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The discovery of Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-associated protein 9 (Cas9) technology has revolutionized
field of cancer treatment. This review explores usage of CRISPR/Cas9 for editing
and investigating genes involved in human carcinogenesis. It provides insights
into the development of CRISPR as a genetic tool. Also, it explores recent
developments and tools available in designing CRISPR/Cas9 systems for
targeting oncogenic genes for cancer treatment. Further, we delve into an
overview of cancer biology, highlighting key genetic alterations and signaling
pathways whose deletion prevents malignancies. This fundamental knowledge
enables a deeper understanding of how CRISPR/Cas9 can be tailored to address
specific genetic aberrations and offer personalized therapeutic approaches. In
this review, we showcase studies and preclinical trials that show the utility of
CRISPR/Cas9 in disrupting oncogenic targets, modulating tumor
microenvironment and increasing the efficiency of available anti treatments. It
also provides insight into the use of CRISPR high throughput screens for cancer
biomarker identifications and CRISPR based screening for drug discovery. In
conclusion, this review offers an overview of exciting developments in
engineering CRISPR/Cas9 therapeutics for cancer treatment and highlights the
transformative potential of CRISPR for innovation and effective cancer
treatments.
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Introduction

Cancer is a prime cause of death globally. It is a convoluted disease involving
changes in genome (e.g., addition, deletion, single-nucleotide change) and epigenomes,
which leads to change gene expression involved in carcinogenesis (Sharma et al., 2010;
Tomeczak et al., 2015). These changes lead to abnormal cell growth unlike the normal
healthy cell division, which is tightly regulated and only occurs when instructed. It
affects cells and thrives on modifications to metabolism, cell structure and motility to
promote growth in unfavorable environments (Mercadante and Kasi, 2023). Over the
decades, researchers have identified many genes and regulatory pathways whose
dysregulation leads to cancer development in the body (Table 1). However, these
cancer-driving genomic and epigenomic changes in cancer cells are specific across
patients and can show intra- and inter tumor heterogeneity even within a patient (Sun
and Yu, 2015). This heterogeneity affects cancer progression, adaptations to external
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TABLE 1 Major oncogenes and associated cancers. The resources have been obtained from www.cancer.gov.

S.NO Gene Name Major cancer associated (%)

1 BRCAIL, BRCA2 | Breast Cancer gene 1 Breast, ovarian, prostate pancreatic, colon cancer

2 PTEN Phosphatase and tensin homolog Breast, renal cell carcinoma, prostate, colorectal, melanoma, glial and
lung cancer

3 TP53 Tumor protein p53 Ovarian, colorectal, breast, head and neck, lung, melanoma, liver,
brain and other type of cancers

4 EGFR Epidermal growth factor receptor Lung, glioblastoma, colorectal, pancreatic, breast cancer

5 KRAS Kirstan rat sarcoma viral oncogene homolog Lung, colorectal, pancreatic, and Testicular germ cell cancer

6 APC Adenomatous polyposis coli Colorectal cancer, lung cancer

7 HER2 Human epidermal growth factor receptor 2 Breast, bladder, pancreatic, ovarian, gastric cancer

8 CDKN2A Cyclin dependent kinase inhibitor 2A Lung, melanoma, pancreatic, glioblastoma cancer

9 RB1 Retinoblastoma 1 transcriptional corepressor 1 Retinoblastoma, lung cancer

10 VHL Von Hippel Lindau syndrome Renal cell carcinoma, lung, colon, pancreatic cancer

11 RET Ret proto-oncogene Thyroid, lung, colon, melanoma

12 NF1 Neurofibromatosis type 1 Malignant peripheral nerve sheath tumor, Lung

13 BCR-ABL1 BCR-Abelson murine leukemia viral oncogene homologl Chronic myeloid leukemia, breast cancer

14 FLT3 Fms related receptor tyrosine kinase 1 Acute myeloid leukemia, colon adenocarcinoma, lung
adenocarcinoma, cutaneous melanoma, breast invasive ductal
carcinoma

15 JAK2 Janus Kinase 2 Myeloproliferative neoplasm, lung adenocarcinoma, colon
adenocarcinoma, breast invasive ductal carcinoma, polycythemia vera

16 CEBPA CCAAT enhancer binding protein alpha Acute myeloid leukemia, lung adenocarcinoma, colon
adenocarcinoma, breast invasive ductal carcinoma

17 MDM2 Murine double minute 2 Sarcoma, liposarcoma, lung adenocarcinoma, breast invasive ductal
carcinoma, glioblastoma multiforme

20 ALK Anaplastic lymphoma kinase Lung adenocarcinoma, neuroblastoma, pancreatic adenocarcinoma

21 IDH1 Isocitrate dehydrogenase 1 Glioblastoma multiforme, acute myeloid leukemia, anaplastic
astrocytoma, oligodendroglioma

22 NOTCH1 Neurogenic locus notch homolog protein 1 T-cell acute lymphoblastic leukemia, lung adenocarcinoma, colon
adenocarcinoma, breast invasive ductal carcinoma, small lymphocytic
lymphoma, skin squamous cell carcinoma

23 SMAD4 SMA- and MAD-related protein 4 Pancreatic adenocarcinoma, colorectal adenocarcinoma, lung
adenocarcinoma, rectal adenocarcinoma

24 PIK3CA Phosphotidylinositol-4-5-biphosphate 3-kinase catalytic subunit alpha =~ Breast, colon adenocarcinoma, colorectal adenocarcinoma,
endometrial endometrioid adenocarcinoma, lung adenocarcinoma

25 AKT1 AKT serine/threonine kinase 1 Breast, colon adenocarcinoma, colorectal adenocarcinoma,
endometrial endometrioid adenocarcinoma, lung adenocarcinoma

26 BCL2 B cell leukemia/lymphoma 2 protein B-cell lymphoma, leukemia

27 TSC1 Tuberculosis sclerosis complex 1 Tuberous sclerosis, renal cell carcinoma, endometrial endometrioid
adenocarcinoma

28 HNF1A Hepatocyte nuclear factor 1 alpha Liver, pancreatic cancer, renal cell carcinoma, colon and lung
adenocarcinoma

29 PDGFRA Platelet derived growth factor receptor A Gastrointestinal tumors, melanoma, glioblastoma multiforme, lung
adenocarcinoma

30 STK11 STK11 serine/threonine kinase 11 Lung cancer

31 SMARCB1 SWI/SNF-related matrix associated actin dependent regulator of Rhabdoid tumor, colon and lung adenocarcinoma, endometrial

chromatin subfamily B member 1

endometrioid adenocarcinoma
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TABLE 1 (Continued) Major oncogenes and associated cancers. The resources have been obtained from www.cancer.gov.

S.NO Gene Name
32 PTCH1 Protein patched homolog 1
33 KIT KIT proto-oncogene receptor tyrosine kinase
34 CDH1 Cadherin 1
35 MEN1 Multiple endocrine neoplasia link type 1

change in microenvironment, response to therapeutic assault and
contributes to drug resistance (Ge et al., 2022). Understanding
the effect of these cancers causing changes in individual patients
is crucial for developing new therapeutic treatments. Tools that
can help to study the impact of these genetic changes on cancer
growth and survival either in preclinical or patients can help to
better treat the disease in a personalized way.

CRISPR-associated protein 9 (Cas9) systems provide one-such
unique tool that enables not only to edit (e.g., add, delete, substitute)
the genome but also allows transcriptional and epigenome apparatus
using dead Cas9D10A/H840A (dCas9), which is incapable of
cleaving DNA (Wang et al., 2016; Brezgin et al.,, 2019). Similarly,
the technique known as CRISPR interference (CRISPRi) is used to
block the transcription of target genes by combining the specific
DNA recognition dCas9 with the Kruppel-associated box (KRAB)
repressor (Thakore et al.,, 2015). In a similar approach, to induce
robust gene induction at target location, dCas9 is attached to
transcriptional activators like VP64 and VP64-p65-Rta (VPR)
proteins (Lo and Qi, 2017). According to studies, fusing
dCas9 with either (DNA methyltransferase 3A) or PRDM9 (PR
domain-containing protein 9), both of which are methyltransferases,
can provide insights into DNA’s epigenetic regulation. Additionally,
fusing dCas9 with demethylation enzymes like TET (tet
methylcytosine dioxygenasel) or LSD1/KDMIA (lysine-specific
histone demethylase 1) can also aid in exploring DNA’s
epigenetic regulation (O’Geen et al., 2017; Stepper et al.,, 2017;
Chen et al,, 2022; Choudhury et al, 2016; Lau and Suh, 2018;
Katti et al., 2022).

Brief history of CRISPR/
Cas9 development

James Watson and Francis Crick’s discovery of the DNA double
helix in 1953 provided researchers with a fundamental understanding
of the structure and functions of genetic material (Watson and Crick,
1953). This breakthrough laid the foundation of modern molecular
medicine and understanding the role of the smallest unit of genetic
information called genes (Avery et al., 1944; Strasser, 2003). With the
advancement of molecular tools in 1979, Scherer et al. published a
method that can introduce the foreign DNA sequence in vitro to
Saccharomyces cerevisiae chromosomal DNA (Scherer and Davis,
1979). Similarly, the integration of plasmid into the human globin
locus using homologous recombination was also demonstrated by
Smithies et al. (Smithies et al., 1985). In 1988, Mansour et al. showed
foreign DNA can introduce to mouse embryonic stem cells to disrupt
a proto-oncogene int-2, which suggests that any gene in the genome
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Basal cell carcinoma, medulloblastoma

Gastrointestinal stromal tumors, melanoma, colon and lung
adenocarcinoma

Gastric, breast cancer, colon and lung adenocarcinoma

Multiple endocrine neoplasia, breast cancer

can be disrupted (Mansour et al., 1988). In the 1980s, gene targeting
methodology was based on DNA repair and DNA base pair
recognition, which enabled scientists to make precise changes in
the genome (Batty and Wood, 2000; Rajski et al, 2000; Wood
et al., 2000; Dalhus et al, 2009). The other methods that have
been employed over time include zinc finger nucleases, TAL
effector nucleases, peptide nucleic acids, and polyamides for
efficient DNA cleavage and inducing a change in DNA sequence
(Good and Nielsen, 1999; Nielsen and Egholm, 1999; Cathomen and
Joung, 2008; Simon et al., 2008; Christian et al., 2010; Li and Yang,
2013; Koeller et al., 2014; Gaj et al., 2016; Yu et al., 2019). However,
these methods have their own limitations, such as complex designing,
inefficient delivery, potential toxicity, expensive, and possible off-
target effects (Gaj et al., 2016; Montazersaheb et al., 2018; Lin and
Nagase, 2020; Gonzalez Castro et al, 2021). CRISPRs were first
described by Ishino et al., in 1987 as short interspersed sequences
in the genome of Escherichia coli while investigating the gene "alkaline
phosphatase” (Ishino et al., 1987). Mojica et al. found repetitive
sequences in prokaryotic genome, which named CRISPRs (Mojica
etal., 1993; Mojica et al., 2005; Ishino et al., 2018). Later, many studies
have shown that CRISPRs have short spacers that are derived from
foreign genetic material, and CRISPRs provide adaptive resistance
against viruses (Makarova et al., 2006; Barrangou et al., 2007; Brouns
etal,, 2008; Hale et al., 2009). Barrangou et al. have demonstrated the
incorporation of spacer sequence from the phage genome into S.
thermophilus chromosome upon viral challenge (Barrangou et al.,
2007). Studies speculate the involvement of some Cas genes in the
insertion of sequences and providing resistance against the viruses
(Makarova et al., 2006; Ibrahim et al, 2019). Based on this
information, Brouns et al. investigated how bacterial Cas proteins
employ virus-derived sequences in CRISPRs to provide antiviral
resistance (Brouns et al, 2008). In order to prevent viral
replication in E.coli, it was demonstrated that mature CRISPR
RNAs serves as guide to bacterial Cas protein (Brouns et al,
2008). Marraffini et al. later showed CRISPR/Cas system in S.
epidermidis prevents the horizontal transfer of plasmid and
indicates that CRISPR/Cas machinery targets DNA directly
(Marraffini and Sontheimer, 2008). Therefore, these spacers
function as a memory of the previous infection and protect
bacteria from subsequent virus attacks. Many studies have
suggested CRISPR/Cas9 as an accurate and effective tool for DNA
editing (Hale et al., 2009; Bortesi and Fischer, 2015; Ryan et al., 2016;
Zhu et al,, 2017; Uyhazi and Bennett, 2021). Finally, Doudna, J., and
Charpentier, E. discovered in 2012 that CRISPR/Cas-9 can be utilized
for editing DNA sequences and won 2020 Noble Prize for Chemistry
for their work in developing CRISPR technology (Westermann
et al,, 2021).
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CRISPR/Cas9 components and
its mechanism

