Cas9 enzyme creates DSBs in the targeted DNA sequence. DSBs are repaired intracellularly via two ways: 1. HDR,
DSBs are repaired with donor DNA to construct new DNA. 2. NEHJ, DSBs are repaired randomly, and random indels are introduced.
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sgRNA, and a PAMmer to target mRNA sequences and realize intra-
cellular transcript imaging in live cells, which provides a new
method to visualize metabolism intracellularly[45]. Moreover,
Abudayyeh’s lab reported Cas13a (or C2C2) could target RNA
sequences in 2016, suggesting CRISPR systems also protect
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microbes against RNA viruses[46], and Strutt redesigned CRISPR/
Cas9 to target RNA two years later[47]. Finally, the discovery of
CRISPR/Cas12a and the recently developed CHyMErA may over-
come the challenges of multiple genome editing partly[48,49].
(Fig. 4, Table 1)



Fig. 4. Diseases that CRISPR/Cas9 is applied to. Several studied of non-cancerous diseases applied CRISPR/Cas9 techniques, and some of them have been possessing clinical
stages.
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Application of CRISPR/Cas9 in non-cancerous disease

Genetic hemolytic diseases

Sickle cell disease (SCD) is a typical and severe monogenetic
disease due to b-globin (HBB) gene mutation, which causes the
generation of abnormal HbS rather than the normal HbA. In the
condition of low pressure of oxygen, HbS molecules interact with
each other and form spiral-shaped polymers, leading to the sickle
deformation of erythrocytes. The symptoms of SCD patients are
unobvious in the initial three months after birth due to the pres-
ence of fetal hemoglobin (HbF), which is a kind of normal hemoglo-
bin but is only expressed during the fetal period. Therefore, the
strategies of SCD treatment mainly include correcting the b-
globin gene to produce normal HbA and editing related regulatory
genes to induce the reexpression of HbF.

In the aspect of the first strategy, Dever and DeWitt corrected
the b-globin gene in patient-derived hematopoietic stem and pro-
genitor cells (HSPCs) by CRISPR/Cas9 separately in 2016 and
acquired great results in several weeks followed[50,51]. Two years
later, the CRISPR/Cas9 delivery approach was optimized by Char-
lesworthr using adeno-associated virus (AAVs) with post-
electroporation[52]. To reduce the off-target effect and increase
editing efficiency, reengineered Cas9s were applied widely to edit
genes in HSPCs. For example, Park utilized SpyCas9, a high-
fidelity Cas9 enzyme with less off-target effect[53], to correct the
b-globin gene, and Anzalone exerted gene-editing without DSBs
by prime editing tool[38].

Except for direct b-globin gene correction, some research also
edits related regulatory elements to relieve the patient’s
symptoms. As mentioned above, HbF, a normal but short-
term-expressing hemoglobin, has the same functions as HbA and
is considered another effective method to treat SCD. As described
by Wu and Métais, the disruption of the BCL11A enhancer and
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HBG1/HBG2 gene promoter by CRISPR/Cas9 leads to HbF reexpres-
sion, which provides a novel therapeutic strategy for SCD[54,55].
Recently, the LRF-binding site of BCL11 was also identified as a
potential therapeutic target of SCD[56]. Furthermore, the treat-
ment of SCD by CRISPR/Cas9 has entered clinical phases, including
one clinical survey (NCT03167450) and five clinical trials[16]
(NCT03655678, NCT04819841, NCT04208529, NCT03745287,
NCT04774536) (from clinicaltrials.gov, accessed 2021 -Jun-09).

Similar to SCD, b-thalassemia, another rare but severe mono-
genetic disease, is also mainly caused by the abnormal expression
of b-globin. Therefore, the reexpression of HbF is a therapeutic
strategy for b-thalassemia as well. To induce the production of c-
globin (one of HbF precursors), the 200 bp genomic region of the
BCL11A enhancer was also knocked out[57], and 13 kb of the b-
globin locus was detected in HSPCs via designing CRISPR systems
for both upstream and downstream cleavage points[58], providing
the experimental evidence for the application of CRISPR/Cas9 in b-
thalassemia treatment. With the development of the related study,
some research is nearing the clinical trial stage (NCT03655678,
NCT03728322, NCT04925206, NCT04208529) (from clinicaltrials.-
gov, accessed 2021-Jun-09). Noticeably, the CRISPR/Cas9 based
SCD/b-thalassemia CTX001 drug developed by Vertex Pharmaceu-
ticals (NCT03655678, NCT03745287, and NCT04208529) has been
applied to treat ten patients recently (seven with transfusion-
dependent b-thalassemia and three with SCD). Despite some mod-
erate side effects, the HbF levels of the initial two patients (one
with transfusion-dependent b-thalassemia and one with SCD) are
increased significantly in more than 99% pancellularity during a
12-month follow-up period[16].

X-linked diseases

Duchenne muscular dystrophy (DMD), one of the X-linked dis-
eases, is caused by dystrophin gene frame-disrupting mutations.



Table 1
Clinical trials applying CRISPR/Cas9 for non-cancerous diseases (from clinicaltrials.gov, accessed 2021-Jun-09).

NCT Num. Indications Intervention/treatment Status Phase Sponsor/
Collaborators

Start
date

Results

Genetic hemolytic diseases
NCT04774536 SCD Drug: CRISPR_SCD001 Recruiting 1, 2 University of

California, Los
Angeles;
University of
California,
Berkeley.

Dec/
01/
2021

No Results Posted

NCT03167450 SCD Opinion survey Completed � National Human
Genome Research
Institute (NHGRI)

Apr/
28/
2017

No Results Posted

NCT03655678 Beta-
Thalassemia

Biological: CTX001 Recruiting 1, 2 Vertex
Pharmaceuticals
Incorporated,
CRISPR
Therapeutics

Sep/
14/
2018

More than 99% pancellularity of
two patients treated with
CTX001 have dramatically
increased HbF levels during
12 months. Adverse events
include pneumonia in the
presence of neutropenia, VOD–
SOS, sepsis in the presence of
neutropenia, cholelithiasis, and
abdominal pain[16].

NCT03745287 SCD Recruiting 1, 2 Nov/
27/
2018

NCT04208529 Beta-
Thalassemia;
SCD.

Long-term Follow-up Study in
Subjects Who Received CTX001

Enrolling
by
invitation

� Vertex
Pharmaceuticals
Incorporated

Jan/
25/
2021

No Results Posted

NCT03728322 Thalassemia Biological: iHSCs treatment group Unknown 1 Allife Medical
Science and
Technology Co.,
Ltd.

Jan/
01/
2019

No Results Posted

NCT04925206 Beta-
Thalassaemia

Biological: ET-01 Not yet
recruiting

1 EdiGene
(GuangZhou) Inc.

Aug/
17/
2021

No Results Posted

NCT04819841 SCD Genetic: GPH101 Drug Product Not yet
recruiting

1, 2 Graphite Bio, Inc. Sep/
01/
2021

No Results Posted

Acquired immunodeficiency syndrome
NCT03164135 HIV-1-infection Genetic: CCR5 gene modification Unknown Not

Applicable
Peking University;
Capital Medical
University.

May/
30/
2017

During the 19-month follow-up
period, 5.20 to 8.28% CRISPR-
mediated CCR5 ablation
efficiency was observed, and
peripheral-blood CD4 + cells
increased to the normal range
with predictable side effects
[15].

Ocular diseases
NCT04560790 Viral Keratitis

Herpes; Simplex
Virus Infection.

Drug: BD111 Adult single group Dose Active, not
recruiting

1, 2 Eye & ENT Hospital
of Fudan
University

Nov/
04/
2020

No Results Posted

NCT03872479 Congenital
Amaurosis 10

Drug: EDIT-101 Recruiting 1, 2 Editas Medicine,
Inc.

Sep/
26/
2019

No Results Posted

Neurodegenerative diseases
NCT03855631 Kabuki

Syndrome 1
Genetic: Intervention on primary
cultured cells

Completed � University
Hospital,
Montpellier;
Association
Française contre
les Myopathies
Telethon.

Sep/
28/
2020

No Results Posted

Others
NCT04535648 Enterovirus

Infections
Other: Non-invasive detection
method: CRISPR techonology

Not yet
recruiting

� Children’s Hospital
of Fudan
University

Oct/
01/
2021

No Results Posted

NCT04178382 Severe Sepsis Diagnostic Test: PCR-CRISPR／
Cas12a detection

Unknown Not
Applicable

Chinese Medical
Association

Aug/
01/
2019

No Results Posted

NCT04074369 Tuberculosis Diagnostic Test: CRISPR-based Test Unknown � Huashan Hospital;
Wenzhou Central
Hospital;
Hangzhou Red
Cross Hospital.

May/
01/
2019

No Results Posted

NCT04535505 Pertussis Diagnostic Test: Detection
pathogenic pertussis by cross primer
constant temperature amplification
(CPA) and drug-resistant genes of
erythromycin by CRISPR technology

Not yet
recruiting

� Children’s Hospital
of Fudan
University

Jan/
01/
2022

No Results Posted
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Table 1 (continued)

NCT Num. Indications Intervention/treatment Status Phase Sponsor/
Collaborators

Start
date

Results

NCT04990557 COVID-19
Respiratory
Infection

Drug: PD-1 and ACE2 Knockout T
Cells

Not yet
recruiting

1, 2 Kafrelsheikh
University

Aug/
01/
2021

No Results Posted

NCT03342547 Gastrointestinal
Infection

Procedure: Duodenal biopsy
Procedure: Saliva

Unknown Not
Applicable

Chinese University
of Hong Kong

Apr/
18/
20118

No Results Posted

NCT04601051 Hereditary
Transthyretin
Amyloidosis

Biological: NTLA-2001 Recruiting 1 Intellia
Therapeutics

Nov/
05/
2020

Patients treated by NTLA-2001
showed deceased serum
transthyretin protein
concentrations (mean
reduction: 52 %) with mild
adverse events[179].

NCT04478409 Familial
Mediterranean
Fever

Biological: one additional blood
sample during a planned blood test

Not yet
recruiting

� Hospices Civils de
Lyon

Nov/
01/
2020

No Results Posted

NCT04122742 Rubinstein-
Taybi Syndrome

Biological: Culture of lymphoblastoid
line from blood sample

Recruiting � University
Hospital, Bordeaux

Oct/
08/
2019

No Results Posted
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Dystrophin gene exists in x-chromosome and muatant DMD gene
is recessive, so the percent of male DMD patients is significantly
higher while the female are usually carriers without significant
symptoms. To explore the effective therapeutic strategies of
DMD, in 2016, Long and his colleagues utilized CRISPR/Cas9 to skip
the mutated dystrophin exons in vivo via AAV vectors, which
causes the expression of dystrophin protein[59]. Similar results
were also acquired in the same year by Nelson and Tabebordbar
after removing exon 23 of the dystrophin gene[60,61]. In later
2018, Ryu corrected the dystrophin gene precisely using base edit-
ing tools, which provides a safer method of DMD treatment[62].

