
REVIEW
published: 03 March 2021

doi: 10.3389/fmed.2021.649896

Frontiers in Medicine | www.frontiersin.org 1 March 2021 | Volume 8 | Article 649896

Edited by:

Ali Yadollahpour,

The University of Sheffield,

United Kingdom

Reviewed by:

Shengye Wang,

Zhejiang Cancer Hospital, China

Fangzhou Song,

Chongqing Medical University, China

*Correspondence:

Liqin Lai

Lailiqin2020@126.com

orcid.org/0000-0001-9972-7346

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Precision Medicine,

a section of the journal

Frontiers in Medicine

Received: 05 January 2021

Accepted: 25 January 2021

Published: 03 March 2021

Citation:

Yang Y, Xu J, Ge S and Lai L (2021)

CRISPR/Cas: Advances, Limitations,

and Applications for Precision Cancer

Research. Front. Med. 8:649896.

doi: 10.3389/fmed.2021.649896

CRISPR/Cas: Advances, Limitations,
and Applications for Precision
Cancer Research
Yue Yang 1†, Jin Xu 2†, Shuyu Ge 3 and Liqin Lai 1*

1Department of Pathology, Tongde Hospital of Zhejiang Province, Hangzhou, China, 2Department of Otolaryngology, Tongde

Hospital of Zhejiang Province, Hangzhou, China, 3Department of Pharmacy, Tongde Hospital of Zhejiang Province,

Hangzhou, China

Cancer is one of the most leading causes of mortalities worldwide. It is caused by the

accumulation of genetic and epigenetic alterations in 2 types of genes: tumor suppressor

genes (TSGs) and proto-oncogenes. In recent years, development of the clustered

regularly interspaced short palindromic repeats (CRISPR) technology has revolutionized

genome engineering for different cancer research ranging for research ranging from

fundamental science to translational medicine and precise cancer treatment. The

CRISPR/CRISPR associated proteins (CRISPR/Cas) are prokaryote-derived genome

editing systems that have enabled researchers to detect, image, manipulate and

annotate specific DNA and RNA sequences in various types of living cells. The

CRISPR/Cas systems have significant contributions to discovery of proto-oncogenes

and TSGs, tumor cell epigenome normalization, targeted delivery, identification of drug

resistance mechanisms, development of high-throughput genetic screening, tumor

models establishment, and cancer immunotherapy and gene therapy in clinics. Robust

technical improvements in CRISPR/Cas systems have shown a considerable degree

of efficacy, specificity, and flexibility to target the specific locus in the genome for the

desired applications. Recent developments in CRISPRs technology offers a significant

hope of medical cure against cancer and other deadly diseases. Despite significant

improvements in this field, several technical challenges need to be addressed, such

as off-target activity, insufficient indel or low homology-directed repair (HDR) efficiency,

in vivo delivery of the Cas system components, and immune responses. This study

aims to overview the recent technological advancements, preclinical and perspectives

on clinical applications of CRISPR along with their advantages and limitations. Moreover,

the potential applications of CRISPR/Cas in precise cancer tumor research, genetic, and

other precise cancer treatments discussed.

Keywords: clustered regularly interspaced short palindromic repeats, CRiSPR/Cas, cancer, precise cancer

treatment, genetic editing, diagnosis, precision medicine

INTRODUCTION

Cancer is one of the main causes of disease-associated mortalities worldwide with ever-increasing
incidence worldwide (1). Comprehensive and large-scale sequencing databases have shown that
genetic alterations, either specific to a certain type or common to several types, play crucial
roles in tumorigenesis (2). Determining the structural and functional features of mutated genes,
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particularly long-tail molecular alterations, in genetic variations
of cancer genomes play pivotal role in advancing cancer research
(3, 4). However, systematic functional analysis of genes and
mutations are time-consuming, expensive and laborious (5).
Discovery of mutations that cause phenotypes relied either on
random mutagenesis or indirectly on perturbation of transcripts
by RNAi. The development of engineered nucleases such as zinc
finger nucleases or transcription activator-like effector nucleases
(TALENs) have made it possible to directly target and modify
the genomic sequence (6, 7). Recently, genome engineering was
greatly accelerated by the development of clustered regularly
interspaced short palindromic repeats (CRISPR) technologies.
Since the first use of CRISPR/CRISPR associated proteins
(CRISPR/Cas) as a genome editing tool in 2013 in mammalian
cells (8, 9), this toolbox has been extensively and continuously
expanded. CRISPR/Cas systems are currently capable of not only
manipulating the genomic sequence of cells and organisms, but
also the introducing and site-specific targeting of epigenetic and
transcriptional modifications (10–12).

In the past decade, the emergence of the CRISPR technology
has brought revolutionary advances into genome engineering
and made it powerful tool in different cancer researches
including fundamental sciences to translational medicine and
precise cancer treatment. The CRISPR/Cas are prokaryote-
derived genome editing systems that have shown promising
contributions to detect, image, manipulate and annotate specific
DNA and RNA sequences in various types of living cells.
CRISPR/Cas, capable of specific genome modifications in
living eukaryotic cells, making this technology one of the
key scientific discoveries of the twenty-first century. The
genomic modifications include; sequence deletions, insertions,
substitutions, integrations, and epigenetic genes regulation. In
the last few years, advancements in this technology make
an ability to drive into both basic and clinical research
applications. CRISPR/Cas system is an RNA-guided targeted
genome engineering platform, attaining a considerable attention
in experimental research, and revolutionize different fields of life
sciences. Functionally, the CRISPR-Cas system is divided into 2
classes according to the structural composition of the effector
genes. The class 1 CRISPR system consists of multi-subunits of
effector nuclease complexes and includes the type I, III, and IV
CRISPR systems. The class 2 consists of a single effector nuclease,
and routine practice of genome editing has been achieved by the
development of the Class 2 CRISPR-Cas system, which includes
the type II, V, and VI CRISPR-Cas systems. Types II and V are
utilized for DNA editing, and type VI for RNA editing. CRISPR
techniques can induce both quantitative and qualitative changes
in gene expression through the DSB repair pathway, transposase-
dependent DNA integration, base editing, and gene regulation
using the CRISPR-dCas or type VI CRISPR system.

The CRISPR systems were first observed in E. coli in 1987
(13) and then in several other bacteria species (14). The exact
functions and roles of these short repeat sequences remained
unclear until in 2005, when strong evidences have hypothesized
that these repeated sequences function as a part of an adaptive
immune system in bacteria. Several studies have reported
the similarities between the phage DNA and these repeated

sequences (15–17). Further preclinical and animal model studies
have demonstrated that CRISPR and CRISPR/Cas are associated
to the adaptive immunity targeting foreign viral DNA (18).
Mechanistically, two distinct RNAs including the CRISPR RNA
(crRNA) and the trans-activating crRNA (tracrRNA) activate
and guide Cas proteins to bind viral DNA sequences, which are
subsequently cleaved together. The tracrRNA is a distinct type of
RNA that interacts with the crRNA to produce the dual guide (g)
RNA in CRISPR-Cas systems. The tracrRNA-crRNA interaction
is pivotal for pre-crRNA processing, target recognition, and
also cleavage.

CRISPR/Cas systems are adaptive (acquired) immune systems
of prokaryotic and archaeal microorganisms and rely on
ribonucleoprotein effector complexes. They eliminate invading
phages, conjugative plasmids, and mobile genetic elements
via reserving the memory of the encounters with foreign
DNA in unique spacer sequences into CRISPR arrays (17–
19). Naturally, CRISPR systems integrate foreign DNA molecule
into CRISPR arrays, which subsequently produce crRNAs, and
containing protospacer regions that are complementary to
antigenic invading DNA molecules, followed by hybridizing
each crRNA with other non-coding tracrRNA. A crucial event,
which forms a hybrid of crRNA-tracrRNA, and makes a complex
with Cas nucleases that cleave target-DNA sequences nearby
to short sequences called protospacer adjacent motifs (PAMs)
(20, 21). Genetic engineers can manipulate the CRISPR/Cas
system efficiently and can target genes of interest to regulate their
functions effectively in any eukaryotic organism, particularly
in mammalian. The molecular biology of the CRISPR/Cas
reveals how it can be operated while using synthetic guide
RNAs (gRNAs) and other components to the target region of
interest in DNA molecule for the desired application and finds
the disease-causing genetic variations (22). Typically, the most
widely used CRISPR system i.e., CRISPR/Cas9 targets 5′ of a PAM
sequence. They induce double-stranded breaks (DSBs), which
can be repaired by 2 DNA repair pathways called, homology
directed repair (HDR) and non-homologous end joining (NHEJ)
(22). HDR pathway facilitates precise gene modifications in the
presence of a repair template (23). However, in the absence
of a repair template, DSBs repaired by the NHEJ pathway
that introduces insertion or deletions by editing DNA region,
resulting in target genes disruption by shifting the reading frame
(23, 24).

CRISPR/Cas nucleases-induced DSBs are mostly repaired
by efficient eukaryotic cellular NHEJ pathway rather than by
the HDR (25). Meanwhile, utilizing the Cas9 nickases can
optimize the yields of indel at the genes loci, and enhance the
HDR efficiency (26). The efficacy of the HDR pathway can be
improved by enhancing the HDR pathway via gene silencing or
suppressing non-homologous end-joining proteins activity (23),
using small-molecule reagents (23, 27), or expressed proteins
(26–28). Currently, DNA repair proteins have shown promising
capacities in this regard, but in vivo implementation of these
strategies are challenging. Moreover, DSBs in cells via DNA
repair pathways are described that lead to many undesired
genomic alterations, such as large deletions and translocations
(29, 30). Various efforts have been made to improve HDR, such
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as DNA donor template designing, system delivery, and cell cycle
synchronization (26, 31–33).