CRISPR/Cas9 system includes guides RNA that help DNA
endonuclease Cas9 cause double-stranded breaks at specific site
in the DNA sequence (Ran et al., 2013). crRNA and tracrRNA are
the two RNA components of guides present in CRISPR/Cas9 system
(Koonin and Makarova, 2009; Wang et al., 2016). Both of these RNA
guides have different functions, as 20-22bp crRNA binds with
desired DNA sequence while tracrRNA acts as a framework for
Cas9 nuclease that causes DNA breaks (Koonin and Makarova,
2009; Wang et al,, 2016). There are six types of CRISPR systems
(I-VI), each of them employs a specific set of Cas proteins and guide
RNA to modify the genome (Jiang and Doudna, 2017; Koonin et al.,
2017) (Figure 1). The CRISPR Type II system is the extensively
studied CRISPR/Cas9 system that involves a single DNA
endonuclease, Cas9 (Xu and Li, 2020). On the other hand,
CRISPR Type I and II systems use multiple-Cas proteins
complex for guide RNA binding and targeted blunt-end double-
strand DNA breaks (Jiang and Doudna, 2017). Cas9 derived from S.
pyrogenes is also referred to as SpCas9 (Jiang and Doudna, 2017). It
is a multifunctional DNA endonuclease having 1,368 amino acids
with two distinct regions (Mei et al., 2016). The two distinct regions
of Cas9 are recognition lobe and nuclease lobe, which are
responsible for binding guide RNA to desired DNA region and
double strand break of DNA sequence, respectively (Nishimasu
et al., 2014). The nuclease lobe of CRISPR/Cas9 consists of HNH,
RuvC, and PAM interacting domains (Nishimasu et al., 2014). The

10.3389/fgene.2024.1309175

HNH-like domain of Cas9 cuts the target strands of double strand
DNA with the help of PAM interacting domains that confer
specificity to PAM recognition sites next to the target site on the
DNA sequence (Nishimasu et al., 2014; Mei et al., 2016; Jiang and
Doudna, 2017). In contrast, the RuvC-like domain of Cas9 that is
structurally similar to proteins of retroviral integrase superfamily
defined by an RNase H fold cleaves the non-targeted strand
(Ariyoshi et al, 1994). Mutagenesis studies have shown the
importance of these two domains in Cas9 DNA endonuclease
function and Cas9’s ability to function as an endonuclease is lost
when both domains are altered (Nishimasu et al., 2014). Numerous
studies on Cas9 orthologs and various PAM variants have greatly
benefited our knowledge of CRISPR-Cas9 mechanisms (Fonfara
et al, 2014; Nishimasu et al., 2014; Mei et al., 2016; Miller
et al., 2020).

CRISPR/Cas9 based high throughput
screens for cancer biomarker discovery

One of the challenges of cancer treatment is its highly
heterogeneous nature, which causes drug resistance and relapse
cancer cells (Ge et al, 2022). Much progress has been made in
identifying new therapeutic targets, biomarkers, and genes
responsible for drug resistance using CRISPR/Cas9 genetic
screens (Zhou and Yao, 2023). Behan et al. has prioritized the
therapeutic target for cancer in 324 human cancer cell lines from
30 cancer types (Behan et al,, 2019). Results showed that Werner

cas8
or Spacers CRISPR/Cas9
cas3 cas10 cas11 cas7 casS casé cas1 cas2 cas4 System
cass1 - -] k| / \
CRISPR
cas9 or cas12 or cas13 casl cas2 cas4 - -
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coss2 @ —p==Ik1 [clss 1] [ clss2 |
tracrRNA Effector Protein / / \
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Cas8/ Csfl/
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FIGURE 1

CRISPR-Cas: Two classes and their modular organization (A) Visual representation showing organization of Class | and II. (B) Classification of
CRISPR/CAS9 system in different Class. (C) Classification of CRISPR/CAS9 system to types and subtypes: The different subtypes of the traditional type
1 CRISPR/CAS9 system have been colored pink and the type 2 CRISPR/CAS9 system has been colored in blue. The different types of these subtypes have
been written in the red box. (D) Tabular representation of different cas9 and other domains present in different subtypes of class of CRISPR/Cas9

(with BioRender.com).
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Syndrome ATP-dependent helicase (WRN) was a top hit and a
promising target for microsatellite instability tumors (Behan et al.,
2019). Similarly, Tzelepis et al. utilized a custom-design library to
detect genetic vulnerabilities of human AML cells (Tzelepis et al.,
2016). They identified numerous targets, including Bromodomain-
containing Protein 4 (BRD4), Histone Methyltransferase DOTIL
(DOT1L), and Multiple endocrine neoplasia type 1 (MEN1) for
Acute Myeloid Leukemia (AML) (Tzelepis et al., 2016). The CRISPR
loss of function screens help identify several essential genes and
biomarkers (Tzelepis et al., 2016). McCleland et al. showed the
critical role of the bromodomain and extraterminal (BET) BRD4 in
colon cancer proliferation using loss of function CRISPR screen
(McCleland et al., 2016). Through transcriptomic and genome
analysis, the study found that the long noncoding RNA
CCAT1 acts as a potential biomarker to determine the sensitivity
of colon cancer patients to BET inhibitors (McCleland et al., 2016).
Another whole genome CRISPR screen also identifies the genes that
mediate cisplatin resistance (Goodspeed et al., 2019). It revealed that
MSH?2 promotes cisplatin resistance, and bladder tumors have less
MSH?2, which leads to poor survival during cisplatin treatment
(Goodspeed et al., 2019). Researchers have shown that normal
Acute
lymphoblastic leukemia cell lines to resist the panobinostat drug

functioning  mitochondria ~ were  important for
using genome wide CRISPR/Cas9 screening. Interestingly, higher
SIRT1 expression caused Acute lymphoblastic leukemia cell lines
more susceptible to panobinostat by activating mitochondrial
activity and a cell death pathway linked to mitochondria (Jiang
et al., 2022). Lysine-specific demethylase 1 (LSD1 or KDM1A) has
emerged as a promising therapeutic target in acute myeloid
leukemia. Deb et al. have identified genes including the amino
acid sensing arm of mTORCI that can be targeted with LSD-1
using combinational therapies (Deb et al., 2020). Another study used
a similar approach with CRISPR/Cas9 knock-out screen to identify
genes in ovarian cancer cells (SKOV3 cell line). In this study by
Zhang et al, identified protein-L-isoaspartate (D-aspartate)
O-methyltransferase (PCMT1) as an essential driver for anoikis
resistance. Interestingly, studies showed that blocking PCMT1 with
an antibody significantly reduced the cancer cells’ ability to cell
invasion and adhesion (Zhang et al., 2022). However, several genes
are identified that need proper validation in clinical trials
(Goodspeed et al., 2019).

Since the design of CRISPR knocked out library that has targeted
around 18,000 genes with about 64,000 unique guide sequences,
Studies have revealed genes that are resistant to vemurafenib in
melanoma cells (Shalem et al., 2014). Since then, many studies have
been published using loss-of-function screens for identifying drug
resistance or lethality (Shalem et al., 2014; Lau et al., 2020). Similarly,
CRISPR gain of function libraries was also utilized to identify genes
that induce drug resistance (Gautron et al., 2021). Studies have
employed transcriptional-activated CRISPR library to screen genes
that mediate resistance to BRAF inhibitors in A375 cells and human
patient melanoma cell lines (Konermann et al,, 2015). Recently,
CRISPR libraries have been used in vivo (Bi et al., 2021). Studies have
identified
checkpoints across various cancer models. Also, it showed robust

immune evasion genes and immune inhibitory
IFN signature is linked with suboptimal response to ICB among
renal cell carcinoma or melanoma patients. The research also

indicates that classical and nonclassical MHC-I class inhibitory
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checkpoints promote immune evasion driven by IFN response
(Bi et al, 2021). Similarly, Scheidmann et al. have shown that
breast cancer metastasis involves tightly regulated stepwise steps
(Scheidmann et al,, 2022). Also, Blood-borne breast cancer
metastasis consists of a series of tightly controlled sequential
steps and inhibitors such as PLKl prevent intravasation of
circulating tumor cells (CTC) (Scheidmann et al, 2022).
CRISPR/ACAS9 mediated DNA demethylation screens have also
been used to identify epigenetic modulations and how these
modulations can impact the activation of tumor-associated genes,
which lead to cancer progression (Tejedor et al, 2023). Studies
found that epigenetic reactivation of RSPO2 is associated with
impaired cell proliferation in p53 lacking cancer cell lines
(Tejedor et al, 2023). Moreover, epigenetic silencing of
RSPO2 converts adenoma to carcinoma (Tejedor et al., 2023).

Tools for using CRISPR/
CAS9 technologies

Several CRISPR technologies are available to assist in designing,
delivering, and analyzing CRISPR experiments (Table 2). The first
generation of Cas9 protein-based genome editing involves wild-type
Cas9 (Tycko et al, 2016). The most popular used Cas9 includes
SpCas9 for Streptococcus pyogenes. However, some modifications have
been made to the wild type Cas9 protein to make it more specific and
efficient than before (Kleinstiver et al., 2016; Tycko et al.,, 2016; Lee
etal, 2018). Research has shown that a single mutation with a change
from arginine to alanine in wild-type Cas9 leads to a generation of
High Fidelity Cas9 (HiFi Cas9) (Vakulskas et al., 2018). HiFi Cas9 has
been shown to have reduced off-target effects and high specificity
while performing site-specific mutagenesis (Vakulskas et al., 2018).
Other variants of Cas9 include eSpCas9 (1.1), which contains
mutations at three amino acid K848A/K1003A/R1060A residues
(Slaymaker et al., 2016). These mutations provide more specificity
to the wild-type Cas9 and weaken the interaction between Cas9 and
non-complimentary DNA strands (Nierzwicki et al., 2021). It is found
that eSpCas9 (1.1) has 10-fold more specificity at performing site-
directed mutagenesis than wild-type Cas9 and exhibits a reduction in
off-targeted mutation genome-wide (Kleinstiver et al, 2016).
Similarly, SpCas9-HF1 has a quadrupled mutation at different
amino acids (N497A/R661A/Q695A/Q926A) (Kleinstiver et al,
2016). Research has shown that mutating non-specific DNA
contacts of SpCas9 reduced the off-target effects in human cells
and increased its activity by 70 percent greater than wild-type
SpCas9 activities for 32 out of 37 of the sgRNA tested (Kleinstiver
et al, 2016). Another important component for targeted site-directed
mutagenesis is guide RNA (Xu and Li, 2020). Guide RNA should be
designed to target the desired genomic sequence, specifically with
minimizing the off-target effects (Schneider, 2020). The generation of
guide RNA also depends upon the specific applications (Pelea et al.,
2022; Shaw et al., 2022). For instance, guide RNAs target constitutively
expressed exons and regions at N-terminus for genetic knockouts,
which lowers the likelihood that the targeted region will be excised
from the mRNA due to alternative splicing and increase the likelihood
of frameshift mutations that produce non-functional protein (Mohr
etal., 2016). Also, it is essential to target exons that code for essential
domains of the protein, so even the introduction of non-frameshift
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TABLE 2 The table contains information regarding tools used for designing gRNA.

