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Tumor is one of the biggest threats to human health. Though tumor therapy has
been dramatically advanced by the progress of technology and research in recent
decades, it is still far from expectations. Thus, it is of great significance to explore
the mechanisms of tumor growth, metastasis, and resistance. Screen based on
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR-
associated protein (Cas) 9 gene editing technology are powerful tools for
exploring the abovementioned facets. This review summarizes the recent
screen performed in cancer cells and immune cells in the tumor
microenvironment. The screens in cancer cells mainly focus on exploring the
mechanisms underlying cancer cells’ growth, metastasis, and how cancer cells
escape from the FDA approved drugs or immunotherapy. And the studies in
tumor-associated immune cells are primarily aimed at identifying signaling
pathways that can enhance the anti-tumor function of cytotoxic T
lymphocytes (CTLs), CAR-T cells, and macrophages. Moreover, we discuss the
limitations, merits of the CRISPR screen, and further its future application in tumor
studies. Importantly, recent advances in high throughput tumor related CRISPR
screen have deeply contributed to new concepts and mechanisms underlying
tumor development, tumor drug resistance, and tumor immune therapy, all of
which will eventually potentiate the clinical therapy for tumor patients.
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1 Introduction

Cancer is a leading cause of death and an important obstacle to improve life expectancy.
Worldwide, there are estimated to be nearly 19.3 million new cancer cases and almost
10 million cancer related deaths in 2020 (Sung et al., 2021). It is also estimated that the global
cancer burden will reach 28.4 million cases in 2040, an increase of 47% over 2020 (Sung et al.,
2021). Tumor is a kind of disease with complex pathological mechanism that endangers
human health severely. Fundamentally, it is a genomic disease, caused by genome alteration,
including DNA mutations that activate oncogenes and inactivate tumor suppressors, as well
as dysregulation of epigenomes that coordinate normal gene expression (Katti et al., 2022).
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Up to now, tumor treatment still faced a severe situation. The
discovery of new targets for safe and highly efficient drugs is still
the focus of basic and clinical research. For patients with early-stage
tumors, surgical resection is an effective treatment. However, due to
the difficult diagnosis and rapid progress, most patients are
diagnosed in the progression stage at their initial visits, missing
the opportunity for radical surgical resection, and can only accept
local treatment or systematic treatment (Sangro et al., 2021; Llovet
et al., 2022). Given the progress in the prevention and treatment of
tumors, the overall survival of tumor patients has improved, with
some patients being cured. The main reason for the progress in
cancer therapy is the understanding of the underlying tumor
biology, which leads to the development of small molecules and
antibodies targeting key proteins in oncogenic signaling pathways.
Most advance and successful examples include targeting BCR-ABL
with imatinib in chronic myeloid leukemia, inhibiting EGFR with
cetuximab in colorectal cancer, antagonizing BRAF with
vemurafenib in melanoma, and inhibiting multiple tyrosine
kinases with lenvatinib in hepatocellular carcinoma (Cunningham
et al., 2004; Baccarani et al., 2009; Shaitelman et al., 2015; Kudo et al.,
2018). Moreover, immune checkpoint blocking (ICB) antibodies
against programmed death 1/programmed death-ligand 1 (PD-1/
PD-L1) and cytotoxic T-lymphocyte-associated protein4 (CTLA-4)
are designed to reactivate tumor-specific T cells, which have
demonstrated effectiveness against a large number of cancer
types, including melanoma, non-small-cell lung cancer, and renal
cancer (Hodi et al., 2010; Chen and Mellman, 2017; Hellmann et al.,
2018; Motzer et al., 2018). The ICB therapy is a main pillar of
innovative cancer therapy, and its monotherapy or combined
therapy with target or chemotherapeutic drugs have become
popular therapeutic strategies (Sangro et al., 2021; Cortiula et al.,
2022). Although tremendous progress has been made in ICB
therapy, the proportion of tumor patients who have benefited
from such therapy is still not high. For melanomas, only 17%–
26% of patients respond to anti-PD-L1 therapy and only 2%–6%
respond to anti-CTLA-4 therapy (Hodi et al., 2010; Page et al., 2014).
While the response rate of liver cancer patients to PD1 antibody
(nivolumab) is only 14.3% (Villanueva, 2019). PD-L1 antibody
(atezolizumab) combined with VEGF antibody (bevacizumab)
can improve the treatment response rate of liver cancer patients
to 27.3%, still not enough (Galle et al., 2021). Thus, it is still a long
way to find more therapeutic targets for developing personalized
tumor treatment schemes that benefit specific patients.

The tumor microenvironment (TME) is one of the most
important barriers for cancer therapy. The immune structure of
the TME, commonly known as the “immune environment”, has
been proven to convey reliable prognosis and predictive information
for various solid tumors (Bruni et al., 2020; Petroni et al., 2022).
Specifically, high intratumorally levels of CD8+ T cells (also known
as cytotoxic T lymphocytes, CTLs), helper T cell 1 (Th1)-polarized
CD4+ T cells, natural killer (NK) cells, mature dendritic cells
(mDCs), and pro-inflammatory M1 like tumor associated
macrophages (TAMs) are generally but not invariably associated
with improved disease outcomes in different patient cohorts. In
contrast, abundant tumor infiltration by immunosuppressive CD4+

CD25+ Foxp3+ regulatory T (Treg) cells, exhaustion CD8+ T cells
(expressing PD1, Tim3, and/or Lag3), immature or tolerant DCs,
anti-inflammatory M2 like TAMs, and/or myeloid-derived

suppressor cells (MDSCs) are generally associated with limited
sensitivity to therapy (Bruni et al., 2020; Petroni et al., 2022).
Although these observations cannot be universally applied to all
solid tumors, for example, high levels of intratumorally CD8+ T cells
are associated with a poor prognosis in patients with renal cell
carcinoma andmetabolic activation of intrahepatic CD8+ T cells and
NKT cells has been shown to promote NASH (Nonalcoholic Fatty
Liver Disease) and HCC (hepatocellular carcinoma) via cross-talk
with hepatocytes (Vesely et al., 2011; Wolf et al., 2014; Bruni et al.,
2020; Petroni et al., 2022). Exploring the composition, subgroup,
and function of immune cell subsets in the TME can not only help us
understand the tumor microenvironment but also provide necessary
guarantees for further exploring the heterogeneity of tumors and
developing personalized therapeutic drugs.

The Clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR associated protein 9 system is a component of
the adaptive immune system of ancient bacteria (Barrangou et al.,
2007). In the past three decades, some scientists have contributed to
understanding CRISPR biology and developing CRISPR gene editing
technology, including establishing programmable DNA editing in
mammalian cells (Cho et al., 2013; Cong et al., 2013; Mali et al.,
2013). Since then, CRISPR gene editing technology has become a useful
tool for programmable gene modification in almost all cell types,
especially in exploring gene functions in tumor growth. Notably, the
genome-wide CRISPR-Cas9-mediated screen is a powerful tool for
identifying genes responsible for diverse phenotypes. CRISPR
technology as an efficient tool for large-scale genetic screen has
enabled great advances in cancer research, including those aiming to
discover and validate therapeutic targets (Yin et al., 2019).

In this review, we first introduce the genome editing
technologies, and then focus on the application of the CRISPR
system in studies of cancer cells and the cell subpopulations in TME.
At last, we also prospect the future application of the CRISPR screen
in clinical tumor therapy and potential drug exploration.
Significantly, here we have comprehensively summarized current
cancer studies using CRISPR screen technology and their
achievements, which provides fruitful information helping to
understand the research models and trends in this field.

2 The introduction of genome editing
technology

Nearly a decade ago, the zinc-finger nucleases (ZFNs)
technology was developed as the first practical tool for genome
editing (Urnov et al., 2010). Each zinc-finger protein consists of
three or more zinc-finger domains, each of which interacts with a
3 bp DNA sequence, which has high specificity (Urnov et al., 2010).
The efficiency of genome editing by ZFNs can be high, but a fairly
complicated process of protein engineering is required to target
specific DNA sequence (Yin et al., 2019). In one trial, ZFNs was used
to disrupt the CCR5 gene in T cells isolated from HIV patients,
which were subsequently expanded and reinjected into patients to
generate an HIV-resistant autologous T cell pool (Perez et al., 2008).
Simultaneously, another gene editing technology using transcription
activators like effector nucleases (TALENs) were developed for
efficient gene editing (Joung and Sander, 2013). TALENs
contains a FokI nuclease domain fused to a DNA binding
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domain, which is engineered with a series of highly conserved 34 aa-
repeats derived from transcription activator like effectors (TALEs)
produced by different species of Xanthomonas. Each DNA-binding
TALE repeat binds to an individual base of the four, allowing any
sequences to be targeted by TALENs. Both ZFN and TALENs can
introduce DNA double-strand breaks (DSBs), which are repaired by
non-homologous end-joining (NHEJ) or homology directed repair
(HDR), so that DNA sequences can be deleted or inserted (Joung
and Sander, 2013). Since new ZFN or TALEN proteins must be
engineered for each new target site, and ZFN can only target limited
number of genome sites, such design constraints have restricted the
application of these two technologies.

The CRISPR-Cas9 system was first applied in genome editing by
the laboratories of Emmanuelle Charpentier, Jennifer Doudna, and
Feng Zhang. CRISPR-Cas9 system consists of crRNA: trancrRNA
duplex and Cas9 endonuclease. For application in cell and in-vivo,
researchers modified the CRISPR-Cas9 system by integrating CRISPR
RNAs (crRNAs) with manually designed trans-activating crRNA
(tracrRNA) to form single guide RNAs (sgRNAs) (Jinek et al.,
2012). SgRNAs can bind to complementary genomes, and the
binding specificity is determined by the 20 nucleotides sequence
before the three nucleotide protospacer adjacent motifs (PAM,
composed of NGG or NAG sequences) in genomes (Jinek et al.,
2012; Sternberg et al., 2014). The endonuclease Cas9 protein is
guided to the target site by sgRNA, acting as a pair of “scissors” to
cut DNA, leaving DSBs, single strand nick (Cong et al., 2013; Mali et al.,
2013). Again, the host cell responds to DSBs through two different
repair mechanisms: NHEJ and HDR. NHEJ is an error-prone repair
mechanism that often leads to insertions or deletions (indels). These
indels lead to frameshift mutations, premature stop codons, and/or
nonsense mediated decay of target genes, leading to loss of function. In
contrast, HDR was used to assist recombination of DNA donor
templates to reconstruct cleaved DNA (Zhan et al., 2019). With
guidance by sgRNA, specific genomic sites can be quickly located,
leading to gene deletion, mutation, and insertion, making CRISPR a
powerful research tool. Moreover, Specifically, with a single sgRNA,
Cas9 can disrupt the open reading frame by inducing a frameshift
mutation (Cox et al., 2015). While, using two sgRNAs targeting one
chromosome, sequence deletions between two DSBs or the generation
of chromosomal translocations can be achieved (Ghezraoui et al., 2014;
Maddalo et al., 2014; Vanoli et al., 2017).

In addition to direct modification of genomic DNA, CRISPR can
also be utilized to regulate the expression of target genes. The regulation
of target gene expression is dependent on a nuclease-deficient Cas9
(dCas9), which is fused to a variety of effector domains to mediate
specific local DNA manipulation (Qi et al., 2013). CRISPR activation
(CRISPRa) and CRISPR inhibition (CRISPRi) are two important
dCas9-based technologies. For instance, CRISPRa can be mediated
by a dCas9 fused with the transcription activation domain VP64 to
induce the expression of target genes (Gilbert et al., 2013). Furthermore,
CRISPRa may fuse dCas9 with a tripartite activator like VP64-p65-Rta
for improved efficiency (Chavez et al., 2015; Konermann et al., 2015).
On contrary, CRISPRi is carried out by a dCas9 fusion with the
Kruppel-associated cassette (KRAB) transcriptional repressor domain
(Gilbert et al., 2014). As the superiority of CRISPR to previous gene
editing technology (ZFNs, TALENS and RNA interferences), such as
lower cost, easier manipulation, less time-consuming, high efficiency,
low noise and limited off-target effects, being recognized, CRISPR

technology has been widely used in basic research and quickly
applied in translational studies.