PROS AND CONS OF CRISPR/CAS
TECHNOLOGIES

In the last few years, advances in CRISPR/Cas technologies
are spectacular and have shown considerable potential in
several fields of life sciences research. CRISPR technologies
are now considered more accurate, target-specific, easy to
use, and multi-potential. Despite the remarkable advances in
CRISPR, several limitations and concerns still exist, which
need to be addressed and solved for the optimized Cas
systems development. The current attempts at addressing all
those concerns have been made to overcome these technical
hurdles. In the following sections, the main limitations of the
CRISPR technologies and recent advances to address them
are discussed.

The off-target effects are still a major concern in complex
eukaryotic organisms, most often in vivo for therapeutic
applications (34, 35). The targeting specificity depends upon the
gRNA of Cas9 and PAM sequences, and off-target cleavage in
the genome (36). Different online editing programs have been
developed and successfully utilized to identify and predict off-
target cleavages in silico. However, these tools are limited to
examining homologous genes and face shortcomings to predict,
for example, epigenetic modifications. Technical advances like
high throughput genome-wide next-generation sequencing, play
an important role in reducing off-target effects (35, 37).
Developing a well-optimized and engineered CRISPR system
can significantly reduce the off-target effects. For instance,
off-target effects can be reduced via increasing the nucleases
cleavage specificity or reducing the time frame of functional
activity for their applications. Different Cas proteins that exhibit
enhancements in on-target specificity have been engineered that
include eSpCas9, HF-Cas9, HypaCas9, and Sniper Cas9 (38–
41). Another approach is using Cas9 nickases, where one of
the endonuclease domains were catalytically inactivated and as
a result, the low off-target effect was analyzed in the genome
(42, 43). Off-target effects induced by CRISPR can be reduced
by limiting the duration of Cas9 activity. For example, the Cas9
system delivered via electroporation had shown a shorter half-
life than delivered by other vector systems such as lentiviral or
plasmid vector system-based cargo delivery methods. Dosage
affects several parameters and the target specificity of cleavage
can play an important role in their applications. Alternatively,
the target specificity of Cas9 systems can be enhanced by
direct modulation of the activity of the genome-editing proteins,
Cas9 proteins, by reducing their activity following the target
locus alteration (44). The Cas9 nucleases were activated by
inserting a modified 4-hydroxytamoxifen-responsive intein, a
cell-permeable small molecule, at specific positions in Cas9
(44). These conditionally active Cas9 systems could alter the
target genomic sites and were reported to enhance the target
specificity human cells, up to 25-folds higher than the wild-type
Cas9 (44–47).

Recent evidences have demonstrated that CRISPR system
could be a highly efficient approach for the gene editing
and manipulation applications in a variety of eukaryotic cells.
However, HDR and indel mutation in some genome sites
have shown low efficiency. To address the insufficient indel of
Cas-system in the target sites, some efforts have been made to
increase efficacy by either Cas engineering or gRNA (48, 49).
The CRISPR/Cas proteins preceded DSB after the recognition
of a PAM sequence (50, 51). Each type of Cas proteins contain
their PAM sequence in the genome. Broadly speaking, type II
CRISPR/Cas recognizes 3′ G-rich DNA sequences, while another
type V, preferred 5′ T-rich sequences for their application.

The main issue in genome editing approaches is the
unavailability of PAM in the desired gene loci. However, a range
of Cas-nucleases variances such as SpCas9 and Cas12a are now
available that are decreasing PAM restriction (52, 53). These
kinds of advancements will provide flexibility in genome editing
for the desired specific targets. In other ways, artificial intelligence
plays a critical role and has been adopted for experimental
designing to predict target sequences with high indel efficiency
(54). The desired HDR efficiency to make genes functionally
correct remains low, though different chemical and engineering
tools have been used, i.e., chemical reagents, such as SCR7,
NU7441, and KU0060648 (55, 56). The use of a donor template in
the form of ssDNA led to increased HDR efficiency in cells (57).
CRISPR/Cas often triggers cell apoptosis due toDSBs, rather than
the desired genome editing (58). The safety issue raises when this
genome editing system is utilized in human pluripotent stem cells
(hPSCs). In response to DSBs by CRISPR, the activation of p53
occurred that triggers cellular apoptosis (59).

Recently, genome editing with base editorsmakes it possible to
precisely fix desired targeted point mutations without requiring
donorDNA templates, DSBs, or independence onHDR. In recent
decades, these editing systems have been catalytically impaired
nucleases, as a result, DSBs have not occurred. Importantly, 2
classes of base editors have been established; namely, cytosine
base editors (CBEs) and adenine base editors (ABEs); they enable
to catalyze the C•G base pairs (bp) conversion to T•A bp,
and A•T bp to G•C bp, respectively (60–62). Besides these,
catalytically inactivated CRISPR-dCas9 (dCas9) was applied for
epigenome modifications instead of a genome that can alter gene
regulation. CRISPRa and CRISPRi system has been developed to
activate and silence genes, respectively (63). For example, dCas9
in combination with histone deacetylase (HDAC), improved
CRISPR system efficacy and optimal positioning and developed
an organized system to study epigenome (64). The evaluation
of off-target effects can be analyzed through several online
bioinformatics tools to predict potential off-targets with similar
sequences, such as CCTop (https://crispr.cos.uniheidelberg.de),
and Cas-OFFinder.

In addition, technical limitations and advances in the field of
CRISPR technologies raise concerns for immunogenic toxicity.
Recently, a study has shown that human subjects included,
possessed pre-existing antibodies against Cas9. The obtained
results showed that more than 50% of their subjects included
in the study had immunity against the commonly used bacterial
nucleases (65). In their study, the two extensively studied
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nucleases for gene therapy of Cas orthologs i.e., SaCas9 and
SpCas9, were prevalent in human blood, and the human immune
system has shown an immunogenic response against these
nucleases. In this regard, extensive studies should be conducted
particularly, for in vivo gene therapy applications. Furthermore,
the gRNA triggers an innate immune response in human cells
due to the presence of the phosphate group at the 5′ terminal
(66). In addition, CRISPR has been extensively applied in clinical
trials to modify somatic cells ex vivo, with the aim of reducing
risk, and subsequently, transferring for in vivo gene therapy
applications. However, the germ-line gene editing studies for
therapeutic purposes still face ethical challenges. In this regard,
the ongoing and near-future clinical trials on somatic CRISPR
therapy need to be evaluated for the long-term to check the
system efficacy and safety.

CRISPR DELIVERY APPROACHES AND
CHALLENGES

An efficient delivery of both Cas9 and the single guide RNA
(sgRNA) to the target cell is required for a successful in vivo
administration of CRISPR/Cas9. The delivery approach should
have high editing efficiency, induce low immunogenicity and
deliver the Cas9/sgRNA specifically to the target organ or
cell type. The first generation genome editing strategies in
mammalian cells have been utilized the plasmid based expression
of Cas9 and sgRNA (8, 9). Moreover, this approach is efficient for
in vivo applications in model organisms such as mice because the
plasmid can be delivered to the tissue by hydrodynamic injection
(67) or electroporation (68–70). However, in these applications
the targeting delivery and editing efficiency are limited and
control over the Cas9 activity is poor. Therefore, different viral
and non-viral delivery strategies have been developed to enhance
the performance of in vivo delivery of Cas9/sgRNA (71–73).

Adeno-associated virus (AAV) vectors are effective and among
the most common used viral vectors for gene therapy because
of their unique features including non-integrating nature, high
transduction efficiency and serologically compatible with most
of human population (74–77). Furthermore, the rich diversity
of serotypes with distinct tissue tropisms enables AAVs to
selectively target different organs (78, 79). However, the main
limiting issue of AAVs for delivery of CRISPR and Cas9 is the
limited cargo size of AAVs, so that the Cas systems and sgRNA
should be encoded on additional separate vectors (74). AAVs can
be administrated systemically or directly applied to the target
organ for genome editing applications (75, 80–82). Using lipid
nanoparticles (LNPs) is an alternative approach to viral delivery,
which offer availability, low cost and high compatibility (83–85).
LNPs have been employed for successful delivery of siRNA and
mRNA in clinical trials (83, 86). Moreover, recent studies have
demonstrated that LNPs can encapsulate and deliver the sgRNA
and Cas9 mRNA to murine liver with high delivery efficiency
and targeting performance (87–90). Furthermore, multifunction
and modified nanoparticles can be additionally loaded with a
donor template and thereby allow homology directed repair (91).
However, the nanoparticles based carriers with a donor template

suffer low editing efficiency (91). The main focus of the current
research is on improving and establishing CRISRP/Cas9 as a gene
repair tool. However, it is expected that CRISPR/Cas9 would be
translated into a therapeutic agent for cancer treatment in clinical
setting. To achieve this goal, the main step is developing effective
carriers for tissue-specific delivery of Cas9/sgRNA (92–94).