S. No

Tool for designing gRNA

Add Gene (www.addgene.org/crispr/)

Microsoft Research Crispr (https://crispr.ml/)

CRISPick (https://portals.broadinstitute.org/gppx/
crispick/public)
E-CRISP (http://www.e-crisp.org/E-CRISP/)

CHOPCHORP (https://chopchop.cbu.uib.no/)

CRISPRdirect (http://crispr.dbcls.jp/)

Description

It helps the researchers to identify relevant tools and resources for their study. It has CRISPR guides,
books, Plasmid kits and pooled libraries, which can be used to plan specific experiments

It provides on-target and off-target prediction through web services. It provides end to end guide for
design for CRISPR/Cas9. It is maintained by Broad Institute of MIT and Harvard (Doench et al., 2016;
Listgarten et al., 2018)

It is an updated version of GPP sgRNA Design tool that offers streamline sgRNA selection process. It is
maintained by Broad Institute (Marx, 2020)

E-CRISP is an online application to create gRNA. To locate gRNA binding locations, it uses a quick
indexing approach. It is maintained by the German Cancer Research Center (Heigwer et al., 2014)

CHOPCHOP provides sophisticated target selection options. It employs effective sequence alignment
techniques to shorten search times and successfully predicts off-target binding of sgRNA (Labun et al,,
2021)

It helps researchers to identify target sequences with few off-targets. It incorporates genome sequences of
humans, mice, rats, marmosets, pigs, chickens, frogs, zebrafish, Ciona, fruit flies, silkworms,
Caenorhabditis elegans, Arabidopsis, Sorghum, and budding yeast (Naito et al., 2015)

CRISPR-ERA (http://crispr-era.stanford.edu/index.jsp)

It is a genome-wide sgRNA design web tool. Using a database of CRISPR, it can generate large-scale
sgRNAs for gene activation or repression. E. coli, B. subtilis, S. cerevisiae, C. elegans, fruit flies, zebrafish,
mice, rats, and human genome sequences can be used for generation of sgRNA (Liu et al., 2015)

Benchling (https://www.benchling.com/crispr)

Synthego CRISPR Design Tool (https://design.synthego.

com/#/)

It is a great tool that allows visualization, optimization, and annotation of multiple gRNA sequences
simultaneously. It uses powerful algorithms to instantly assess off target and on target efficiency of the
guides (Uniyal et al., 2019)

It enables to generate guide RNA for over 120,000 genomes and 9,000 species. It also reduces the time to
design guide RNA from hours to minutes (Enzmann and Wronski, 2018)

10

CCTop (https://cctop.cos.uni-heidelberg.de)

CRISPOR (http://crispor.tefor.net)

It is a CRISPR/Cas9 target online predictor. The tool identifies target sites for the designed sgRNA and
based on off-target effects ranks them. It is maintained by the University of Heidelberg (Stemmer et al,,
2015)

It is a web-based tool for designing, assessing and cloning sgRNA sequences. The user is required to
provide DNA sequence and genome as input in FASTA format. The tool uses algorithms to predict off
target and on-target scores (Concordet and Haeussler, 2018)

mutations in the crucial domain for protein functions results in the
formation of truncated protein (Mohr et al., 2016). Other applications
for which guide RNA is generated are activating or repressing target
genes using dCas-9 activators or dCas9-repressors (Gilbert et al., 2013;
Shalem et al., 2014). For these applications, it is recommended to
introduce DNA breaks and insertion/deletion of DNA sequences in
the promoter region that drive gene expression (Gilbert et al., 2014).
The target region for this type of approach involves targeting the DNA
region within 20-200 bp upstream of the transcription start sites and
have no off-targets close to the other genes (Gilbert et al., 2014). So,
while designing guide RNA, it is essential to consider the intended
applications, namely, knock in, knockout, CRISPR activation, and
CRISPR interference, and proceed with gRNA synthesis (Gilbert et al.,
2013; Sander and Joung, 2014). Several tools available for gRNA
design, which are listed below in Table 2.

Applications of CRISPR/Cas9 in cancer
preclinical studies

Treatment of cancer through the removal of tissues or complete
organs, chemotherapy, and radiotherapy is a widely used method to
treat cancer (Wang et al., 2018). However, these invasive methods
lead to radiation injury and drug toxicity (Wang et al, 2018).
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CRISPR technology has held promise in research and treatment
in various fields, including cancer research and treatment (Xu and
Li, 2020). CRISPR technology can be used to modify immune cells,
specifically T cells extracted from patients and transferred back to
patients (Stadtmauer et al., 2020). These CRISPR-modified immune
cells have the capability to detect and remove any abnormal cells or
cancer cells (Stadtmauer et al., 2020). Studies have shown that cancer
cells can evade the immune system’s ability to detect and suppress
cell growth, which leads to uncontrolled tumor growth (Sica et al.,
2008). Using CRISPR technology helps overcome these barriers and
boost the immune response against cancer (Zhan et al, 2019).
CRISPR/Cas9 is used to delete particular genes or mutate
associated with cancer (Zhan et al, 2019). By using CRISPR/
Cas9, it has been shown that CD133 has been knocked out,
leading to the downregulation of vimentin expression in colon
cancer cells (Li et al, 2019). As a result, there has been a
significant reduction in cell proliferation and colony formation,
along with a notable decrease in cell migration and invasion (Li et al.,
2019). miR-3064 is crucial for pancreatic cancer and acts as a tumor
suppressor (Yan et al,, 2019). It is well established that miR-3064
promotes pancreatic cancer growth, invasion, clone creation, and
sphere formation (Yan et al., 2019). However, CRISPR/Cas9-
mediated knockout of miR-3064 these
processes (Yan et al, 2019). Similarly, Focal Adhesion Kinase

reverts malignant
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(FAK) is a multifunctional protein regulator of DNA damage repair
in mutant KRAS NSCLC and dysregulation of FAK has implications
for cancer progression (Tang et al., 2016). NSCLC cells with KRAS
mutations showed detectable DNA damage and increased sensitivity
to radiotherapy upon FAK gene knockdown using CRISPR/Cas9
(Tang et al,, 2016).

Ribonucleotide reductase (RRM1) is an important enzyme that
catalyzes the rate-limiting step in the formation of
deoxyribonucleosides (Cory and Sato, 1983). The studies have
shown that conditional deletion of RRM1 in Ewing sarcoma cells
causes the increase in expression of genes like c-Jun and c-Fos that
hinder tumor growth and progression (Croushore et al., 2023). An
increase in nucleotide biosynthesis in cancerous cells is also one of
the factors responsible for increased cell proliferation (Villa et al.,
2019). The study has shown that CRISPR-mediated depletion of
ubiquitin-specific peptidase 29 (USP29) leads to the disruption of
intermediates accountable for involvement in glycolysis and
nucleotide  biosynthesis  in  neuroblastoma  cell  lines
(Chandrasekaran et al., 2021). USP29 has also been shown to
promote neuroblastoma progression by upregulating glycolysis
and glutamine catabolism (Kang et al., 2023). The study has also
been conducted to target ferroptosis as an attractive strategy in
cancer therapy (Alborzinia et al., 2023). LRP8 is a selenoprotein P
receptor that is important for protecting MYCN-amplified
neuroblastoma (Alborzinia et al., 2023). Using CRISPR/Cas9,
LRP8 has been genetically deleted, resulting in the depletion of
selenocysteine required for translation of anti-ferroptosis GPX4 and
making MYCN-amplified neuroblastoma vulnerable to cell death
(Alborzinia et al., 2023). PUMI1 protein can regulate dead-box
helicase 5 (DDX5), which increases cell viability and proliferation
(Liu Q. et al., 2021). Liu et al. have shown that CRISPR-mediated
knockdown of PUM1 and DDX5 will lead to decreased tumor cell
viability (Liu Q. et al., 2021). Similarly, the HMGA2-WHSCI axis
regulates cancer cell growth, proliferation, and metastasis, where
WHSCI acts as a transcription factor for oncogene HMGA2 (Liu H.
H.etal,2021). Liu et al. have demonstrated using CRISPR/Cas9 that
WHSC1 inhibits colon cancer cell proliferation, boosts drug
sensitivity, and reduces metastatic ability in colon cancer cells
(Liu H. H. et al, 2021). Cycle-dependent kinase p38y (p38y) is
highly expressed in colon cancer and is involved in tumor growth
and migration (Su et al., 2019). Su et al. showed that p38y deletion
results in cell proliferation and growth (Su et al., 2019). In case of
colorectal adenocarcinoma, increased expression of Aldoase B is
linked to a poor prognosis and accelerates tumor growth (Li et al.,
2017). In cancer cells (LoVo and SW480), knockout of Aldolase B
using CRISPR demonstrated that Aldolase B inhibits proliferation,
migration, and invasion in these cancer cells (Li et al., 2017). RhoV is
a key driver gene associated with and is upregulated in triple-
negative breast cancer (Jin et al, 2023). Studies have shown in
vivo functional screens identified RhoV as a regulator of tumor
metastasis (Jin et al., 2023). Jin et al. have demonstrated that the
knockout of RhoV suppressed cell invasion, migration, and
metastasis (Jin et al, 2023). Additionally, it provides evidence
that RhoV interacts with p-EGFR to activate the downstream
signaling (Jin et al, 2023). Cell division cycle 7 (CDC7) was
identified by Deng. et al. using CRISPR/Cas9 screening (Deng
2023).
CDC7 possibly acts as synergistic target (Deng et al, 2023).

et al, In chemo-resistant small cell lung cancer,

Frontiers in Genetics

10.3389/fgene.2024.1309175

Studies revealed that suppressing CDC7 lowered the IC50 and
increased chemotherapy effectiveness in chemo-resistant SCLC
cells (Deng et al, 2023). Another CRISPR/Cas9 screen has
identified a Zinc transporter (ZIP9) and using CRISPR-mediated
ZIP9 deletion showed that knockout of ZIP9 causes dysregulation of
Zinc homeostasis, which is associated with N-terminal linked
glycosylation resulting in cancer-like glycosylation on the surface
of the cell surface (Wang et al., 2020). Tissue inhibitor of
metalloproteinase-2 (TIMP-2) has a role in remodeling the
extracellular matrix to promote cancer progression (Escalona
et al., 2022). Escalona et al. have shown CRISPR/Cas9-mediated
depletion of TIMP-2 in ovarian cell cancer leads to inhibition of cell
growth, migration, invasion, and proliferation (Escalona et al.,
2022). There are many studies available that show importance of
CRISPR in treatment of cancer. However, due to limited space, we
have discussed recent studies only.

CRISPR usage in clinical cancer studies

In CAR-T immunotherapy, CRISPR-mediated genetically
altered T cells are used to detect cancer cells (Jogalekar et al,
2022). These T cells strategically target cancer cells and eliminate
them from the body (Jogalekar et al., 2022). The FDA approved
CAR-T for treating patients with traditional gene therapy in 2017
(Chen et al,, 2023). Moreover, researchers have been working on
making more powerful CAR-T therapies using T cells from a healthy
donor (Chen et al., 2023). These T cells are allogeneic in nature and
edited to attack cancer cells (Chen et al., 2023). Further, these T cells
avoid the recipient’s immune system or do not trigger graft vs. host
response (Sanber et al., 2021).

CD70 is a CD27 receptor ligand protein, a cell surface protein
with transitory expression on activated lymphocytes (Hintzen et al.,
1995) and has increased expression in clear cell RCC (Jilaveanu et al.,
2012). CTX130 is the first CAR T-cell therapy used in patients
targeting CD70 (Pal et al,, 2022). It has been demonstrated that the
gene-edited allogeneic CAR-T used in CTX130 treatment is directed
against the novel target CD70, which can cause relapsed or
refractory T-cell lymphomas in patients (Pal et al., 2022). The
phase 1 COBALT-RCC (NCT04438083) data
13 patients showed that the objective response rate was 8%, rate

trial from
of stable disease was 69%, and rate of disease control was 77% (Pal
et al, 2022). It is also observed that therapy has an acceptable safety
profile except three patients have severe adverse events and one
death unrelated to CTX130 therapy (Pal et al., 2022). In another first
phase studies, Stadtmauer et al. assess the viability and security of
employing CRISPR/Cas9 to modify T cells (Stadtmauer et al., 2020).
In the study, three cancer patients with refractory cancer
participated in the trial (Stadtmauer et al.,, 2020). It is observed
that there is a reduction in TCR mispairing and increased
production of a cancer specific TCR transgenic with CRISPR/
Cas9 mediated deletion of genes in charge of indigenous T cell
receptor (TCR) genes (Stadtmauer et al., 2020). They also remove a
gene that encoding programmed cell death protein 1 (PD-1) to
enhance antitumor immunity (Stadtmauer et al, 2020). The
CRISPR/Cas9 holds
immunotherapies, as evidenced by the fact that all three T cell

system’s promise for  gene-edited

transfers were effective and persisted for up to 9 months
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(Stadtmauer et al., 2020). Wang and others identified 15 patients
with solid mesothelin-positive tumors (Wang et al, 2021).
Mesothelin-specific CAR-T cells lacking PD-1 and TCRs are
generated using CRISPR/Cas9 and then evaluated with increased
dosage of the drug (Wang et al., 2021). The findings demonstrated
that two patients had stable illnesses, and the circulation of altered
T cells peaked between days 7 and 14 (Wang et al., 2021). After a
month, the edited T cells were undetectable and had no toxicities or
severe side effects (Wang et al., 2021). This study provides more
evidence of the viability and safety of T cells altered by CRISPR/Cas9
(Wang et al,, 2021). In a recent study, Liao and others have shown
that CRISPR/Cas9 can be used to knockout PD-L1, a potential
target, in patients suffering from osteosarcoma (Liao et al., 2017).
This breakthrough discovery marks the initial stages of establishing
the safety and effectiveness of CRISPR/Cas9 for treating other
malignancies, including NSCLC and sarcoma (Liao et al., 2017).
It is particularly significant due to the crucial role of the PD-1/PD-
L1 axis in cancer immune escape and therapeutics. In other phase I
trial, 16 patients with varied different resistant solid tumors were
treated by Foy et al. using CRISPR/Cas9 technology by knocking out
two T cell receptor genes (Foy et al, 2023). Each participating
patient in a clinical trial received up to three edited modified TCR
products in dose escalation (Foy et al., 2023). Neurotoxicity or the
cytokine release syndrome only occurred in only two cases. The best
therapeutic response stable illness,
demonstrating the viability of isolating endogenous T cell

in five patients was

receptors and using CRISPR/Cas9’s simultaneous knockout and
knock-in technology (Foy et al., 2023). In another phase I trial,
XFF19 CAR-T cells are autologous T cells designed to target
CD19 and CRISPR gene altered to remove endogenous HPK1 in
CD19" leukemia or lymphoma (NCT04037566). Also, CTX110 and
CTX112 are also used against relapsed or refractory B-cell

10.3389/fgene.2024.1309175

malignancies and target CD19 (NCT04035434, NCT05643742).
Similarly, CTX120 therapy is used in patients with relapsed or
resistant multiple myeloma and target B-cell maturation antigen
(BCMA)(NCT042446560). Phase I trials for PD-1 targets in EBV-
associated malignancies, phase II trials for CD19* leukemia and
lymphoma, relapsed or refractory leukemia and lymphoma, and
advanced esophageal cancer are just a few of the numerous clinical
trials that are now being conducted (Table 3).