Large scale gene screen tools based on the CRISPR-Cas9 system
have been used to analyze gene functions and biological pathways
related to human diseases (including cancer), which has become a
revolution for research (Komor et al., 2017; Knott and Doudna,
2018). Eight years ago, several groups independently reported the
use of the CRISPR-Cas9 library in human or mouse cells for large-
scale knockout screens, identifying and analyzing functional
molecules, ushering in the era of functional genomics research
and establishing a new paradigm for the discovery of potential
drug targets (Koike-Yusa et al., 2014; Shalem et al., 2014;Wang et al.,
2014; Zhou et al., 2014). Since then, CRISPR screen technology has
been rapidly developed to explore cancer treatment targets,
including those related to tumor cell survival, proliferation,
metastasis, synergistic lethality, drug resistance and immune
evasion (Hou et al., 2017; Steinhart et al., 2017; Wang E. et al.,
2019; Wang C. et al., 2019; Hinze et al., 2019).

Apart from basic researches, current clinical trials (Table 1)
exploiting CRISPR-Cas9 technology mainly focus on improving the
function of T cells, including generating CAR-T cells in vitro after
collecting autologous T cells from patient, or activating T cells by
knocking out PD-1 genes before infusion T cells to patients. For ethical
and other reasons such as safety concern, it is not suitable for CRISPR-
Cas9 technology to be directly applied in the human body so far, but
in vitro modification of T cells such as CAR-T and TIL, followed by
reinfusion therapy, can be achieved. Though, in preclinical studies,
CRISPR technology has demonstrated encouraging result and efficacy
in cancer treatment, multiple issues should be addressed before
CRISPR-cas9 technology being used for human therapy, including
off-target effects, immune responses elicited by Cas9 proteins, selection
of target cells and so on. Once all these issues have been finally
addressed, the CRISPR-cas9 technology will show large potential
clinically in the various aspects not limited to cancer immune
therapy and elimination of tumor cells.

3 Application of CRISPR screen in
cancer cells

The initiation and progression of cancer are related to the mutation
and dysregulated expression of a series of genes, including oncogenes,
tumor suppressor genes, T-cell or NK-cell killing escape genes,
chemotherapy resistance genes, metabolism related genes, and
cancer stem cell related genes (Zhang et al., 2021). The goal of
cancer treatment is to inhibit tumor growth and progression, while
correcting the specific mutations in tumor cells and reviving the
inactivated genes are important means of tumor treatment. To
identify genes essential for cancer initiation, progression, and drug
escape, CRISPR screen technology has been widely used in basic cancer
research and has made some quite exciting progress (Figure 1).

3.1 CRISPR screen for gene regulating tumor
growth

CRISPR screen is a powerful tool in exploring critical genes that
regulate tumor growth. To unveil the role of reactive oxygen species
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(ROS) in colitis and colon tumorigenesis, a genome-wide CRISPRko
screen was used to systematically identify genetic factors involved in
the regulation of oxidative stress. Next-generation sequencing
(NGS) revealed that more than 600 sgRNAs, including those

targeting LGALS2, were highly enriched in cells that survived
under the sublethal H2O2 challenge. Further investigation
demonstrated that LGALS2 inhibits H2O2-induced
STAT3 phosphorylation and plays a suppressive role in colon

TABLE 1 The ongoing clinical trials of immunotherapeutic agents that include a CRISPR/Cas9 element, as found in clinicaltrials.gov.

Disease Country Phase Cell
type

Target Intervention ID

Mesothelin Positive Multiple Solid Tumors,
adult

China I Solid
Tumors

mesothelin Biological: anti-mesothelin CAR-T cells NCT03545815

Mesothelin Positive Multiple Solid Tumors,
adult

China I Solid
Tumors

mesothelin Mesothelin-directed CAR-T cells NCT03747965

B-cell Malignancy, United I B cell CD19 Biological: CTX110 NCT04035434

Non-Hodgkin Lymphoma, States

B-cell Lymphoma,

Adult B Cell ALL

Esophageal Cancer China Solid
Tumors

Other: PD-1 Knockout T Cells NCT03081715

B-cell Lymphoma, United States I/II B cell CD19 Biological: CTX112 NCT05643742

Non-Hodgkin Lymphoma,

B-cell Malignancy,

Chronic Lymphocytic Leukemia (CLL)/Small
Lymphocytic Lymphoma (SLL),

Follicular Lymphoma,

Mantle Cell Lymphoma,

Marginal Zone Lymphoma,

Large B-cell Lymphoma

T Cell Lymphoma United States I T cell CD70 Biological: CTX130 NCT04502446

Clear Cell Renal, United States I/II T cell CD70 Biological: CTX131 NCT05795595

Cell Carcinoma,

Cervical Carcinoma,

Esophageal Carcinoma,

Pancreatic Adenocarcinoma,

Malignant Pleural Mesothelioma

Metastatic Non-small Cell Lung Cancer China I T cell Drug: Drug: Cyclophosphamide NCT02793856

Other: PD-1 Knockout T Cells

Multiple Myeloma United States I B cell BCMA Biological: CTX120 NCT04244656

B Cell Leukemia, China I/II B cell CD19 Biological: UCART019 NCT03166878

B Cell Lymphoma

Renal Cell Carcinoma United States I T cell CD70 Biological: CTX130 NCT04438083

B Cell Leukemia, China I/II B cell CD19, Biological: Universal Dual Specificity CD19 and
CD20 or CD22 CAR-T Cells

NCT03398967

B Cell Lymphoma CD20,

CD22

Advanced Hepatocellular Carcinoma China I Biological: PD-1 knockout engineered T cells NCT04417764
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tumor growth (Li H. et al., 2021). In another study illustrating the
regulation of HCC growth under hypoxia, aldolase A (ALDOA), a
key enzyme for glycolysis and gluconeogenesis is confirmed through
genome-wide CRISPRko screen to be an important driver of HCC
cells growth under hypoxia conditions. Knockout of ALDOA in liver

cancer cells leads to lactate depletion, thereby inhibiting tumor
growth (Niu et al., 2021). Notably, to explore the function of
potential tumor driver genes for lung cancer, a genome-wide
CRISPR screen was also performed in 2D monolayer of lung
cancer cell and 3D lung-cancer spheroids in parallel. It is

FIGURE 1
Pattern diagram of in-vitro and in-vivo CRISPR screens conducted on tumor cell. Based on the gene library of interested, lentivirus baring sgRNA
towards these geneswere designed and prepared, lentivirus were subsequently transduced to tumor cells and then the viral-transduced tumor cells were
selected by resistance selection, in selected tumor cells, targeted genes were successfully processed by CRISPR system, then the obtained selected
tumor cells are screened through different methods to obtain cell subsets of interest according to different demand, such as to improve ICB therapy
efficacy, tumor sensitivity to drugs, T cell- or NK cell-killing in-vitro, as well as to reduce tumormetastasis, enhance tumor’s sensitivity to ACT therapy and
ICB therapy in vivo. Finally, the differences were analyzed to identify potential functional genes.

FIGURE 2
Common patterns of immune cells in tumormicroenvironment. There aremultiple subsets of immune cells in the tumormicroenvironment, among
which CD8 T cells, mature DC cells, NK cells, and Th1 cells promote the killing of tumors, while cells such as Treg cells, MDSC, TAM, and immature DC
cells promote the escape of tumors. Up to now, there has been CRISPR screening based onCD8 T cells, Treg, andmacrophages in tumor treatment, all of
which provide some help for tumor treatment.
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revealed that the CRISPR phenotype in 3Dmodels recapitulated that
of tumors in vivo more accurately, and genes with differential
sensitivity in 2D and 3D conditions were highly enriched for
those mutated in lung cancer in vivo, such as carboxypeptidase D
(Han et al., 2020). In an effort to find potential targeted therapeutic
drugs for lung squamous cell carcinoma (LUSC), MECOM was
identified as a therapeutic target candidate for LUSC by a CRISPR-
mediated screen based on 38 genes which were consistently
normally amplified in three pairs of primary tumors and patient-
derived xenografts (PDXs). High levels of MECOM expression are
associated with a poor prognosis clinically. Consistently, enhanced
expression of MECOM in LUSC cell lines was observed to promote
the properties of cancer stem cells (CSCs), while knockout of it
inhibits CSC phenotype (Ma et al., 2022).

3.2 CRISPR screen for genes modulating
tumor metastasis

Metastasis is a leading cause of cancer patient death, because the
metastatic tumors are usually drug-resistant and hard to remove
through surgery (Lambert et al., 2017; Tasdogan et al., 2021). In
metastasis, cancer cells first delaminate from their origins to invade
the surrounding tissues, and then migrate to new sites through
tissues, blood, and/or lymph system. As the initial dissociated cancer
cells need to overcome a diversified and changing environment, only
a few of them can survive in this process, and further grow in the
metastatic sites (Vanharanta and Massague, 2013; Tasdogan et al.,
2021). However, once the metastasis occurs, the survival of patients
will be seriously threatened, and the treatment of tumors will also
become more difficult (Kienast et al., 2010; Sela et al., 2021;
Tasdogan et al., 2021).

The CRISPR screen is also a great tool to explore the
mechanism of metastasis. A genome-wide CRISPRko screen was
employed to identify genes regulating tumor growth and
metastasis. When transplanted into immunocompromised mice,
the edited cancer cell pool rapidly metastasized. The depletion of a
small group of genes such as Nf2, Pten, and tripartite motif-
containing protein 72 (Trim72) increased the metastasis in the
lung. And the depletion of Cdkn2a, Fga, and Cryba4 accelerated
the growth of primary tumors (Chen et al., 2015). Similarly, to
identify genes that promote metastasis, an in vivo genome-wide
CRISPRa screen was performed in circulating cancer cells from
breast cancer patients. Ribosomal protein coding genes and
translation regulators were enriched in the screen. Among
them, RPL15 encodes a component of large ribosomal subunits,
whose overexpression was found to increases the metastatic cell
growth in multiple organs by selectively enhancing the translation
of other ribosomal proteins and cell cycle regulators (Ebright et al.,
2020). Epithelial plasticity, a reversible process regulate cellular
epithelial and mesenchymal characteristics is related to tumor
metastasis and chemotherapy resistance. In a CRISPRko screen for
vital epigenetic genes that regulate, epithelial plasticity, the
histone-modifying enzymes Zeb1 and Nsd2 were found to be
involved in the writing and erasing of H3K36me2. Based on the
screen, a unified epigenetic mechanism through which histone
specific modifications regulated cell plasticity and metastasis in
cancer cells was illustrated (Yuan et al., 2020).

3.3 CRISPR screen for gene affecting tumor
drug efficacy

Every year, many drugs are approved by the U.S. Food and drug
administration (FDA) for cancer treatment, and each approval
indicates a step forward in fighting against cancer. However, the
proportion of patients that benefit from drug therapy is still
relatively low. Finding the mechanism of drug resistance and
further developing of new drugs and potential combination
therapy are one focus and major challenges of cancer research.