Low editing efficiency in tumors and potential toxicity of
the currently available delivery systems are the main limiting
factors against translation of CRISPR/Cas9 technology into
cancer therapeutics. The presence of an appropriate and effective
alternative of delivery strategy is critical for CRISPR/Cas9
delivery, particularly where genome editing systems should be
effectively conducted in the targeted organisms or cells. Until
now, in vivo delivery of the Cas9 system remains challenging.
Both physical techniques and viral vectors have been utilized
for the delivery of the Cas9-based gene editing platform. The
physical approaches are more feasible for in vitro delivery, but
the viral vectors based techniques usually suffer limited packing
capacities and poor safety profile. Recent preclinical and animal
studies have demonstrated promising delivery performance and
targeting efficacy of non-viral drug delivery systems such as
polymeric and lipid nanocarriers for the delivery of CRISPR/Cas9
systems. These non-viral vectors are expected to be candidate
carriers for the genome editing platform in the near future.
The efforts in optimizing cationic nanocarriers with structural
modification are described and promising non-viral vectors
under clinical investigations are highlighted.

Different studies have recently developed a safe and effective
strategy for antibody-targeted cell-specific delivery of mRNAs
and siRNAs through systemically administration of LNPs (95–
97). In this regard, few studies have reported promising outcomes
in using LNPs for the delivery of Cas9 mRNA and sgRNAs. The
initial findings showed that aminoionizable LNPs could serve as
a safe and efficient carrier for Cas9 components (87). Rosenblum
et al. reported a single intracerebral injection of CRISPR-
LNPs against PLK1 (sgPLK1-cLNPs) into metastatic orthotopic
glioblastoma enhanced the in vivo gene editing specificity up to
∼70%, which inhibited tumor growth by 50%, induced tumor cell
apoptosis, and enhanced survival by 30% (87). The cLNPs were
engineered for antibody-targeted cell specific delivery to reach
the distributed tumors (87, 88, 97, 98). Intraperitoneal injections
of sgPLK1-cLNPs targeting EGFR improved the site specificity
of gene editing in vivo by 80% for distributed ovarian tumors,
and inhibited tumor growth, and increased survival by 80% (87).
The capacity of disrupting gene expression in vivo in tumors is
a promising feature for translating CRISPR tools into clinical
applications and paves the way for developing gene editing
techniques for cancer research and treatment and potential
applications for targeted gene editing of non-malignant tissues.

Methods of Delivery
CRISPR technology has been reported one of the most promising
therapeutic tool that could efficiently correct a variety of disease-
associated mutations. In this view, it must be transported directly
to their target site.

Multiple techniques have been developed for CRISPR delivery
such as physical, viral, and non-viral delivery systems (99).
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Physical methods include microinjection, transfection, and
electroporation that are most suitable for research purposes in
cell culture. However, these strategies can be used for ex-vivo
cell manipulation for adoptive transfer (100). Multiple studies
revealed the delivery of Cas9 protein/gRNA ribonucleoprotein
complexes into many cells of mammals by electroporation or
transfection mediated by liposomes (101, 102). The findings
of the studies have reported that the rate of insertion/deletion
(InDel), induced by nuclease was 87% in induced pluripotent
stem cells (iPSC). Furthermore, off-target cleavage was decreased,
as compared with the transfection in plasmid DNA (102).
Cas9/gRNAs delivered by lentiviral transduction or plasmid
transfection have a longer half-life relative to Cas9–RNP
complexes delivered through electroporation. Furthermore,
Cas9-RNPs are active immediately post-delivery due to no lag,
however, protein synthesis occurs. A reported study has been
revealed that LNPs can efficiently deliver Cas9-RNP (71). Viral
vectors, such as adenovirus, lentivirus, and adeno-associated
virus (AAV) vectors have been used for delivery in clinical
trials. Lentiviral vectors have been derived from HIV that
provide stable and efficient delivery and can infect dividing
as well as non-dividing cells, including the brain cells. Viral
genes, such as vpr, vif, and nef are not needed for packaging.
Therefore, the underlined genes are deleted while the expression
of packaging genes are provided on separate plasmids to decrease
the probabilities of reconstruction of wild-type virus (103).
Moreover, lentiviral vectors are not suitable for therapeutic uses
due to integration but this risk can be lowered via IDLV (104).
Adenoviruses are viruses containing a linear double-stranded
DNA genome of around 36 Kbp in length with four early and
five late transcription units. The majority of the vectors are based
upon adenovirus type 5 (Ad5). A recombinant virus has been
constructed by removal of the early gene E1 or E1 plus E3 and
grown in a packaging cell line that shows the expression of
E1 to form infectious recombinant virus. Adenovirus can infect
dividing as well as non-dividing cells and not show integration
into the host genome (104).

Despite these applications, lentivirus and adenovirus vectors
having some drawbacks, particularly safety problems associated
with their immunogenicity (105). AAV vectors have significantly
lower immunogenicity. AAV is a 4.7 Kb single-stranded DNA
virus that needs E1 for the packaging of infectious viruses
and can transduce dividing as well as non-dividing cells. In
infected cells, the AAV genome can persist in an episomal form,
but infrequently shows integration in the host genome. The
most commonly used vectors for delivery of Cas9 are AAV
because these vectors are very efficient and low immunogenic
(106). However, the large size of the Cas9 endonuclease is
a complication in its effective delivery with the gene for
Streptococcus pyogenes Cas9 being about 4.2 Kb, while the size
limit for AAV is between ∼4.5 to 4.9Kb (Figure 1). Ran et al.
(108) described Cas9 orthologs and revealed that Streptococcus
aureus (SaCas9) shows similar potency of editing to SpCas9, but
is over 1Kb shorter and can specifically and efficiently perform
gene editing. In recent years, the isolation of another Cas9
ortholog has been carried out from Campylobacter jejuni, which
is shorter with a size of 2.95Kb (109). It has been revealed that

the packaging of the CjCas9 gene could be performed in an AAV
vector along with gRNA and a marker gene for the generation of
high viral titers that may deliver more specific CjCas9, and was
revealed to be a targeted endonuclease.

CRISPR APPLICATIONS IN CANCER
RESEARCH

Cancer is a disease of aberrant cell signaling that occurs due
to a variety of genetic and epigenetic alterations in DNA.
These alterations include the oncogenes, which enhance cell
proliferation, and the tumor suppressors, which regulate cell
growth and metabolism. The underline alterations lead to cancer
progression. Nowadays, the ability of CRISPR to correct such
cancer-associated alterations is an important objective for cancer
diagnosis, cancer therapy, and other related applications. Hence,
CRISPR is a promising tool that has been widely adopted in
oncology research (Figure 2) with focusing on; animal tumor
model construction, the discovery of new drug targets; cancer
gene therapy, genetic screening related to drug resistance, and
many others. In the below section, some of the promising
applications of CRISPR in cancer research are summarized.

CRISPR for Tumor Research Modeling
Understanding complex mechanisms at the molecular level
that drive tumor progression is a crucial step to advance
therapeutics development. Usually, tumors arise due to multiple
gene mutations, and this complexity makes it difficult for the
development of full-pledge cancer models. In this view, the
CRISPR system was considerably used to establish rapid tumor
models, both in vitro and in vivo. These models allow identifying
the genetic determinants and a comprehensive detail of the
mechanisms that underlying tumor occurrence, progression,
and development.

The generation of in vitro cancer model, while using
CRISPR/Cas in mammalian cell lines with single or multiple
gene(s) deletions is now easy and feasible (110), such as CRISPR-
based mediated silencing of MELK, a cancer drug (OTS167)
target in several clinical trials. The inactivation of MELK via
CRISPR remains sensitive to OTS167 and does not affect the
potency of cancer-derived cell lines. The underlined study
explores the use of CRISPR that accelerate targeted cancer
therapy research (111). Furthermore, CRISPR is applied to knock
in or knock out functional alleles to develop drug resistance in
vitro. CRISPR makes it possible to quickly evaluate candidate
genes or specificmutations, associated with drug resistance (112).
In this regard, a study was performed using CRISPR to identify
mutations in crucial genes involved in therapeutic resistance that
might be used for drug developmental strategies. For instance,
NAMPT has been identified as the main drug target for the
anti-cancer agent i.e., KPT-9274 (113). CRISPR, a versatile tool
can be utilized to explore the genetic complexity of human
cancer malignancies, such as myeloidmalignancies, a malignancy
that is driven by mutations in several genes, including Dnmt3a,
Trp53, Tet2, Runx1, Ezh2, Smc3, Nf1, and Asxl1. By using the
CRISPR system in single mouse hematopoietic stem cells, up
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FIGURE 1 | The CRISPR/Cas9 mechanism of action. Permission from (107).

FIGURE 2 | Methods for delivery of Cas9-sgRNA complex to cell (A) Microinjection based delivery of Cas9-sgRNA (B) viral vector (AAV) based delivery (C) Lipofection

(D) Cas9-sgRNA complex delivery into mammalian cells via Cell-penetrating peptides (CPP) revealed considerable genome editing with elevated level efficiency. With

permission (107).
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FIGURE 3 | CRISPR/Cas systems applications in tumor research, drug

development, and cancer therapies.

to 5 genes were modified that induce the myeloid malignancies
in mice (114). This study highlights the role of multiple gene
mutations in cancer. CRISPR/Cas systems can be used to
establish an in vivo tumor model. In exploring a complex
mechanism of tumorigenesis, the in vivo cancer models play a
critical role in the finding of key events i.e., pathogenesis and
drug resistance. For example, the CRISPR system was used to
attain mutations in important genes; P53, Kras, and Lkb1 in
mice. These modifications/mutations in mice led to pathological
changes in lung adenocarcinoma (115). The delivery of CRISPR
cargoes into the living system plays an important role in model
generation. For example, a lentiviral vector system used to deliver
CRISPR into the desired target organs in vivo that create specific
malignancy models (Figure 3) (116, 117).