Except for DMD, CRISPR/Cas9 techniques also provide a great
chance to treat other severe X-linked diseases. For example, Kuo
reported knocking in the cDNA of CD40 ligand by CRISPR/Cas9
could treat X-Linked Hyper-IgM Syndrome (XHIM)[63]. Moreover,
the correction of the CYBB gene in HSPCs is one of the potential
therapeutic strategies for X-linked chronic granulomatous disease
(X-CGD)[64]. Recently, Pavel-Dinu’s group demonstrated the effec-
tive therapy of X-linked severe combined immunodeficiency
(SCID-X1) could be achieved by integrating a corresponding cDNA
in long-term hematopoietic stem cells (LT-HSCs) using CRISPR/
Cas9[65]. Similarly, Goodwin also edited the forkhead box protein
3 (FOXP3) gene by CRISPR/Cas9 for immune dysregulation polyen-
docrinopathy enteropathy X-linked (IPEX) syndrome treatment,
which suggested gene correction by CRISPR/Cas9 is one of the most
promising therapeutic approaches to genetic autoimmune diseases
[66].
Acquired immunodeficiency syndrome

Acquired immunodeficiency syndrome (AIDS) is an untreatable
disease caused by human immunodeficiency virus infection (HIV).
The discovery and development of CRISPR/Cas9 techniques bring
potential strategies against HIV infection. In the process of HIV
infection, long terminal repeat (LTR) promotor plays a vital role
in HIV gene expression, which is considered one of the therapeutic
targets. Therefore, Ebina firstly edited the LTR promotor by CRISPR/
Cas9 in 2013, causing the significant decrease of LTR-driven
expression[67]. One year later, Hu and his colleagues also inacti-
vated the HIV expression in infected microglial, promonocytic,
and T cells by editing the LTR U3 region[68]. The recently devel-
oped CRISPR system was also applied for HIV treatment, such as
CRISPR-Cas12a, a more active and specific CRISPR system. It was
utilized by Gao to target and cleave the LTR sequence without pure
DNA insertions[69]. Apart from LTR, the pol gene and tat/rev gene
were also identified as therapeutic targets and inactivated by
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CRISPR/Cas9, inhibiting the expression of HIV genes to a different
extent[70]. And Kaminski removed the whole HIV genome
ex vivo to reduce the viral load in CD4+ T cells[71]. Noticeably, in
2017, Yin’s lab exerted CRISPR/Cas9-based editing of LTR and
Gag/Pol gene in vivo by AAV delivery and reduced HIV RNA expres-
sion successfully, which promotes the development of Cas9-based
HIV therapy significantly.

Moreover, gene editing of coreceptors is another approach to
reducing or eliminate HIV infection except editing the HIV genome.
As a typical example, CCR5 of human CD4 + cells was silenced by
CRISPR/Cas9 in 2014, making CD4+ cells acquire resistance against
HIV[72]. After three years, Xu transplanted the CCR5-ablated
CD34+ HSPCs into mice, causing enrichment of CD4+ T cells and a
dramatic decrease in viral titration[73], and similar results were
also acquired in 2019 using saCas9[74]. In addition, Liu also tried
to edit coreceptors CXCR4 and CCR5 together in CD4+ T cells by
CRISPR/Cas9 using ‘all in one’ vector to reduce HIV infections[75].
Apart from that, Teng and his colleagues deleted miR-146a geno-
mic sequences, whose transcriptional products suppress innate
immune, to activate the immune system and limit HIV replica-
tion[76].

Following the development of CRISPR/Cas9 techniques and the
comprehensive understanding of HIV, the potential of Cas9-based
HIV therapy has been studied intensely. In early 2015, Zhu had
detected ten possible targets of the HIV-1 genome for CRISPR/
Cas9 and demonstrated the second exon (T10) of the Rev gene per-
form best among them[70]. In 2019, all of the gRNA and target sites
for curing HIV-1 were reported by Sullivan, which facilitates fur-
ther research into Cas9-based HIV-1 therapy[77]. Additionally,
one clinical trial using CCR5 modified CD34+ cells has been com-
pleted. The CRISPR/Cas9 based drug caused 5.20 to 8.28% CRISPR-
mediated CCR5 ablation and the increased peripheral-blood
CD4 + cell level with predictable side effects. But after interrupting
antiretroviral therapy, the viral load goes up again, which indicates
the effect of the drug is still limited(NCT03164135) (from clinical-
trials.gov, accessed 2021 -Jun-09)[15]. Thus, although CRISPR/Cas9
is a robust gene-editing tool, some problems in HIV application
remain unsolved. As described by Wang in 2016, introducing
indels in the HIV genome is lethal in most instances. Still, the sur-
vival viruses with replication ability will emerge the resistance to
Cas9, which influences the effect of Cas-based HIV therapy[78].
Cardiovascular diseases

Cardiovascular diseases (CVDs) are the major cause of death
globally, accounting for 32% of all deaths in 2019. According to
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Ding’s and Wang’s reports, the destruction of the proprotein con-
vertase subtilisin/kexin type 9 (PCSK9) gene by Cas9 in vivo
reduced low-density lipoprotein cholesterol levels while strength-
ening the prevention of CVDs[79,80].

In 2018, Chadwick and his colleagues utilized CRISPR-
engineered base editors to introduce nonsense mutations in vivo,
resulting in a significant decrease of PCSK9 (about 50%) and plasma
cholesterol level (about 30%)[81]. Recently, the knockdown of
PCSK9 by CRISPR-engineered base editors in primates achieved
great success. After a single injection of lipid nanoparticles contain-
ing CRISPR modules, the level of PSK9 protein remains at only 10%
of their original level for ten months, which may provide a conve-
nient therapeutic approach for CVDs patients in the future[82].
Apart from PCSK9, ANGPTL3 is also associated with CVDs. Therefore,
Chadwick’s lab reduced the level of low-density lipoprotein choles-
terol and blood triglycerides by CRISPR-induced ANGPTL3 muta-
tions, which decreases the possibility of coronary heart disease[83].

In terms of myocardial infarction (MI), Cho integrated the LEF1
gene into human umbilical cord blood-derived mesenchymal stem
cells (hUCB-MSCs) then transplanted them into rat models, which
increases the survival significantly[84]. In addition, a current study
demonstrated that inhibiting the expression of the calm2 gene by
CRISPRi could treat Calmodulinopathies, a new kind of genetic
arrhythmia syndrome, suggesting the potential clinical application
of CRISPRi inhibitors[85].
Fig. 5. Cancer targets that CRISPR/Cas9 is applied to. CRISPR/Cas9 is applied to scree
oncogenes or correcting tumor suppressor genes are routine and direct strategies to tre
cancer-related regulator genes, tumor microenvironment-associated genes, anti-apopto
studies also insert suicide genes to induce apoptosis of cancer cells. Moreover, CIRPSR/Ca
gene editing could prevent virus-induced cancers. Virus-induced cancers are potentially c
HPV, HBsAg, cccDNA, S and X genes for HBV, viral RNA for HCV, and viral genome and p
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Ocular diseases

CRISPR/Cas9 has been evidenced its potential to be applied in
some genetic ocular diseases therapy, including cataracts, retinitis
pigmentosa (RP), aniridia, and proliferative vitreoretinopathy
(PVR). The earliest application of CRISPR/Cas9 in ocular diseases
is to correct the Crygc gene in mouse to treat cataracts in 2013
[86]. Then it is widely used in RP treatment. For example, Bassuk
repaired the GTPase regulator (RPGR) gene ex vivo[87], while
Bakondi and Giannelli edited S334ter and P23H mutation of the
rhodopsin (RHO) gene in vivo separately[88,89], to explore the ther-
apeutic strategy of RP. And the last two studies in RHO results in
the restoration of visual function and the slowdown of photorecep-
tor degeneration, suggesting CRISPR/Cas9 could be used in RP
treatment[88,89].

Additionally, Mirjalili Mohanna successfully created a biological
model for aniridia, then developed a strategy for its therapy by
editing the Sey gene using CRISPR/Cas9[90]. Proliferative vitreo-
retinopathy (PVR) also benefits from the CRISPR/Cas9 techniques.
As reported by Yang, deleting the gene of platelet-derived growth
factor receptor b (PDGFRb) in retinal pigment epithelial cells is a
potential strategy for PVR treatment[91]. According to clinicaltri-
als.gov, two projects (NCT04560790 and NCT03872479) have been
processed into clinical trials for ocular disease treatment (from
clinicaltrials.gov, accessed 2021 -Jun-09).
n cancerous novel therapeutic targets and drug resistance genes. And disrupting
at cancers. Furthermore, it is also effective to relieve cancer symptoms by editing
sis genes, cancer-related epigenetic genes and other related DNA sequences. Some
s9 is utilized to improve immunotherapy especially CAR-T therapy, and Cas9-based
aused by HPV, HBV, HCV and EBV. Their effective targets are E6 and E7 oncogenes for
romoter region of BART for EBV.
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Neurodegenerative diseases

Neurodegenerative diseases (NDDs), such as Alzheimer’s dis-
ease (AD) and Huntington disease (HD), results from the death or
function loss of the neurocytes. For the application of CRISPR/
Cas9 in AD, Wadhwani corrected the E4 allele of the apolipoprotein
E gene (APOE) to the E3 isoform in stem-cell-derived neurons to
decrease the phosphorylated tau production, which reduces the
risk of AD significantly[92]. Moreover, CRISPR/Cas9 technique also
provides a great chance to study the mechanism of AD further. For
example, utilizing CRISPR/Cas9, Chiu demonstrated integrin-
binding protein 1 (CIB1) might negatively regulate the production
of amyloid b peptide, a protein associated with AD[93]. In addition,
after deleting the SORL1 gene, a selective effect on AD symptoms
was observed, including endosome enlargement in human-
induced pluripotent stem cells(hiPSC) neurons but not in hiPSC
microglia, which further elucidated the pathogenesis of AD[94].

HD is another neurodegenerative disorder caused by CAG
repeat expansion of the huntingtin gene (HTT). Therefore, Shin
and Kolli inactivated the mutant allele to block the mutated HTT
mRNA and protein generation in an in vitro model of HD[95,96],
whereas Yang exerted Cas9-mediated suppression of endogenous
mHTT in a mouse model[97]. Recently, six prevalent SNPs and all
suitable PAM motifs of HTT exon-1 have been identified, facilitat-
ing further research on the treatment of HD[98]. Apart from that,
CRISPR/Cas9 also provides a possible therapeutic strategy for
Friedreich’s ataxia (FRDA). For example, removing the GAA expan-
sions of the frataxin gene (FXN) in vitro and in vivo alleviates
related symptoms dramatically but with some unexpected side
effects like p53-mediated cell proliferation delay[99]. At present,
an increasing number of researchers pay more attention to NDDs
research due to the apparent aging of the population in some coun-
tries. However, further studies are still needed for the more specific
pathology and more effective Cas9-based treatment.(Fig. 5,
Table 2)
Application of CRISPR/Cas9 in cancers

Cancer targets screening

Due to the capability of knocking genes out efficiently, CRISPR/
Cas9 techniques developed as one of the most powerful tools to
screen cancer targets. Compared with the screen approach via
blocking gene expression by RNAi, CRISPR-mediated screen pro-
vides a strategy to efficiently identify more lethal genes and pro-
tein domains, causing a significant acceleration of cancer target
discovery[100,101].

Benefiting from the development of the CRISPR technique, a
number of novel therapeutic targets have been identified. For
example, in 2015, Shi reported 19 unknown dependencies in acute
myeloid leukemia cells (AMLCs) after targeting the exons of 192
chromatin regulatory domains by Cas9. And in the next two years,
more therapeutic targets were discovered due to wider CRISPR-
based genome screens, including KAT2A in AML and chromatin
remodeling protein INO80C in mutant KRAS colorectal cancers
[102,103]. Remarkably, a novel oncogene, namely KPNB1, was
identified by Kodama in 2017, which provides a new therapeutic
target for epithelial ovarian cancer (EOC)[104]. Currently, Zhang’s
lab utilized CRISPR/Cas9 to make clear the mechanism of NSD1
and identified it as a novel target for human hepatocellular carci-
noma (HCC)[105]. Furthermore, following the recent combination
of computer data analysis and genetic screens, more efficient and
comprehensive screen systems, such as CERES and DrugTar-
getSeqR[106,107], have been established. For instance, after ana-
lyzing the different dimensionalities of screen data, Behan
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demonstrated Werner syndrome ATP-dependent helicase is a
lethal target in cancers[108], and Gurusamy identified p38 Kinase
as an immunotherapeutic target[109].

In addition, the genetic screens based on CRISPR/Cas9 also
reveals several genes related to the resistance of anti-cancer drugs.
For example, for vemurafenib, an RAF inhibitor, Shalem utilized
Cas9-mediated knockout screens to identify potential targets,
including validated MED12 and NF1 genes as well as novel NF2,
CUL3, TADA2B, and TADA1 genes[110]. Similarly, the mechanisms
of ispinesib, YM155, selinexor, and topoisomerase II resistance
were illustrated, providing the guidelines for further developing
anti-cancer drugs[107,111,112]. Noticeably, Xu reported the deple-
tion of the ELP5 gene blocks U34 tRNA modification to inhibit the
translation of hnRNPQ mRNA, which reveals ELP5 plays a determi-
nant role in gemcitabine sensitivity in gallbladder cancer[113].