Synthetic lethality is defined as a phenomenon that
simultaneous loss of two genes leads to cell death, but single
deletion of either has little effect on cell viability (Huang A.
et al., 2020). The concept of synthetic lethality in cancer has been
extended to a pair of genes, where one gene is inactivated or over-
activated and the expression of the other gene is reduced by drug
treatment, resulting in cancer cell death, while normal cells (lack
fixed gene changes) are protected from drug inhibition (Huang A.
et al., 2020). In order to explore the reason for the limited
therapeutic effect of sorafenib, Cun Wang and his colleagues
conducted a synthetic lethal screening based on CRISPR-Cas9 to
search for kinases that interacts with sorafenib. They confirmed that
the inhibition of ERK2 (MAPK1) made some liver cancer cell lines
sensitive to sorafenib (Wang et al., 2018). Similarly, CCNE1 is a
commonly amplified gene in multiple tumor types, especially in
high-grade serous ovarian cancer, uterine tumor and
gastroesophageal cancer (Patch et al., 2015; Yuan et al., 2018;
Watkins et al., 2020). To explore the therapeutic targets of
tumors with CCNE1 amplification, David Gallo et al. did a
genome-wide synthetic lethality CRISPRko screen. It is found
that increasing CCNE1 dose results in vulnerability to inhibition
of PKMYT1 kinase, a negative regulator of CDK1 (Gallo et al., 2022).

The widespread application of synthetic lethality in the
mechanism of tumor treatment. A high proportion of NRAS
mutations occur in melanoma patients. However, there has been
limited progress in the development of targeted therapies for such
patients. MEK inhibitors (MEKi) have shown certain clinical
efficacy but need to be optimized. Weijia Cai et al. conducted a
genome-wide CRISPRko screen, and found that deletion of
phosphoinositide dependent kinase-1 (PDPK1) enhanced the
efficacy of MEKi. The synergistic effect of PDPK1 deletion and
MEKi is further validated in a melanoma cell line with the NRAS
mutation using pharmacological and molecular methods (Cai et al.,
2022). In another investigation, Lenvatinib is multi-receptor
tyrosine kinase inhibitor that is used to treat patients with
advanced HCC, but the ratio of patients respond to the drug is
only 19% (Kudo et al., 2018). Haojie Jin et al. found that treatment of
lenvatinib combined with inhibitor of epidermal growth factor
receptor (EGFR) promotes the synthetic lethality of liver cancer
cells in a CRISPRko screen with a kinome-focused library. The
combination of EGFR inhibitors gefitinib and lenvatinib show
potent anti-proliferative effects in vitro and in vivo (Jin et al., 2021).

CRISPRi knockdown technology suppresses gene expression by
interfering with transcription rather than inducing double stranded
DNA breaks (Gilbert et al., 2013; Qi et al., 2013; Gilbert et al., 2014).
Compared with shRNA, another normal way to knockdown genome
in cancer cells, CRISPRi causes low noise, minimal off-target effects
and consistent activity across reagents (Zheng et al., 2018). The
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advantage of CRISPRi screen is that it is closer to the effect of a drug
inhibitor and does not completely inhibit gene’s activity. Therefore,
CRISPRi technology can distinguish the enzymatic effect of gene
products from the non-pharmacologically inhibited scaffold effect.
Yichen Xu et al. found that the RNA binding function of ERα is
uncoupled with its DNA binding activity, and is crucial for the
progression of breast cancer. Using genome-wide cross-linked
immunoprecipitation (CLIP) sequencing and a functional
CRISPRi screen, they confirmed that ERα-associated mRNA
maintained the adaptability of cancer cells and triggerred the
response of cells to stress through controlling RNA metabolism.
In particular, they proved that the RNA binding of ERαmediated the
selective splicing of XBP1 and the translation of eIF4G2 and
MCL1 mRNA, which helped cancer cells to survive under stress
conditions and maintain the tamoxifen resistance (Xu et al., 2021).
However, the limited number and poorly characterization of
knowntranscription start sites in genome has limited the
application of CRISPRi and may introduce false negative results
in large-scale screen (Huang A. et al., 2020). Collectively, the
CRISPR screen tools are not only of great significance in
exploring the mechanisms of existing tumor drugs, but also
effective in finding their tolerance mechanisms, which will
eventually contribute to solving problems of drug resistance and
development of new drugs.

3.4 CRISPR screens for genes mediating
immune evasion of tumors

3.4.1 Screens for genes essential for tumor escape
from CTL killing

Because CD8+ T cells are the most important tumor-killing cells
in the solid tumor niche, immunotherapy mainly aims to improve
the effector function of CD8+ T cells. Immunotherapy for tumors is
divided into four major categories: immune checkpoint blocking
(ICB) therapy, tumor vaccines (provenge, cimavax), adoptive T cell
therapy (ACT, including TIL, TCR-T, and CAR-T therapy), and
nonspecific immune modulators (Rosenberg et al., 1994;
Cunningham et al., 2004; Bagley et al., 2018; Zheng et al., 2022).

CRISPRko screen is a powerful tool to explore critical genes in
cancer cells that facilitate escape from T-cell killing. Deng Pan et al.
performed a genome-wide CRISPRko screen and demonstrated on
epigenetic mechanism explaining how cancer cells escape from
CD8+ T cell-mediated killing (Pan et al., 2018). They found that
depletion of Pbrm1, Arid2, or Brd7, which are all key components of
the PBAF SWI/SNF chromatin remodeling complex, sensitized
melanoma cells to T-cell killing. Loss of the PBAF components
increase tumor cell sensitivity to IFNγ stimulation, enhance its
chemokine secretion, and subsequent recruitment of effector
T cells (Pan et al., 2018). Pancreatic ductal adenocarcinoma
(PDA), another type of tumor, is characterized as inherently at
immune suppressive status, Nina Frey et al. performed CRISPRko
screens in vitro and in vivo to systematically analyze the intrinsic
mechanism of PDA cells escaping from CD8+ T cell killing,
identified Vps4b and Rnf31 as essential factors for tumor evasion
from CD8+ T-cell killing (Frey et al., 2022). Loss of Vps4b in cancer
cells impairs autophagy, leading to increased accumulation of
Granzyme B intracellular, and thus enhances the sensitivity of

tumor cell to CD8+ T cell effector function. They also found that
Rnf31 protected cancer cells from TNF mediated caspase 8 cleavage
and subsequent apoptosis induction, a mechanism that is conserved
in human PDA-like organs (Frey et al., 2022). Min Li et al.
performed genome-wide CRISPRko screen to identify genes
involved in tumor escape from T cell-mediated killing, and
identified that multiple IFNγ signaling-related genes were
essential for the resistance of melanoma cells to T cell killing (Li
M. et al., 2021). Moreover, they found deletion of the
deubiquitinating protease ubiquitin specific peptidase 22 (USP22)
in melanoma cells decreased the efficacy of T cell-mediated killing
in vitro and in vivo, while USP22 overexpression enhanced tumor-
cell sensitivity to T cell-mediated killing (Li M. et al., 2021).

To explore the core genes and signal pathways that help cancer
cells to evade CTL-mediated killing, Keith A. Lawson et al.
conducted genome-wide screens using mouse colorectal cancer,
breast cancer, melanoma, and kidney cancer cell lines, with or
without tumor-specific T cells, and identified 182 genes vital for
cancer cell immune evasion. They found individually loss of these
genes increased the sensitivity or resistance of cancer cells to CTL-
mediated toxicity killing (Lawson et al., 2020).

3.4.2 CRISPR screens for genes affecting tumor
resistance against CAR-T cells

Chimeric antigen receptor (CAR) therapy is effective in the
treatment of hematological malignancies, but has limited efficacy for
solid tumors therapy (Maude et al., 2018; Cohen et al., 2019; Wang
et al., 2020). The living environment of solid tumor, the tumor niche,
may be inherently resistance against CAR-T therapy for complicated
cellular mechanism, making it difficult for CAR-T cells to kill cancer
cells (Bagley et al., 2018). In order to systematically identify potential
resistance pathways in an unbiased manner, Rebecca C. Larson et al.
conducted a genome-wide CRISPRko screen in glioblastoma
(GBM). Through co-culturing tumor cells with CAR-T cells, they
found that deletion of downstream genes in IFNγ signal pathway
downstream genes such as IFNGR1, JAK1, or JAK2 make GBM and
other solid tumors more resistant to CAR-T cell killing in vitro and
in vivo. However, the absence of gene in this pathway did not make
leukemia or lymphoma cell lines insensitive to CAR-T cells (Larson
et al., 2022).

3.4.3 CRISPR screens for genes involved in tumor
escape from NK-cell killing

Natural killer (NK) cells are unique group of congenital
lymphocytes that is able to recognize, further remove virus
infected cells or cancer cells. NK cells execute cytotoxicity
function through multiple pathways with a variety of
mechanisms, such as the production of cytokines, to regulate
immune responses including anti-cancer immunity. To identify
the key regulatory factors for tumor sensitivity or resistance
against NK cell-mediated cytotoxicity in human glioblastoma
stem cells (GSCs), Davide Bernareggi et al. performed a whole
genome CRISPRko screen in GSCs and identify CHMP2A as a
regulator of resistance to NK cell-mediated cytotoxicity. They found
that the deletion of CHMP2A activated NF-κB in cancer cells and
increased chemokine secretion, which subsequently promoted the
migration of NK cells to cancer cells (Bernareggi et al., 2022). In
order to systematically explore the sensitivity of human cancer cells
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to NK cells, Michal Sheffer et al. quantified reactivities of “DNA
barcoded” solid tumor cell lines to NK cell and applied the CRISPR
screen system to identify genes regulating cancer cell responses to
NK cell killings. In these orthogonal studies, cancer cells sensitive to
NK cells exhibit a “mesenchymal like” transcriptional program: high
transcriptional characteristics of chromatin remodeling complex,
enhanced expression of B7-H6 (NCR3LG1), and reduced expression
of HLA-E/antigen presenting gene (Sheffer et al., 2021). In another
study, Conor J Kearney et al. conducted a series of CRISPR screens
to explore the mechanism of cancer cells’ escaping fromCD8+ T cells
and NK cells killing. It is found that loss of key genes in TNF
signaling, IFN-γ signaling or antigen presentation pathway could
enhance cancer cell resistance to CD8+ T cell-mediated killing and
weaken the effect of anti-tumor immune response in vivo. The
deletion of downstream genes in the TNF pathway promotes the
cancer cells to escape from the killing by primary NK cells. They also
determined that the metabolic protein 2-aminoethanethiol
dioxygenase (Ado) regulated the sensitivity of cancer cells to
TNF-mediated killing by cytotoxic lymphocytes, which is
necessary for optimal tumor control in vivo (Kearney et al., 2018).

3.4.4 CRISPR screens for genes involved in tumor
resistance against ICB therapy

Immune checkpoint factors are co-inhibitors of effector
lymphocytes, which can reduce the activation of lymphocytes and
prevent their overactivation. Cancer uses this physiological
mechanism to evade the anti-tumor immune response by
expressing corresponding ligands in cancer cells, stromal cells or
exosomes (Chen and Flies, 2013; Daassi et al., 2020). Co-inhibitory
receptors include CTLA4, PD1, T-cell immunoglobulin and mucin
domain containing-3 (TIM3), lymphocyte-activation gene 3 (LAG3)
and so on. Among them, CTLA4 is expressed by activated T cells,
mainly Treg cells, to prevent the activation of effector T-cell. PD1 is
expressed by activated T cells, NK cells and other cells like Treg cells,
MDSCs, monocytes, and dendritic cells (DC), while its ligand
PDL1 is expressed by many stromal cells and cancer cells, as well
as myeloid including DCs (Jain et al., 2010; Sangro et al., 2021). The
major obstacle for improving efficacy of ICB therapy is that the
obscure and complicated mechanism for cancer cell escaping from T
cell killing. Thus, exploring the mechanisms explaining how tumor
cells escape immune surveillance, and designing appropriate
combination drugs of ICB therapy are the current focuses of
tumor immunology research. The CRISPR screen system is a
powerful tool to solve these questions.