CRISPR-Based Screening Approaches in
Cancer
CRISPR is effectively utilized to facilitate the discovery of
next-generation targets or candidate genes that are sensitive or
resistant to cancer therapy. Using the CRISPR system, several
genetic screening studies were performed in vitro. It has been
reported that in melanoma, the CRISPR library was applied
to find the drug resistance mechanism of vemurafenib (PLX),
an inhibitor of the BRAF protein kinase. In this study, new
PLX-resistant candidates namely; TADA1, TADA2B, CUL3, and
NF2 have been revealed (118). Moreover, using cell lines, the
CRISPR screening has been utilized to identify oncogenes,
and tumor suppressors in vivo (119, 120). The study showed
the loss-of-function genetic screens and in vivo tumor mice
models using CRISPR, and confirmed candidates gene and the
pathways that are connected in the sensitivity and development
of resistance to cancer immunotherapy (121). Strong evidences

have highlighted the role of the Cas9 system in combination
with RNA scaffolds that can be applied to induce site-specific
epigenetic and transcriptional modifications while targeting a
crucial region of the OCT4 promoters (122, 123). The OCT4 gene
is recognized as one of the key players, which plays a critical role
in tumorigenesis and therapy resistance.

Targeting Gene Regulation in Cancer
In cancer, gene regulation has affected both post-transcriptional
and translational modifications that evolve cancer cells to survive
and adapt within the microenvironment. For example; the
Knockdown of micro RNAs (miRNAs) that enhance tumor
initiation and development can prevent tumor occurrence,
development, and anti-cancer therapy resistance. In this view,
a study found a knocked-out miR-17 in colorectal cell line and
injected into nude mice (124). The obtained results showed
a stable gene-phenotype even after 2 weeks in tumor tissue
which indicated that CRISPR can play a critical role in targeting
miRNAs and can effectively target tumorigenic miRNAs. In
cancers, abnormal expression of epigenetic regulatory genes
plays an important role in tumorigenesis processes. Targeting
acetyltransferase p300 (associated with a catalytic histone H3
lysine acetylation) using CRISPR system can activate gene
promoters and co-regulatory components, which in turn
facilitate the expression of the target gene and the associated
genes (125).

Tumor Immuno-Regulation and
Immunotherapy Approaches
Tumor immune escape is one of the key mechanisms
of the cancer cell to survive and adapted in the tumor
microenvironment, while the immune system unable to
recognize it. Subsequently, tumor cells leash the immune cells
through multiple pathways and thereby tumor cell progression
and metastasis occur. Cancer immunotherapy is considered as
an attractive strategy to target cancers and emerged as a potential
therapeutic modality for the treatment of cancers. However,
issues are existing to make it more precise for cancer patients
(126, 127). In recent years, genetically engineered T cells against
tumors have shown remarkable therapeutic effectiveness and
performance. In human immune system, T cells play crucial
roles in protecting the human body from infection by pathogens
and eliminating mutant cells through specific recognition by
T cell receptors (TCRs). Cancer immunotherapy utilizes the
TCRs based recognition strategy to enhance the antitumor
efficacy of T cells through releasing the inhibition of immune
checkpoints and expanding adaptive immunity by promoting
the adoptive transfer of genetically engineered T cells. T cells
genetically equipped with chimeric antigen receptors (CARs)
or TCRs have demonstrated significant effectiveness in treating
different hematological disorders. However, themain issue of this
approach is limited efficacy of engineered T cells in treating solid
tumors. CRISPR system provides a new way to make engineered
T-cells more efficient for the clinical treatment of different types
of cancers (128). Moreover, the production of chimeric antigen
receptor T (CAR-T) cells are significantly associated with the
cancer therapy. Using CRISPR/Cas9, T-cells are genetically
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engineered in vitro, where the genes have been inserted and CAR
protein have been expressed on the cell-surface that activated
and recognized antigen on malignant cells very efficiently (129).
Currently, several clinical trials are underway, using CRISPR
for cancer immunotherapy applications (clinicaltrials.gov).
However, several efficacy and safety challenges still exist on using
CRISPR/Cas for clinical applications.

CONCLUSION AND PERSPECTIVES

The precipitous development in CRISPR technologies to their
versatile and precise genome engineering in the last few years
has been spectacular. These versatile tools now consider as
an umbrella term, which revolutionized the life sciences and
enabling advances in basic research for a variety of applications.
It is believed that CRISPR can be established in clinics that
can offer many therapeutic opportunities for treating human
diseases, including cancer. Continued progress to improve
and revolutionize new ways to deliver genome engineering
tools into cells, and advance their capabilities to edit can
implement these technologies for many therapeutic applications.
CRISPR/Cas systems are widely utilized in tumor research for
many applications both in vitro and in vivo models. Several
clinical trials are currently underway, using the CRISPR/Cas

system to accelerate or making the therapies more reliable to
treat cancer effectively. However, extensive research work is still
required to develop and applied these technologies in clinics.
These technologies can provide wide-ranging opportunities for
specific and desired genome engineering and can become a
potent asset for the modern era of medicine. Continuous efforts
to understand all their pitfalls, improving editing capabilities, and
advances in the delivery systems will ensure the CRISPR system
for the full potential to benefit society in near future.
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2. Tomczak K, Czerwińska P, Wiznerowicz M. The cancer genome atlas
(TCGA): an immeasurable source of knowledge. Contemp Oncol. (2015)
19:A68–77. doi: 10.5114/wo.2014.47136

3. Lee JK, Choi YL, Kwon M, Park PJ. Mechanisms and consequences
of cancer genome instability: lessons from genome sequencing
studies. Annu Rev Pathol Mech Dis. (2016) 11:283–312.
doi: 10.1146/annurev-pathol-012615-044446

4. Garraway LA, Lander ES. Lessons from the cancer genome. Cell. (2013)
153:17–37. doi: 10.1016/j.cell.2013.03.002

5. Chmielecki J, Meyerson M. DNA sequencing of cancer:
what have we learned? Annu Rev Med. (2014) 65:63–79.
doi: 10.1146/annurev-med-060712-200152

6. Joung JK, Sander JD. TALENs: a widely applicable technology for
targeted genome editing. Nat Rev Mol Cell Biol. (2013) 14:49–55.
doi: 10.1038/nrm3486

7. Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD. Genome editing
with engineered zinc finger nucleases. Nat Rev Genet. (2010) 11:636–46.
doi: 10.1038/nrg2842

8. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex
genome engineering using CRISPR/Cas systems. Science. (2013) 339:819–23.
doi: 10.1126/science.1231143

9. Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-
guided human genome engineering via Cas9. Science. (2013) 339:823–6.
doi: 10.1126/science.1232033

10. Nelson CE, Gersbach CA. Engineering delivery vehicles for
genome editing. Annu Rev Chem Biomol Eng. (2016) 7:637–62.
doi: 10.1146/annurev-chembioeng-080615-034711

11. Chen Y, Zhang Y. Application of the CRISPR/Cas9 system to drug resistance
in breast cancer. Adv Sci. (2018) 5:1700964. doi: 10.1002/advs.201700964

12. Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, Tabata M, et al.
Targeted nucleotide editing using hybrid prokaryotic and vertebrate adaptive
immune systems. Science. (2016) 353:aaf8729. doi: 10.1126/science.aaf8729

13. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakatura A. Nucleotide
sequence of the iap gene, responsible for alkaline phosphatase isoenzyme
conversion in Escherichia coli, and identification of the gene product.
J Bacteriol. (1987) 169:5429–33. doi: 10.1128/JB.169.12.5429-5433.1987

14. Kampmann M. CRISPRi and CRISPRa screens in mammalian cells
for precision biology and medicine. ACS Chem Biol. (2018) 13:406–16.
doi: 10.1021/acschembio.7b00657

15. 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.
doi: 10.1099/mic.0.28048-0

16. 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. doi: 10.1099/mic.0.27437-0

17. Mojica FJ, 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. doi: 10.1007/s00239-004-0046-3

18. Barrangou R, Fremaux C, Deveau H, RichardsM, Boyaval P, Moineau S, et al.
CRISPR provides acquired resistance against viruses in prokaryotes. Science.
(2007) 315:1709–12. doi: 10.1126/science.1138140

19. Godde JS, Bickerton A. The repetitive DNA elements called CRISPRs and
their associated genes: evidence of horizontal transfer among prokaryotes.
J Mol Evol. (2006) 62:718–29. doi: 10.1007/s00239-005-0223-z

20. Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, Pirzada ZA,
et al. CRISPR RNA maturation by trans-encoded small RNA and host factor
RNase III. Nature. (2011) 471:602–5. doi: 10.1038/nature09886

21. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science. (2012) 337:816–21. doi: 10.1126/science.1225829