The application of CRISPR/Cas9 provides a robust and efficient
approach to screen cancer targets. However, there is no denying
that some problems are present and remain unsolved. The high
rate of false-positive results is the major one among them. As
reported by Aguirre, the number of edited genes in cells is related
to cell viability, which means the death or inaction of cells may be
caused by the process of Cas9-mediated gene editing rather than
the mutated genes[114]. To overcome the problem, except for
the further development of computational correction and data
analysis, the discovery or construction of more effective CRISPR/
Cas9 delivery strategies that do not affect cell viability are also
essential.

Cancer treatment

Traditionally, cancers are considered as the results of some
mutated genes after being stimulated by carcinogens. Therefore,
gene editing by CRISPR/Cas9 is a potential approach to fight against
or even cure cancers. As a typical example, disrupting the most fre-
quent mutated oncogene KRAS by Cas9 significantly reduces the
viability of the cancer cells in vitro and the growth of tumors
in vivo[115,116], and similar results were also acquired using CRIS-
PRi to block KRAS expression[117]. Moreover, other oncogenes,
such as the epidermal growth factor receptor (EGFR) gene in non-
small cell lung cancer, were knocked out and achieved success in
different degrees[118].

Apart from oncogenes, the mutation of tumor suppressor genes
also plays an essential role in canceration. For instance, the muta-
tion of mixed-lineage leukemia 3 (MLL3) gene promotes leukemo-
genesis[119], and the correction of the protein kinase C (PKC) gene
suppresses tumor growth[120]. Furthermore, the disruption of the
most well-known tumor suppressor genes p53 and pten alone or in
combination by Cas9 has been proved to significantly induce vari-
ous cancers[121-123], which suggests correcting the tumor sup-
pressor genes may reverse the cancerous or treat cancers[124].

In addition, as reported by Gao, the concurrent knock-in of
oncogene Nras and disruption of suppressor gene Pten induced
liver cancer, revealing that the oncogenes and tumor suppressor
genes are the direct and major therapeutic targets for cancer treat-
ment[125].

Viral infection is also one of the reasons for canceration. For
example, it is well-known that human papillomaviruses (HPVs)
infection results in cervical carcinoma, so the HPV vaccines are
applied widely to prevent cervical carcinoma. However, vaccines
are useless for patients who have been infected HPVs or suffer from
cervical carcinoma, while CRISPR-mediated gene editing may pro-
vide a potential strategy to fight against HPVs. As reported by Hu
and Kennedy, CRISPR/Cas9 could disrupt HPV oncogenes E6 and
E7 in vitro, causing infected cell cycle arrest and apoptosis
[126,127]. The in vivo experiment also evidenced the accessibility
of cervical carcinoma treatment via targeting HPV E6 and E7 by



Table 2
Clinical trials applying CRISPR/Cas9 for cancers (from clinicaltrials.gov, accessed 2021-Jun-09).

NCT Num. Indications Intervention/treatment Status Phase Sponsor/
Collaborators

Start
date

Results

NCT03057912 Human Papillomavirus-
Related Malignant Neoplasm

Biological: TALEN Biological:
CRISPR/Cas9.

Unknown 1 First Affiliated
Hospital, Sun Yat-
Sen University;
Jingchu
University of
Technology.

Jan/
15/
2018

No Results Posted

NCT04426669 Gastrointestinal Epithelial
Cancer; Gastrointestinal
Neoplasms; Cancer of
Gastrointestinal Tract;
Gastrointestinal Cancer;
Colo-rectal Cancer;
Pancreatic Cancer; Gall
Bladder Cancer; Colon
Cancer; Esophageal Cancer;
Stomach cancer.

Drug: Cyclophosphamide;
Drug: Fludarabine;
Biological: Tumor-
Infiltrating Lymphocytes
(TIL); Drug: Aldesleukin.

Recruiting 1, 2 Intima
Bioscience, Inc.;
Masonic Cancer
Center,
University of
Minnesota.

May/
15/
2020

No Results Posted

NCT03399448 Multiple Myeloma;
Melanoma; Synovial
Sarcoma; Myxoid/Round Cell
Liposarcoma.

Biological: NY-ESO-1
redirected autologous T cells
with CRISPR edited
endogenous TCR and PD-1;
Drug: Cyclophosphamide;
Drug: Fludarabine; Device:
NY-ESO-1 expression testing.

Terminated 1 University of
Pennsylvania;
Parker Institute
for Cancer
Immunotherapy;
Tmunity
Therapeutics.

Sep/
05/
2018

CRISPR/Cas9 exerts gene
editing in human-derived T
cells with 40% single
mutation, 20% double
mutation, and 10% tribble
mutation. Injecting CRISPR-
engineered T cells shows
long-term persistence and
high-level engraftment[17].

NCT03545815 Solid Tumor Biological: anti-mesothelin
CAR-T cells

Recruiting 1 Chinese PLA
General Hospital

Mar/
19/
2018

No Results Posted

NCT04037566 Acute Leukemia
Lymphocytic

Genetic: XYF19 CAR-T cell;
Drug: Cyclophosphamide;
Drug: Fludarabine.

Recruiting 1 Xijing Hospital Aug/
01/
2019

No Results Posted

NCT04244656 Multiple Myeloma Biological: CTX120 Recruiting 1 CRISPR
Therapeutics AG

Jan/
22/
2020

No Results Posted

NCT04438083 Renal Cell Carcinoma Biological: CTX130 Recruiting 1 CRISPR
Therapeutics AG

Jun/
16/
2020

No Results Posted

NCT04502446 T Cell Lymphoma Biological: CTX130 Recruiting 1 CRISPR
Therapeutics AG

Jul/
31/
2020

No Results Posted

NCT04035434 B-cell Malignancy; Non-
Hodgkin Lymphoma; B-cell
Lymphoma; Adult B Cell ALL.

Biological: CTX110 Recruiting 1 CRISPR
Therapeutics AG

Jul/
22/
2019

No Results Posted

NCT04637763 Relapsed Non-Hodgkin
Lymphoma; Refractory B-
Cell Non-Hodgkin
Lymphoma; B Cell Non-
Hodgkin’s Lymphoma.

Genetic: CB-010; Drug:
Cyclophosphamide; Drug:
Fludarabine.

Recruiting 1 Caribou
Biosciences, Inc.

May/
26/
2021

No Results Posted

NCT04557436 B Acute Lymphoblastic
Leukemia

Drug: PBLTT52CAR19 Recruiting 1 Great Ormond
Street Hospital
for Children NHS
Foundation
Trust; University
College, London.

Aug/
12/
2020

No Results Posted

NCT03747965 Solid Tumor Biological: Mesothelin-
directed CAR-T cells

Unknown 1 Chinese PLA
General Hospital

Nov/
01/
2018

No Results Posted

NCT03166878 B Cell Leukemia; B Cell
Lymphoma.

Biological: UCART019 Recruiting 1, 2 Chinese PLA
General Hospital

Jun/
01/
2017

No Results Posted

NCT03606486 High-Grade Ovarian Serous
Adenocarcinoma

Other: Biospecimen
Collection; Other: Laboratory
Biomarker Analysis; Device:
Lavage; Other: Pap Smear.

Recruiting Not
Applicable

University of
Washington;
Minnesota
Ovarian Cancer
Alliance.

Nov/
16/
2018

No Results Posted

NCT03081715 Esophageal Cancer Other: PD-1 Knockout T Cells Completed Not
Applicable

Hangzhou Cancer
Hospital; Anhui
Kedgene
Biotechnology
Co., Ltd.

Mar/
14/
2017

No Results Posted

NCT03332030 Neurofibromatosis Type 1;
Tumors of the Central
Nervous System.

Diagnostic Test: Collection of
Stem Cells

Suspended � Roger Packer Nov/
27/
2015

No Results Posted
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Table 2 (continued)

NCT Num. Indications Intervention/treatment Status Phase Sponsor/
Collaborators

Start
date

Results

NCT03398967 B Cell Leukemia B Cell
Lymphoma

Biological: Universal Dual
Specificity CD19 and CD20 or
CD22 CAR-T Cells

Recruiting 1, 2 Chinese PLA
General Hospital

Jan/
02/
2018

No Results Posted

NCT04976218 Advanced Biliary Tract
Cancer

Biological: TGFbR-KO CAR-
EGFR T Cells

Not yet
recruiting

1 Chinese PLA
General Hospital

Aug/
01/
2021

No Results Posted

NCT02793856 Metastatic Non-small Cell
Lung Cancer

Drug: Cyclophosphamide;
Other: PD-1 Knockout T
Cells.

Completed 1 Sichuan
University;
Chengdu
MedGenCell, Co.,
Ltd.

Aug/
26/
2016

After infusion, CRISPR/Cas9-
engineered T-cells were
observed in peripheral blood
with 7.7-week median
progression-free survival and
42.6-week median overall
survival. The median off-
target rate was 0.05%, and
adverse events were grade
½[18].

NCT04767308 CD5 + Hematopoietic
Malignancies; Chronic
Lymphocytic Leukemia;
Mantle Cell Lymphoma;
Diffuse Large B-cell
Lymphoma; Follicular
Lymphoma; Peripheral T-cell
Lymphomas.

Biological: CT125A cells;
Drug: Cyclophosphamide,
fludarabine.

Not yet
recruiting

1 Huazhong
University of
Science and
Technology;
Shanghai IASO
Biotechnology
Co., Ltd.

Mar/
01/
2021

No Results Posted

NCT04417764 Advanced Hepatocellular
Carcinoma

Procedure: Transcatheter
arterial chemoembolization;
Biological: PD-1 knockout
engineered T cells

Recruiting 1 Central South
University

Jun/
20/
2019

No Results Posted

NCT02863913 Invasive Bladder Cancer
Stage IV

Biological: PD-1 Knockout T
Cells; Drug:
Cyclophosphamide; Drug: IL-
2.

Withdrawn 1 Peking University Sep/
01/
2016

No Results Posted

NCT02867345 Hormone Refractory Prostate
Cancer

Biological: PD-1 Knockout T
Cells; Drug:
Cyclophosphamide; Drug: IL-
2.

Withdrawn 1 Peking University Nov/
01/
2016

No Results Posted

NCT02867332 Metastatic Renal Cell
Carcinoma

Biological: PD-1 Knockout T
Cells; Drug:
Cyclophosphamide; Drug: IL-
2.

Withdrawn 1 Peking University Nov/
01/
2016

No Results Posted

NCT03044743 Stage IV Gastric Carcinoma
Stage IV Nasopharyngeal
Carcinoma T-Cell Lymphoma
Stage IV Stage IV Adult
Hodgkin Lymphoma Stage IV
Diffuse Large B-Cell
Lymphoma

Drug: Fludarabine; Drug:
Cyclophosphamide; Drug:
Interleukin-2.

Recruiting 1, 2 The Affiliated
Nanjing Drum
Tower Hospital of
Nanjing
University
Medical School

Apr/
07/
2017

No Results Posted
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Cas9. After introducing indels in E6 and E7, the dramatical inhibi-
tion of tumorigenesis and tumor growth was observed[128], and
the treatment combining with cis-diamine-dichloro platinum II
(CDDP)[129].

Moreover, hepatitis B virus (HBV) and hepatitis C virus (HCV)
infections are also risky, causing almost 80% of hepatocellular car-
cinoma (HCC) in the world. According to previous studies, high
HBV surface antigen (HBsAg) is highly related to HBV-associated
HCC development, so Zhen and Song knocked out the HBsAg gene
to inhibit HBV expression and replication[130,131]. Remarkably,
Song clarified the pathway of HBsAg in HCC development in
2018, which ensures the anti-cancer effect of disrupting the HBsAg
gene theoretically[131]. Apart from HBsAg, utilizing CRISPR/Cas9,
Seeger disrupted covalently closed circular DNA (cccDNA) to inhi-
bit HPV infections up to eightfold[132], whereas Zhu targeted HBV
S and X genes to produce an anti-cancer effect[133]. Different from
HBV, the genetic information of HCV is RNA rather than DNA.
Therefore, Price utilized the Cas9 enzyme from Francisella novicida
(FnCas9) that is capable of targeting RNA directly to inhibit viral
RNA, causing a significant decrease in HCV protein production
[134]. Additionally, an increasing number of studies pay more
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attention to the Epstein-Barr virus (EBV) because EBV infection is
highly related to many malignancies. Some research reported that
a dramatic inhibition of EBV, including proliferation arrest and
viral load decrease, was observed after targeting the viral genome
or promoter region of BamHI A rightward transcript (BART)
through CRISPR/Cas9[135-137], which reduces the risk of cancera-
tion effectively. Although the infection of these viruses does not
mean cancers absolutely, decreasing or removing viral load is a
robust approach to prevent or treat cancers, and CRISPR/Cas9 is
one of the robust tools to achieve that.