Robert T. Manguso et al. employed the genome-wide CRISPRko
screen to identify genes that regulate immunotherapy of mouse
melanoma, and found that deletion of genes involved in several
pathways sensitized the tumor to anti-PD-1 blockade therapy.
Ptpn2, which encodes protein tyrosine phosphatase, is found to
negatively regulate IFNγ-mediated effects on antigen presentation
and anti-PD-1 blockade therapy. In addition, previously known
genes including pd-l1, cd47, Stat1, Jak1, Ifngr2, Ifngr1, and Jak2 have
been confirmed for their roles in immune escape (Manguso et al.,
2017). Although immunotherapy has made substantial progress in
the treatment of lung adenocarcinoma (LUAD), the overall response
rate of patients with KRAS mutant LUAD is still low. Fei Li et al.
employed an in vivo CRISPR screen with an epigenetic library in the
KrasG12D/Trp53−/− LUAD model to identify epigenetic regulators

of tumor immunity and discovered that loss of histone chaperone
Asf1a made cancers sensitive to anti-PD-1 therapy. Their results
provided a theoretical basis for a new combination therapy
consisting of Asf1a inhibition and anti PD-1 immunotherapy (Li
et al., 2020). Immunotherapy has deeply changed cancer treatment,
but only a few patients with pancreatic ductal adenocarcinoma
(PDA) can benefit from it, which is mainly due to the poor
infiltration and inactivation of T cells in the tumor
microenvironment (TME). Jinyang Li et al. did an in vivo
CRISPR screen and determined that lysine demethylase 3A
(KDM3A) is an effective epigenetic regulator of the PDA
immunotherapy response. In mechanism, KDM3A acts through
Krueppel like factor 5 (KLF5) and SMAD family member 4
(SMAD4) to regulate the expression of epidermal growth factor
receptor (EGFR) (Li J. et al., 2021). In order to find out the
mechanism of the limited efficacy of ICB therapy for triple
negative breast cancer (TNBC), Xiaoqing Wang et al. conducted
an in vivo CRISPRko screen in the syngeneic TNBC mouse model
and confirmed that the deletion of E3 ubiquitin ligase Cop1 in
TNBC cells reduced the macrophage infiltration and the secretion of
chemokines, led to enhancing anti-tumor immunity and improving
the efficacy of ICB therapy for tumor (Wang X. et al., 2021). These
data shown that the tool of screen based on CRISPR-Cas9
technology is of great significance in exploring the mechanism of
T cell killing.

The inactivation of IFNγ signal pathway is the key for cancer
cells to escape CAR-T cell killing, T cell killing, and ICB therapy
(Manguso et al., 2017; Pan et al., 2018; Larson et al., 2022). Further
digging into the genes regulated by the IFNγ pathway is not only of
great significance for the basic research of tumor immunity but also
important for the treatment of clinical patients.

3.4.5 CRISPR screen for mechanisms of critical
modulators in immunotherapy

The Fluorescence Activating Cell Sorter (FACS) is a powerful
tool to examine membrane and intracellular protein expression,
FACS-dependent CRISPR screen is a method useful tool for study
the mechanisms of critical modulators in immunotherapy. Lots of
cell membrane proteins play key roles in the process of
tumorigenesis, progression, and metastasis. They are receptors,
activation, inhibition or escape related proteins. To study
function and modulation of such membrane proteins, FACS-
dependent CRISPR screen is a powerful technology and has
significant contribution to basic and clinical cancer research, such
as those investigating unknown modulators for current immune
therapy. PD-L1 is one of the important targets of tumor
immunotherapy, and the expression of PD-L1 on the surface of
cancer cells can be easily detected by flow cytometry. Marian L. Burr
et al. applied a genome-wide CRISPRko screen to prove that in a
serious of tumors, CKLF like MARVEL transmembrane domain of
protein 6 (CMTM6) is a critical regulator of PD-L1 expression. In
various the in vivo and in vitro experiments with these cancer cells,
depletion of CMTM6 reduced the expression of PD-L1 and thus
relieved the tumor-specific T cells from inhibition state (Burr et al.,
2017; Mezzadra et al., 2017).

The presentation of tumor associated antigens by MHC class I
molecules is a prerequisite for effective antitumor CD8+ T cell
response. The reduced MHC-I expression is a common
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mechanism for tumor immune escape. Lotte Spel et al. identified
Nedd4 binding protein 1 (N4BP1) and TNFAIP3 interacting protein
1 (TNIP1) as NF-κB-dependent MHC-I inhibitors, through a FACS-
dependent genome-wide CRISPRko screen in neuroblastoma. The
loss of N4BP1 or TNFAIP3 promotes the expression of MHC-I on
tumor cell membranes, thus enhances T cell recognition and CD8+

T-cell activation (Spel et al., 2018). CD47 is widely and highly-
expressed in cancer cells and is one of the inhibitory ligands of
myeloid cells. Blocking CD47 and its receptor signal regulatory
protein-α (SIRPα) can enhance the phagocytosis of macrophages or
neutrophils to destroy cancer cells (Jaiswal et al., 2009; Majeti et al.,
2009). In order to identify potentially regulator of CD47, Zhiqiang
Wu et al. applied a FACS-based genome-wide screen on
HCT116 human colon cancer cells, and found glutamine peptide
cyclotransferase like protein (QPCTL) is a key regulator of CD47
(Wu et al., 2019). Another study by Meike E. W. Logtenberg et al.
almost simultaneously identified that QPCTL plays a vital role in
regulating CD47-SIRPα signaling in checkpoint block through
haploid genetic screen (Logtenberg et al., 2019). All these
researches implied the feasibility of applying FACS-dependent
CRISPR screen in studies of cell membrane proteins.

3.5 CRISPR screen targeting non-
coding RNA

At the beginning, non-coding RNA (ncRNA) is considered as
selfish RNA, and its function in the organism is not clear. As
research continues, severe mutations in non-coding RNA regions
of the human genome have been found as implications for cancer
risk (Zhang and Meyerson, 2020). This is not surprising, actually,
the non-coding region contains a variety of functional elements that
regulate oncogenes, tumor suppressors and related genes (Zhang
andMeyerson, 2020). Long non-coding RNAs (LncRNAs) have now
been demonstrated to play an important role in gene regulation in
normal and cancer cells, including regulating gene activation and
silencing, X chromosome inactivation, selective expression and post-
translational modification (Liu et al., 2021). Several ncRNA targeted
cancer drugs are currently in clinical trials, such as MRX34, a
microRNA 34a (miR-34a) mimic and cobomarsen, a miRNA-155
inhibitor (Seto et al., 2018; Hong et al., 2020). However, the
functions of ncRNA in tumorigenesis, development and therapy
are still misty. Recently, the addition of CRISPR-based genome-wide
knockout screen and transcriptome engineering toolbox has enabled
researchers to better understand how ncRNAs interfere with the
cancer phenotype.

Several groups used pooled saturation mutagenesis CRISPR
nuclease screens to identify the essential cis-regulatory element of
one or more genes (Canver et al., 2015; Sanjana et al., 2016). A
CRISPR screen employing ~18,000 sgRNAs which targeted >700 kb
regions surrounding the genes NF1, NF2, and CUL3 was developed
to search for resistance to BRAF inhibitor in melanoma (Sanjana
et al., 2016). These noncoding locations that modulate drug
resistance also harbor predictive hallmarks of noncoding
function, such as modulation of transcription factor occupancy
and long-range or local epigenetic environment (Sanjana et al.,
2016). In addition to exploring gene enhancers for cancer
resistance, CRISPR screen targeting transcription factor binding

sites were also used to study transcriptional regulation of some
known factors. Agami and colleagues focused on the binding site of
two transcription factors-p53 and estrogen receptor α (ERα), both of
which have definite roles in cancer. Using two independent CRISPR-
Cas9 screens, they discovered a large number of enhancers required
for p53-induced senescence and ER-regulated growth of breast
cancer cells (Korkmaz et al., 2016). Charles P Fulco et al.
reported similar screen of CRISPR-dCas9KRAB inhibition (Fulco
et al., 2016). Instead of focusing on DHS DNase I hypersensitive
sites, they extended sgRNA targets to the entire genome. The results
show complex relationships between genes and enhancers, including
multiple genes controlled by one enhancer or multiple enhancers
controlling a single gene. There is also evidence that enhancers
compete with adjacent promoters in gene regulation (Fulco et al.,
2016).

In order to determine genes and pathways that affect cancer cell
sensitivity to cytarabine, the main drug for the treatment of acute
myeloid leukemia (AML), Assaf C. Bester et al. created a genome-wide
comprehensive platform based on integrated CRISPRa screen for both
protein-coding and non-coding genes (Bester et al., 2018). Preliminary
drug resistance genes were identified using pharmacogenetic data
from 760 human pancreatic cancer cell lines. Subsequently, the
genome scale function of coding region and lncRNA was
characterized by CRISPR activation. For the evaluation of lncRNA
function, they developed a CRISPR activation strategy targeting
14701 lncRNA genes. Cell cycle, survival/apoptosis and cancer
signaling genes were identified by calculation and functional
analysis. In their analysis, the transcriptional activation of GAS6-
AS2 lncRNA led to the overactivation of the GAS6/TAM pathway,
which is the drug resistance mechanism of many cancers, including
AML (Bester et al., 2018). The team of Feng Zhang combined the
dCas9-VP64 protein with an MS2-p65-HSF1 fusion protein to form
the SAM complex, which can upregulate coding genes, non-coding
RNA, and simultaneously activate multiple genes. The activation
target depends on the design of sgRNA library, for example,
sgRNA targeting more than 10000 lncRNA transcription start sites
was designed and verified in melanoma cell lines (Joung et al., 2017).

Regardless of chemotherapy, targeted therapy, ICB therapy, or
ACT therapy, the purpose of tumor therapy is to kill tumors or
inhibit their proliferation and metastasis. Tumors escape treatment
in many ways, such as epigenetic modifications, gene expression
modifications, or extracellular secretion. In HCC patients, tumor
cells escape levatinib treatment through increased expression of
EGFR (Jin et al., 2021). The tumor cells in patients with metastatic
melanoma or prostate cancer antagonize the effect of ICB treatment
through the secretion of PD-L1 exosomes (Chen et al., 2018; Poggio
et al., 2019). The CRISPR screen genome editing technology plays an
important role not only in exploring the mechanism of tumor escape
but also in finding potential therapy drugs. All in all, a tumor-target
CRISPR screen may be one of the most useful tools to explore the
mechanisms and therapy of tumors.

4 CRISPR screen for genes modulating
immune cells activity

In the process of tumorigenesis and development, the
activation of proto-oncogenes and the inactivation of tumor
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suppressor genes are two basic mechanisms for tumor
occurrence. Further, in solid tumors, inhibition of killer cell’s
function in the tumor microenvironment and the enhancement
of immunosuppressive cell’s activities can both promote tumor
progression. Moreover, immune responses in the tumor
microenvironment may also participates in the tumor
pathogenesis. For example, HCC is a typical inflammation-
related cancer. About 90% of the HCC burden is related to
persistent inflammation caused by viral hepatitis, excessive
drinking, and nonalcoholic steatohepatitis (Villanueva, 2019).
Thus, the tumor niche, the major site where inflammation occur,
plays a key role in the pathogenesis of HCC (Ringelhan et al.,
2018). Notably, exploring the function of immune cell subsets in
tumor therapy is of great significance for clinical tumor therapy.
ACT therapy (including CAR-T therapy, TIL therapy) and ICB
therapy are based on the tumor killing CD8+ T cells in the
immune microenvironment. Up to now, despite extensive
application of single cell sequencing and other technologies
has facilitated the classification of cell subsets in the tumor
microenvironment, the exact function of each cell subset
needs further investigation. The gene screen based on
CRISPR-Cas9 technology provides a guarantee for in-depth
and comprehensive studies (Figure 2).