CRISPR/Cas9 in cancer drug screening

Cancer tumors are heterogeneous and regulated by numerous
genes (Sun and Yu, 2015). To understand the role of multiple genes
in cancer, researchers are using a combinatorial CRISPR/
Cas9 approach in which multiple guide RNAs are used to knock
out multiple regulatory genes (Han et al., 2017; Giri et al,, 2019;
Tanevski et al., 2019; Tanevski et al., 2021). One example of this
approach is a CRISPR-based double knockout (CDKO) system that
was used to generate a large-scale human gene interaction (GI) map
(Han etal., 2017). This system used 490,000 double-sgRNAs directed
against 21,321 pairs of drug targets in K562 leukemia cells (Han
et al., 2017). This large-scale map can be used to develop more
personalized targeted therapies in the future (Figure 2). Another
example is a study by Najm et al. who used a combinatorial screening
approach to explore complex gene networks. The study used
machine learning to pair S. aureus Cas9 with sgRNA to identify
synthetic lethality and gene pairs across multiple cell types (Najm
et al., 2018). These combinatorics CRISPR libraries are commonly
used to study genes responsible for drug resistance (Najm et al.,
2018). Recently, CRISPR library screens can also be combined with
other techniques to understand different pathways in cancer

TABLE 3 Recent clinical trials conducted to combat cancer using CRISPR technology.

S. No ClinicalTrails.gov Cancer associated Therapy Reference
ID
1 NCT03970382 Solid Tumors Gene edited autologous autologous NeoTCR-T cells administrated with or | Foy et al. (2023)
without Anti-PD1
2 NCT04438083 Refractory Renal Cell Carcinoma | CTX130 (CD70-directed T-cell immunotherapy comprised of allogeneic | Pal et al. (2022)
T cells genetically modified ex vivo)
3 NCT04426669 Metastatic gastrointestinal Knockout of intracellular immune checkpoint in Tumor infiltrating Palmer et al.
cancers lymphocytes (2020)
4 NCT04637763 Refractory B cell Non-Hodgkin = Allogenic anti CD-19 CAR-T cell O’Brien et al.
lymphoma (2022)
5 NCT05722418 Multiple myeloma Anti-BCMA CAR-T cell therapy Berdeja et al.
(2023)
6 NCT04037566 All Leukemia and Lymphoma = HPK-1 knockout CD19-specific CAR-T cells Si et al. (2020)
7 NCT04035434 Refractory B-Cell Malignancies =~ CTX110 (CD70-directed T-cell immunotherapy comprised of allogeneic = McGuirk et al.
T cells genetically modified ex vivo) (2021)
8 NCT05037669 All leukemia and lymphoma Targeted gene: TCR, HLA-class I and HLA-class II Lan et al. (2022)
9 NCT03545815 Mesothelin positive multiple Knock out PD-1 and TCR gene in mesothelin directed CAR-T cells Wang et al. (2021)
solid tumors
10 NCT02793856 Metastatic non-small cell lung | Knock out PD-1 T cells Lu et al. (2020)
cancer
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(Romero et al,, 2017). For instance, Replogle et al. combined
CRISPR/Cas9-based genetic screening and metabolomic analyses
to show that Keapl/Nrf2-mutant cancers are dependent on
increased  glutaminolysis, and this key insight can be
therapeutically exploited for cancer treatment (Romero et al,
2017). Similarly, brain tumors are used to identify signaling
networks downstream of cancer driver genes. By combining
whole proteome, phosphoproteome, transcriptome, and systems
biology approaches, researchers have identified numerous master
regulators, including 41 kinases and 23 transcription factors (Wang
et al,, 2019). In the same study, validation studies have shown that
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more than 50 percent of master regulators are important for cancer
growth and novel tumor vulnerabilities (Wang et al., 2019). GWAS
studies have also led to the development of new treatments for
cancer and other diseases (Giri et al., 2014; Prasad et al., 2019a;
Prasad et al,, 2019b). For example, GWAS studies have identified
genetic variants that are associated with resistance to certain
chemotherapy drugs in cancer (Innocenti et al, 2011; Piitzer
et al, 2020). Overall, these development helps investigators to
identify new drug targets, validate drug targets, understand
mechanisms of drug resistance, and develop more personalized
targeted therapies.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

Sharma and Giri

Limitations of CRISPR/Cas9 technology
and future promise

CRISPR/Cas9 is a powerful tool to edit the DNA genome.
However, it has limitations, namely off-target effects, elicits of
the host immune system against endogenous Cas9 proteins and
moral concerns of gene editing (Rasul et al., 2022). The off-targeting
effects of CRISPR/Cas9 involve binding of gRNA at undesired
locations in the genome and causing cleavage using Cas9 protein
to generate harmful mutations (Rasul et al., 2022). According to
studies, the number of off-target sites varied from 10 to >1,000,
depending on the gRNA (Tycko et al., 2016). Studies have shown the
importance of the PAM binding site of sgRNA and cas9 binding site
(Tycko et al., 2016). However, strategies have been developed that
showed better bioinformatics tools, modified Cas9 nickases, and
anti-CRISPR proteins cause less off-target effect using CRISPR/
Cas9 protein (Guo et al,, 2023). Another problem with the CRISPR/
Cas9 system is that Cas9 is a bacterial protein that can elicit a host
immune response (Crudele and Chamberlain, 2018). The host
immune system recognizes Cas9 as the foreign protein that leads
to the degradation of these proteins, which prevents it from
performing its function (Crudele and Chamberlain, 2018). Next,
there are ethical concerns regarding the use of CRISPR/Cas9, as
CRISPR can be used for human eugenics (Ayanoglu et al., 2020).
Editing the genes of embryos or germline cells can lead to permanent
genetic changes that are passed down to future generations
(Ayanoglu et al, 2020). Manipulating the genes can have
unforeseen results, leading to potential increased susceptibility to
other diseases (Ayanoglu et al., 2020). While CRISPR has immense
promise for cancer precision, it faces hurdles beyond technical
limitations and immune toxicity concerns. Cancer’s heterogeneity
is a major challenge. Different tumors within the same cancer type in
different individual patients can have unique genetic and epigenetic
changes. Targeting specific genetic drivers of each patient’s cancer
using CRISPR technology will be difficult because of the intricate
interplay between various cellular processes and signaling pathways.
Additionally, CRISPR editing can sometimes lead to mosaic
mutations, where only a portion of tumor cells receive the
desired change (Mehravar et al., 2019). This heterogeneity within
the tumor can hinder the effectiveness of CRISPR therapies and
contribute to resistance.

In conclusion, CRISPR/Cas9 has emerged as a promising tool in
the battle against cancer. CRISPR is a revolutionary gene-editing
technology that offers unparalleled precision in targeting and
modifying cancer-related genes. The CRISPR’s ability to edit the

References

Alborzinia, H., Chen, Z, Yildiz, U, Freitas, F. P, Vogel, F. C. E,, Varga, J. P, et al.
(2023). LRP8-mediated selenocysteine uptake is a targetable vulnerability in MYCN-
amplified neuroblastoma. EMBO Mol. Med. 15, €l18014. doi:10.15252/emmm.
202318014

Ariyoshi, M., Vassylyev, D. G., Iwasaki, H., Nakamura, H., Shinagawa, H., and
Morikawa, K. (1994). Atomic structure of the RuvC resolvase: a holliday junction-
specific endonuclease from E. coli. Cell 78, 1063-1072. doi:10.1016/0092-8674(94)
90280-1

Avery, O. T., Macleod, C. M., and McCarty, M. (1944). Studies on the chemical nature
of the substance inducing transformation of pneumococcal types: induction of
transformation by a desoxyribonucleic acid fraction isolated from pneumococcus
type iii. J. Exp. Med. 79, 137-158. doi:10.1084/jem.79.2.137

Frontiers in Genetics

10

10.3389/fgene.2024.1309175

genes and disrupt genes responsible for tumorigenesis and
metastasis will open new avenues for developing personalized,
effective, and less toxic patient treatments. While the field of
CRISPR/Cas9 therapeutics for cancer treatment is still nascent,
the results from preclinical studies and clinical trials are
promising. These developments bring hope to develop more
targeted and less invasive interventions for cancer treatment.

Author contributions

AS: Conceptualization, Formal Analysis, Project administration,
Supervision, Writing-original draft, Writing-review and editing,
Data curation. AG: Conceptualization, Formal Analysis, Funding
acquisition, Investigation, Supervision, Validation, Visualization,
Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. AG has
received grant support from Mary and Georg C. Ehrnrooth
Foundation, Otto A. Malm Foundation, and K. Albin Johanssons
stiftelse sr Foundation.

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.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ayanoglu, F. B, Elcin, A. E., and Elcin, Y. M. (2020). Bioethical issues in genome
editing by CRISPR-Cas9 technology. Turk J. Biol. 44, 110-120. doi:10.3906/biy-
1912-52

Barrangou, R,, Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., et al.
(2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science 315,
1709-1712. doi:10.1126/science.1138140

Batty, D. P., and Wood, R. D. (2000). Damage recognition in nucleotide excision
repair of DNA. Gene 241, 193-204. doi:10.1016/s0378-1119(99)00489-8

Behan, F. M,, Iorio, F., Picco, G., Goncalves, E., Beaver, C. M., Migliardi, G., et al.
(2019). Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens. Nature
568, 511-516. doi:10.1038/s41586-019-1103-9

frontiersin.org


https://doi.org/10.15252/emmm.202318014
https://doi.org/10.15252/emmm.202318014
https://doi.org/10.1016/0092-8674(94)90280-1
https://doi.org/10.1016/0092-8674(94)90280-1
https://doi.org/10.1084/jem.79.2.137
https://doi.org/10.3906/biy-1912-52
https://doi.org/10.3906/biy-1912-52
https://doi.org/10.1126/science.1138140
https://doi.org/10.1016/s0378-1119(99)00489-8
https://doi.org/10.1038/s41586-019-1103-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

Sharma and Giri

Berdeja, J., Martin, T., Rossi, A., Essell, J., Siegel, D., Mailankody, S., et al. (2023). “A
first-in-human phase 1, multicenter, open-label study of CB-011, a next-generation
CRISPR-genome edited allogeneic anti-BCMA immune-cloaked CAR-T cell therapy,”
in Patients with relapsed/refractory multiple myeloma (CAMMOUFLAGE trial)
(American Society of Clinical Oncology).