Frontiers in Medicine | www.frontiersin.org 8 March 2021 | Volume 8 | Article 649896

https://clinicaltrials.gov/
https://doi.org/10.1001/jamaoncol.2019.2996
https://doi.org/10.5114/wo.2014.47136
https://doi.org/10.1146/annurev-pathol-012615-044446
https://doi.org/10.1016/j.cell.2013.03.002
https://doi.org/10.1146/annurev-med-060712-200152
https://doi.org/10.1038/nrm3486
https://doi.org/10.1038/nrg2842
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1232033
https://doi.org/10.1146/annurev-chembioeng-080615-034711
https://doi.org/10.1002/advs.201700964
https://doi.org/10.1126/science.aaf8729
https://doi.org/10.1128/JB.169.12.5429-5433.1987
https://doi.org/10.1021/acschembio.7b00657
https://doi.org/10.1099/mic.0.28048-0
https://doi.org/10.1099/mic.0.27437-0
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1126/science.1138140
https://doi.org/10.1007/s00239-005-0223-z
https://doi.org/10.1038/nature09886
https://doi.org/10.1126/science.1225829
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang et al. CRISPR/Cas in Precision Cancer Research

22. Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and
targeting genomes. Nat Biotechnol. (2014) 32:347–55. doi: 10.1038/nbt.2842

23. Yeh CD, Richardson CD, Corn JE. Advances in genome editing through
control of DNA repair pathways. Nat Cell Biol. (2019) 21:1468–78.
doi: 10.1038/s41556-019-0425-z

24. Lieber MR, Ma Y, Pannicke U, Schwarz K. Mechanism and regulation of
human non-homologous DNA end-joining. Nat Rev Mol Cell Biol. (2003)
4:712–20. doi: 10.1038/nrm1202

25. Lieber M. The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annu Rev Biochem. (2010)
79:181–211. doi: 10.1146/annurev.biochem.052308.093131

26. Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. Enhancing
homology-directed genome editing by catalytically active inactive CRISPR-
Cas9 using asymmetric donor DNA. Nat Biotechnol. (2016) 34:339–44.
doi: 10.1038/nbt.3481

27. Chu VT, Weber T, Wefers B, Wurst W, Sander S, Rajewsky K, et al.
Increasing the efficiency of homology-directed repair for CRISPR-Cas9-
induced precise gene editing in mammalian cells. Nat Biotechnol. (2015)
33:543–8. doi: 10.1038/nbt.3198

28. Canny MD, Moatti N, Wan LCK, Fradet-Turcotte A, Krasner D, Mateos-
Gomez PA, et al. Inhibition of 53BP1 favors homology-dependent
DNA repair and increases CRISPR-Cas9 genome-editing efficiency. Nat
Biotechnol. (2018) 36:95–102. doi: 10.1038/nbt.4021

29. Kosicki M, Tomberg K, Bradley A. Repair of double-strand breaks induced
by CRISPR-Cas9 leads to large deletions and complex rearrangements. Nat
Biotechnol. (2018) 36:765–71. doi: 10.1038/nbt.4192

30. Cullot G, Boutin J, Toutain J, Prat F, Pennamen P, Rooryck C, et al. CRISPR-
Cas9 genome editing induces megabase-scale chromosomal truncations.Nat
Commun. (2019) 10:1136–55. doi: 10.1038/s41467-019-09006-2

31. Renaud JB, Boix C, Charpentier M, De Cian A, Cochennec J, Duvernois-
Berthet E, et al. Improved genome editing efficiency and flexibility using
modified oligonucleotides with TALEN and CRISPR-Cas9 nucleases. Cell
Rep. (2016) 14:2263–72. doi: 10.1016/j.celrep.2016.02.018

32. Nishiyama J, Mikuni T, Yasuda R. Virus-mediated genome editing via
homology-directed repair in mitotic and postmitotic cells in mammalian
brain. Neuron. (2017) 96:755–68. doi: 10.1016/j.neuron.2017.10.004

33. Lin S, Staahl BT, Alla RK, Doudna JA. Enhanced homology-directed human
genome engineering by controlled timing of CRISPR/Cas9 delivery. Elife.
(2014) 3:e04766. doi: 10.7554/eLife.04766

34. Yang HC, Chen PJ. The potential and challenges of CRISPR-Cas in
eradication of hepatitis B virus covalently closed circular DNA. Virus Res.
(2018) 244:304–10. doi: 10.1016/j.virusres.2017.06.010

35. Zischewski J, Fischer R, Bortesi L. Detection of on-target and off-target
mutations generated by CRISPR/Cas9 and other sequence-specific nucleases.
Biotechnol Adv. (2017) 35:95–104. doi: 10.1016/j.biotechadv.2016.12.003

36. Suleiman AAJ, Saedi WY, Muhaidi MJ. Widely used gene editing strategies
in cancer treatment a systematic review. Gene Rep. (2020) 1:100983–99.
doi: 10.1016/j.genrep.2020.100983

37. Yee J. Off-target effects of engineered nucleases. FEBS J. (2016) 283:3239–48.
doi: 10.1111/febs.13760

38. Lee JK, Jeong E, Lee J, Jung M, Shin E, Kim Y, et al. Directed evolution
of CRISPR-Cas9 to increase its specificity. Nat Commun. (2018) 9:3048.
doi: 10.1038/s41467-018-05477-x

39. Lee J, Jung MH, Jeong E, Lee JK. Using sniper-Cas9 to minimize off-target
effects of CRISPR-Cas9 without the loss of on-target activity via directed
evolution. J Vis Exp. (2019) 144:e59202-10. doi: 10.3791/59202

40. Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa AA, Harrington
LB, et al. Enhanced proofreading governs CRISPR-Cas9 targeting accuracy.
Nature. (2017) 550:407–10. doi: 10.1038/nature24268

41. Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, et al. Evolved Cas9
variants with broad PAM compatibility and high DNA specificity. Nature.
(2018) 556:57–63. doi: 10.1038/nature26155

42. Tsai SQ JKJ. Defining and improving the genome-wide specificities
of CRISPR–Cas9 nucleases. Nat Rev Genet. (2016) 17:300–12.
doi: 10.1038/nrg.2016.28

43. Tycko J, Myer VE, Hsu PD. Methods for optimizing CRISPR-
Cas9 genome editing specificity. Mol Cell. (2016) 63:355–70.
doi: 10.1016/j.molcel.2016.07.004

44. Davis KM, Pattanayak V, Thompson DB, Zuris JA, Liu DR. Small molecule–
triggered Cas9 protein with improved genome-editing specificity. Nat Chem
Biol. (2015) 11:316–8. doi: 10.1038/nchembio.1793

45. Carlson-Stevermer J, Das A, Abdeen AA, Fiflis D, Grindel BI, Saxena
S, et al. Design of efficacious somatic cell genome editing strategies
for recessive and polygenic diseases. Nat Commun. (2020) 11:6277.
doi: 10.1038/s41467-020-20065-8

46. Li L, Hu S, Chen X. Non-viral delivery systems for CRISPR/Cas9-based
genome editing: challenges and opportunities. Biomaterials. (2018) 177:207–
18. doi: 10.1016/j.biomaterials.2018.04.031

47. Ghosh D, Venkataramani P, Nandi S, Bhattacharjee S. CRISPR-Cas9 a boon
or bane: the bumpy road ahead to cancer therapeutics.Cancer Cell Int. (2019)
19:12. doi: 10.1186/s12935-019-0726-0

48. Strecker J, Jones S, Koopal B, Schmid-Burgk J, Zetsche B, Gao L, et al.
Engineering of CRISPR-Cas12b for human genome editing. Nat Commun.

(2019) 10:212. doi: 10.1038/s41467-018-08224-4
49. Moon SB, Kim DY, Ko JH, Kim JS, Kim YS. Improving CRISPR genome

editing by engineering guide RNAs. Trends Biotechnol. (2019) 37:870–81.
doi: 10.1016/j.tibtech.2019.01.009

50. Nishimasu H, Shi X, Ishiguro S, Gao L, Hirano S, Okazaki S, et al.
Engineered CRISPR-Cas9 nuclease with expanded targeting space. Science.
(2018) 361:1259–62. doi: 10.1126/science.aas9129

51. Adli M. The CRISPR tool kit for genome editing and beyond. Nat Commun.

(2018) 9:1911. doi: 10.1038/s41467-018-04252-2
52. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, et al.

Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature.
(2015) 523:481–5. doi: 10.1038/nature14592

53. Gao L, Cox DBT, Yan WX, Manteiga JC, Schneider MW, Yamano T, et al.
Engineered Cpf1 variants with altered PAM specificities. Nat Biotechnol.
(2017) 35:789–92. doi: 10.1038/nbt.3900

54. Kim HK, Min S, Song M, Jung S, Choi JW, Kim Y, et al. Deep learning
improves prediction of CRISPR–Cpf1 guide RNA activity. Nat Biotechnol.
(2018) 36:239–48. doi: 10.1038/nbt.4061

55. Maruyama T, Dougan SK, Truttmann MC, Bilate AM, Ingram JR, Ploegh
HL. Increasing the efficiency of precise genome editing with CRISPR-Cas9 by
inhibition of nonhomologous end joining. Nat Biotechnol. (2015) 33:538–42.
doi: 10.1038/nbt.3190

56. Robert F, Barbeau M, Éthier S, Dostie J, Pelletier J. Pharmacological
inhibition of DNA-PK stimulates Cas9-mediated genome editing. Genome

Med. (2015) 7:93–101. doi: 10.1186/s13073-015-0215-6
57. Lee K, Mackley VA, Rao A, Chong AT, Dewitt MA, Corn JE, et al.