4.1 CRISPR screen in T cells

Large-scale CRISPR screen in primary cells has always been
difficult, and T cell screen also goes through a process from simple
and rough to complex and deep. When in the progression of altering
to exhausted status, CD8+ T cells have great changes in signal
regulation, surface markers, and transcription factor expression
(Philip and Schietinger, 2022), making studies on CD8+ T cells
even more complicated. The aim of screens in T cells mainly focus
on identifying key modulators of T cell functions, which can finally
provide clues to enhance anti-tumor function of T cells from various
aspects. Eric Shifrit et al. developed a method combining single
guided RNA (sgRNA) lentivirus infection and Cas9 protein
electroporation (SLICE), to identify regulators of primary human
T cell stimulation response. Genome-wide loss-of-function screen
identified important T cell receptor signaling components and genes
that negatively regulate proliferation after stimulation. The
characteristics of T cell mutations that enhanced killing activities
towards cancer cells were verified by targeted knockout of a single
candidate gene (Shifrut et al., 2018). Based on the key role of CD8+

T cells in the anti-tumor immune responses, Sidi Chen group
directly conducted genome scale CRISPR screen on CD8+ T cells
in the context of cancer immunotherapy, and determined the key
factors regulating tumor invasion and degranulation. In vivo screen
effectively reidentified typical immunotherapeutic targets, such as
PD-1 and Tim-3. Infiltration and degranulation screen both
identified RNA helicase Dhx37. Dhx37-knockout enhanced the
efficacy of antigen-specific CD8+ T cells against triple negative
breast cancer in vivo (Dong et al., 2019). In order to facilitate the
identification of T cell targets, Sidi Chen’s group has also developed a
hybrid genetic screen system that combines Sleeping Beauty (SB)
transposons and single guided RNA cassettes by nesting them in
adeno-associated viruses (AAV). They performed in vivo AAV-SB

CRISPR screen with membrane protein targets from CD8+ T cells in
a mouse model of GBM. Adoptive transfer of CD8+ T cells with
edited PDIA3, MGA5, Emp1, or Lag3 improve the survival rate of
GBM tumor-bearing mice in both syngeneic and T-cell receptor
transgenic models (Ye et al., 2019).

Memory T (Tmem) cells maintain the stemness of T cells and
play an important role in immunization and anti-tumor therapy.
During the first division of activated CD8+ T cells, cBAF and
MYC often distribute in two daughter cells asymmetrically, the
ones with higher concentration of MYC and cBAF complexes
differentiate to Teff cells, while others with less MYC and cBAF
components preferentially differentiate to Tmem cells (Guo
et al., 2022). Through a CRISPR-based screen in vivo, Ao
Guo et al. obtained several components of mammalian typical
BRG1/BRM related factors (cBAF) as negative regulators of
Tmem cells and confirmed that cBAF complexes were
essential for activated CD8+ T cells to differentiate into T
effect (Teff) cells, and their knockout promoted the formation
of Tmem cells (Guo et al., 2022). To investigate the molecular
mechanism of T cell exhaustion, Julia A. Belk and his colleagues
applied chronic stimulation test and carried out the whole
genome screen both in tumor and T cells based on CRISPR-
Cas9 genome editing technology to systematically search for the
regulatory factors of T-cell exhaustion. In mouse and human
tumor models it’s showed that disturbance of INO80 and BAF
chromatin remodeling complexes improved T cell persistence in
tumors. Subsequent Pertub-seq (scRNAseq after CRISPR)
revealed different transcriptional effects for each complex.
The deletion of typical BAF complex members (including
Arid1a) led to the maintenance of effector programs and the
downregulation of exhaustion-related genes in tumor
infiltrating T cells (Belk et al., 2022). To explore the role of
metabolism in regulating the process of early T cell
differentiation, using in vivo CRISPRko screen, Hongling
Huang et al. systematically analyzed metabolic factors in fate
determination of Teff and Tmem, mainly focusing on negative
regulatory factors related to Tmem, and found that amino acid
transporters Slc7a1 and Slc38a2 partially inhibit the
differentiation of Tmem by regulating mTORC1 signaling
(Huang et al., 2021). The main goal of immunotherapy is to
improve the effector activity of tumor antigen specific T cells.
Although several Teff - driven transcription factors (TF) have
been identified, little is known about the transcriptional
coordination of Teff biology. Zeyu Chen et al. developed a
CRISPR screen platform for T cells in vivo, and identified a
mechanism suppressing Teff biology through the ETS family TF,
Fli 1. They found that Fli1 inhibits the Teff genes and deletion of
the Fli1 gene enhances the Teff response without interfering
memory or exhausted precursors (Chen et al., 2021).

4.2 CRISPR screen in CAR-T cells

CAR-T therapy is one of the most important clinical
applications of immunotherapy, but it has been criticized for
being less effective in solid tumors and expensive. Lower
therapeutic effect, limited tumor types suitable for its
application, and difficulties in constructing universal CAR-T are
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all obstacles restricting its development. The application of
CRISPR-Cas9 gene editing technology may provide
opportunities to overcome these obstacles. In order to find
genes that can improve the therapeutic effect of CAR-T
therapy, Lupeng Ye et al. developed a CRISPR activation screen
based on dCas9 in primary CD8+ T cells and identified gain-of-
function targets for CAR-T engineering. Subsequent knock-in or
overexpression of PRODH2-the leading target, enhanced the
killing effect and in vivo efficacy of CAR-T in many cancer
models, probably due to the transcriptomics and metabonomics
broadly reshaped in PRODH2 high expressioned CAR-T cells (Ye
et al., 2022). To search for genes that enhance CAR-T killing of
solid tumors and mechanisms by which solid tumors escape
CAR-T killing, Dongrui Wang and his colleagues studied the
molecular mechanism underlying CAR-T cells mediated killing
of GBM through genome-wide CRISPR screen of both CAR-T cells
and patient-derived GSCs. The screen of CAR-T cells identified
effect genes, including TLE4 and IKZF2, knockout of these genes
enhances the anti-tumor effect of CAR-T cells. Bulk and
scRNA-seq of edited CAR-T cells showed superior effector
function and a transcriptional profile of inhibition of an
exhausted response. The screen of GSCs identified genes crucial
to CAR-T mediated killing sensitivity, including RELA and
NPLOC4, whose knockout changed tumor immune signals and
improved the responsiveness of CAR-T therapy. In general, the
screen based on CRISPR of CAR-T cells and GSCs has found ways
to improve the efficacy of CAR-T cells to GBM, which may be
extended to other solid tumors (Wang D. et al., 2021). To better
understand the mechanisms influencing CAR-T cell cytotoxicity
and improve the potential regulatory effect of current
immunotherapy with small molecule drugs, Olli Dufva et al.
systematically studied the available drug mechanisms of CAR-T
cytotoxicity using more than 500 small molecules and genome-
wide CRISPR-Cas9ko screen. Several tyrosine kinase inhibitors
were found to inhibit the cytotoxicity of CAR-T cells by destroying
T-cell signaling transcriptional activity. SMAC, on the other hand,
mimics sensitized-B cell acute lymphoblastic leukemia and causes
large B-cell lymphoma cells to diffuse to anti-CD19 CAR-T cells.
CRISPR screen data confirmed that FADD and TNFRSF10B
(TRAIL-R2) death receptor signals were the critical mediators
of CAR-T cytotoxicity (Dufva et al., 2020).

4.3 CRISPR screen in NK cells

NK cells have strong cytotoxicity. After forming immune
synapses with target cells, NK cells can trigger effective reactions
by releasing cytolytic particles and cytotoxic cytokines, so NK cells
play an important role in the anti-tumor immune response (Prager
andWatzl, 2019). However, up to now, results of the CRISPR screen
in NK cells are few, except one in the NK cell line NK92 cells. In
order to improve the cytotoxicity of NK92, Rih Sheng Huang et al.
verified multiple knockouts of activating or inhibiting receptors, and
found that endogenous CD16 and DNAM-1 were reactivated by
Cas9-mediated promoter insertion. The NK-92 with CD16 and
DNAM-1 re-activated shows significantly enhanced cytotoxicity,
and can mediate antibody dependent cytotoxicity to fight against
cancer cell lines which are difficult to kill (Huang R. S. et al., 2020).

4.4 CRISPR screen in macrophage

Tumor associated macrophages (TAM) are closely related to
cancer metabolism, malignant progression and drug resistance.
More and more evidences show that TAM (mainly M2) can be
reprogrammed into anti-tumor M1 macrophages (DeNardo and
Ruffell, 2019). For example, CpG oligonucleotides can activate
TLR9, which significantly enhances the anti-tumor activity of
macrophage (Liu et al., 2019). Latest progress in this field has
attracted great attention, showing that activating anti-tumor
function of macrophages is a promising strategy for cancer
immunotherapy. In the past few years, activation of
inflammatory bodies, phagocytosis, and cell death has been
determined as key regulators related to the biological behavior of
macrophages using CRISPR screens (Napier et al., 2016; Jeng et al.,
2019; Xu et al., 2019).

To explore the mechanism of cancer cells escaping phagocytosis.
Roarke A. Kamber and his colleagues developed a platform to use
complementary genome-wide CRISPRko and overexpression screen
both in cancer cells and macrophages. In addition to known factors
such as CD47, they have identified many ADCP sensitive regulators
in cancer cells, including adipocyte plasma membrane associated
protein (APMAP) enzymes which was poorly characterized. They
further found that the deletion of APMAP combined with tumor
antigen targeted monoclonal antibodies and/or CD47 blocking
antibodies, significantly increase phagocytosis in a wide range of
cancer cell types. Using the whole genome screen of macrophages,
they found that the G-protein coupled receptor GPR84 enhanced
phagocytosis of APMAP-deficient cancer cells. This work revealed
the cancer internal regulator sensitive to antibody driven
phagocytosis, and more broadly, expanded the understanding of
the cancer resistance mechanism to macrophage phagocytosis
(Kamber et al., 2021).

There are few CRISPR screen studies based on NK cells and
MDSC cells. On one hand, primary cell culture is difficult, on the
other hand, gene delivery to these cells through virus transduction or
other methods are also not easy. Optimizing culture methods of
primary cell subsets from tumor microenvironment and further
study their functions and regulatory mechanisms is of great
significance to expand applications of CRISPR in future.

5 Discussion and conclusion

CRISPR-Cas9 technology, as a stable, efficient, simple, and
widely used genome editing technology, has only been available
for about 10 years. However, CRISPR-Cas9 has made fundamental
changes in research of agriculture, biotechnology, biomedicine, and
other fields, but within no field has it had a more profound impact
than cancer research, as the evidence by faster growth of
publications. The use of genome wide knockout-, knockdown- or
activation-screen made quickly and accurately discovery revealing
new and more detailed mechanisms for people to better understand
tumor growth, metastasis, and treatment. More importantly,
CRISPR-Cas9 based screens have great potential in cancer
therapy. It is not only possible to investigate the mechanisms of
synergistic lethality and clinical drug tolerance, but it may also lead
to the identification of new targets for their combined therapy. The
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technology is also used to screen T cells, DC cells, or macrophages to
find potential therapeutic drugs or targets for ICB therapy and CAR-
T therapy.