Bi, K., He, M. X,, Bakouny, Z., Kanodia, A., Napolitano, S., Wu, J., et al. (2021). Tumor
and immune reprogramming during immunotherapy in advanced renal cell carcinoma.
Cancer Cell 39, 649-661 5. doi:10.1016/j.ccell.2021.02.015

Bortesi, L., and Fischer, R. (2015). The CRISPR/Cas9 system for plant genome editing
and beyond. Biotechnol. Adv. 33, 41-52. doi:10.1016/j.biotechadv.2014.12.006

Brezgin, S., Kostyusheva, A., Kostyushev, D., and Chulanov, V. (2019). Dead cas
systems: types, principles, and applications. Int. J. Mol. Sci. 20, 6041. doi:10.3390/
ijms20236041

Brouns, S. J., Jore, M. M., Lundgren, M., Westra, E. R,, Slijkhuis, R. J., Snijders, A. P.,
et al. (2008). Small CRISPR RNAs guide antiviral defense in prokaryotes. Science 321,
960-964. doi:10.1126/science.1159689

Cathomen, T., and Joung, J. K. (2008). Zinc-finger nucleases: the next generation
emerges. Mol. Ther. 16, 1200-1207. doi:10.1038/mt.2008.114

Chandrasekaran, A. P., Suresh, B,, Sarodaya, N, Ko, N. R, Oh, S.J., Kim, K. S,, et al. (2021).
Ubiquitin specific protease 29 functions as an oncogene promoting tumorigenesis in
colorectal carcinoma. Cancers (Basel) 13, 2706. doi:10.3390/cancers13112706

Chen, E., Lin-Shiao, E., Trinidad, M., Saffari Doost, M., Colognori, D., and Doudna,
J. A. (2022). Decorating chromatin for enhanced genome editing using CRISPR-Cas9.
Proc. Natl. Acad. Sci. U. S. A. 119, €2204259119. doi:10.1073/pnas.2204259119

Chen, Y. J., Abila, B., and Mostafa Kamel, Y. (2023). CAR-T: what is next? Cancers
(Basel) 15, 663. doi:10.3390/cancers15030663

Choudhury, S. R., Cui, Y., Lubecka, K., Stefanska, B., and Irudayaraj, J. (2016).
CRISPR-dCas9 mediated TET1 targeting for selective DNA demethylation at
BRCA1 promoter. Oncotarget 7, 46545-46556. doi:10.18632/oncotarget.10234

Christian, M., Cermak, T., Doyle, E. L., Schmidt, C., Zhang, F., Hummel, A., et al.
(2010). Targeting DNA double-strand breaks with TAL effector nucleases. Genetics 186,
757-761. doi:10.1534/genetics.110.120717

Concordet, J. P., and Haeussler, M. (2018). CRISPOR: intuitive guide selection for
CRISPR/Cas9 genome editing experiments and screens. Nucleic Acids Res. 46,
W242-W245. doi:10.1093/nar/gky354

Cory, J. G., and Sato, A. (1983). Regulation of ribonucleotide reductase activity in
mammalian cells. Mol. Cell Biochem. 53-54, 257-266. doi:10.1007/BF00225258

Croushore, E. E., Koppenhafer, S. L., Goss, K. L., Geary, E. L., and Gordon, D. J.
(2023). Activator protein-1 (AP-1) signaling inhibits the growth of ewing sarcoma cells
in response to DNA replication stress. Cancer Res. Commun. 3, 1580-1593. doi:10.1158/
2767-9764.CRC-23-0268

Crudele, J. M., and Chamberlain, J. S. (2018). Cas9 immunity creates challenges for CRISPR
gene editing therapies. Nat. Commun. 9, 3497. doi:10.1038/s41467-018-05843-9

Dalhus, B., Laerdahl, J. K., Backe, P. H., and Bjoras, M. (2009). DNA base repair--
recognition and initiation of catalysis. FEMS Microbiol. Rev. 33, 1044-1078. doi:10.
1111/j.1574-6976.2009.00188.x

Deb, G., Wingelhofer, B., Amaral, F. M. R., Maiques-Diaz, A., Chadwick, J. A,
Spencer, G. J., et al. (2020). Pre-clinical activity of combined LSD1 and
mTORCI inhibition in MLL-translocated acute myeloid leukaemia. Leukemia 34,
1266-1277. doi:10.1038/s41375-019-0659-6

Deng, L., Yang, L., Zhu, S., Li, M., Wang, Y., Cao, X,, et al. (2023). Identifying CDC7 as
a synergistic target of chemotherapy in resistant small-cell lung cancer via CRISPR/
Cas9 screening. Cell Death Discov. 9, 40. doi:10.1038/s41420-023-01315-2

Doench, J. G,, Fusi, N,, Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F.,
et al. (2016). Optimized sgRNA design to maximize activity and minimize off-target
effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184-191. doi:10.1038/nbt.3437

Enzmann, B. L., and Wronski, A. (2018). Synthego’s engineered cells allow scientists
to “cut out” CRISPR optimization [SPONSORED]. CRISPR J. 1, 255-257. doi:10.1089/
crispr.2018.29022.pro

Escalona, R. M., Chu, S., Kadife, E., Kelly, J. K., Kannourakis, G., Findlay, J. K., et al.
(2022). Knock down of TIMP-2 by siRNA and CRISPR/Cas9 mediates diverse cellular
reprogramming of metastasis and chemosensitivity in ovarian cancer. Cancer Cell Int.
22, 422. doi:10.1186/512935-022-02838-x

Fonfara, I, Le Rhun, A., Chylinski, K., Makarova, K. S., Lecrivain, A.-L., Bzdrenga, J.,
etal. (2014). Phylogeny of Cas9 determines functional exchangeability of dual-RNA and
Cas9 among orthologous type II CRISPR-Cas systems. Nucleic acids Res. 42, 2577-2590.
doi:10.1093/nar/gkt1074

Foy, S. P., Jacoby, K., Bota, D. A, Hunter, T., Pan, Z., Stawiski, E., et al. (2023). Non-
viral precision T cell receptor replacement for personalized cell therapy. Nature 615,
687-696. doi:10.1038/541586-022-05531-1

Gaj, T, Sirk, S. J,, Shui, S. L., and Liu, J. (2016). Genome-editing technologies:
principles and applications. Cold Spring Harb. Perspect. Biol. 8, a023754. doi:10.1101/
cshperspect.a023754

Frontiers in Genetics

11

10.3389/fgene.2024.1309175

Gautron, A., Bachelot, L., Aubry, M., Leclerc, D., Quemener, A. M., Corre, S., et al.
(2021). CRISPR screens identify tumor-promoting genes conferring melanoma cell
plasticity and resistance. EMBO Mol. Med. 13, e13466. doi:10.15252/emmm.202013466

Ge, R., Wang, Z., and Cheng, L. (2022). Tumor microenvironment heterogeneity an
important mediator of prostate cancer progression and therapeutic resistance.
NPJ Precis. Oncol. 6, 31. doi:10.1038/s41698-022-00272-w

Gilbert, L. A., Horlbeck, M. A., Adamson, B., Villalta, J. E., Chen, Y., Whitehead, E. H.,
etal. (2014). Genome-scale CRISPR-mediated control of gene repression and activation.
Cell 159, 647-661. doi:10.1016/j.cell.2014.09.029

Gilbert, L. A, Larson, M. H., Morsut, L., Liu, Z., Brar, G. A,, Torres, S. E., et al. (2013).
CRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell
154, 442-451. doi:10.1016/j.cell.2013.06.044

Giri, A. K., Ianevski, A., and Aittokallio, T. (2019). Genome-wide off-targets of drugs:
risks and opportunities. Cell Biol. Toxicol. 35, 485-487. doi:10.1007/s10565-019-
09491-7

Giri, A. K., Khan, N. M,, Basu, A., Tandon, N, Scaria, V., and Bharadwaj, D. (2014).
Pharmacogenetic landscape of clopidogrel in north Indians suggest distinct
interpopulation differences in allele frequencies. Pharmacogenomics 15, 643-653.
doi:10.2217/pgs.13.241

Gonzalez Castro, N., Bjelic, J., Malhotra, G., Huang, C., and Alsaffar, S. H. (2021).
Comparison of the feasibility, efficiency, and safety of genome editing technologies. Int.
J. Mol. Sci. 22, 10355. doi:10.3390/ijms221910355

Good, L., and Nielsen, P. E. (1999). Peptide nucleic acid (PNA) antisense effects in
Escherichia coli. Curr. Issues Mol. Biol. 1, 111-116. doi:10.21775/cimb.001.111

Goodspeed, A., Jean, A., and Costello, J. C. (2019). A whole-genome CRISPR screen
identifies a role of MSH2 in cisplatin-mediated cell death in muscle-invasive bladder
cancer. Eur. Urol. 75, 242-250. doi:10.1016/j.eururo.2018.10.040

Guo, C,, Ma, X, Gao, F., and Guo, Y. (2023). Off-target effects in CRISPR/Cas9 gene
editing. Front. Bioeng. Biotechnol. 11, 1143157. doi:10.3389/fbioe.2023.1143157

Hale, C. R, Zhao, P., Olson, S., Duff, M. O., Graveley, B. R., Wells, L., et al. (2009).
RNA-guided RNA cleavage by a CRISPR RNA-Cas protein complex. Cell 139, 945-956.
doi:10.1016/j.cell.2009.07.040

Han, K, Jeng, E. E,, Hess, G. T., Morgens, D. W., Li, A., and Bassik, M. C. (2017).
Synergistic drug combinations for cancer identified in a CRISPR screen for pairwise
genetic interactions. Nat. Biotechnol. 35, 463-474. doi:10.1038/nbt.3834

Heigwer, F., Kerr, G., and Boutros, M. (2014). E-CRISP: fast CRISPR target site
identification. Nat. Methods 11, 122-123. doi:10.1038/nmeth.2812

Hintzen, R. Q., Lens, S. M., Lammers, K., Kuiper, H., Beckmann, M. P., and van
Lier, R. A. (1995). Engagement of CD27 with its ligand CD70 provides a second
signal for T cell activation. J. Immunol. 154, 2612-2623. doi:10.4049/jimmunol.
154.6.2612

Tanevski, A., Giri, A. K., Gautam, P., Kononov, A., Potdar, S., Saarela, ., et al. (2019).
Prediction of drug combination effects with a minimal set of experiments. Nat. Mach.
Intell. 1, 568-577. doi:10.1038/s42256-019-0122-4

Tanevski, A., Lahtela, J., Javarappa, K. K., Sergeev, P., Ghimire, B. R, Gautam, P., et al.
(2021). Patient-tailored design for selective co-inhibition of leukemic cell
subpopulations. Sci. Adv. 7, eabe4038. doi:10.1126/sciadv.abe4038

Ibrahim, A., Ozsdz, M., Tirah, G., and Gideon, O. (2019). Genome engineering using
the CRISPR Cas9 system. J. Biomed. Pharm. Sci. 2, 2.

Innocenti, F., Cox, N. J., and Dolan, M. E. (2011). The use of genomic information to
optimize cancer chemotherapy. Semin. Oncol. 38, 186-195. doi:10.1053/j.seminoncol.
2011.01.005

Ishino, Y., Krupovic, M., and Forterre, P. (2018). History of CRISPR-cas from
encounter with a mysterious repeated sequence to genome editing technology.
J. Bacteriol. 200, €0058017. doi:10.1128/JB.00580-17

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., and Nakata, A. (1987).
Nucleotide sequence of the iap gene, responsible for alkaline phosphatase isozyme
conversion in Escherichia coli, and identification of the gene product. J. Bacteriol. 169,
5429-5433. doi:10.1128/jb.169.12.5429-5433.1987

Jiang, C., Qian, M., Gocho, Y., Yang, W., Du, G,, Shen, S., et al. (2022). Genome-wide
CRISPR/Cas9 screening identifies determinant of panobinostat sensitivity in acute

lymphoblastic leukemia. Blood Adv. 6, 2496-2509. doi:10.1182/bloodadvances.
2021006152

Jiang, F., and Doudna, J. A. (2017). CRISPR-Cas9 structures and mechanisms. Annu.
Rev. Biophys. 46, 505-529. doi:10.1146/annurev-biophys-062215-010822

Jilaveanu, L. B., Sznol, J., Aziz, S. A., Duchen, D., Kluger, H. M., and Camp, R. L.
(2012). CD70 expression patterns in renal cell carcinoma. Hum. Pathol. 43, 1394-1399.
doi:10.1016/j.humpath.2011.10.014

Jin, M. L,, Gong, Y., Ji, P, Hu, X,, and Shao, Z. M. (2023). In vivo CRISPR screens
identify RhoV as a pro-metastasis factor of triple-negative breast cancer. Cancer Sci. 114,
2375-2385. doi:10.1111/cas.15783