Synthetically modified guide RNA and donor DNA are a versatile
platform for CRISPR-Cas9 engineering. Elife. (2016) 6:e25312–25325.
doi: 10.7554/eLife.25312

58. Hu Z, Yu L, Zhu D, Ding W, Wang X, Zhang C, 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)
2014:612823–37. doi: 10.1155/2014/612823

59. Ihry RJ, Worringer KA, Salick MR, Frias E, Ho D, Theriault K, et al. p53
inhibits CRISPR–Cas9 engineering in human pluripotent stem cells. Nat
Med. (2018) 24:939–46. doi: 10.1038/s41591-018-0050-6

60. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR, et al. Programmable
editing of a target base in genomic DNA without double-stranded DNA
cleavage. Nature. (2016) 533:420–4. doi: 10.1038/nature17946

61. Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson DI, et al.
Programmable base editing of A• T to G• C in genomic DNA without DNA
cleavage. Nature. (2017) 551:464–71. doi: 10.1038/nature24644

62. Rees HA DRL. Base editing: precision chemistry on the genome
and transcriptome of living cells. Nat Rev Genet. (2018) 19:770–88.
doi: 10.1038/s41576-018-0059-1

63. Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, Whitehead
EH, et al. Genome-scale CRISPR-mediated control of gene repression and
activation. Cell. (2014) 159:647–61. doi: 10.1016/j.cell.2014.09.029

64. Kwon DY, Zhao YT, Lamonica JM, Zhou Z. Locus-specific histone
deacetylation using a synthetic CRISPR-Cas9-based HDAC. Nat Commun.

(2017) 8:15315. doi: 10.1038/ncomms15315
65. Charlesworth CT, Deshpande PS, Dever DP, Camarena J, Lemgart

VT, Cromer MK, et al. Identification of preexisting adaptive

Frontiers in Medicine | www.frontiersin.org 9 March 2021 | Volume 8 | Article 649896

https://doi.org/10.1038/nbt.2842
https://doi.org/10.1038/s41556-019-0425-z
https://doi.org/10.1038/nrm1202
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.1038/nbt.3481
https://doi.org/10.1038/nbt.3198
https://doi.org/10.1038/nbt.4021
https://doi.org/10.1038/nbt.4192
https://doi.org/10.1038/s41467-019-09006-2
https://doi.org/10.1016/j.celrep.2016.02.018
https://doi.org/10.1016/j.neuron.2017.10.004
https://doi.org/10.7554/eLife.04766
https://doi.org/10.1016/j.virusres.2017.06.010
https://doi.org/10.1016/j.biotechadv.2016.12.003
https://doi.org/10.1016/j.genrep.2020.100983
https://doi.org/10.1111/febs.13760
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.3791/59202
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nature26155
https://doi.org/10.1038/nrg.2016.28
https://doi.org/10.1016/j.molcel.2016.07.004
https://doi.org/10.1038/nchembio.1793
https://doi.org/10.1038/s41467-020-20065-8
https://doi.org/10.1016/j.biomaterials.2018.04.031
https://doi.org/10.1186/s12935-019-0726-0
https://doi.org/10.1038/s41467-018-08224-4
https://doi.org/10.1016/j.tibtech.2019.01.009
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1038/s41467-018-04252-2
https://doi.org/10.1038/nature14592
https://doi.org/10.1038/nbt.3900
https://doi.org/10.1038/nbt.4061
https://doi.org/10.1038/nbt.3190
https://doi.org/10.1186/s13073-015-0215-6
https://doi.org/10.7554/eLife.25312
https://doi.org/10.1155/2014/612823
https://doi.org/10.1038/s41591-018-0050-6
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/nature24644
https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.1016/j.cell.2014.09.029
https://doi.org/10.1038/ncomms15315
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang et al. CRISPR/Cas in Precision Cancer Research

immunity to Cas9 proteins in humans. Nat Med. (2019) 25:249–54.
doi: 10.1038/s41591-018-0326-x

66. Kim S, Koo T, Jee HG, Cho HY, Lee G, Lim DG, et al. CRISPR RNAs trigger
innate immune responses in human cells. Genome Res. (2018) 28:367–73.
doi: 10.1101/gr.231936.117

67. Xue W, Chen S, Yin H, Tammela T, Papagiannakopoulos T, Joshi NS,
et al. CRISPR-mediated direct mutation of cancer genes in the mouse liver.
Nature. (2014) 514:380–4. doi: 10.1038/nature13589

68. Yadollahpour A, Rezaee Z. Electroporation as a new cancer treatment
technique: a review on the mechanisms of action. Biomed Pharmacol J.

(2014) 7:53–62. Available online at: https://www.scopus.com/inward/record.
uri?eid=2-s2.0-84908121242&doi=10.13005%2Fbpj%2F452&partnerID=
40&md5=c6a7d7239b624985f4116e34a6fe5a29

69. Zuckermann M, Hovestadt V, Knobbe-Thomsen CB, Zapatka M, Northcott
PA, Schramm K, et al. Somatic CRISPR/Cas9-mediated tumour suppressor
disruption enables versatile brain tumour modelling. Nat Commun. (2015)
6:7391. doi: 10.1038/ncomms8391

70. Maresch R, Mueller S, Veltkamp C, Öllinger R, Friedrich M, Heid I,
et al. Multiplexed pancreatic genome engineering and cancer induction by
transfection-based CRISPR/Cas9 delivery in mice. Nat Commun. (2016)
7:10770. doi: 10.1038/ncomms10770

71. Chen F, Alphonse M, Liu Q. Strategies for nonviral nanoparticle-based
delivery of CRISPR/Cas9 therapeutics. Wiley Interdiscip Rev Nanomed

Nanobiotechnol. (2020) 12:e1609–17. doi: 10.1002/wnan.1609
72. Lv P, Liu X, Chen X, Liu C, Zhang Y, Chu C, et al. Genetically

engineered cell membrane nanovesicles for oncolytic adenovirus delivery: a
versatile platform for cancer virotherapy. Nano Lett. (2019) 19:2993–3001.
doi: 10.1021/acs.nanolett.9b00145

73. Yadollahpour A, Rashidi S. Magnetic nanoparticles: a review of chemical and
physical characteristics important in medical applications. Orient J Chem.

(2015) 31:25–30. doi: 10.13005/ojc/31.Special-Issue1.03
74. Senís E, Fatouros C, Große S, Wiedtke E, Niopek D, Mueller

AK, et al. CRISPR/Cas9-mediated genome engineering: an adeno-
associated viral (AAV) vector toolbox. Biotechnol J. (2014) 9:1402–12.
doi: 10.1002/biot.201400046

75. Yang Y, Wang L, Bell P, McMenamin D, He Z, White J, et al. A dual AAV
system enables the Cas9-mediated correction of a metabolic liver disease in
newborn mice. Nat Biotechnol. (2016) 34:334–8. doi: 10.1038/nbt.3469

76. Luo J, Luo Y, Sun J, Zhou Y, Zhang Y, Yang X. Adeno-associated virus-
mediated cancer gene therapy: current status. Cancer Lett. (2015) 356:347–
56. doi: 10.1016/j.canlet.2014.10.045

77. Yadollahpour A, Hosseini SAA, Jalilifar M, Rashidi S, Rai BMM. Magnetic
nanoparticle-based drug and gene delivery: a review of recent advances
and clinical applications. Int J Pharm Technol. (2016) 8:11451–66.
Available online at: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84975275516&partnerID=40&md5=733b63c2cadfcb469915e0c8561f60af

78. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes
1-9 mediated gene expression and tropism in mice after systemic injection.
Mol Ther. (2008) 16:1073–80. doi: 10.1038/mt.2008.76

79. Nieto K, Stahl-Hennig C, Leuchs B, Müller M, Gissmann L, Kleinschmidt
JA. Intranasal vaccination with AAV5 and 9 vectors against human
papillomavirus type 16 in rhesus macaques. Hum Gene Ther. (2012) 23:733–
41. doi: 10.1089/hum.2011.202

80. Yu W, Mookherjee S, Chaitankar V, Hiriyanna S, Kim JW, Brooks
M, et al. Nrl knockdown by AAV-delivered CRISPR/Cas9 prevents
retinal degeneration in mice. Nat Commun. (2017) 8:14716.
doi: 10.1038/ncomms14716

81. Yang S, Chang R, Yang H, Zhao T, Hong Y, Kong HE, et al.
CRISPR/Cas9-mediated gene editing ameliorates neurotoxicity in mouse
model of Huntington’s disease. J Clin Invest. (2017) 127:2719–24.
doi: 10.1172/JCI92087

82. Bengtsson NE, Hall JK, Odom GL, Phelps MP, Andrus CR, Hawkins RD,
et al. Muscle-specific CRISPR/Cas9 dystrophin gene editing ameliorates
pathophysiology in a mouse model for duchenne muscular dystrophy. Nat
Commun. (2017) 8:16007. doi: 10.1038/ncomms16007

83. Mehnert W, Mäder K. Solid lipid nanoparticles: production,
characterization and applications. Adv Drug Deliv Rev. (2001) 47:165–96.
doi: 10.1016/S0169-409X(01)00105-3

84. Yadollahpour A. Magnetic nanoparticles in medicine: a review of synthesis
methods and important characteristics. Orient J Chem. (2015) 31:271–7.
Available online at: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84983071862&doi=10.13005%2Fojc%2F31.Special-Issue1.33&partnerID=
40&md5=bdb96f69ed4c5140be8cff16f4edded4

85. Yadollahpour A, Rashidi S. Magnetic nanoparticles: a review of chemical and
physical characteristics important in medical applications. Orient J Chem.