There is no doubt that CRISPR-Cas9 gene editing technology
has obvious limitations. First of all, the biggest concern is the side-
effects. At present, improving the specificity of targeting is not only
important for basic research but also essential for its application.
Secondly, another source of concern is on-target mutagenesis. In
theory, CRISPR-Cas9 gene editing only results in cutting of double-
stranded DNA, the terminal repairs of broken DNA are mediated by
host and have great uncertainty. The deletion of large segments may
affect the function of the whole genome, while the insertion of large
segments, small fragments, and even frameshift mutations possibly
produce novel proteins with unknown functions. Thirdly, the safety
and effectiveness of the in vivo CRISPR system are also of concern.
In the experimental model of tumor-bearing mice, the expression of
the Cas9 protein will affect the growth of cancer cells in vivo. The
tolerance of humanized acquired Cas9 protein can reduce the
effectiveness of the CRISPR system in vivo. Fourthly, DNA
double strand breaks caused by the CRISPR system can promote
the activation of the P53 signal, thus initiate DNA damage repair
and block the cell cycle, and further mediate cell death. However,
careful design of sgRNA and systematic analysis can effectively
reduce the activation of P53 protein, and a single Cas9 nickase
approach can effectively avoid breakage of double stranded DNA
(Enache et al., 2020; Zhang et al., 2021). Fifthly, mouse cancer cells
with Cas9 overexpression have certain differences from the control
cells in growth and tumor-bearing experiments, which may
implicate the influence of Cas9 regulation on other genes
expressed by cancer cells. Exploration of potentially regulated
genes is critical for basic research and clinical applications of
CRISPR technology. Finally, while the CRISPR system has higher
editing efficiency in cancer cells, it exhibits lower editing efficiency in
primary cells such as T cells and DC cells, while its application in
MDSCs is rarely reported. Enhancing efficiency of gene delivery to
primary cells and improving cell culture methods to keep activated
or viable status of primary cells are both of greatly importance for
the application of the CRISPR system in cancer research.

In spite of current limitations, powerful functions of CRISPR-
Cas9 have been widely recognized soon after its first application.
CRISPR technology has been widely used in various studies, from
the initial single gene knockout to the genome-wide screen, from the
knockout screen to the knockdown or overexpression screen, from
the genome-wide screen to the screen of functional libraries with
more specific purposes, and from the screen of cancer cells that are
easy to culture to the primary T cells, DC cells, and macrophages

that are difficult to culture. Recently, CRISPR-Cas9 technology,
combined with single-cell RNA-seq, RNA-seq, ATAC-seq, CITE-
seq, and other technologies, provides new opportunities and brings
evolutions for tumor research. For example, scRNA-seq combined
with CRISPR screen technology, single-cell CRISPR screen. analyze
the changes in single-cell transcription caused by each sgRNA
mutation, making it possible to screen target genes accurately
and achieve each perturbed transcriptome simultaneously in high
throughput ways.

In summary, the application of CRISPR screening has
extensively improved the progress of cancer research in the
past decade, unraveling many previously untouched
mechanisms related to tumor proliferation, metastasis, and
treatment (including Chemotherapy, immunotherapy
represented by ICB therapy and CAR-T therapy), resulting in
certain improvements in tumor prediction, diagnosis, and
personalized treatment. The combination of CRISPR screen
and other new technologies is of great significance in basic
research and clinical treatment of cancer, hoping to play a key
role in the transformation of tumors into controllable chronic
diseases, and finally benefits patient in future.

Author contributions

GS and ML designed the manuscript, ML and JS drafted the
manuscript and prepared figures for the manuscript, JS and ML
reviewed and revised the manuscript. All authors contributed to the
article and approved the submitted version.

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.

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.

References

Baccarani, M., Cortes, J., Pane, F., Niederwieser, D., Saglio, G., Apperley, J., et al.
(2009). Chronic myeloid leukemia: An update of concepts and management
recommendations of European LeukemiaNet. J. Clin. Oncol. 27, 6041–6051. doi:10.
1200/JCO.2009.25.0779

Bagley, S. J., Desai, A. S., Linette, G. P., June, C. H., and O’Rourke, D. M. (2018). CAR
T-cell therapy for glioblastoma: Recent clinical advances and future challenges. Neuro
Oncol. 20, 1429–1438. doi:10.1093/neuonc/noy032

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

Belk, J. A., Yao, W., Ly, N., Freitas, K. A., Chen, Y. T., Shi, Q., et al. (2022).
Genome-wide CRISPR screens of T cell exhaustion identify chromatin remodeling
factors that limit T cell persistence. Cancer Cell 40, 768–786. doi:10.1016/j.ccell.
2022.06.001

Bernareggi, D., Xie, Q., Prager, B. C., Yun, J., Cruz, L. S., Pham, T. V., et al. (2022).
CHMP2A regulates tumor sensitivity to natural killer cell-mediated cytotoxicity. Nat.
Commun. 13, 1899. doi:10.1038/s41467-022-29469-0

Bester, A. C., Lee, J. D., Chavez, A., Lee, Y. R., Nachmani, D., Vora, S., et al. (2018). An
integrated genome-wide CRISPRa approach to functionalize lncRNAs in drug
resistance. Cell 173, 649–664. doi:10.1016/j.cell.2018.03.052

Frontiers in Cell and Developmental Biology frontiersin.org12

Li et al. 10.3389/fcell.2023.1220376

https://doi.org/10.1200/JCO.2009.25.0779
https://doi.org/10.1200/JCO.2009.25.0779
https://doi.org/10.1093/neuonc/noy032
https://doi.org/10.1126/science.1138140
https://doi.org/10.1016/j.ccell.2022.06.001
https://doi.org/10.1016/j.ccell.2022.06.001
https://doi.org/10.1038/s41467-022-29469-0
https://doi.org/10.1016/j.cell.2018.03.052
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1220376


Bruni, D., Angell, H. K., and Galon, J. (2020). The immune contexture and
Immunoscore in cancer prognosis and therapeutic efficacy. Nat. Rev. Cancer 20,
662–680. doi:10.1038/s41568-020-0285-7

Burr, M. L., Sparbier, C. E., Chan, Y. C., Williamson, J. C., Woods, K., Beavis, P. A.,
et al. (2017). CMTM6 maintains the expression of PD-L1 and regulates anti-tumour
immunity. Nature 549, 101–105. doi:10.1038/nature23643

Cai, W., Nguyen, M. Q., Wilski, N. A., Purwin, T. J., Vernon, M., Tiago, M., et al.
(2022). A genome-wide screen identifies PDPK1 as a target to enhance the efficacy of
MEK1/2 inhibitors in NRAS mutant melanoma. Cancer Res. 82, 2625–2639. doi:10.
1158/0008-5472.CAN-21-3217

Canver, M. C., Smith, E. C., Sher, F., Pinello, L., Sanjana, N. E., Shalem, O., et al.
(2015). BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis.
Nature 527, 192–197. doi:10.1038/nature15521

Chavez, A., Scheiman, J., Vora, S., Pruitt, B. W., Tuttle, M., E, P. R. I., et al. (2015).
Highly efficient Cas9-mediated transcriptional programming. Nat. Methods 12,
326–328. doi:10.1038/nmeth.3312

Chen, D. S., and Mellman, I. (2017). Elements of cancer immunity and the cancer-
immune set point. Nature 541, 321–330. doi:10.1038/nature21349

Chen, G., Huang, A. C., Zhang, W., Zhang, G., Wu, M., Xu, W., et al. (2018).
Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-
1 response. Nature 560, 382–386. doi:10.1038/s41586-018-0392-8

Chen, L., and Flies, D. B. (2013). Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat. Rev. Immunol. 13, 227–242. doi:10.1038/nri3405

Chen, S., Sanjana, N. E., Zheng, K., Shalem, O., Lee, K., Shi, X., et al. (2015). Genome-
wide CRISPR screen in a mouse model of tumor growth and metastasis. Cell 160,
1246–1260. doi:10.1016/j.cell.2015.02.038

Chen, Z., Arai, E., Khan, O., Zhang, Z., Ngiow, S. F., He, Y., et al. (2021). In vivo
CD8(+) T cell CRISPR screening reveals control by Fli1 in infection and cancer. Cell
184, 1262–1280. doi:10.1016/j.cell.2021.02.019

Cho, S. W., Kim, S., Kim, J. M., and Kim, J. S. (2013). Targeted genome engineering in
human cells with the Cas9 RNA-guided endonuclease. Nat. Biotechnol. 31, 230–232.
doi:10.1038/nbt.2507

Cohen, A. D., Garfall, A. L., Stadtmauer, E. A., Melenhorst, J. J., Lacey, S. F., Lancaster,
E., et al. (2019). B cell maturation antigen-specific CAR T cells are clinically active in
multiple myeloma. J. Clin. Invest. 129, 2210–2221. doi:10.1172/JCI126397

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013). Multiplex
genome engineering using CRISPR/Cas systems. Science 339, 819–823. doi:10.1126/
science.1231143

Cortiula, F., Reymen, B., Peters, S., Van Mol, P., Wauters, E., Vansteenkiste, J., et al.
(2022). Immunotherapy in unresectable stage III non-small-cell lung cancer: State of the
art and novel therapeutic approaches. Ann. Oncol. 33, 893–908. doi:10.1016/j.annonc.
2022.06.013

Cox, D. B., Platt, R. J., and Zhang, F. (2015). Therapeutic genome editing: Prospects
and challenges. Nat. Med. 21, 121–131. doi:10.1038/nm.3793

Cunningham, D., Humblet, Y., Siena, S., Khayat, D., Bleiberg, H., Santoro, A.,
et al. (2004). Cetuximab monotherapy and cetuximab plus irinotecan in
irinotecan-refractory metastatic colorectal cancer. N. Engl. J. Med. 351,
337–345. doi:10.1056/NEJMoa033025

Daassi, D., Mahoney, K. M., and Freeman, G. J. (2020). The importance of exosomal
PDL1 in tumour immune evasion. Nat. Rev. Immunol. 20, 209–215. doi:10.1038/
s41577-019-0264-y

DeNardo, D. G., and Ruffell, B. (2019). Macrophages as regulators of tumour
immunity and immunotherapy. Nat. Rev. Immunol. 19, 369–382. doi:10.1038/
s41577-019-0127-6

Dong, M. B., Wang, G., Chow, R. D., Ye, L., Zhu, L., Dai, X., et al. (2019). Systematic
immunotherapy target discovery using genome-scale in vivo CRISPR screens in
CD8 T cells. Cell 178, 1189–1204. doi:10.1016/j.cell.2019.07.044

Dufva, O., Koski, J., Maliniemi, P., Ianevski, A., Klievink, J., Leitner, J., et al. (2020).
Integrated drug profiling and CRISPR screening identify essential pathways for CAR
T-cell cytotoxicity. Blood 135, 597–609. doi:10.1182/blood.2019002121

Ebright, R. Y., Lee, S., Wittner, B. S., Niederhoffer, K. L., Nicholson, B. T., Bardia, A.,
et al. (2020). Deregulation of ribosomal protein expression and translation promotes
breast cancer metastasis. Science 367, 1468–1473. doi:10.1126/science.aay0939

Enache, O. M., Rendo, V., Abdusamad, M., Lam, D., Davison, D., Pal, S., et al. (2020).
Author Correction: Cas9 activates the p53 pathway and selects for p53-inactivating
mutations. Nat. Genet. 52, 748–749. doi:10.1038/s41588-020-0663-9

Frey, N., Tortola, L., Egli, D., Janjuha, S., Rothgangl, T., Marquart, K. F., et al. (2022).
Loss of Rnf31 and Vps4b sensitizes pancreatic cancer to T cell-mediated killing. Nat.
Commun. 13, 1804. doi:10.1038/s41467-022-29412-3

Fulco, C. P., Munschauer, M., Anyoha, R., Munson, G., Grossman, S. R., Perez, E. M.,
et al. (2016). Systematic mapping of functional enhancer-promoter connections with
CRISPR interference. Science 354, 769–773. doi:10.1126/science.aag2445

Galle, P. R., Finn, R. S., Qin, S., Ikeda, M., Zhu, A. X., Kim, T. Y., et al. (2021). Patient-
reported outcomes with atezolizumab plus bevacizumab versus sorafenib in patients

with unresectable hepatocellular carcinoma (IMbrave150): An open-label, randomised,
phase 3 trial. Lancet Oncol. 22, 991–1001. doi:10.1016/S1470-2045(21)00151-0

Gallo, D., Young, J. T. F., Fourtounis, J., Martino, G., Alvarez-Quilon, A., Bernier, C.,
et al. (2022). CCNE1 amplification is synthetic lethal with PKMYT1 kinase inhibition.
Nature 604, 749–756. doi:10.1038/s41586-022-04638-9