Jogalekar, M. P., Rajendran, R. L., Khan, F., Dmello, C., Gangadaran, P., and Ahn, B.
C. (2022). CAR T-Cell-Based gene therapy for cancers: new perspectives, challenges,

frontiersin.org


https://doi.org/10.1016/j.ccell.2021.02.015
https://doi.org/10.1016/j.biotechadv.2014.12.006
https://doi.org/10.3390/ijms20236041
https://doi.org/10.3390/ijms20236041
https://doi.org/10.1126/science.1159689
https://doi.org/10.1038/mt.2008.114
https://doi.org/10.3390/cancers13112706
https://doi.org/10.1073/pnas.2204259119
https://doi.org/10.3390/cancers15030663
https://doi.org/10.18632/oncotarget.10234
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1093/nar/gky354
https://doi.org/10.1007/BF00225258
https://doi.org/10.1158/2767-9764.CRC-23-0268
https://doi.org/10.1158/2767-9764.CRC-23-0268
https://doi.org/10.1038/s41467-018-05843-9
https://doi.org/10.1111/j.1574-6976.2009.00188.x
https://doi.org/10.1111/j.1574-6976.2009.00188.x
https://doi.org/10.1038/s41375-019-0659-6
https://doi.org/10.1038/s41420-023-01315-2
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1089/crispr.2018.29022.pro
https://doi.org/10.1089/crispr.2018.29022.pro
https://doi.org/10.1186/s12935-022-02838-x
https://doi.org/10.1093/nar/gkt1074
https://doi.org/10.1038/s41586-022-05531-1
https://doi.org/10.1101/cshperspect.a023754
https://doi.org/10.1101/cshperspect.a023754
https://doi.org/10.15252/emmm.202013466
https://doi.org/10.1038/s41698-022-00272-w
https://doi.org/10.1016/j.cell.2014.09.029
https://doi.org/10.1016/j.cell.2013.06.044
https://doi.org/10.1007/s10565-019-09491-7
https://doi.org/10.1007/s10565-019-09491-7
https://doi.org/10.2217/pgs.13.241
https://doi.org/10.3390/ijms221910355
https://doi.org/10.21775/cimb.001.111
https://doi.org/10.1016/j.eururo.2018.10.040
https://doi.org/10.3389/fbioe.2023.1143157
https://doi.org/10.1016/j.cell.2009.07.040
https://doi.org/10.1038/nbt.3834
https://doi.org/10.1038/nmeth.2812
https://doi.org/10.4049/jimmunol.154.6.2612
https://doi.org/10.4049/jimmunol.154.6.2612
https://doi.org/10.1038/s42256-019-0122-4
https://doi.org/10.1126/sciadv.abe4038
https://doi.org/10.1053/j.seminoncol.2011.01.005
https://doi.org/10.1053/j.seminoncol.2011.01.005
https://doi.org/10.1128/JB.00580-17
https://doi.org/10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1182/bloodadvances.2021006152
https://doi.org/10.1182/bloodadvances.2021006152
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1016/j.humpath.2011.10.014
https://doi.org/10.1111/cas.15783
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

Sharma and Giri

and clinical developments. Front. Immunol. 13, 925985. doi:10.3389/fimmu.2022.
925985

Kang, Y., Yu, Y,, Liu, Y., Pan, Y., Zhang, R, Ren, D., et al. (2023). Identification of
USP29 as a key regulator of nucleotide biosynthesis in neuroblastoma through
integrative analysis of multi-omics data. Cancer Biol. Ther. 24, 2237200. doi:10.
1080/15384047.2023.2237200

Katti, A., Diaz, B. ., Caragine, C. M., Sanjana, N. E,, and Dow, L. E. (2022). CRISPR in
cancer biology and therapy. Nat. Rev. Cancer 22, 259-279. doi:10.1038/s41568-022-
00441-w

Kleinstiver, B. P., Pattanayak, V., Prew, M. S,, Tsai, S. Q., Nguyen, N. T., Zheng, Z.,
etal. (2016). High-fidelity CRISPR-Cas9 nucleases with no detectable genome-wide off-
target effects. Nature 529, 490-495. doi:10.1038/nature16526

Koeller, K. J., Harris, G. D., Aston, K., He, G., Castaneda, C. H., Thornton, M. A, et al.
(2014). DNA binding polyamides and the importance of DNA recognition in their use
as gene-specific and antiviral agents. Med. Chem. (Los Angeles) 4, 338-344. doi:10.4172/
2161-0444.1000162

Konermann, S., Brigham, M. D., Trevino, A. E., Joung, J., Abudayyeh, O. O., Barcena,
C,, et al. (2015). Genome-scale transcriptional activation by an engineered CRISPR-
Cas9 complex. Nature 517, 583-588. doi:10.1038/nature14136

Koonin, E. V., and Makarova, K. S. (2009). CRISPR-Cas: an adaptive immunity
system in prokaryotes. F1000 Biol. Rep. 1, 95. doi:10.3410/B1-95

Koonin, E. V., Makarova, K. S., and Zhang, F. (2017). Diversity, classification and
evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 37, 67-78. doi:10.1016/j.mib.
2017.05.008

Labun, K., Krause, M., Torres Cleuren, Y., and Valen, E. (2021). CRISPR genome
editing made easy through the CHOPCHOP website. Curr. Protoc. 1, e46. doi:10.1002/
cpzl1.46

Lan, T., Que, H., Luo, M., Zhao, X., and Wei, X. (2022). Genome editing via non-viral
delivery platforms: current progress in personalized cancer therapy. Mol. Cancer 21, 71.
doi:10.1186/s12943-022-01550-8

Lau, C. H,, and Suh, Y. (2018). In vivo epigenome editing and transcriptional
modulation using CRISPR technology. Transgenic Res. 27, 489-509. doi:10.1007/
511248-018-0096-8

Lau, M. T., Ghazanfar, S., Parkin, A., Chou, A., Rouaen, J. R, Littleboy, J. B., et al.
(2020). Systematic functional identification of cancer multi-drug resistance genes.
Genome Biol. 21, 27. doi:10.1186/s13059-020-1940-8

Lee, J. K, Jeong, E., Lee, J., Jung, M., Shin, E., Kim, Y. H,, et al. (2018). Directed
evolution of CRISPR-Cas9 to increase its specificity. Nat. Commun. 9, 3048. doi:10.
1038/541467-018-05477-x

Li, Q, Li, Y., Xu, J., Wang, S., Xu, Y., Li, X,, et al. (2017). Aldolase B overexpression is
associated with poor prognosis and promotes tumor progression by epithelial-
mesenchymal transition in colorectal adenocarcinoma. Cell Physiol. Biochem. 42,
397-406. doi:10.1159/000477484

Li, T., and Yang, B. (2013). TAL effector nuclease (TALEN) engineering. Methods
Mol. Biol. 978, 63-72. doi:10.1007/978-1-62703-293-3_5

Li, W., Cho, M. Y., Lee, S., Jang, M., Park, J., and Park, R. (2019). CRISPR-Cas9
mediated CD133 knockout inhibits colon cancer invasion through reduced
epithelial-mesenchymal transition. PLoS One 14, €0220860. doi:10.1371/journal.
pone.0220860

Liao, Y., Chen, L., Feng, Y., Shen, J., Gao, Y., Cote, G., et al. (2017). Targeting
programmed cell death ligand 1 by CRISPR/Cas9 in osteosarcoma cells. Oncotarget 8,
30276-30287. doi:10.18632/oncotarget.16326

Lin, J., and Nagase, H. (2020). The road not taken with pyrrole-imidazole polyamides:
off-target effects and genomic binding. Biomolecules 10, 544. doi:10.3390/
biom10040544

Listgarten, J., Weinstein, M., Kleinstiver, B. P., Sousa, A. A., Joung, J. K.,
Crawford, J., et al. (2018). Prediction of off-target activities for the end-to-end
design of CRISPR guide RNAs. Nat. Biomed. Eng. 2, 38-47. d0i:10.1038/s41551-
017-0178-6

Liu, H., Wei, Z., Dominguez, A., Li, Y., Wang, X., and Qi, L. S. (2015). CRISPR-ERA: a
comprehensive design tool for CRISPR-mediated gene editing, repression and
activation. Bioinformatics 31, 3676-3678. doi:10.1093/bioinformatics/btv423

Liu, H. H,, Lee, C. H., Hsieh, Y. C,, Hsu, D. W, and Cho, E. C. (2021b). Multiple
myeloma driving factor WHSCL is a transcription target of oncogene HMGA2 that
facilitates colon cancer proliferation and metastasis. Biochem. Biophys. Res. Commun.
567, 183-189. doi:10.1016/j.bbrc.2021.06.034

Liu, Q. Xin, C,, Chen, Y., Yang, ], Chen, Y., Zhang, W, et al. (2021a). PUMI is
overexpressed in colon cancer cells with acquired resistance to cetuximab. Front. Cell
Dev. Biol. 9, 696558. doi:10.3389/fcell.2021.696558

Lo, A, and Qi, L. (2017). Genetic and epigenetic control of gene expression by
CRISPR-Cas systems. FI000Res 6, 747. doi:10.12688/f1000research.11113.1

Lu, Y, Xue, J., Deng, T., Zhou, X, Yu, K, Deng, L., et al. (2020). Safety and feasibility
of CRISPR-edited T cells in patients with refractory non-small-cell lung cancer. Nat.
Med. 26, 732-740. doi:10.1038/s41591-020-0840-5

Frontiers in Genetics

12

10.3389/fgene.2024.1309175

Makarova, K. S., Grishin, N. V., Shabalina, S. A., Wolf, Y. I., and Koonin, E. V. (2006).
A putative RNA-interference-based immune system in prokaryotes: computational
analysis of the predicted enzymatic machinery, functional analogies with eukaryotic
RNAi, and hypothetical mechanisms of action. Biol. Direct 1, 7. doi:10.1186/1745-6150-
1-7

Mansour, S. L., Thomas, K. R., and Capecchi, M. R. (1988). Disruption of the
proto-oncogene int-2 in mouse embryo-derived stem cells: a general strategy for
targeting mutations to non-selectable genes. Nature 336, 348-352. doi:10.1038/
33634820

Marraffini, L. A., and Sontheimer, E. J. (2008). CRISPR interference limits horizontal
gene transfer in staphylococci by targeting DNA. Science 322, 1843-1845. doi:10.1126/
science.1165771

Marx, V. (2020). Guide RNAs: it’s good to be choosy. Nat. Methods 17, 1179-1182.
do0i:10.1038/s41592-020-01003-4

McCleland, M. L., Mesh, K., Lorenzana, E., Chopra, V. S., Segal, E., Watanabe, C., et al.
(2016). CCAT1 is an enhancer-templated RNA that predicts BET sensitivity in
colorectal cancer. J. Clin. Invest. 126, 639-652. doi:10.1172/JCI83265

McGuirk, J., Bachier, C. R, Bishop, M. R., Ho, P. J., Murthy, H. S., Dickinson, M.
J., etal. (2021). A phase 1 dose escalation and cohort expansion study of the safety
and efficacy of allogeneic CRISPR-Cas9-engineered T cells (CTX110) in patients
(Pts) with relapsed or refractory (R/R) B-cell malignancies (CARBON). J. Clin.
Oncol. 39, TPS7570. TPS7570-TPS7570. doi:10.1200/jc0.2021.39.15_suppl.
tps7570

Mehravar, M., Shirazi, A., Nazari, M., and Banan, M. (2019). Mosaicism in CRISPR/
Cas9-mediated genome editing. Dev. Biol. 445, 156-162. doi:10.1016/j.ydbio.2018.
10.008

Mei, Y., Wang, Y., Chen, H,, Sun, Z. S,, and Ju, X. D. (2016). Recent progress in
CRISPR/Cas9 technology. J. Genet. Genomics 43, 63-75. doi:10.1016/j.jgg.2016.01.001

Mercadante, A. A., and Kasi, A. (2023). Genetics, cancer cell cycle phases. Treasure
Island (FL): StatPearls.