Except for genes that cause cancers directly, some genes that
promote tumor growth or prevent apoptosis of tumor cells are also
identified as treatment targets for cancers. For example, vascular
endothelial growth factor A (VEGFA) is a tumor
microenvironment-associated gene highly expressed in osteosar-
coma (OS), while CD44 is highly related to tumor progression
and metastasis, and their Cas9-mediated disruptions inhibit OS
and metastasis significantly[138,139]. The DNMT1 gene was tar-
geted by CRISPR/Cas9 due to the high level of aberrant methylation
in tumor cells, causing the slowing down of tumor growth in vivo
[140]. Then in recent two years, Li used CRISPR-engineered base
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editor to edit mutated TERT promoters to suppress brain tumor
growth[141], and Singhal demonstrated knocking Ral-interacting
protein (RLIP) gene out relieves the effect of the p53 mutation
[142]. Noticeably, long non-coding RNA (lncRNA) has been proved
as an up regulator in bladder cancer. After targeting lncRNA by
CRISPR/Cas9, the proliferation, migration, and invasion of tumors
were suppressed dramatically[143]. Apart from tumor regulator
genes, some researchers also disrupted anti-apoptosis genes, such
as MTH1 and MCL1, to induce the apoptosis of cancer cells
[144,145]. Interestingly, Chen harnessed CRISPR/Cas9 to insert her-
pes simplex virus type 1 thymidine kinase (HSV1-tk) sequence, a
suicide gene, causing the decrease of tumor size successfully,
which suggests suicide-gene insertion by Cas9 may be a potential
approach to treat cancers[146].

In recent years, immune therapy, especially CAR-T therapy, has
been considered one of the most promising approaches to treat
cancers. Generating allogeneic universal CAR-T cells from healthy
donors is one of the most feasible and durable strategies[147].
Fully allogeneic CAR-T cells need to knock out TCR and HLA and
transduce CAR simultaneously, so flexible and efficient CRISPR/
Cas9 is widely applied in CAR-T studies and production[148].
Moreover, some genes like PD-1 prevent the tumor cells from the
immune system by controlling the apoptosis of immune cells.
Therefore, some researchers disrupted PD-1 by CRISPR/Cas9 to
enhance the activity and cytotoxicity against tumor cells
[149,150]. And the anti-cancer effect of CAR-T therapy is improved
significantly in vivo after targeting endogenous TCR, b-2
microglobulin (B2M), and PD1 in combination or simultaneously,
providing some solutions for the underachieving CAR-T therapy
[151]. Moreover, drug resistance is still a problem for cancer ther-
apy though some resistance genes have been screened. Except for
those genes described before, Liu and his group reported inhibiting
the ABCB1 gene could revert multi-drug resistance (MDR) to dox-
orubicin, revealing CRISPR/Cas9-mediated gene editing is a poten-
tial approach to solve MDR effectively[152].

At present, more than 30 clinical trials that apply CRISPR tech-
niques to treat cancers are processing, and some have achieved
partial success (from clinicaltrials.gov, accessed 2021 -Jun-09).
For example, the first application of CRISPR/Cas9 occupied in
2016 to treat lung cancer[14]. Moreover, recent CRISPR/Cas9 engi-
neered T cells have excellent performance: a clinical trial
(NCT03399448) that utilized CRISPR/Cas9 to remove PD-1 and
TCR shows long-term persistence and high-level engraftment with
a mild side effect[17], another one (NCT02793856) that only edited
PD-1 reports CRISPR-engineered T cells are generally safe and fea-
sible, which suggests the potential applications of CRISPR/Cas9-
based cancer therapy[18]. In summary, more recent clinical trials
focus on immune therapy, especially CAR-T therapy rather than
gene therapy because gene editing is exerted ex, which avoids a
lot of problems such as immune response. Following the develop-
ment of CRISPR techniques and a better understanding of cancers,
more effective and efficient cancer therapy strategies will process
into clinical trials and find the final answers for cancers in the
future.

Problems of CRISPR/Cas9

Delivery challenge

Although CRISPR/Cas9 is a mature gene editing technology and
has been used widely, therapeutic CRISPR/cas9 maintains many
problems due to the off-target effect, low efficiency, and packaging
challenges. In terms of CRISPR-based gene therapy, the difficulties
of the delivery system in vivo are highlighted mainly[153]. An ideal
delivery method for therapeutic CRISPR/cas9 should have the fea-
tures of high delivery efficiency, great targeting ability, and ease
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of mass production. However, the current strategies are still far
from reaching the ideal bay[154].

Physical strategies of CRISPR/Cas9 delivery are usually applied
in vitro or ex vivo but rare in vivo. Except for traditional electropo-
ration and microinjection, more efficient methods, including
ultrasound-propelled nanomotors[155], microfluidic or nanoflu-
idic approaches[156], and lance assay nanoinjection[157] are also
utilized to deliver CRISPR systems. But for the CRISPR/Cas9 medi-
ated gene-editing in human primary immune cells, electroporation
is still the first choice in several studies[48]. Interestingly, some
physical approaches is able to deliver CRISPR/Cas9 in vivo. For
example, hydrodynamic injection (HDI) was reported as a novel
approach to CRISPR system delivery[158], but its application is
limited to a few organs, such as the liver, because the method
may cause damage during delivery.

Apart from physical strategy, researchers also deliver CRISPR/
Cas9 via different vectors. According to the types of vectors, the
method of CRISPR/Cas9 delivery could be divided into two kinds:
viral strategies and non-viral strategies. Considering the moreex-
traordinary delivery and targeting ability, viruses are usually uti-
lized and engineered to deliver CRISPR/Cas9. Adeno-associated
virus (AAV) is the commonest vector for gene therapy in vivo
and ex vivo due to its wide serotype, little immunogenicity, and
toxicity[159], but the small payload (only 4.5–5 kb) limits its
development. Compared with AAV, lentivirus (LV) and adenovirus
(AdV) have a better capacity and allow delivery of additional
genetic compounds, such as multiple promotors. Thereinto, one
of the biggest advantages of AdV is its ability to transfer a wider
range of cells than LV and AAV. However, the bigger sizes of LV
and AdV could trigger strong humoral and even cellular immune
responses, which suggests low efficiency of delivery and potential
risk of inflammation[154]. Other viral vectors are also applied
recently and have their own characteristics respectively. For exam-
ple, EBV vectors are able to express exogenous genes more stably
[160], and Sendai viral vectors are capable of infecting broader host
types[161], while Baculovirus vectors have a bigger payload[162].
However, these vectors are only used ex vivo by now, but they
are still potential to be applied in vivo in the future after
optimizing.

-Regarding non-viral strategies, liposomes are utilized most fre-
quently because they have been merchandised widely, and some
researchers also try to use gold nanoparticles (AuNPs) as the vec-
tors for CRISPR/Cas9 delivery. Other non-viral delivery vectors,
including Lipofectamine RNAiMAX[163], PolyJetTM In Vitro DNA
Transfection Reagent[126], and X-tremeGENE HP DNA Transfec-
tion Reagent[126], are also commercial but are only suitable for
in vitro or ex vivo experiments by now. In terms of in vivo delivery,
thousands of studies focus on discovering and synthesizing high-
efficient and low-cytotoxic non-viral vectors. Present strategies
include common nano-sized preparations (e.g., self-assembled
micelles[164] and polyethylene glycol phospholipid-modified
cationic lipid nanoparticle[165] for CRISPR/Cas9 plasmid delivery,
and DNA nanoclews[166] and black phosphorus nanosheets[167]
for CRISPR/Cas9 complex delivery), receptor-mediated delivery
strategies (e.g., folate receptor-targeted liposomes deliver CRISPR/
Cas9 plasmids[140]), cell-penetrating peptides (CPPs)-mediated
delivery strategies (e.g., Kim fused Cas9 protein with a low
molecular-weight protamine and a nuclear localization sequence
to deliver CRISPR/Cas9 complex[168], while Wang established
modified cationic a-helical polypeptides based PEGylated
nanoparticles to deliver CRISPR/Cas9 plasmids and sgRNA[169]),
and multi-model delivery strategies (e.g., R8-dGR peptide modified
cationic liposome for the delivery of CRISPR/Cas9 and sgRNA plas-
mids[170], and near-infrared upconversion–activated system for
CRISPR/Cas9 complex delivery[171]). Still, a number of troubles
in the field of non-viral strategies, like delivery barriers or endo-
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some evasion, remain unresolved, which stagnates the further
development of therapeutic CRISPR/cas9[154].

In addition to various delivery vectors, the forms of cargos also
play an important role in CRISPR/Cas9 delivery. Traditionally, Cas9
is delivered in the form of DNA or mRNA with sgRNA and template
sequence together. In order to increase gene editing efficiency, Yin
and his colleagues delivered Cas9 mRNA by lipid nanoparticles
while delivering sgRNA and template sequence by AAV sepa-
rately[172]. Moreover, Cas9 proteins can also be delivered into
cells directly by fusion or recruitment methods. It avoids the risk
of genome integration and reduces the off-target effect due to
the short half-life of Cas9 protein, which is considered a safer
approach for gene therapy[173]. In conclusion, there is an opposite
problem in CRISPR delivery challenges, including the smaller size
of the delivery vectors to avoid immune response but the bigger
requirement of cargo loads to carry more CRISPR or expressive
modules. Therefore, how to balance these two problems and
develop an optimized delivery strategy are the aspects that need
to be studied further.

Off-target effect

The off-target effect is one of the CRISPR/Cas9 application limi-
tations and is considered a significant risk factor during gene ther-
apy in vivo. Although several computer software has optimized the
design of sgRNA, its specificity cannot be ensured absolutely. Fur-
thermore, except for sgRNA design, the duration of the Cas9
enzyme also plays an important role. Therefore, disposable Cas9
design, such as delivering protein directly, could significantly
decrease the off-target effect. In addition, optimized Cas9 enzyme
is also an approach to reduce the off-target effect, including
SpCas9-HF1[174] and eSpCas9[175]. However, the off-target effect
in vivo keeps unsolved, and it is also highly related to the delivery
strategy.

Pam limitation

As described above, the Pam sequence is essential for CRISPR/
Cas9 targeting, and only the DNA sequences that contain Pam
could be targeted by the Cas9 enzyme. However, Pam limits the
design of sgRNA and decreases the flexibility of CRISPR/Cas9 signif-
icantly. Although an increasing number of CRISPR types are discov-
ered, causing more Pam fragments are selectable at present. The
compulsory Pam insertion still affects the design of sgRNA in some
situations. Therefore, how to develop a designable Pam is signifi-
cant to broaden the application of CRISPR/Cas9.

Immune response

As a foreign protein, Cas9 may induce the immune response.
Although there are not many reports about the severe immune
reaction caused by Cas9, the antibodies of Cas9 have been widely
identified in human bodies[176], which suggests the potential risk
of inflammation during CRISPR/Cas9-based gene therapy. At pre-
sent, researchers pay more attention to the immunogenicity
caused by delivery vectors, especially the viral vectors, because
the human body may have been infected by these viruses before
and contain the corresponding antibodies already. Collectively,
the immune reaction potentially induced by CRISPR/Cas9 gene-
editing system is one of the major risk factors in the development
of CRISPR-based gene therapy in vivo.