Ghezraoui, H., Piganeau, M., Renouf, B., Renaud, J. B., Sallmyr, A., Ruis, B., et al.
(2014). Chromosomal translocations in human cells are generated by canonical
nonhomologous end-joining. Mol. Cell 55, 829–842. doi:10.1016/j.molcel.2014.
08.002

Gilbert, L. A., Horlbeck, M. A., Adamson, B., Villalta, J. E., Chen, Y., Whitehead, E. H.,
et al. (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

Guo, A., Huang, H., Zhu, Z., Chen, M. J., Shi, H., Yuan, S., et al. (2022). cBAF complex
components and MYC cooperate early in CD8(+) T cell fate. Nature 607, 135–141.
doi:10.1038/s41586-022-04849-0

Han, K., Pierce, S. E., Li, A., Spees, K., Anderson, G. R., Seoane, J. A., et al. (2020).
CRISPR screens in cancer spheroids identify 3D growth-specific vulnerabilities. Nature
580, 136–141. doi:10.1038/s41586-020-2099-x

Hellmann, M. D., Ciuleanu, T. E., Pluzanski, A., Lee, J. S., Otterson, G. A.,
Audigier-Valette, C., et al. (2018). Nivolumab plus ipilimumab in lung cancer with
a high tumor mutational burden. N. Engl. J. Med. 378, 2093–2104. doi:10.1056/
NEJMoa1801946

Hinze, L., Pfirrmann, M., Karim, S., Degar, J., McGuckin, C., Vinjamur, D.,
et al. (2019). Synthetic lethality of wnt pathway activation and asparaginase in
drug-resistant acute leukemias. Cancer Cell 35, 664–676. doi:10.1016/j.ccell.
2019.03.004

Hodi, F. S., O’Day, S. J., McDermott, D. F., Weber, R. W., Sosman, J. A., Haanen, J. B.,
et al. (2010). Improved survival with ipilimumab in patients with metastatic melanoma.
N. Engl. J. Med. 363, 711–723. doi:10.1056/NEJMoa1003466

Hong, D. S., Kang, Y. K., Borad, M., Sachdev, J., Ejadi, S., Lim, H. Y., et al. (2020).
Phase 1 study of MRX34, a liposomal miR-34a mimic, in patients with advanced solid
tumours. Br. J. Cancer 122, 1630–1637. doi:10.1038/s41416-020-0802-1

Hou, P., Wu, C., Wang, Y., Qi, R., Bhavanasi, D., Zuo, Z., et al. (2017). A genome-wide
CRISPR screen identifies genes critical for resistance to FLT3 inhibitor AC220. Cancer
Res. 77, 4402–4413. doi:10.1158/0008-5472.CAN-16-1627

Huang, A., Garraway, L. A., Ashworth, A., andWeber, B. (2020). Synthetic lethality as
an engine for cancer drug target discovery. Nat. Rev. Drug Discov. 19, 23–38. doi:10.
1038/s41573-019-0046-z

Huang, H., Zhou, P., Wei, J., Long, L., Shi, H., Dhungana, Y., et al. (2021). In vivo
CRISPR screening reveals nutrient signaling processes underpinning CD8(+) T cell fate
decisions. Cell 184, 1245–1261. doi:10.1016/j.cell.2021.02.021

Huang, R. S., Shih, H. A., Lai, M. C., Chang, Y. J., and Lin, S. (2020). Enhanced NK-92
cytotoxicity by CRISPR genome engineering using Cas9 ribonucleoproteins. Front.
Immunol. 11, 1008. doi:10.3389/fimmu.2020.01008

Jain, N., Nguyen, H., Chambers, C., and Kang, J. (2010). Dual function of CTLA-
4 in regulatory T cells and conventional T cells to prevent multiorgan
autoimmunity. Proc. Natl. Acad. Sci. U. S. A. 107, 1524–1528. doi:10.1073/pnas.
0910341107

Jaiswal, S., Jamieson, C. H., Pang, W. W., Park, C. Y., Chao, M. P., Majeti, R., et al.
(2009). CD47 is upregulated on circulating hematopoietic stem cells and leukemia cells
to avoid phagocytosis. Cell 138, 271–285. doi:10.1016/j.cell.2009.05.046

Jeng, E. E., Bhadkamkar, V., Ibe, N. U., Gause, H., Jiang, L., Chan, J., et al. (2019).
Systematic identification of host cell regulators of Legionella pneumophila pathogenesis
using a genome-wide CRISPR screen. Cell Host Microbe 26, 551–563. doi:10.1016/j.
chom.2019.08.017

Jin, H., Shi, Y., Lv, Y., Yuan, S., Ramirez, C. F. A., Lieftink, C., et al. (2021). EGFR
activation limits the response of liver cancer to lenvatinib. Nature 595, 730–734. doi:10.
1038/s41586-021-03741-7

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E.
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337, 816–821. doi:10.1126/science.1225829

Joung, J., Engreitz, J. M., Konermann, S., Abudayyeh, O. O., Verdine, V. K., Aguet, F.,
et al. (2017). Genome-scale activation screen identifies a lncRNA locus regulating a gene
neighbourhood. Nature 548, 343–346. doi:10.1038/nature23451

Joung, J. K., and Sander, J. D. (2013). TALENs: A widely applicable technology for
targeted genome editing. Nat. Rev. Mol. Cell Biol. 14, 49–55. doi:10.1038/nrm3486

Kamber, R. A., Nishiga, Y., Morton, B., Banuelos, A. M., Barkal, A. A., Vences-
Catalan, F., et al. (2021). Inter-cellular CRISPR screens reveal regulators of cancer cell
phagocytosis. Nature 597, 549–554. doi:10.1038/s41586-021-03879-4

Katti, A., Diaz, B. J., 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

Frontiers in Cell and Developmental Biology frontiersin.org13

Li et al. 10.3389/fcell.2023.1220376

https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1038/nature23643
https://doi.org/10.1158/0008-5472.CAN-21-3217
https://doi.org/10.1158/0008-5472.CAN-21-3217
https://doi.org/10.1038/nature15521
https://doi.org/10.1038/nmeth.3312
https://doi.org/10.1038/nature21349
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1038/nri3405
https://doi.org/10.1016/j.cell.2015.02.038
https://doi.org/10.1016/j.cell.2021.02.019
https://doi.org/10.1038/nbt.2507
https://doi.org/10.1172/JCI126397
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1016/j.annonc.2022.06.013
https://doi.org/10.1016/j.annonc.2022.06.013
https://doi.org/10.1038/nm.3793
https://doi.org/10.1056/NEJMoa033025
https://doi.org/10.1038/s41577-019-0264-y
https://doi.org/10.1038/s41577-019-0264-y
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1016/j.cell.2019.07.044
https://doi.org/10.1182/blood.2019002121
https://doi.org/10.1126/science.aay0939
https://doi.org/10.1038/s41588-020-0663-9
https://doi.org/10.1038/s41467-022-29412-3
https://doi.org/10.1126/science.aag2445
https://doi.org/10.1016/S1470-2045(21)00151-0
https://doi.org/10.1038/s41586-022-04638-9
https://doi.org/10.1016/j.molcel.2014.08.002
https://doi.org/10.1016/j.molcel.2014.08.002
https://doi.org/10.1016/j.cell.2014.09.029
https://doi.org/10.1016/j.cell.2013.06.044
https://doi.org/10.1038/s41586-022-04849-0
https://doi.org/10.1038/s41586-020-2099-x
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1016/j.ccell.2019.03.004
https://doi.org/10.1016/j.ccell.2019.03.004
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1038/s41416-020-0802-1
https://doi.org/10.1158/0008-5472.CAN-16-1627
https://doi.org/10.1038/s41573-019-0046-z
https://doi.org/10.1038/s41573-019-0046-z
https://doi.org/10.1016/j.cell.2021.02.021
https://doi.org/10.3389/fimmu.2020.01008
https://doi.org/10.1073/pnas.0910341107
https://doi.org/10.1073/pnas.0910341107
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1016/j.chom.2019.08.017
https://doi.org/10.1016/j.chom.2019.08.017
https://doi.org/10.1038/s41586-021-03741-7
https://doi.org/10.1038/s41586-021-03741-7
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nature23451
https://doi.org/10.1038/nrm3486
https://doi.org/10.1038/s41586-021-03879-4
https://doi.org/10.1038/s41568-022-00441-w
https://doi.org/10.1038/s41568-022-00441-w
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1220376


Kearney, C. J., Vervoort, S. J., Hogg, S. J., Ramsbottom, K. M., Freeman, A. J., Lalaoui,
N., et al. (2018). Tumor immune evasion arises through loss of TNF sensitivity. Sci.
Immunol. 3, eaar3451. doi:10.1126/sciimmunol.aar3451

Kienast, Y., von Baumgarten, L., Fuhrmann, M., Klinkert, W. E., Goldbrunner, R.,
Herms, J., et al. (2010). Real-time imaging reveals the single steps of brain metastasis
formation. Nat. Med. 16, 116–122. doi:10.1038/nm.2072

Knott, G. J., and Doudna, J. A. (2018). CRISPR-Cas guides the future of genetic
engineering. Science 361, 866–869. doi:10.1126/science.aat5011

Koike-Yusa, H., Li, Y., Tan, E. P., Velasco-Herrera Mdel, C., and Yusa, K. (2014).
Genome-wide recessive genetic screening in mammalian cells with a lentiviral CRISPR-
guide RNA library. Nat. Biotechnol. 32, 267–273. doi:10.1038/nbt.2800

Komor, A. C., Badran, A. H., and Liu, D. R. (2017). CRISPR-based technologies for
the manipulation of eukaryotic genomes. Cell 168, 559–636. doi:10.1016/j.cell.2017.
04.005

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

Korkmaz, G., Lopes, R., Ugalde, A. P., Nevedomskaya, E., Han, R., Myacheva, K., et al.
(2016). Functional genetic screens for enhancer elements in the human genome using
CRISPR-Cas9. Nat. Biotechnol. 34, 192–198. doi:10.1038/nbt.3450

Kudo, M., Finn, R. S., Qin, S., Han, K. H., Ikeda, K., Piscaglia, F., et al. (2018).
Lenvatinib versus sorafenib in first-line treatment of patients with unresectable
hepatocellular carcinoma: A randomised phase 3 non-inferiority trial. Lancet 391,
1163–1173. doi:10.1016/S0140-6736(18)30207-1

Lambert, A.W., Pattabiraman, D. R., andWeinberg, R. A. (2017). Emerging biological
principles of metastasis. Cell 168, 670–691. doi:10.1016/j.cell.2016.11.037

Larson, R. C., Kann, M. C., Bailey, S. R., Haradhvala, N. J., Llopis, P. M., Bouffard, A.
A., et al. (2022). CAR T cell killing requires the IFNγR pathway in solid but not liquid
tumours. Nature 604, 563–570. doi:10.1038/s41586-022-04585-5

Lawson, K. A., Sousa, C. M., Zhang, X., Kim, E., Akthar, R., Caumanns, J. J., et al.
(2020). Functional genomic landscape of cancer-intrinsic evasion of killing by T cells.
Nature 586, 120–126. doi:10.1038/s41586-020-2746-2

Li, F., Huang, Q., Luster, T. A., Hu, H., Zhang, H., Ng, W. L., et al. (2020). In vivo
epigenetic CRISPR screen identifies Asf1a as an immunotherapeutic target in kras-
mutant lung adenocarcinoma. Cancer Discov. 10, 270–287. doi:10.1158/2159-8290.CD-
19-0780

Li, H., Zhao, L., Lau, Y. S., Zhang, C., and Han, R. (2021). Genome-wide CRISPR
screen identifies LGALS2 as an oxidative stress-responsive gene with an inhibitory
function on colon tumor growth. Oncogene 40, 177–188. doi:10.1038/s41388-020-
01523-5