(2015) 31:25–30. Available online at: https://www.scopus.com/inward/
record.uri?eid=2-s2.0-84983233410&doi=10.13005%2Fojc%2F31.Special-
Issue1.03&partnerID=40&md5=5a631cd2f5948d5aa5cdce8f6a6a4c5f

86. Pardi N, Hogan MJ, Pelc RS, Muramatsu H, Andersen H, DeMaso CR,
et al. Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature. (2017) 543:248–51. doi: 10.1038/nature21428

87. Rosenblum D, Gutkin A, Kedmi R, Ramishetti S, Veiga N, Jacobi AM, et al.
CRISPR-Cas9 genome editing using targeted lipid nanoparticles for cancer
therapy. Sci Adv. (2020) 6:eabc9450. doi: 10.1126/sciadv.abc9450

88. Finn JD, Smith AR, Patel MC, Shaw L, Youniss MR, van Heteren J,
et al. A single administration of CRISPR/Cas9 lipid nanoparticles achieves
robust and persistent in vivo genome editing. Cell Rep. (2018) 22:2227–35.
doi: 10.1016/j.celrep.2018.02.014

89. Miller JB, Zhang S, Kos P, Xiong H, Zhou K, Perelman SS, et al. Non-
Viral CRISPR/Cas gene editing in vitro and in vivo enabled by synthetic
nanoparticle co-delivery of Cas9 mRNA and sgRNA. Angew Chem Int Ed.

(2017) 56:1059–63. doi: 10.1002/anie.201610209
90. Jiang C, Mei M, Li B, Zhu X, Zu W, Tian Y, et al. A non-viral CRISPR/Cas9

delivery system for therapeutically targeting HBV DNA and pcsk9 in vivo.
Cell Res. (2017) 27:440–3. doi: 10.1038/cr.2017.16

91. Lee K, Conboy M, Park HM, Jiang F, Kim HJ, Dewitt MA, et al.
Nanoparticle delivery of Cas9 ribonucleoprotein and donor DNA in vivo

induces homology-directed DNA repair. Nat Biomed Eng. (2017) 1:889–901.
doi: 10.1038/s41551-017-0137-2

92. Barata P, Sood AK, Hong DS. RNA-targeted therapeutics in cancer clinical
trials: Current status and future directions. Cancer Treat Rev. (2016) 50:35–
47. doi: 10.1016/j.ctrv.2016.08.004

93. Fougerolles A De, Manoharan M, Meyers R, Vornlocher HP.
RNA interference in vivo: toward synthetic small inhibitory
RNA-based therapeutics. Methods Enzymol. (2005) 392:278–96.
doi: 10.1016/S0076-6879(04)92016-2

94. O’Loughlin AJ, Mäger I, de Jong OG, Varela MA, Schiffelers RM,
El Andaloussi S, et al. Functional delivery of lipid-conjugated
siRNA by extracellular vesicles. Mol Ther. (2017) 25:1580–7.
doi: 10.1016/j.ymthe.2017.03.021

95. Kedmi R, Veiga N, Ramishetti S, Goldsmith M, Rosenblum D, Dammes N,
et al. A modular platform for targeted RNAi therapeutics. Nat Nanotechnol.
(2018) 13:214–9. doi: 10.1038/s41565-017-0043-5

96. Veiga N, Goldsmith M, Granot Y, Rosenblum D, Dammes N, Kedmi R, et al.
Cell specific delivery of modified mRNA expressing therapeutic proteins to
leukocytes. Nat Commun. (2018) 9:4493. doi: 10.1038/s41467-018-06936-1

97. Aksoy YA, Yang B, Chen W, Hung T, Kuchel RP, Zammit NW, et al. Spatial
and Temporal control of CRISPR-Cas9-mediated gene editing delivered
via a light-triggered liposome system. ACS Appl Mater Interfaces. (2020)
12:52433–44. doi: 10.1021/acsami.0c16380

98. Liu J, Chang J, Jiang Y, Meng X, Sun T, Mao L, et al. Fast and
efficient CRISPR/Cas9 genome editing in vivo enabled by bioreducible
lipid and messenger RNA nanoparticles. Adv Mater. (2019) 31:e1902575.
doi: 10.1002/adma.201902575

99. Rahimi H, Salehiabar M, Charmi J, Barsbay M, Ghaffarlou M, Razlighi MR,
et al. Harnessing nanoparticles for the efficient delivery of the CRISPR/Cas9
system.Nano Today. (2020) 34:100895–9. doi: 10.1016/j.nantod.2020.100895

100. Li Y, Glass Z, Huang M, Chen ZY, Xu Q. Ex vivo cell-based
CRISPR/Cas9 genome editing for therapeutic applications. Biomaterials.

(2020) 234:119711. doi: 10.1016/j.biomaterials.2019.119711
101. Liu W, Rudis MR, Cheplick MH, Millwood RJ, Yang JP, Ondzighi-Assoume

CA, et al. Lipofection-mediated genome editing using DNA-free delivery of
the Cas9/gRNA ribonucleoprotein into plant cells. Plant Cell Rep. (2020)
39:245–57. doi: 10.1007/s00299-019-02488-w

102. Liang X, Potter J, Kumar S, Zou Y, Quintanilla R, Sridharan
M, et al. Rapid and highly efficient mammalian cell engineering

Frontiers in Medicine | www.frontiersin.org 10 March 2021 | Volume 8 | Article 649896

https://doi.org/10.1038/s41591-018-0326-x
https://doi.org/10.1101/gr.231936.117
https://doi.org/10.1038/nature13589
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84908121242&doi=10.13005%2Fbpj%2F452&partnerID=40&md5=c6a7d7239b624985f4116e34a6fe5a29
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84908121242&doi=10.13005%2Fbpj%2F452&partnerID=40&md5=c6a7d7239b624985f4116e34a6fe5a29
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84908121242&doi=10.13005%2Fbpj%2F452&partnerID=40&md5=c6a7d7239b624985f4116e34a6fe5a29
https://doi.org/10.1038/ncomms8391
https://doi.org/10.1038/ncomms10770
https://doi.org/10.1002/wnan.1609
https://doi.org/10.1021/acs.nanolett.9b00145
https://doi.org/10.13005/ojc/31.Special-Issue1.03
https://doi.org/10.1002/biot.201400046
https://doi.org/10.1038/nbt.3469
https://doi.org/10.1016/j.canlet.2014.10.045
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84975275516&partnerID=40&md5=733b63c2cadfcb469915e0c8561f60af
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84975275516&partnerID=40&md5=733b63c2cadfcb469915e0c8561f60af
https://doi.org/10.1038/mt.2008.76
https://doi.org/10.1089/hum.2011.202
https://doi.org/10.1038/ncomms14716
https://doi.org/10.1172/JCI92087
https://doi.org/10.1038/ncomms16007
https://doi.org/10.1016/S0169-409X(01)00105-3
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983071862&doi=10.13005%2Fojc%2F31.Special-Issue1.33&partnerID=40&md5=bdb96f69ed4c5140be8cff16f4edded4
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983071862&doi=10.13005%2Fojc%2F31.Special-Issue1.33&partnerID=40&md5=bdb96f69ed4c5140be8cff16f4edded4
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983071862&doi=10.13005%2Fojc%2F31.Special-Issue1.33&partnerID=40&md5=bdb96f69ed4c5140be8cff16f4edded4
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983233410&doi=10.13005%2Fojc%2F31.Special-Issue1.03&partnerID=40&md5=5a631cd2f5948d5aa5cdce8f6a6a4c5f
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983233410&doi=10.13005%2Fojc%2F31.Special-Issue1.03&partnerID=40&md5=5a631cd2f5948d5aa5cdce8f6a6a4c5f
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84983233410&doi=10.13005%2Fojc%2F31.Special-Issue1.03&partnerID=40&md5=5a631cd2f5948d5aa5cdce8f6a6a4c5f
https://doi.org/10.1038/nature21428
https://doi.org/10.1126/sciadv.abc9450
https://doi.org/10.1016/j.celrep.2018.02.014
https://doi.org/10.1002/anie.201610209
https://doi.org/10.1038/cr.2017.16
https://doi.org/10.1038/s41551-017-0137-2
https://doi.org/10.1016/j.ctrv.2016.08.004
https://doi.org/10.1016/S0076-6879(04)92016-2
https://doi.org/10.1016/j.ymthe.2017.03.021
https://doi.org/10.1038/s41565-017-0043-5
https://doi.org/10.1038/s41467-018-06936-1
https://doi.org/10.1021/acsami.0c16380
https://doi.org/10.1002/adma.201902575
https://doi.org/10.1016/j.nantod.2020.100895
https://doi.org/10.1016/j.biomaterials.2019.119711
https://doi.org/10.1007/s00299-019-02488-w
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang et al. CRISPR/Cas in Precision Cancer Research

via Cas9 protein transfection. J Biotechnol. (2015) 208:44–53.
doi: 10.1016/j.jbiotec.2015.04.024