Miller, S. M., Wang, T., Randolph, P. B., Arbab, M., Shen, M. W., Huang, T. P., et al.
(2020). Continuous evolution of SpCas9 variants compatible with non-G PAMs. Nat.
Biotechnol. 38, 471-481. doi:10.1038/s41587-020-0412-8

Mohr, S. E., Hu, Y., Ewen-Campen, B., Housden, B. E., Viswanatha, R., and Perrimon,
N. (2016). CRISPR guide RNA design for research applications. FEBS J. 283, 3232-3238.
doi:10.1111/febs.13777

Mojica, F. J., Diez-Villasenor, C., Garcia-Martinez, J., and Soria, E. (2005).
Intervening sequences of regularly spaced prokaryotic repeats derive from foreign
genetic elements. J. Mol. Evol. 60, 174-182. doi:10.1007/s00239-004-0046-3

Mojica, F. J., Juez, G., and Rodriguez-Valera, F. (1993). Transcription at different
salinities of Haloferax mediterranei sequences adjacent to partially modified PstI sites.
Mol. Microbiol. 9, 613-621. doi:10.1111/j.1365-2958.1993.tb01721.x

Montazersaheb, S., Hejazi, M. S., and Nozad Charoudeh, H. (2018). Potential of
peptide nucleic acids in future therapeutic applications. Adv. Pharm. Bull. 8, 551-563.
doi:10.15171/apb.2018.064

Naito, Y., Hino, K., Bono, H., and Ui-Tei, K. (2015). CRISPRdirect: software for
designing CRISPR/Cas guide RNA with reduced off-target sites. Bioinformatics 31,
1120-1123. doi:10.1093/bioinformatics/btu743

Najm, F. ], Strand, C., Donovan, K. F., Hegde, M., Sanson, K. R,, Vaimberg, E. W,
et al. (2018). Orthologous CRISPR-Cas9 enzymes for combinatorial genetic screens.
Nat. Biotechnol. 36, 179-189. doi:10.1038/nbt.4048

Nielsen, P. E., and Egholm, M. (1999). An introduction to peptide nucleic acid. Curr.
Issues Mol. Biol. 1, 89-104. doi:10.21775/cimb.001.089

Nierzwicki, L., East, K. W., Morzan, U. N., Arantes, P. R., Batista, V. S., Lisi, G. P., et al.
(2021). Enhanced specificity mutations perturb allosteric signaling in CRISPR-Cas9.
Elife 10, 73601. doi:10.7554/eLife.73601

Nishimasu, H., Ran, F. A, Hsu, P. D., Konermann, S., Shehata, S. I., Dohmae, N., et al.
(2014). Crystal structure of Cas9 in complex with guide RNA and target DNA. Cell 156,
935-949. doi:10.1016/j.cell.2014.02.001

O’Brien, S., Nastoupil, L. J., Essell, ., Dsouza, L., Hart, D., Matsuda, E., et al. (2022). A
first-in-Human phase 1, multicenter, open-label study of CB-010, a next-generation
CRISPR-edited allogeneic anti-CD19 CAR-T cell therapy with a PD-1 knockout, in
patients with Relapsed/Refractory b cell non-Hodgkin lymphoma (ANTLER study).
Blood 140, 9457-9458. doi:10.1182/blood-2022-168128

O’Geen, H., Ren, C., Nicolet, C. M., Perez, A. A., Halmai, J., Le, V. M., et al. (2017).
dCas9-based epigenome editing suggests acquisition of histone methylation is not
sufficient for target gene repression. Nucleic Acids Res. 45,9901-9916. doi:10.1093/nar/
gkx578

Pal, S, Tran, B., Haanen, J., Hurwitz, M., Sacher, A., Agarwal, N., et al. (2022).
558 CTX130 allogeneic CRISPR-Cas9-engineered chimeric antigen receptor (CAR)
T cells in patients with advanced clear cell renal cell carcinoma: results from the phase
1 COBALT-RCC study. BM]J Spec. Journals.

Palmer, D., Webber, B., Patel, Y., Johnson, M., Kariya, C., Lahr, W., et al. (2020).
333 Targeting the apical intracellular checkpoint CISH unleashes T cell neoantigen

frontiersin.org


https://doi.org/10.3389/fimmu.2022.925985
https://doi.org/10.3389/fimmu.2022.925985
https://doi.org/10.1080/15384047.2023.2237200
https://doi.org/10.1080/15384047.2023.2237200
https://doi.org/10.1038/s41568-022-00441-w
https://doi.org/10.1038/s41568-022-00441-w
https://doi.org/10.1038/nature16526
https://doi.org/10.4172/2161-0444.1000162
https://doi.org/10.4172/2161-0444.1000162
https://doi.org/10.1038/nature14136
https://doi.org/10.3410/B1-95
https://doi.org/10.1016/j.mib.2017.05.008
https://doi.org/10.1016/j.mib.2017.05.008
https://doi.org/10.1002/cpz1.46
https://doi.org/10.1002/cpz1.46
https://doi.org/10.1186/s12943-022-01550-8
https://doi.org/10.1007/s11248-018-0096-8
https://doi.org/10.1007/s11248-018-0096-8
https://doi.org/10.1186/s13059-020-1940-8
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1159/000477484
https://doi.org/10.1007/978-1-62703-293-3_5
https://doi.org/10.1371/journal.pone.0220860
https://doi.org/10.1371/journal.pone.0220860
https://doi.org/10.18632/oncotarget.16326
https://doi.org/10.3390/biom10040544
https://doi.org/10.3390/biom10040544
https://doi.org/10.1038/s41551-017-0178-6
https://doi.org/10.1038/s41551-017-0178-6
https://doi.org/10.1093/bioinformatics/btv423
https://doi.org/10.1016/j.bbrc.2021.06.034
https://doi.org/10.3389/fcell.2021.696558
https://doi.org/10.12688/f1000research.11113.1
https://doi.org/10.1038/s41591-020-0840-5
https://doi.org/10.1186/1745-6150-1-7
https://doi.org/10.1186/1745-6150-1-7
https://doi.org/10.1038/336348a0
https://doi.org/10.1038/336348a0
https://doi.org/10.1126/science.1165771
https://doi.org/10.1126/science.1165771
https://doi.org/10.1038/s41592-020-01003-4
https://doi.org/10.1172/JCI83265
https://doi.org/10.1200/jco.2021.39.15_suppl.tps7570
https://doi.org/10.1200/jco.2021.39.15_suppl.tps7570
https://doi.org/10.1016/j.ydbio.2018.10.008
https://doi.org/10.1016/j.ydbio.2018.10.008
https://doi.org/10.1016/j.jgg.2016.01.001
https://doi.org/10.1038/s41587-020-0412-8
https://doi.org/10.1111/febs.13777
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1111/j.1365-2958.1993.tb01721.x
https://doi.org/10.15171/apb.2018.064
https://doi.org/10.1093/bioinformatics/btu743
https://doi.org/10.1038/nbt.4048
https://doi.org/10.21775/cimb.001.089
https://doi.org/10.7554/eLife.73601
https://doi.org/10.1016/j.cell.2014.02.001
https://doi.org/10.1182/blood-2022-168128
https://doi.org/10.1093/nar/gkx578
https://doi.org/10.1093/nar/gkx578
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

Sharma and Giri

reactivity and effector program. BMJ Spec. Journals. doi:10.1136/jitc-2020-
5itc2020.0333

Pelea, O., Fulga, T. A, and Sauka-Spengler, T. (2022). RNA-responsive gRNAs for
controlling CRISPR activity: current advances, future directions, and potential
applications. Crispr J. 5, 642-659. doi:10.1089/crispr.2022.0052

Prasad, G., Bandesh, K., Giri, A. K., Kauser, Y., Chanda, P., Parekatt, V., et al.
(2019a). Genome-wide association study of metabolic syndrome reveals primary
genetic variants at CETP locus in Indians. Biomolecules 9, 321. doi:10.3390/
biom9080321

Prasad, G., Giri, A. K., Indico, C., Basu, A., Tandon, N., and Bharadwaj, D.
(2019b). Genomewide association study for C-reactive protein in Indians
replicates known associations of common variants. J. Genet. 98, 20. doi:10.
1007/s12041-019-1065-6

Piitzer, S., Varghese, L., von Jan, J., Braun, T., Giri, A. K., Mayer, P, et al. (2020).
Reinstated p53 response and high anti-T-cell leukemia activity by the novel alkylating
deacetylase inhibitor tinostamustine. Leukemia 34, 2513-2518. doi:10.1038/s41375-
020-0772-6

Rajski, S. R., Jackson, B. A., and Barton, J. K. (2000). DNA repair: models for
damage and mismatch recognition. Mutat. Res. 447, 49-72. doi:10.1016/50027-
5107(99)00195-5

Ran, F. A, Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013).
Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8,2281-2308. doi:10.
1038/nprot.2013.143

Rasul, M. F., Hussen, B. M., Salihi, A., Ismael, B. S., Jalal, P. J., Zanichelli, A., et al.
(2022). Strategies to overcome the main challenges of the use of CRISPR/Cas9 as a
replacement for cancer therapy. Mol. Cancer 21, 64. doi:10.1186/s12943-021-
01487-4

Romero, R., Sayin, V. L, Davidson, S. M., Bauer, M. R,, Singh, S. X., LeBoeuf,
S. E., et al. (2017). Keapl loss promotes Kras-driven lung cancer and
results in dependence on glutaminolysis. Nat. Med. 23, 1362-1368. doi:10.
1038/nm.4407

Ryan, O. W, Poddar, S., and Cate, J. H. (2016). CRISPR-Cas9 genome engineering in
Saccharomyces cerevisiae cells. Cold Spring Harb. Protoc. 2016, pdb.prot086827. doi:10.
1101/pdb.prot086827

Sanber, K., Savani, B., and Jain, T. (2021). Graft-versus-host disease risk after chimeric
antigen receptor T-cell therapy: the diametric opposition of T cells. Br. J. Haematol. 195,
660-668. doi:10.1111/bjh.17544

Sander, J. D., and Joung, J. K. (2014). CRISPR-Cas systems for editing, regulating
and targeting genomes. Nat. Biotechnol. 32, 347-355. d0i:10.1038/nbt.2842

Scheidmann, M. C., Castro-Giner, F., Strittmatter, K., Krol, I., Paasinen-Sohns, A.,
Scherrer, R, et al. (2022). An in vivo CRISPR screen identifies stepwise genetic
dependencies of metastatic progression. Cancer Res. 82, 681-694. doi:10.1158/0008-
5472.can-21-3908

Scherer, S., and Davis, R. W. (1979). Replacement of chromosome segments with
altered DNA sequences constructed in vitro. Proc. Natl. Acad. Sci. U. S. A. 76,
4951-4955. doi:10.1073/pnas.76.10.4951

Schneider, A. (2020). A short history of guide RNAs: the intricate path that led to the
discovery of a basic biological concept. EMBO Rep. 21, €51918. doi:10.15252/embr.
202051918

Shalem, O., Sanjana, N. E., Hartenian, E., Shi, X,, Scott, D. A., Mikkelson, T., et al.
(2014). Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 343,
84-87. doi:10.1126/science.1247005

Sharma, S., Kelly, T. K., and Jones, P. A. (2010). Epigenetics in cancer. Carcinogenesis
31, 27-36. doi:10.1093/carcin/bgp220

Shaw, W. M., Studena, L., Roy, K., Hapeta, P., McCarty, N. S., Graham, A. E,,
et al. (2022). Inducible expression of large gRNA arrays for multiplexed CRISPRai
applications. Nat. Commun. 13, 4984. doi:10.1038/s41467-022-32603-7

Si, J., Shi, X., Sun, S., Zou, B., Li, Y., An, D., et al. (2020). Hematopoietic
progenitor kinasel (HPK1) mediates T cell dysfunction and is a druggable target
for T cell-based immunotherapies. Cancer Cell 38, 551-566. doi:10.1016/j.ccell.
2020.08.001

Sica, A., Allavena, P., and Mantovani, A. (2008). Cancer related inflammation:
the macrophage connection. Cancer Lett. 267, 204-215. d0i:10.1016/j.canlet.2008.
03.028

Simon, P., Cannata, F., Perrouault, L., Halby, L., Concordet, J. P., Boutorine, A., et al.
(2008). Sequence-specific DNA cleavage mediated by bipyridine polyamide conjugates.
Nucleic Acids Res. 36, 3531-3538. doi:10.1093/nar/gkn231

Slaymaker, I. M., Gao, L., Zetsche, B., Scott, D. A,, Yan, W. X,, and Zhang, F. (2016).
Rationally engineered Cas9 nucleases with improved specificity. Science 351, 84-88.
doi:10.1126/science.aad5227

Smithies, O., Gregg, R. G., Boggs, S. S., Koralewski, M. A., and Kucherlapati, R.
S.(1985). Insertion of DNA sequences into the human chromosomal beta-globin

locus by homologous recombination. Nature 317, 230-234. doi:10.1038/
317230a0

Frontiers in Genetics

13

10.3389/fgene.2024.1309175

Stadtmauer, E. A, Fraietta, J. A., Davis, M. M., Cohen, A. D., Weber, K. L., Lancaster,
E., et al. (2020). CRISPR-engineered T cells in patients with refractory cancer. Science
367, eaba7365. doi:10.1126/science.aba7365

Stemmer, M., Thumberger, T., Del Sol Keyer, M., Wittbrodst, J., and Mateo, J. L.
(2015). CCTop: an intuitive, flexible and reliable CRISPR/Cas9 target prediction tool.
PLoS One 10, €0124633. doi:10.1371/journal.pone.0124633

Stepper, P., Kungulovski, G., Jurkowska, R. Z., Chandra, T., Krueger, F.,
Reinhardt, R., et al. (2017). Efficient targeted DNA methylation with chimeric
dCas9-Dnmt3a-Dnmt3L methyltransferase. Nucleic Acids Res. 45, 1703-1713.
doi:10.1093/nar/gkwl112