Multiple gene-editing

CRISPR/Cas9 is an efficient gene-editing tool but only edits one
gene with a sgRNA simultaneously. Therefore, multiple gene-
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editing utilizing CRISPR/Cas9 have to rely on various sgRNAs,
which decreases the editing efficiency while increases the delivery
difficulty. Recent CRISPR/Cas12a may overcome the challenge, but
other subsequent problems are still unsolved, including inactiva-
tion of cells and cell cycle arrest after multiple gene-editing. In
the future, effective multiple gene-editing strategies will dramati-
cally promote the gene therapy of polygenic diseases and cancers.
Outlook

CRISPR/Cas9, derived from the microbial innate immune sys-
tem, is developed as a robust gene-editing tool and has been
applied widely. Due to its high accuracy and efficiency, CRISPR/
Cas9 techniques may provide a great chance to treat some gene-
related diseases by disrupting, inserting, correcting, replacing, or
blocking genes.

Cas9-mediated gene editing has been utilized to treat various
non-cancerous diseases. Monogenetic diseases and X-linked dis-
eases caused by gene mutation are the most direct and apparent
kinds that CRISPR/Cas9 can be applied to. A number of studies have
proved gene correction in monogenetic diseases and X-linked dis-
eases is an effective therapeutic strategy, and several related clin-
ical trials have been in the process recently. Similarly, the risk of
CVDs is reduced, and the symptom of NDDs is relieved dramati-
cally after targeting related genes using CRISPR/Cas9. At the same
time, the treatment of ocular diseases by Cas9 has entered into
clinical phases. Noticeably, AIDS may become curable through
knocking out the viral genes by Cas9, which benefits millions of
patients in the world.

In terms of cancer therapy, CRISPR/Cas9 was initially applied in
drug targets screen, causing a rapid discovery of lots of novel drug
targets. Combined with computer and data techniques, Cas9-based
target screening provides an advanced approach to understand
cancers better. Disrupting oncogene or correcting tumor suppres-
sor genes alone or in combination are the major strategy to treat
cancers while knocking out viral genomes like HPV decreases the
risk of virus-induced tumors. Moreover, some researches also
demonstrate some regulator genes, epigenetic genes, and microen-
vironmental genes also play vital roles in cancerization and are
developed as effective therapeutic targets. Recently, more
researchers focus on the immune therapy of cancers. Especially
CAR-T therapy has been applied in clinical treatment and achieves
success to some extent, and the therapeutic effect may be
improved by inhibiting some related genes by Cas9.

Admittedly, CRISPR/Cas9 is a robust gene-editing tool. However,
some problems keep unsolved, including off-target effect, delivery
challenges, PAM limitation, and immunogenicity, which blocks its
application in clinical therapy. When developing gene therapy, the
off-target effect and editing efficiency are two of the most concern-
ing problems because the off-target effect may cause unexpected
editing of normal genes and then lead to severe diseases or even
death, while editing efficiency directly affects the therapeutic
effect. To solve these two problems, lots of studies work in differ-
ent aspects. Firstly, the delivery system of CRISPR/Cas9 is critical
for CRISPR-based treatment. For example, the delivery efficiency
determines the efficiency of Cas9-mediated gene editing to a con-
siderable extent, and the targetability, stability, and release time of
delivery vectors are highly related to the off-target effect. As men-
tioned above, disposable designs (such as delivering Cas9 protein)
and all-in-one designs (such as delivering Cas9 plasmids and
sgRNA simultaneously) are effective ways to decrease the off-
target effect. Secondly, re-engineered or optimized Cas9 proteins
reduce the off-target effect as well. Compared with traditional
CRISPR/Cas9-based gene editing, base editing and primer editing
tools do not create DSBs when editing genes, which dramatically
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decreases the off-target effect. And their editing efficiency is con-
tinually enhanced in recent studies via optimizing enzymes or
pegRNA, suggesting the great potential for clinical application.
Finally, sgRNA design is still essential because it plays a key role
in gene targeting. Except for optimizing sgRNA design rules and
computer programs, the studies to avoid PAM limitation may
improve the specification and flexibility of sgRNA, which is benefi-
cial to improve editing efficiency while reducing the possibility of
off-target. At present, most clinical trials just limit in editing genes
in patient-derived cells ex vivo, and then the cells are injected back
into the patient’s bodies, such as the treatment of SCDs and
immune therapy (Fig. 6). This method avoids the risk of off-
target effect and delivery challenge but is not suitable for all dis-
eases. And recent research prefers to disrupt or knock out genes
rather than correcting because the additional DNA templates
increase the delivery difficulty. The clinical application of CRISPR/
Cas9 is still at an early stage, and the prioritized problems of clin-
ical gene therapy by Cas9 in vivo are off-target effect and delivery
challenges.

Compared with monogenetic diseases, Cas9-based gene therapy
of cancers are more challenging due to multiple gene mutations.
Although it is available to exert multiple gene editing by CRISPR/
Cas9 after adding the corresponding sgRNAs. CRISPR/Cas9-
mediated multiple gene editing is not widely applied in clinical
treatment or even gene function studies because it could lead to
several potential problems, such as severe off-target effect and
the deletion of big DNA fragments[177]. Therefore, novel
approaches in multiple gene editing need to be developed further
to overcome the present challenges.

Except for CRISPR/Cas9, other CRISPR systems, including
Cas12a, Cas3 (with Cascade), Cas13, dCas9, and nCas9, also contain
huge potentials for gene therapy[178]. For example, similar to
Fig. 6. Clinical trail distribution. The recent CRISPR/Cas9-based clinical trails focus on t
respectively, and 20 of 25 clinical projects adopts the immunotherapy for cancer treatme
for 20 and 16 of 47 respectively (from clinicaltrials.gov, accessed Jun-09–2021).
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Cas9, Cas12a also belongs to the class II CRISPR system. But Cas12a
generates a staggered cut rather than the flat end that Cas9 creates,
which is a great advantage when integrating DNA sequences. In the
Cas3 system, the Cascade complex binds and recognizes the target
DNA sequence then Cas3 proteins are recruited to generate a
single-strand nick. Due to the promiscuous recognition of PAM in
the Cas3 system, it is more flexible to target specific DNA
sequences than Cas9. Different from Cas9, Cas12a, and Cas3 sys-
tems, Cas13 is an RNA-guided RNA targeting system. Cas13 could
edit single-strand RNA efficiently, while nuclease-inactive dCas13
is able to regulate protein translation. Both dCas9 and nCas9 lose
the nuclease activity but maintain the ability to target DNA
sequences, so a lot of re-engineered CRISPR/Cas9 tools, such as
CRISPRi, CRIPARa, base editing tool, and primer editing tools, etc.,
are based on dCas9 or nCas9.

In conclusion, CRISPR/Cas9 is an efficient gene-editing tool but
not a perfect treatment approach at present. Lots of problems need
to be developed further until its reliability and safety maintain a
higher level. Cell therapy by Cas9 seems to be more simple to
design while avoiding some troubles that in vivo gene therapy
meets. However, only a few of hundreds of diseases could be trea-
ted by cell therapy. To provide a broader therapeutic strategy for
genetic diseases, gene therapy by Cas9 is one of the major aspects
to develop in the future. Therefore, how to efficiently and safely
edit genes by CRISPR/Cas9 in vivo will be listed at the top in the
next decade.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
he cancer and genetic hemolytic diseases treatment, accounting for 25 and 8 of 47
nt. China and US dominates the recent CRISPR/Cas9-based clinical trails, accounting



N. Guo, Ji-Bin Liu, W. Li et al. Journal of Advanced Research 40 (2022) 135–152
Acknowledgements

This study was supported partly by grants from the National
Natural Science Foundation of China (81772932, 81972214,
81302065 and 81472202), Hunan Provincial Natural Science Foun-
dation of China (2020JJ4278), Key program of Hunan Provincial
Department of science and technology (2020WK2020 and
2019NK2111), Shanghai Committee of Science and Technology
(21140903500), Shanghai Natural Science Foundation
(20ZR1472400), Construction of Clinical Medical Centre for Tumor
Biological Samples in Nantong (HS2016004), Science and Technol-
ogy Project of Nantong (grant no. JC2018010) and the Jiangsu
Provincial University Natural Science Funding (19KJB180021).
References

[1] Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A. Nucleotide
sequence of the iap gene, responsible for alkaline phosphatase isozyme
conversion in Escherichia coli, and identification of the gene product. J.
Bacteriol. 1987;169:5429–33.

[2] Mojica FJM, Juez G, Rodriguez-Valera F. Transcription at different salinities of
Haloferax mediterranei sequences adjacent to partially modified PstI sites.
Mol. Microbiol. 1993;9:613–21.

[3] Van Soolingen D, De Haas PEW, Hermans PWM, Groenen PMA, Van Embden
JDA. Comparison of various repetitive DNA elements as genetic markers for
strain differentiation and epidemiology of Mycobacterium tuberculosis. J.
Clin. Microbiol. 1993;31:1987–95.

[4] Mojica FJM, Diez-Villasenor C, Soria E, Juez G. Biological significance of a
family of regularly spaced repeats in the genomes of Archaea, Bacteria and
mitochondria. Mol. Microbiol. 2000;36:244–6.

[5] Mojica FJM, Díez-Villaseñor C, García-Martínez J, Soria E. Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign
genetic elements. J. Mol. Evol. 2005;60:174–82.

[6] Jansen R, Van Embden JDA, Gaastra W, Schouls LM. Identification of genes
that are associated with DNA repeats in prokaryotes. Mol. Microbiol.
2002;43:1565–75.

[7] Pourcel C, Salvignol G, Vergnaud G. CRISPR elements in Yersinia pestis acquire
new repeats by preferential uptake of bacteriophage DNA, and provide
additional tools for evolutionary studies. Microbiology 2005;151:653–63.

[8] Bolotin A, Quinquis B, Sorokin A, Dusko Ehrlich S. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology 2005;151:2551–61.

[9] Barrangou R et al. CRISPR Provides Acquired Resistance Against Viruses in
Prokaryotes. Science (80-.) 2007;315:1709–12.

[10] Jinek M et al. A Programmable Dual-RNA-Guided DNA Endonuclease in
Adaptive Bacterial Immunity. Science (80-.) 2012;337:816–21.

[11] Cho SW, Kim S, Kim JM, Kim JS. Targeted genome engineering in human cells
with the Cas9 RNA-guided endonuclease. Nat. Biotechnol. 2013;31:230–2.

[12] Cong L et al. Multiplex Genome Engineering Using CRISPR/Cas Systems.
Science (80-.) 2013;339:819–23.

[13] Mali P et al. RNA-Guided Human Genome Engineering via Cas9. Science (80-. )
2013;339:823–6.

[14] Cyranoski, D. CRISPR gene-editing tested in a person for the first time. Nature
539, 479–479 (2016).

[15] Xu L et al. CRISPR-Edited Stem Cells in a Patient with HIV and Acute
Lymphocytic Leukemia. N. Engl. J. Med. 2019;381:1240–7.

[16] Frangoul H et al. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and b-
Thalassemia. N. Engl. J. Med. 2021;384:252–60.

[17] Stadtmauer EA et al. CRISPR-engineered T cells in patients with refractory
cancer. Science (80-. 2020;). 367:eaba7365.

[18] Lu Y et al. Safety and feasibility of CRISPR-edited T cells in patients with
refractory non-small-cell lung cancer. Nat. Med. 2020;26:732–40.

[19] Makarova KS, Koonin EV. Annotation and Classification of CRISPR-Cas
Systems. in CRISPR: Methods and Protocols. New York: (Springer; 2015.

[20] Makarova KS et al. Evolutionary classification of CRISPR–Cas systems: a burst
of class 2 and derived variants. Nat. Rev. Microbiol. 2020;18:67–83.

[21] Makarova KS et al. An updated evolutionary classification of CRISPR–Cas
systems. Nat. Rev. Microbiol. 2015;13:722–36.

[22] Chylinski K, Makarova KS, Charpentier E, Koonin EV. Classification and
evolution of type II CRISPR-Cas systems. Nucleic Acids Res.
2014;42:6091–105.

[23] Deltcheva E et al. CRISPR RNA maturation by trans-encoded small RNA and
host factor RNase III. Nature 2011;471:602–7.

[24] Makarova KS et al. Evolution and classification of the CRISPR–Cas systems.
Nat. Rev. Microbiol. 2011;9:467–77.

[25] Carroll D. Genome engineering with zinc-finger nucleases. Genetics
2011;188:773–82.