103. Hayashi H, Kubo Y, Izumida M, Matsuyama T. Efficient viral
delivery of Cas9 into human safe harbor. Sci Rep. (2020) 10:1–14.
doi: 10.1038/s41598-020-78450-8

104. WhiteMK, HuW, Khalili K. Gene editing approaches against viral infections
and strategy to prevent occurrence of viral escape. PLoS Pathog. (2016)
12:e1005953. doi: 10.1371/journal.ppat.1005953

105. Xu CL, RuanMZ,Mahajan VB, Tsang SH. Viral delivery systems for CRISPR.
Viruses. (2019) 11:28–35. doi: 10.3390/v11010028

106. Yilmaz BS, Gurung S, Perocheau D, Counsell J, Baruteau J. Gene
therapy for inherited metabolic diseases. J Mother Child. (2020) 24:53–64.
doi: 10.34763/jmotherandchild.20202402si.2004.000009

107. Khan FA, Pandupuspitasari NS, Chun-Jie H, Ao Z, Jamal M, Zohaib A,
et al. CRISPR/Cas9 therapeutics: a cure for cancer and other genetic diseases.
Oncotarget. (2016) 7:52541–52. doi: 10.18632/oncotarget.9646

108. Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ, et al. In vivo

genome editing using Staphylococcus aureus Cas9. Nature. (2015) 520:186–
91. doi: 10.1038/nature14299

109. Yoo KH, Hennighausen L, Shin HY. Dissecting tissue-specific super-
enhancers by integrating genome-wide analyses and CRISPR/Cas9
genome editing. J Mammary Gland Biol Neoplasia. (2019) 24:47–59.
doi: 10.1007/s10911-018-9417-z

110. Fellmann C, Gowen BG, Lin PC, Doudna JA, Corn JE. Cornerstones of
CRISPR–Cas in drug discovery and therapy. Nat Rev Drug Discov. (2017)
16:89–100. doi: 10.1038/nrd.2016.238

111. Lin A, Giuliano CJ, Sayles NM, Sheltzer JM. CRISPR/Cas9 mutagenesis
invalidates a putative cancer dependency targeted in on-going clinical trials.
Elife. (2017) 6:e24179. doi: 10.7554/eLife.24179

112. Smurnyy Y, Cai M, Wu H, McWhinnie E, Tallarico JA, Yang Y,
et al. DNA sequencing and CRISPR-Cas9 gene editing for target
validation in mammalian cells. Nat Chem Biol. (2014) 10:623–5.
doi: 10.1038/nchembio.1550

113. Neggers JE, Kwanten B, Dierckx T, Noguchi H, Voet A, Bral L, et al.
Target identification of small molecules using large-scale CRISPR-Cas
mutagenesis scanning of essential genes. Nat Commun. (2018) 9:502.
doi: 10.1038/s41467-017-02349-8

114. Heckl D, KowalczykMS, Yudovich D, Belizaire R, PuramRV,McConkeyME,
et al. Generation ofmousemodels ofmyeloidmalignancy with combinatorial
genetic lesions using CRISPR-Cas9 genome editing. Nat Biotechnol. (2014)
32:941–6. doi: 10.1038/nbt.2951

115. Platt RJ, Chen S, Zhou Y, Yim MJ, Swiech L, Kempton HR, et al. CRISPR-
Cas9 knockin mice for genome editing and cancer modeling. Cell. (2014)
159:440–55. doi: 10.1016/j.cell.2014.09.014

116. Annunziato S, Kas SM, Nethe M, Yücel H, Del Bravo J, Pritchard C,
et al. Modeling invasive lobular breast carcinoma by CRISPR/Cas9-mediated
somatic genome editing of the mammary gland. Genes Dev. (2016) 30:1470–
80. doi: 10.1101/gad.279190.116

117. Rogers ZN, McFarland CD, Winters IP, Seoane JA, Brady JJ,
Yoon S, et al. Mapping the in vivo fitness landscape of lung
adenocarcinoma tumor suppression in mice. Nat Genet. (2018) 50:483–6.
doi: 10.1038/s41588-018-0083-2

118. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, et al.
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science.
(2014) 343:84–7. doi: 10.1126/science.1247005

119. Braun CJ, Bruno PM, Horlbeck MA, Gilbert LA, Weissman JS, Hemann
MT. Versatile in vivo regulation of tumor phenotypes by dCas9-mediated
transcriptional perturbation. Proc Natl Acad Sic USA. (2016) 113:E3892–900.
doi: 10.1073/pnas.1600582113

120. Song CQ, Li Y, Mou H, Moore J, Park A, Pomyen Y, et al. Genome-wide
CRISPR screen identifies regulators of mitogen-activated protein kinase as
suppressors of liver tumors in mice. Gastroenterology. (2017) 152:1161–73.
doi: 10.1053/j.gastro.2016.12.002

121. Manguso RT, Pope HW, Zimmer MD, Brown FD, Yates KB, Miller BC, et al.
In vivoCRISPR screening identifies Ptpn2 as a cancer immunotherapy target.
Nature. (2017) 547:413–8. doi: 10.1038/nature23270

122. Fogarty NM, McCarthy A, Snijders KE, Powell BE, Kubikova N, Blakeley
P, et al. Genome editing reveals a role for OCT4 in human embryogenesis.
Nature. (2017) 550:67–73. doi: 10.1038/nature24033

123. Zalatan JG, Lee ME, Almeida R, Gilbert LA, Whitehead EH, La Russa
M, et al. Engineering complex synthetic transcriptional programs with
CRISPR RNA scaffolds. Cell. (2015) 160:339–50. doi: 10.1016/j.cell.2014.
11.052

124. Chang H, Yi B, Ma R, Zhang X, Zhao H, Xi Y. CRISPR/cas9, a novel genomic
tool to knock down microRNA in vitro and in vivo. Sci Rep. (2016) 6:22312.
doi: 10.1038/srep22312

125. Hilton IB, D’ippolito AM, Vockley CM, Thakore PI, Crawford GE, Reddy
TE, et al. Epigenome editing by a CRISPR-Cas9-based acetyltransferase
activates genes from promoters and enhancers. Nat Biotechnol. (2015)
33:510–7. doi: 10.1038/nbt.3199

126. Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The future of cancer
treatment: immunomodulation, CARs and combination immunotherapy.
Nat Rev Clin Oncol. (2016) 13:273–90. doi: 10.1038/nrclinonc.
2016.25

127. Morris EC, Stauss HJ. Optimizing T-cell receptor gene therapy for
hematologic malignancies. Blood, J Am Soc Hematol. (2016) 127:3305–11.
doi: 10.1182/blood-2015-11-629071

128. Kick L, Kirchner M, Schneider S. CRISPR-Cas9: from a bacterial immune
system to genome-edited human cells in clinical trials. Bioengineered. (2017)
8:280–6. doi: 10.1080/21655979.2017.1299834

129. Benmebarek MR, Karches CH, Cadilha BL, Lesch S, Endres S, Kobold S.
Killing mechanisms of chimeric antigen receptor (CAR) T cells. Int J Mol

Sci. (2019) 20:1283–91. doi: 10.3390/ijms20061283

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yang, Xu, Ge and Lai. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 11 March 2021 | Volume 8 | Article 649896

https://doi.org/10.1016/j.jbiotec.2015.04.024
https://doi.org/10.1038/s41598-020-78450-8
https://doi.org/10.1371/journal.ppat.1005953
https://doi.org/10.3390/v11010028
https://doi.org/10.34763/jmotherandchild.20202402si.2004.000009
https://doi.org/10.18632/oncotarget.9646
https://doi.org/10.1038/nature14299
https://doi.org/10.1007/s10911-018-9417-z
https://doi.org/10.1038/nrd.2016.238
https://doi.org/10.7554/eLife.24179
https://doi.org/10.1038/nchembio.1550
https://doi.org/10.1038/s41467-017-02349-8
https://doi.org/10.1038/nbt.2951
https://doi.org/10.1016/j.cell.2014.09.014
https://doi.org/10.1101/gad.279190.116
https://doi.org/10.1038/s41588-018-0083-2
https://doi.org/10.1126/science.1247005
https://doi.org/10.1073/pnas.1600582113
https://doi.org/10.1053/j.gastro.2016.12.002
https://doi.org/10.1038/nature23270
https://doi.org/10.1038/nature24033
https://doi.org/10.1016/j.cell.2014.11.052
https://doi.org/10.1038/srep22312
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1038/nrclinonc.2016.25
https://doi.org/10.1182/blood-2015-11-629071
https://doi.org/10.1080/21655979.2017.1299834
https://doi.org/10.3390/ijms20061283
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	CRISPR/Cas: Advances, Limitations, and Applications for Precision Cancer Research
	Introduction
	Pros and Cons of Crispr/Cas Technologies
	Crispr Delivery Approaches and Challenges
	Methods of Delivery

	Crispr Applications in Cancer Research
	CRISPR for Tumor Research Modeling
	CRISPR-Based Screening Approaches in Cancer
	Targeting Gene Regulation in Cancer
	Tumor Immuno-Regulation and Immunotherapy Approaches

	Conclusion and Perspectives
	Author Contributions
	Funding
	References