Strasser, B. J. (2003). Who cares about the double helix? Nature 422, 803-804. doi:10.
1038/422803a

Su, C, Sun, Q, Liu, S.,, Wang, H,, Feng, L., and Cao, Y. (2019). Targeting p38y to
inhibit human colorectal cancer cell progression. Biochem. Biophys. Res. Commun. 517,
172-179. doi:10.1016/j.bbrc.2019.07.038

Sun, X. X,, and Yu, Q. (2015). Intra-tumor heterogeneity of cancer cells and its
implications for cancer treatment. Acta Pharmacol. Sin. 36,1219-1227. doi:10.1038/aps.
2015.92

Tang, K. J., Constanzo, J. D., Venkateswaran, N., Melegari, M., Ilcheva, M., Morales,
J. C., et al. (2016). Focal adhesion kinase regulates the DNA damage response and its
inhibition radiosensitizes mutant KRAS lung cancer. Clin. Cancer Res. 22, 5851-5863.
doi:10.1158/1078-0432.CCR-15-2603

Tejedor, J. R, Penarroya, A., Gancedo-Verdejo, J., Santamarina-Ojeda, P., Perez, R. F.,
Lopez-Tamargo, S., et al. (2023). CRISPR/dCAS9-mediated DNA demethylation screen
identifies functional epigenetic determinants of colorectal cancer. Clin. Epigenetics 15,
133. doi:10.1186/s13148-023-01546-1

Thakore, P. I, D’Ippolito, A. M., Song, L., Safi, A., Shivakumar, N. K., Kabadi, A.
M., et al. (2015). Highly specific epigenome editing by CRISPR-Cas9 repressors for
silencing of distal regulatory elements. Nat. Methods 12, 1143-1149. doi:10.1038/
nmeth.3630

Tomczak, K., Czerwinska, P., and Wiznerowicz, M. (2015). Review the cancer genome
atlas (TCGA): an immeasurable source of knowledge. Contemp. Oncology/ Wspotczesna
Onkol. 2015, 68-77. doi:10.5114/w0.2014.47136

Tycko, J., Myer, V. E.,, and Hsu, P. D. (2016). Methods for optimizing CRISPR-
cas9 genome editing specificity. Mol. Cell 63, 355-370. doi:10.1016/j.molcel.2016.
07.004

Tzelepis, K., Koike-Yusa, H., De Braekeleer, E., Li, Y., Metzakopian, E., Dovey, O. M.,
etal. (2016). A CRISPR dropout screen identifies genetic vulnerabilities and therapeutic
targets in acute myeloid leukemia. Cell Rep. 17, 1193-1205. doi:10.1016/j.celrep.2016.
09.079

Uniyal, A. P., Mansotra, K., Yadav, S. K., and Kumar, V. (2019). An overview of
designing and selection of sgRNAs for precise genome editing by the CRISPR-Cas9
system in plants. 3 Biotech. 9, 223. doi:10.1007/5s13205-019-1760-2

Uyhazi, K. E.,, and Bennett, J. (2021). A CRISPR view of the 2020 nobel prize in
Chemistry. J. Clin. Invest. 131, e145214. doi:10.1172/JCI145214

Vakulskas, C. A., Dever, D. P, Rettig, G. R, Turk, R., Jacobi, A. M., Collingwood, M.
A, etal. (2018). A high-fidelity Cas9 mutant delivered as a ribonucleoprotein complex
enables efficient gene editing in human hematopoietic stem and progenitor cells. Nat.
Med. 24, 1216-1224. doi:10.1038/s41591-018-0137-0

Villa, E., Ali, E. S., Sahu, U., and Ben-Sahra, I. (2019). Cancer cells tune the signaling
pathways to empower de novo synthesis of nucleotides. Cancers (Basel) 11, 688. doi:10.
3390/cancers11050688

Wang, H., Diaz, A. K., Shaw, T. L, Li, Y., Niu, M., Cho, J. H., et al. (2019). Deep
multiomics profiling of brain tumors identifies signaling networks downstream
of cancer driver genes. Nat. Commun. 10, 3718. doi:10.1038/s41467-019-
11661-4

Wang, J., Zhao, H., Xu, Z., and Cheng, X. (2020). Zinc dysregulation in cancers and its
potential as a therapeutic target. Cancer Biol. Med. 17, 612-625. doi:10.20892/j.issn.
2095-3941.2020.0106

Wang, J. J., Lei, K. F., and Han, F. (2018). Tumor microenvironment: recent advances
in various cancer treatments. Eur. Rev. Med. Pharmacol. Sci. 22, 3855-3864. doi:10.
26355/eurrev_201806_15270

Wang, X., Huang, X., Fang, X., Zhang, Y., and Wang, W. (2016). CRISPR-Cas9 system
as a versatile tool for genome engineering in human cells. Mol. Therapy-Nucleic Acids 5,
€388. doi:10.1038/mtna.2016.95

Wang, Z., Li, N,, Feng, K, Chen, M., Zhang, Y., Liu, Y., et al. (2021). Phase I study of
CAR-T cells with PD-1 and TCR disruption in mesothelin-positive solid tumors. Cell
Mol. Immunol. 18, 2188-2198. doi:10.1038/s41423-021-00749-x

Watson, J. D., and Crick, F. H. (1953). Molecular structure of nucleic acids; a
structure for deoxyribose nucleic acid. Nature 171, 3-5. doi:10.1097/BLO.
0b013e31814b9304

Westermann, L., Neubauer, B., and Kottgen, M. (2021). Nobel Prize 2020 in
Chemistry honors CRISPR: a tool for rewriting the code of life. Pflugers Arch. 473,
1-2. doi:10.1007/s00424-020-02497-9

frontiersin.org


https://doi.org/10.1136/jitc-2020-sitc2020.0333
https://doi.org/10.1136/jitc-2020-sitc2020.0333
https://doi.org/10.1089/crispr.2022.0052
https://doi.org/10.3390/biom9080321
https://doi.org/10.3390/biom9080321
https://doi.org/10.1007/s12041-019-1065-6
https://doi.org/10.1007/s12041-019-1065-6
https://doi.org/10.1038/s41375-020-0772-6
https://doi.org/10.1038/s41375-020-0772-6
https://doi.org/10.1016/s0027-5107(99)00195-5
https://doi.org/10.1016/s0027-5107(99)00195-5
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1186/s12943-021-01487-4
https://doi.org/10.1186/s12943-021-01487-4
https://doi.org/10.1038/nm.4407
https://doi.org/10.1038/nm.4407
https://doi.org/10.1101/pdb.prot086827
https://doi.org/10.1101/pdb.prot086827
https://doi.org/10.1111/bjh.17544
https://doi.org/10.1038/nbt.2842
https://doi.org/10.1158/0008-5472.can-21-3908
https://doi.org/10.1158/0008-5472.can-21-3908
https://doi.org/10.1073/pnas.76.10.4951
https://doi.org/10.15252/embr.202051918
https://doi.org/10.15252/embr.202051918
https://doi.org/10.1126/science.1247005
https://doi.org/10.1093/carcin/bgp220
https://doi.org/10.1038/s41467-022-32603-7
https://doi.org/10.1016/j.ccell.2020.08.001
https://doi.org/10.1016/j.ccell.2020.08.001
https://doi.org/10.1016/j.canlet.2008.03.028
https://doi.org/10.1016/j.canlet.2008.03.028
https://doi.org/10.1093/nar/gkn231
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1038/317230a0
https://doi.org/10.1038/317230a0
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1371/journal.pone.0124633
https://doi.org/10.1093/nar/gkw1112
https://doi.org/10.1038/422803a
https://doi.org/10.1038/422803a
https://doi.org/10.1016/j.bbrc.2019.07.038
https://doi.org/10.1038/aps.2015.92
https://doi.org/10.1038/aps.2015.92
https://doi.org/10.1158/1078-0432.CCR-15-2603
https://doi.org/10.1186/s13148-023-01546-1
https://doi.org/10.1038/nmeth.3630
https://doi.org/10.1038/nmeth.3630
https://doi.org/10.5114/wo.2014.47136
https://doi.org/10.1016/j.molcel.2016.07.004
https://doi.org/10.1016/j.molcel.2016.07.004
https://doi.org/10.1016/j.celrep.2016.09.079
https://doi.org/10.1016/j.celrep.2016.09.079
https://doi.org/10.1007/s13205-019-1760-2
https://doi.org/10.1172/JCI145214
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.3390/cancers11050688
https://doi.org/10.3390/cancers11050688
https://doi.org/10.1038/s41467-019-11661-4
https://doi.org/10.1038/s41467-019-11661-4
https://doi.org/10.20892/j.issn.2095-3941.2020.0106
https://doi.org/10.20892/j.issn.2095-3941.2020.0106
https://doi.org/10.26355/eurrev_201806_15270
https://doi.org/10.26355/eurrev_201806_15270
https://doi.org/10.1038/mtna.2016.95
https://doi.org/10.1038/s41423-021-00749-x
https://doi.org/10.1097/BLO.0b013e31814b9304
https://doi.org/10.1097/BLO.0b013e31814b9304
https://doi.org/10.1007/s00424-020-02497-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

Sharma and Giri

Wood, R. D., Araujo, S. J., Ariza, R. R,, Batty, D. P, Biggerstaff, M., Evans, E., et al.
(2000). DNA damage recognition and nucleotide excision repair in mammalian cells.
Cold Spring Harb. Symp. Quant. Biol. 65, 173-182. doi:10.1101/sqb.2000.65.173

Xu, Y., and Li, Z. (2020). CRISPR-Cas systems: overview, innovations and
applications in human disease research and gene therapy. Comput. Struct.
Biotechnol. J. 18, 2401-2415. doi:10.1016/j.csbj.2020.08.031

Yan, ], Jia, Y., Chen, H., Chen, W., and Zhou, X. (2019). Long non-coding RNA PXN-
AS1 suppresses pancreatic cancer progression by acting as a competing endogenous
RNA of miR-3064 to upregulate PIP4K2B expression. J. Exp. Clin. Cancer Res. 38, 390.
doi:10.1186/s13046-019-1379-5

Yu, Z., Pandian, G. N, Hidaka, T., and Sugiyama, H. (2019). Therapeutic gene
regulation using pyrrole-imidazole polyamides. Adv. Drug Deliv. Rev. 147, 66-85.
doi:10.1016/j.addr.2019.02.001

Frontiers in Genetics

14

10.3389/fgene.2024.1309175

Zhan, T., Rindtorff, N., Betge, J., Ebert, M. P., and Boutros, M. (2019). CRISPR/
Cas9 for cancer research and therapy. Semin. Cancer Biol. 55, 106-119. doi:10.1016/j.
semcancer.2018.04.001

Zhang,J., Li, Y., Liu, H., Zhang, J., Wang, J., Xia, J., et al. (2022). Genome-wide
CRISPR/Cas9 library screen identifies PCMT1 as a critical driver of ovarian
cancer metastasis. J. Exp. Clin. Cancer Res. 41, 24. doi:10.1186/s13046-022-
02242-3

Zhou, L., and Yao, S. (2023). Recent advances in therapeutic CRISPR-Cas9
genome editing: mechanisms and applications. Mol. Biomed. 4, 10. doi:10.1186/
§43556-023-00115-5

Zhu, S., Zhou, Y., and Wei, W. (2017). Genome-wide CRISPR/Cas9 screening for
high-throughput functional genomics in human cells. Methods Mol. Biol. 1656,
175-181. doi:10.1007/978-1-4939-7237-1_11

frontiersin.org


https://doi.org/10.1101/sqb.2000.65.173
https://doi.org/10.1016/j.csbj.2020.08.031
https://doi.org/10.1186/s13046-019-1379-5
https://doi.org/10.1016/j.addr.2019.02.001
https://doi.org/10.1016/j.semcancer.2018.04.001
https://doi.org/10.1016/j.semcancer.2018.04.001
https://doi.org/10.1186/s13046-022-02242-3
https://doi.org/10.1186/s13046-022-02242-3
https://doi.org/10.1186/s43556-023-00115-5
https://doi.org/10.1186/s43556-023-00115-5
https://doi.org/10.1007/978-1-4939-7237-1_11
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1309175

	Engineering CRISPR/Cas9 therapeutics for cancer precision medicine
	Introduction
	Brief history of CRISPR/Cas9 development
	CRISPR/Cas9 components and its mechanism
	CRISPR/Cas9 based high throughput screens for cancer biomarker discovery
	Tools for using CRISPR/CAS9 technologies
	Applications of CRISPR/Cas9 in cancer preclinical studies
	CRISPR usage in clinical cancer studies
	CRISPR/Cas9 in cancer drug screening
	Limitations of CRISPR/Cas9 technology and future promise
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