[26] Joung JK, Sander JD. TALENs: A widely applicable technology for targeted
genome editing. Nat. Rev. Mol. Cell Biol. 2013;14:49–55.

[27] Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/Cas-based methods
for genome engineering. Trends Biotechnol. 2013;31:397–405.
149
[28] Wright DA, Li T, Yang B, Spalding MH. TALEN-mediated genome editing:
prospects and perspectives. Biochem. J. 2014;462:15–24.

[29] Jiang, F. & Doudna, J. A. CRISPR – Cas9 Structures and Mechanisms. 505–531
(2017).

[30] Lieber MR. The Mechanism of Double-Strand DNA Break Repair by the
Nonhomologous DNA End-Joining Pathway. Annu. Rev. Biochem.
2010;79:181–211.

[31] Takata M et al. Homologous recombination and non-homologous end-joining
pathways of DNA double-strand break repair have overlapping roles in the
maintenance of chromosomal integrity in vertebrate cells. EMBO J.
1998;17:5497–508.

[32] Chen JS, Doudna JA. The chemistry of Cas9 and its CRISPR colleagues. Nat. Rev.
Chem. 2017;1.

[33] Qi LS et al. Repurposing CRISPR as an RNA-cuided platform for sequence-
specific control of gene expression. Cell 2013;152:1173–83.

[34] Standage-Beier K, Zhang Q, Wang X. Targeted Large-Scale Deletion
of Bacterial Genomes Using CRISPR-Nickases. ACS Synth. Biol.
2015;4:1217–25.

[35] Tanenbaum ME, Gilbert LA, Qi LS, Weissman JS, Vale RD. A Protein-Tagging
System for Signal Amplification in Gene Expression and Fluorescence
Imaging. Cell 2014;159:635–46.

[36] Gaudelli NM et al. Programmable base editing of A�T to G�C in genomic DNA
without DNA cleavage. Nature 2017;551:464–71.

[37] Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of a
target base in genomic DNA without double-stranded DNA cleavage. Nature
2016;533:420–4.

[38] Anzalone AV et al. Search-and-replace genome editing without double-strand
breaks or donor DNA. Nature 2019;576:149–57.

[39] Liu Z et al. Efficient and high-fidelity base editor with expanded PAM
compatibility for cytidine dinucleotide. Sci. China Life Sci. 2021;64:1355–67.

[40] Strecker J et al. RNA-guided DNA insertion with CRISPR-associated
transposases. Science (80-.) 2019;365:48–53.

[41] Nihongaki Y, Kawano F, Nakajima T, Sato M. Photoactivatable CRISPR-Cas9 for
optogenetic genome editing. Nat. Biotechnol. 2015;33:755–60.

[42] Dow LE et al. Inducible in vivo genome editing with CRISPR-Cas9. Nat.
Biotechnol. 2015;33:390–4.

[43] Burstein D et al. New CRISPR-Cas systems from uncultivated microbes.
Nature 2017;542:237–41.

[44] O’Connell MR et al. Programmable RNA recognition and cleavage by CRISPR/
Cas9. Nature 2014;516:263–6.

[45] Nelles DA et al. Programmable RNA Tracking in Live Cells with CRISPR/Cas9.
Cell 2016;165:488–96.

[46] Abudayyeh OO et al. C2c2 is a single-component programmable RNA-guided
RNA-targeting CRISPR effector. Science (80-. 2016;). 353:aaf5573.

[47] Strutt SC, Torrez RM, Kaya E, Negrete OA, Doudna JA. RNA-dependent RNA
targeting by CRISPR-Cas9. Elife 2018;7:1–17.

[48] Song X et al. Delivery of CRISPR/Cas systems for cancer gene therapy and
immunotherapy. Adv. Drug Deliv. Rev. 2021;168:158–80.

[49] Gonatopoulos-Pournatzis T et al. Genetic interaction mapping and exon-
resolution functional genomics with a hybrid Cas9–Cas12a platform. Nat.
Biotechnol. 2020;38:638–48.

[50] Dever DP et al. CRISPR/Cas9 b-globin gene targeting in human
haematopoietic stem cells. Nature 2016;539:384–9.

[51] DeWitt, M. A. et al. Selection-free genome editing of the sickle mutation in
human adult hematopoietic stem/progenitor cells. Sci. Transl. Med. 8,
360ra134-360ra134 (2016).

[52] Charlesworth CT et al. Priming Human Repopulating Hematopoietic Stem and
Progenitor Cells for Cas9/sgRNA Gene Targeting. Mol. Ther. - Nucleic Acids
2018;12:89–104.

[53] Park SH et al. Highly efficient editing of the b-globin gene in patient-derived
hematopoietic stem and progenitor cells to treat sickle cell disease. Nucleic
Acids Res. 2019;47:7955–72.

[54] Wu Y et al. Highly efficient therapeutic gene editing of human hematopoietic
stem cells. Nat. Med. 2019;25:776–83.

[55] Métais J-Y et al. Genome editing of HBG1 and HBG2 to induce fetal
hemoglobin. Blood Adv. 2019;3:3379–92.

[56] Weber L et al. Editing a c-globin repressor binding site restores fetal
hemoglobin synthesis and corrects the sickle cell disease phenotype. Sci. Adv.
2020;6:eaay9392.

[57] Khosravi MA et al. Targeted deletion of BCL11A gene by CRISPR-Cas9 system
for fetal hemoglobin reactivation: A promising approach for gene therapy of
beta thalassemia disease. Eur. J. Pharmacol. 2019;854:398–405.

[58] Ye L et al. Genome editing using CRISPR-Cas9 to create the HPFH genotype in
HSPCs: An approach for treating sickle cell disease and b-thalassemia. Proc.
Natl. Acad. Sci. 2016;113:10661–5.

[59] Long C et al. Postnatal genome editing partially restores dystrophin
expression in a mouse model of muscular dystrophy. Science (80-.)
2016;351:400–3.

[60] Nelson CE et al. In vivo genome editing improves muscle function in a mouse
model of Duchenne muscular dystrophy. Science (80-.) 2016;351:403–7.

[61] Tabebordbar M et al. In vivo gene editing in dystrophic mouse muscle and
muscle stem cells. Science (80-.) 2016;351:407–11.

[62] Ryu SM et al. Adenine base editing in mouse embryos and an adult mouse
model of Duchenne muscular dystrophy. Nat. Biotechnol. 2018;36:536–9.

[63] Kuo CY et al. Site-Specific Gene Editing of Human Hematopoietic Stem Cells
for X-Linked Hyper-IgM Syndrome. Cell Rep. 2018;23:2606–16.

http://refhub.elsevier.com/S2090-1232(21)00237-X/h0005
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0005
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0005
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0005
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0010
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0010
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0010
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0015
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0015
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0015
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0015
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0020
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0020
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0020
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0025
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0025
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0025
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0030
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0030
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0030
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0035
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0035
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0035
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0040
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0040
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0040
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0045
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0045
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0050
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0050
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0055
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0055
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0060
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0060
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0065
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0065
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0075
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0075
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0080
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0080
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0085
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0085
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0090
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0090
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0095
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0095
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0100
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0100
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0105
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0105
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0110
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0110
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0110
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0115
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0115
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0120
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0120
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0125
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0125
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0130
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0130
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0135
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0135
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0140
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0140
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0150
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0150
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0150
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0155
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0155
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0155
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0155
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0160
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0160
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0165
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0165
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0170
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0170
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0170
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0175
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0175
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0175
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0180
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0180
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0180
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0180
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0185
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0185
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0185
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0190
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0190
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0195
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0195
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0200
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0200
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0205
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0205
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0210
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0210
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0215
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0215
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0220
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0220
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0225
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0225
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0230
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0230
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0235
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0235
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0240
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0240
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0245
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0245
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0245
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0250
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0250
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0260
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0260
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0260
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0265
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0265
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0265
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0270
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0270
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0275
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0275
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0280
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0280
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0280
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0285
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0285
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0285
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0290
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0290
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0290
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0295
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0295
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0295
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0300
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0300
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0305
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0305
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0310
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0310
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0315
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0315


N. Guo, Ji-Bin Liu, W. Li et al. Journal of Advanced Research 40 (2022) 135–152
[64] De Ravin SS et al. CRISPR-Cas9 gene repair of hematopoietic stem cells from
patients with X-linked chronic granulomatous disease. Sci. Transl. Med.
2017;9:eaah3480.

[65] Pavel-Dinu M et al. Gene correction for SCID-X1 in long-term hematopoietic
stem cells. Nat. Commun. 2019;10:1634.

[66] Goodwin M et al. CRISPR-based gene editing enables FOXP3 gene repair in
IPEX patient cells. Sci. Adv. 2020;6:eaaz0571.

[67] Ebina H, Misawa N, Kanemura Y, Koyanagi Y. Harnessing the CRISPR/Cas9
system to disrupt latent HIV-1 provirus. Sci. Rep. 2013;3:1–7.

[68] Hu W et al. RNA-directed gene editing specifically eradicates latent and
prevents new HIV-1 infection. Proc. Natl. Acad. Sci. 2014;111:11461–6.

[69] Gao Z, Fan M, Das AT, Herrera-Carrillo E, Berkhout B. Extinction of all
infectious HIV in cell culture by the CRISPR-Cas12a system with only a single
crRNA. Nucleic Acids Res. 2020;48:5527–39.

[70] Zhu W et al. The CRISPR/Cas9 system inactivates latent HIV-1 proviral DNA.
Retrovirology 2015;12:1–7.

[71] Kaminski R et al. Elimination of HIV-1 Genomes from Human T-lymphoid
Cells by CRISPR/Cas9 Gene Editing. Sci. Rep. 2016;6:1–15.

[72] Wang W et al. CCR5 gene disruption via lentiviral vectors expressing Cas9
and single guided RNA renders cells resistant to HIV-1 infection. PLoS ONE
2014;9:1–26.

[73] Xu L et al. CRISPR/Cas9-Mediated CCR5 Ablation in Human Hematopoietic
Stem/Progenitor Cells Confers HIV-1 Resistance In Vivo. Mol. Ther.
2017;25:1782–9.

[74] Xiao Q et al. CCR5 editing by Staphylococcus aureus Cas9 in human primary
CD4+ T cells and hematopoietic stem/progenitor cells promotes HIV-1
resistance and CD4+ T cell enrichment in humanized mice. Retrovirology
2019;16:15.

[75] Liu Z et al. Genome editing of the HIV co-receptors CCR5 and CXCR4 by
CRISPR-Cas9 protects CD4+ T cells from HIV-1 infection. Cell Biosci.
2017;7:1–15.

[76] Teng Y et al. CRISPR/Cas9-mediated deletion of miR-146a enhances antiviral
response in HIV-1 infected cells. Genes Immun. 2019;20:327–37.

[77] Sullivan NT et al. Novel gRNA design pipeline to develop broad-spectrum
CRISPR/Cas9 gRNAs for safe targeting of the HIV-1 quasispecies in patients.
Sci. Rep. 2019;9:17088.

[78] Wang Z et al. CRISPR/Cas9-Derived Mutations Both Inhibit HIV-1 Replication
and Accelerate Viral Escape. Cell Rep. 2016;15:481–9.

[79] Ding Q et al. Permanent Alteration of PCSK9 With In Vivo CRISPR-Cas9
Genome Editing. Circ. Res. 2014;115:488–92.

[80] Wang X et al. CRISPR-Cas9 Targeting of PCSK9 in Human Hepatocytes In
Vivo—Brief Report. Arterioscler. Thromb. Vasc. Biol. 2016;36:783–6.

[81] Chadwick AC, Wang X, Musunuru K. In Vivo Base Editing of PCSK9 (Proprotein
Convertase Subtilisin/Kexin Type 9) as a Therapeutic Alternative to Genome
Editing. Arterioscler. Thromb. Vasc. Biol. 2017;37:1741–7.

[82] Musunuru K et al. In vivo CRISPR base editing of PCSK9 durably lowers
cholesterol in primates. Nature 2021;593:429–34.

[83] Chadwick AC, Evitt NH, Lv W, Musunuru K. Reduced Blood Lipid Levels With
In Vivo CRISPR-Cas9 Base Editing of ANGPTL3. Circulation 2018;137:975–7.

[84] Cho HM et al. Transplantation of hMSCs Genome Edited with LEF1 Improves
Cardio-Protective Effects in Myocardial Infarction. Mol. Ther. - Nucleic Acids
2020;19:1186–97.

[85] Limpitikul WB et al. A Precision Medicine Approach to the Rescue of Function
on Malignant Calmodulinopathic Long-QT Syndrome. Circ. Res.
2017;120:39–48.

[86] Wu Y et al. Correction of a Genetic Disease in Mouse via Use of CRISPR-Cas9.
Cell Stem Cell 2013;13:659–62.

[87] Bassuk AG, Zheng A, Li Y, Tsang SH, Mahajan VB. Precision Medicine: Genetic
Repair of Retinitis Pigmentosa in Patient-Derived Stem Cells. Sci. Rep.
2016;6:1–6.

[88] Bakondi B et al. In vivo CRISPR/Cas9 gene editing corrects retinal dystrophy in
the S334ter-3 rat model of autosomal dominant retinitis pigmentosa. Mol.
Ther. 2016;24:556–63.

[89] Giannelli SG et al. Cas9/sgRNA selective targeting of the P23H Rhodopsin
mutant allele for treating retinitis pigmentosa by intravitreal AAV9.PHP.B-
based delivery. Hum. Mol. Genet. 2018;27:761–79.

[90] Mirjalili Mohanna SZ et al. Germline CRISPR/Cas9-Mediated Gene Editing
Prevents Vision Loss in a Novel Mouse Model of Aniridia. Mol. Ther. -
Methods Clin. Dev. 2020;17:478–90.

[91] Yang Y et al. PDGFRb plays an essential role in patient vitreous-stimulated
contraction of retinal pigment epithelial cells from epiretinal membranes.
Exp. Eye Res. 2020;197:108116.

[92] Wadhwani AR, Affaneh A, Van Gulden S, Kessler JA. Neuronal apolipoprotein
E4 increases cell death and phosphorylated tau release in alzheimer disease.
Ann. Neurol. 2019;85:726–39.

[93] Chiu YW et al. Identification of calcium and integrin-binding protein 1 as a
novel regulator of production of amyloid b peptide using CRISPR/Cas9-based
screening system. FASEB J. 2020;34:7661–74.

[94] Knupp A et al. Depletion of the AD Risk Gene SORL1 Selectively Impairs
Neuronal Endosomal Traffic Independent of Amyloidogenic APP Processing.
Cell Rep. 2020;31:107719.

[95] Shin JW et al. Permanent inactivation of Huntington’s disease mutation by
personalized allele-specific CRISPR/Cas9. Hum.Mol. Genet. 2016;25:4566–76.

[96] Kolli N, Lu M, Maiti P, Rossignol J, Dunbar GL. CRISPR-Cas9 mediated gene-
silencing of the mutant huntingtin gene in an in vitro model of huntington’s
disease. Int. J. Mol. Sci. 2017;18:1–14.
150
[97] Yang S et al. CRISPR/Cas9-mediated gene editing ameliorates neurotoxicity in
mouse model of Huntington’s disease. J. Clin. Invest. 2017;127:2719–24.

[98] Monteys AM, Ebanks SA, Keiser MS, Davidson BL. CRISPR/Cas9 Editing of the
Mutant Huntingtin Allele In Vitro and In Vivo. Mol. Ther. 2017;25:12–23.

[99] Rocca CJ et al. CRISPR-Cas9 Gene Editing of Hematopoietic Stem Cells from
Patients with Friedreich’s Ataxia. Mol. Ther. - Methods Clin. Dev.
2020;17:1026–36.

[100] Munoz DM et al. CRISPR Screens Provide a Comprehensive Assessment of
Cancer Vulnerabilities but Generate False-Positive Hits for Highly Amplified
Genomic Regions. Cancer Discov. 2016;6:900–13.

[101] Hart T et al. High-Resolution CRISPR Screens Reveal Fitness Genes and
Genotype-Specific Cancer Liabilities. Cell 2015;163:1515–26.

[102] Tzelepis K et al. A CRISPR Dropout Screen Identifies Genetic Vulnerabilities
and Therapeutic Targets in Acute Myeloid Leukemia. Cell Rep.
2016;17:1193–205.

[103] Yau EH et al. Genome-wide CRISPR screen for essential cell growth mediators
in mutant KRAS colorectal cancers. Cancer Res. 2017;77:6330–9.

[104] Kodama M et al. In vivo loss-of-function screens identify KPNB1 as a new
druggable oncogene in epithelial ovarian cancer. Proc. Natl. Acad. Sci. U. S. A.
2017;114:E7301–10.

[105] Zhang S et al. CRISPR/Cas9-mediated knockout of NSD1 suppresses the
hepatocellular carcinoma development via the NSD1/H3/Wnt10b signaling
pathway. J. Exp. Clin. Cancer Res. 2019;38:1–14.

[106] Meyers RM et al. Computational correction of copy number effect improves
specificity of CRISPR-Cas9 essentiality screens in cancer cells. Nat. Genet.
2017;49:1779–84.

[107] Kasap C, Elemento O, Kapoor TM. DrugTargetSeqR: a genomics- and CRISPR-
Cas9–based method to analyze drug targets. Nat. Chem. Biol. 2014;10:626–8.

[108] Behan FM et al. Prioritization of cancer therapeutic targets using CRISPR–
Cas9 screens. Nature 2019;568:511–6.

[109] Gurusamy D et al. Multi-phenotype CRISPR-Cas9 Screen Identifies p38 Kinase
as a Target for Adoptive Immunotherapies. Cancer Cell 2020;37:818–833.e9.

[110] Shalem O et al. Genome-Scale CRISPR-Cas9 Knockout Screening in Human
Cells. Science (80-.) 2014;343:84–7.

[111] Wijdeven RH et al. Genome-Wide Identification and Characterization of
Novel Factors Conferring Resistance to Topoisomerase II Poisons in Cancer.
Cancer Res. 2015;75:4176–87.

[112] Neggers JE et al. Identifying Drug-Target Selectivity of Small-Molecule CRM1/
XPO1 Inhibitors byCRISPR/Cas9GenomeEditing. Chem.Biol. 2015;22:107–16.

[113] Xu S et al. Genome-wide CRISPR screen identifies ELP5 as a determinant of
gemcitabine sensitivity in gallbladder cancer. Nat. Commun. 2019;10:5492.

[114] Aguirre AJ et al. Genomic Copy Number Dictates a Gene-Independent Cell
Response to CRISPR/Cas9 Targeting. Cancer Discov. 2016;6:914–29.

[115] Kim W et al. Targeting mutant KRAS with CRISPR-Cas9 controls tumor
growth. Genome Res. 2018;28:374–82.

[116] Lee W, Lee JH, Jun S, Lee JH, Bang D. Selective targeting of KRAS oncogenic
alleles by CRISPR/Cas9 inhibits proliferation of cancer cells. Sci. Rep.
2018;8:11879.

[117] Gao Q et al. Selective targeting of the oncogenic KRAS G12S mutant allele by
CRISPR/Cas9 induces efficient tumor regression. Theranostics 2020;10:5137–53.

[118] Koo T et al. Selective disruption of an oncogenic mutant allele by CRISPR/Cas9
induces efficient tumor regression. Nucleic Acids Res. 2017;45:7897–908.

[119] Chen C et al. MLL3 is a haploinsufficient 7q tumor suppressor in acute
myeloid leukemia. Cancer Cell 2014;25:652–65.

[120] Antal CE et al. Cancer-Associated Protein Kinase C Mutations Reveal Kinase’s
Role as Tumor Suppressor. Cell 2015;160:489–502.

[121] Xue W et al. CRISPR-mediated direct mutation of cancer genes in the mouse
liver. Nature 2014;514:380–4.

[122] Liu Y et al. CRISPR/Cas9-mediated p53 and Pten dual mutation accelerates
hepatocarcinogenesis in adult hepatitis B virus transgenic mice. Sci. Rep.
2017;7:1–11.

[123] Malina A et al. Repurposing CRISPR/Cas9 for in situ functional assays. Genes
Dev. 2013;27:2602–14.

[124] Mirgayazova R et al. Therapeutic Editing of the TP53 Gene: Is CRISPR/Cas9 an
Option? Genes (Basel) 2020;11:704.

[125] Gao M, Liu D. CRISPR/Cas9-based Pten knock-out and Sleeping Beauty
Transposon-mediated Nras knock-in induces hepatocellular carcinoma and
hepatic lipid accumulation in mice. Cancer Biol. Ther. 2017;18:505–12.

[126] Hu Z et al. Disruption of HPV16-E7 by CRISPR/Cas System Induces Apoptosis
and Growth Inhibition in HPV16 Positive Human Cervical Cancer Cells.
Biomed Res. Int. 2014;2014:1–9.

[127] Kennedy EM et al. Inactivation of the Human Papillomavirus E6 or E7 Gene in
Cervical Carcinoma Cells by Using a Bacterial CRISPR/Cas RNA-Guided
Endonuclease. J. Virol. 2014;88:11965–72.

[128] Zhen S et al. In vitro and in vivo growth suppression of human papillomavirus
16-positive cervical cancer cells by CRISPR/Cas9. Biochem. Biophys. Res.
Commun. 2014;450:1422–6.

[129] Zhen S et al. In vitro and in vivo synergistic therapeutic effect of cisplatin
with human papillomavirus16 E6/E7 CRISPR/CAS9 on cervical cancer cell
line. Transl. Oncol. 2016;9:498–504.

[130] Zhen S et al. Harnessing the clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated Cas9 system to disrupt the
hepatitis B virus. Gene Ther. 2015;22:404–12.

[131] Song J et al. CRISPR/Cas9-mediated knockout of HBsAg inhibits proliferation
and tumorigenicity of HBV-positive hepatocellular carcinoma cells. J. Cell.
Biochem. 2018;119:8419–31.

http://refhub.elsevier.com/S2090-1232(21)00237-X/h0320
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0320
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0320
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0325
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0325
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0330
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0330
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0335
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0335
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0340
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0340
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0345
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0345
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0345
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0350
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0350
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0355
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0355
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0360
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0360
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0360
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0365
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0365
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0365
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0370
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0370
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0370
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0370
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0375
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0375
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0375
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0380
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0380
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0385
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0385
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0385
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0390
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0390
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0395
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0395
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0400
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0400
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0405
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0405
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0405
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0410
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0410
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0415
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0415
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0420
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0420
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0420
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0425
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0425
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0425
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0430
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0430
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0435
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0435
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0435
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0440
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0440
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0440
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0445
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0445
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0445
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0450
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0450
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0450
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0455
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0455
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0455
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0460
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0460
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0460
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0465
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0465
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0465
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0470
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0470
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0470
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0475
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0475
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0480
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0480
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0480
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0485
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0485
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0490
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0490
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0495
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0495
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0495
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0500
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0500
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0500
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0505
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0505
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0510
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0510
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0510
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0515
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0515
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0545
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0545
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0560
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0560
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0565
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0565
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0570
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0570
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0575
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0575
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0585
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0585
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0590
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0590
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0595
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0595
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0600
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0600
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0605
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0605
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0610
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0610
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0610
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0615
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0615
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0640
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0640
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0640
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0645
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0645
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0645
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0650
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0650
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0650
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0655
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0655
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0655


N. Guo, Ji-Bin Liu, W. Li et al. Journal of Advanced Research 40 (2022) 135–152
[132] Seeger C, Sohn JA. Targeting Hepatitis B Virus With CRISPR/Cas9. Mol. Ther. -
Nucleic Acids 2014;3:e216.

[133] Zhu W et al. CRISPR/Cas9 produces anti-hepatitis B virus effect in hepatoma
cells and transgenic mouse. Virus Res. 2016;217:125–32.

[134] Price AA, Sampson TR, Ratner HK, Grakoui A, Weiss DS. Cas9-mediated
targeting of viral RNA in eukaryotic cells. Proc. Natl. Acad. Sci.
2015;112:6164–9.

[135] Wang J, Quake SR. RNA-guided endonuclease provides a therapeutic strategy
to cure latent herpesviridae infection. Proc. Natl. Acad. Sci.
2014;111:13157–62.

[136] van Diemen FR et al. CRISPR/Cas9-Mediated Genome Editing of
Herpesviruses Limits Productive and Latent Infections. PLOS Pathog.
2016;12:e1005701.

[137] Yuen K-S et al. CRISPR/Cas9-mediated genome editing of Epstein-Barr virus
in human cells. J. Gen. Virol. 2015;96:626–36.

[138] Liang C et al. Tumor cell-targeted delivery of CRISPR/Cas9 by aptamer-
functionalized lipopolymer for therapeutic genome editing of VEGFA in
osteosarcoma. Biomaterials 2017;147:68–85.

[139] Liu T et al. CRISPR-Cas9-Mediated Silencing of CD44 in Human Highly
Metastatic Osteosarcoma Cells. Cell. Physiol. Biochem. 2018;46:1218–30.

[140] He Z-Y et al. In Vivo Ovarian Cancer Gene Therapy Using CRISPR-Cas9. Hum.
Gene Ther. 2018;29:223–33.

[141] Li X et al. Programmable base editing of mutated TERT promoter inhibits
brain tumour growth. Nat. Cell Biol. 2020;22:282–8.

[142] Singhal J et al. Targeting RLIP with CRISPR/Cas9 controls tumor growth.
Carcinogenesis 2021;42:48–57.

[143] Zhen S et al. Inhibition of long non-coding RNA UCA1 by CRISPR/Cas9
attenuated malignant phenotypes of bladder cancer. Oncotarget
2017;8:9634–46.

[144] Li L et al. Artificial Virus Delivers CRISPR-Cas9 System for Genome Editing of
Cells in Mice. ACS Nano 2017;11:95–111.

[145] Aubrey BJ et al. An Inducible Lentiviral Guide RNA Platform Enables the
Identification of Tumor-Essential Genes and Tumor-Promoting Mutations In
Vivo. Cell Rep. 2015;10:1422–32.

[146] Chen Z-H et al. Targeting genomic rearrangements in tumor cells through
Cas9-mediated insertion of a suicide gene. Nat. Biotechnol. 2017;35:543–50.

[147] Depil S, Duchateau P, Grupp SA, Mufti G, Poirot L. ‘Off-the-shelf’ allogeneic
CAR T cells: development and challenges. Nat. Rev. Drug Discov.
2020;19:185–99.

[148] Ou X, Ma Q, Yin W, Ma X, He Z. CRISPR/Cas9 Gene-Editing in Cancer
Immunotherapy: Promoting the Present Revolution in Cancer Therapy and
Exploring More. Front. Cell Dev. Biol. 2021;9:1–12.

[149] Schumann K et al. Generation of knock-in primary human T cells using Cas9
ribonucleoproteins. Proc. Natl. Acad. Sci. 2015;112:10437–42.

[150] Su S et al. CRISPR-Cas9 mediated efficient PD-1 disruption on human primary
T cells from cancer patients. Sci. Rep. 2016;6:20070.

[151] Ren J et al. Multiplex Genome Editing to Generate Universal CAR T Cells
Resistant to PD1 Inhibition. Clin. Cancer Res. 2017;23:2255–66.

[152] Liu T et al. Targeting ABCB1 (MDR1) in multi-drug resistant osteosarcoma
cells using the CRISPR-Cas9 system to reverse drug resistance. Oncotarget
2016;7:83502–13.

[153] Mout R, Ray M, Lee YW, Scaletti F, Rotello VM. In Vivo Delivery of CRISPR/
Cas9 for Therapeutic Gene Editing: Progress and Challenges. Bioconjug.
Chem. 2017;28:880–4.

[154] Lino CA, Harper JC, Carney JP, Timlin JA. Delivering crispr: A review of the
challenges and approaches. Drug Deliv. 2018;25:1234–57.

[155] Hansen-Bruhn M et al. Active Intracellular Delivery of a Cas9/sgRNA Complex
Using Ultrasound-Propelled Nanomotors. Angew. Chemie
2018;130:2687–91.

[156] Hur J, Chung AJ. Microfluidic and Nanofluidic Intracellular Delivery. Adv. Sci.
2021;8.

[157] Sessions JW et al. CRISPR-Cas9 directed knock-out of a constitutively
expressed gene using lance array nanoinjection. Springerplus 2016;5:1521.

[158] Yin H et al. Genome editing with Cas9 in adult mice corrects a disease
mutation and phenotype. Nat. Biotechnol. 2014;32:551–3.

[159] Samulski, R. J. & Muzyczka, N. AAV-Mediated Gene Therapy for Research and
Therapeutic Purposes. doi:10.1146/annurev-virology-031413-085355.

[160] Jiang, S. et al. CRISPR/Cas9-Mediated Genome Editing in Epstein-Barr Virus-
Transformed Lymphoblastoid B-Cell Lines. Curr. Protoc. Mol. Biol. 121,
31.12.1-31.12.23 (2018).

[161] Park A et al. Sendai virus, an RNA virus with no risk of genomic integration,
delivers CRISPR/Cas9 for efficient gene editing. Mol. Ther. - Methods Clin.
Dev. 2016;3:16057.

[162] Mansouri M, Ehsaei Z, Taylor V, Berger P. Baculovirus-based genome editing
in primary cells. Plasmid 2017;90:5–9.

[163] Zuris JA et al. Cationic lipid-mediated delivery of proteins enables efficient
protein-based genome editing in vitro and in vivo. Nat. Biotechnol.
2015;33:73–80.

[164] Lao Y-H et al. HPV Oncogene Manipulation Using Nonvirally Delivered
CRISPR/Cas9 or Natronobacterium gregoryi Argonaute. Adv. Sci.
2018;5:1700540.

[165] Zhang, L. et al. Lipid nanoparticle-mediated efficient delivery of CRISPR/Cas9
for tumor therapy. NPG Asia Mater. 9, e441–e441 (2017).
151
[166] Sun W et al. Self-Assembled DNA Nanoclews for the Efficient Delivery of
CRISPR-Cas9 for Genome Editing. Angew. Chemie Int. Ed. 2015;54:12029–33.

[167] Zhou W, Cui H, Ying L, Yu X-F. Enhanced Cytosolic Delivery and Release of
CRISPR/Cas9 by Black Phosphorus Nanosheets for Genome Editing. Angew.
Chemie Int. Ed. 2018;57:10268–72.

[168] Kim SM et al. Simple in Vivo Gene Editing via Direct Self-Assembly of Cas9
Ribonucleoprotein Complexes for Cancer Treatment. ACS Nano
2018;12:7750–60.

[169] Wang H-X et al. Nonviral gene editing via CRISPR/Cas9 delivery by
membrane-disruptive and endosomolytic helical polypeptide. Proc. Natl.
Acad. Sci. 2018;115:4903–8.

[170] Li M et al. Knockdown of hypoxia-inducible factor-1 alpha by tumor targeted
delivery of CRISPR/Cas9 system suppressed the metastasis of pancreatic
cancer. J. Control. Release 2019;304:204–15.

[171] Pan Y et al. Near-infrared upconversion–activated CRISPR-Cas9 system: A
remote-controlled gene editing platform. Sci. Adv. 2019;5.

[172] Yin H et al. Therapeutic genome editing by combined viral and non-viral
delivery of CRISPR system components in vivo. Nat. Biotechnol.
2016;34:328–33.

[173] Lyu P, Wang L, Lu B. Virus-like particle mediated crispr/cas9 delivery for
efficient and safe genome editing. Life 2020;10:1–16.

[174] Kleinstiver BP et al. High-fidelity CRISPR–Cas9 nucleases with no detectable
genome-wide off-target effects. Nature 2016;529:490–5.

[175] Slaymaker IM et al. Rationally engineered Cas9 nucleases with improved
specificity. Science 2016;351:84–8.

[176] Charlesworth CT et al. Identification of preexisting adaptive immunity to
Cas9 proteins in humans. Nat. Med. 2019;25:249–54.

[177] Li C, Brant E, Budak H, Zhang B. CRISPR/Cas: a Nobel Prize award-winning
precise genome editing technology for gene therapy and crop improvement.
J. Zhejiang Univ. Sci. B 2021;22:253–84.

[178] Pickar-Oliver A, Gersbach CA. The next generation of CRISPR–Cas
technologies and applications. Nat. Rev. Mol. Cell Biol. 2019;20:490–507.

[179] Gillmore JD et al. CRISPR-Cas9 In Vivo Gene Editing for Transthyretin
Amyloidosis. N. Engl. J. Med. 2021;385:493–502.

Fu Da, Professor, Ph.D., General Surgery, Ruijin Hospital,
Shanghai Jiaotong University School of Medicine. He
focus on the regulation of key protein molecules and
their related molecular mechanisms in tumorigenesis
and metastasis. A series of important achievements
have been made in the field of protein degradation,
which has laid a scientific foundation for the regulation
of protein and the application of anti-tumor natural
active ingredients in major medical diseases. In recent
five years, he has published 110 papers in academic
journals such as J Clin Invest, Cell Res, Mol Cancer and
Nat Commun.
Yushui Ma, Associate Professor, Ph.D., Department of
Nuclear Medicine, Shanghai Tenth People’s Hospital,
Tongji University School of Medicine. She focus on the
regulation of key protein molecules and their related
molecular mechanisms in tumorigenesis and metas-
tasis. In recent five years, she has published over 60
papers in academic journals such as Mol Cancer, Mol
Ther and Cancer Letter.
Jibin Liu, Deputy director, Associate Professor, M.D.,
postdoctoral of Shanghai Institute of life sciences, Chi-
nese Academy of Sciences. Head of tumor biological
sample bank of Nantong Cancer Research Institute,
deputy director of tumor basic teaching and Research
Office of Xinglin College of Nantong University, Jiangsu
"333" talents, Nantong "226" talents and Nantong
Medical key talents, mainly engaged in research on
tumor genetic susceptibility and molecular epidemiol-
ogy.

http://refhub.elsevier.com/S2090-1232(21)00237-X/h0660
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0660
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0665
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0665
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0670
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0670
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0670
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0685
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0685
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0700
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0700
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0705
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0705
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0720
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0720
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0730
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0730
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0745
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0745
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0750
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0750
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0755
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0755
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0780
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0780
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0785
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0785
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0790
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0790
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0805
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0805
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0805
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0810
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0810
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0815
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0815
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0815
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0820
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0820
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0820
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0830
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0830
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0835
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0835
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0835
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0840
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0840
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0840
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0845
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0845
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0845
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0850
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0850
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0850
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0855
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0855
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0860
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0860
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0860
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0865
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0865
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0870
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0870
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0875
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0875
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0880
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0880
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0885
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0885
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0885
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0890
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0890
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0895
http://refhub.elsevier.com/S2090-1232(21)00237-X/h0895


N. Guo, Ji-Bin Liu, W. Li et al. Journal of Advanced Research 40 (2022) 135–152
Wen Li, Associate Professor, Ph.D., National Engineering
Laboratory for Deep Process of Rice and Byproducts,
College of Food Science and Engineering, Central South
University of Forestry and Technology. He mainly
engaged in research on functional components of food
for cancer patients.
152
Ning Guo, M.S., National Engineering Laboratory for
Deep Process of Rice and Byproducts, College of Food
Science and Engineering, Central South University of
Forestry and Technology. He mainly engaged in
research on functional components of food for cancer
patients.


	The power and the promise of CRISPR/Cas9 genome editing for clinical application with gene therapy
	History of CRISPR
	Classification of CRISPR
	Biosynthesis of CRISPR/Cas9
	Mechanism of CRISPR/Cas9-mediated gene editing
	The further development of CRISPR/Cas9 technology

	Application of CRISPR/Cas9 in non-cancerous disease
	Genetic hemolytic diseases
	X-linked diseases
	Acquired immunodeficiency syndrome
	Cardiovascular diseases
	Ocular diseases
	Neurodegenerative diseases

	Application of CRISPR/Cas9 in cancers
	Cancer targets screening
	Cancer treatment

	Problems of CRISPR/Cas9
	Delivery challenge
	Off-target effect
	Pam limitation
	Immune response
	Multiple gene-editing

	Outlook
	Declaration of Competing Interest
	Acknowledgements
	References