Li, J., Yuan, S., Norgard, R. J., Yan, F., Sun, Y. H., Kim, I. K., et al. (2021). Epigenetic
and transcriptional control of the epidermal growth factor receptor regulates the tumor
immune microenvironment in pancreatic cancer. Cancer Discov. 11, 736–753. doi:10.
1158/2159-8290.CD-20-0519

Li, M., Xu, Y., Liang, J., Lin, H., Qi, X., Li, F., et al. (2021). USP22 deficiency in
melanoma mediates resistance to T cells through IFNγ-JAK1-STAT1 signal axis. Mol.
Ther. 29, 2108–2120. doi:10.1016/j.ymthe.2021.02.018

Liu, M., O’Connor, R. S., Trefely, S., Graham, K., Snyder, N. W., and Beatty, G. L.
(2019). Metabolic rewiring of macrophages by CpG potentiates clearance of cancer cells
and overcomes tumor-expressed CD47-mediated ’don’t-eat-me’ signal. Nat. Immunol.
20, 265–275. doi:10.1038/s41590-018-0292-y

Liu, S. J., Dang, H. X., Lim, D. A., Feng, F. Y., and Maher, C. A. (2021). Long
noncoding RNAs in cancer metastasis. Nat. Rev. Cancer 21, 446–460. doi:10.1038/
s41568-021-00353-1

Llovet, J. M., Castet, F., Heikenwalder, M., Maini, M. K., Mazzaferro, V., Pinato, D. J.,
et al. (2022). Immunotherapies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 19,
151–172. doi:10.1038/s41571-021-00573-2

Logtenberg, M. E.W., Jansen, J. H. M., Raaben, M., Toebes, M., Franke, K., Brandsma,
A. M., et al. (2019). Glutaminyl cyclase is an enzymatic modifier of the CD47- SIRPα
axis and a target for cancer immunotherapy. Nat. Med. 25, 612–619. doi:10.1038/
s41591-019-0356-z

Ma, Y., Kang, B., Li, S., Xie, G., Bi, J., Li, F., et al. (2022). CRISPR-mediated
MECOM depletion retards tumor growth by reducing cancer stem cell properties
in lung squamous cell carcinoma. Mol. Ther. 30, 3341–3357. doi:10.1016/j.ymthe.
2022.06.011

Maddalo, D., Manchado, E., Concepcion, C. P., Bonetti, C., Vidigal, J. A., Han, Y. C.,
et al. (2014). In vivo engineering of oncogenic chromosomal rearrangements with the
CRISPR/Cas9 system. Nature 516, 423–427. doi:10.1038/nature13902

Majeti, R., Chao, M. P., Alizadeh, A. A., Pang, W.W., Jaiswal, S., Gibbs, K. D., Jr., et al.
(2009). CD47 is an adverse prognostic factor and therapeutic antibody target on human
acute myeloid leukemia stem cells. Cell 138, 286–299. doi:10.1016/j.cell.2009.05.045

Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., et al. (2013). RNA-
guided human genome engineering via Cas9. Science 339, 823–826. doi:10.1126/science.
1232033

Manguso, R. T., Pope, H. W., Zimmer, M. D., Brown, F. D., Yates, K. B., Miller, B. C.,
et al. (2017). In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy
target. Nature 547, 413–418. doi:10.1038/nature23270

Maude, S. L., Laetsch, T. W., Buechner, J., Rives, S., Boyer, M., Bittencourt, H., et al.
(2018). Tisagenlecleucel in children and young adults with B-cell lymphoblastic
leukemia. N. Engl. J. Med. 378, 439–448. doi:10.1056/NEJMoa1709866

Mezzadra, R., Sun, C., Jae, L. T., Gomez-Eerland, R., de Vries, E., Wu,W., et al. (2017).
Identification of CMTM6 and CMTM4 as PD-L1 protein regulators. Nature 549,
106–110. doi:10.1038/nature23669

Motzer, R. J., Tannir, N. M., McDermott, D. F., Aren Frontera, O., Melichar, B.,
Choueiri, T. K., et al. (2018). Nivolumab plus ipilimumab versus sunitinib in advanced
renal-cell carcinoma. N. Engl. J. Med. 378, 1277–1290. doi:10.1056/NEJMoa1712126

Napier, B. A., Brubaker, S. W., Sweeney, T. E., Monette, P., Rothmeier, G. H.,
Gertsvolf, N. A., et al. (2016). Complement pathway amplifies caspase-11-dependent
cell death and endotoxin-induced sepsis severity. J. Exp. Med. 213, 2365–2382. doi:10.
1084/jem.20160027

Niu, Y., Lin, Z., Wan, A., Sun, L., Yan, S., Liang, H., et al. (2021). Loss-of-Function
genetic screening identifies aldolase A as an essential driver for liver cancer cell growth
under hypoxia. Hepatology 74, 1461–1479. doi:10.1002/hep.31846

Page, D. B., Postow, M. A., Callahan, M. K., Allison, J. P., and Wolchok, J. D. (2014).
Immune modulation in cancer with antibodies. Annu. Rev. Med. 65, 185–202. doi:10.
1146/annurev-med-092012-112807

Pan, D., Kobayashi, A., Jiang, P., Ferrari de Andrade, L., Tay, R. E., Luoma, A. M., et al.
(2018). A major chromatin regulator determines resistance of tumor cells to T cell-
mediated killing. Science 359, 770–775. doi:10.1126/science.aao1710

Patch, A. M., Christie, E. L., Etemadmoghadam, D., Garsed, D. W., George, J.,
Fereday, S., et al. (2015). Whole-genome characterization of chemoresistant ovarian
cancer. Nature 521, 489–494. doi:10.1038/nature14410

Perez, E. E., Wang, J., Miller, J. C., Jouvenot, Y., Kim, K. A., Liu, O., et al. (2008).
Establishment of HIV-1 resistance in CD4+ T cells by genome editing using zinc-finger
nucleases. Nat. Biotechnol. 26, 808–816. doi:10.1038/nbt1410

Petroni, G., Buque, A., Coussens, L. M., and Galluzzi, L. (2022). Targeting oncogene
and non-oncogene addiction to inflame the tumour microenvironment. Nat. Rev. Drug
Discov. 21, 440–462. doi:10.1038/s41573-022-00415-5

Philip, M., and Schietinger, A. (2022). CD8(+) T cell differentiation and dysfunction
in cancer. Nat. Rev. Immunol. 22, 209–223. doi:10.1038/s41577-021-00574-3

Poggio, M., Hu, T., Pai, C. C., Chu, B., Belair, C. D., Chang, A., et al. (2019).
Suppression of exosomal PD-L1 induces systemic anti-tumor immunity and memory.
Cell 177, 414–427. doi:10.1016/j.cell.2019.02.016

Prager, I., and Watzl, C. (2019). Mechanisms of natural killer cell-mediated cellular
cytotoxicity. J. Leukoc. Biol. 105, 1319–1329. doi:10.1002/JLB.MR0718-269R

Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., et al.
(2013). Repurposing CRISPR as an RNA-guided platform for sequence-specific control
of gene expression. Cell 152, 1173–1183. doi:10.1016/j.cell.2013.02.022

Ringelhan, M., Pfister, D., O’Connor, T., Pikarsky, E., and Heikenwalder, M. (2018).
The immunology of hepatocellular carcinoma.Nat. Immunol. 19, 222–232. doi:10.1038/
s41590-018-0044-z

Rosenberg, S. A., Yang, J. C., Topalian, S. L., Schwartzentruber, D. J., Weber, J. S.,
Parkinson, D. R., et al. (1994). Treatment of 283 consecutive patients with metastatic
melanoma or renal cell cancer using high-dose bolus interleukin 2. JAMA 271, 907–913.
doi:10.1001/jama.271.12.907

Sangro, B., Sarobe, P., Hervas-Stubbs, S., and Melero, I. (2021). Advances in
immunotherapy for hepatocellular carcinoma. Nat. Rev. Gastroenterol. Hepatol. 18,
525–543. doi:10.1038/s41575-021-00438-0

Sanjana, N. E., Wright, J., Zheng, K., Shalem, O., Fontanillas, P., Joung, J., et al. (2016).
High-resolution interrogation of functional elements in the noncoding genome. Science
353, 1545–1549. doi:10.1126/science.aaf7613

Sela, Y., Li, J., Kuri, P., Merrell, A. J., Li, N., Lengner, C., et al. (2021). Dissecting
phenotypic transitions in metastatic disease via photoconversion-based isolation. Elife
10, e63270. doi:10.7554/eLife.63270

Seto, A. G., Beatty, X., Lynch, J. M., Hermreck, M., Tetzlaff, M., Duvic, M., et al.
(2018). Cobomarsen, an oligonucleotide inhibitor of miR-155, co-ordinately regulates
multiple survival pathways to reduce cellular proliferation and survival in cutaneous
T-cell lymphoma. Br. J. Haematol. 183, 428–444. doi:10.1111/bjh.15547

Shaitelman, S. F., Cromwell, K. D., Rasmussen, J. C., Stout, N. L., Armer, J. M.,
Lasinski, B. B., et al. (2015). Recent progress in the treatment and prevention of cancer-
related lymphedema. CA Cancer J. Clin. 65, 55–81. doi:10.3322/caac.21253

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

Sheffer, M., Lowry, E., Beelen, N., Borah, M., Amara, S. N., Mader, C. C., et al. (2021).
Genome-scale screens identify factors regulating tumor cell responses to natural killer
cells. Nat. Genet. 53, 1196–1206. doi:10.1038/s41588-021-00889-w

Frontiers in Cell and Developmental Biology frontiersin.org14

Li et al. 10.3389/fcell.2023.1220376

https://doi.org/10.1126/sciimmunol.aar3451
https://doi.org/10.1038/nm.2072
https://doi.org/10.1126/science.aat5011
https://doi.org/10.1038/nbt.2800
https://doi.org/10.1016/j.cell.2017.04.005
https://doi.org/10.1016/j.cell.2017.04.005
https://doi.org/10.1038/nature14136
https://doi.org/10.1038/nbt.3450
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/j.cell.2016.11.037
https://doi.org/10.1038/s41586-022-04585-5
https://doi.org/10.1038/s41586-020-2746-2
https://doi.org/10.1158/2159-8290.CD-19-0780
https://doi.org/10.1158/2159-8290.CD-19-0780
https://doi.org/10.1038/s41388-020-01523-5
https://doi.org/10.1038/s41388-020-01523-5
https://doi.org/10.1158/2159-8290.CD-20-0519
https://doi.org/10.1158/2159-8290.CD-20-0519
https://doi.org/10.1016/j.ymthe.2021.02.018
https://doi.org/10.1038/s41590-018-0292-y
https://doi.org/10.1038/s41568-021-00353-1
https://doi.org/10.1038/s41568-021-00353-1
https://doi.org/10.1038/s41571-021-00573-2
https://doi.org/10.1038/s41591-019-0356-z
https://doi.org/10.1038/s41591-019-0356-z
https://doi.org/10.1016/j.ymthe.2022.06.011
https://doi.org/10.1016/j.ymthe.2022.06.011
https://doi.org/10.1038/nature13902
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1038/nature23270
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1038/nature23669
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1084/jem.20160027
https://doi.org/10.1084/jem.20160027
https://doi.org/10.1002/hep.31846
https://doi.org/10.1146/annurev-med-092012-112807
https://doi.org/10.1146/annurev-med-092012-112807
https://doi.org/10.1126/science.aao1710
https://doi.org/10.1038/nature14410
https://doi.org/10.1038/nbt1410
https://doi.org/10.1038/s41573-022-00415-5
https://doi.org/10.1038/s41577-021-00574-3
https://doi.org/10.1016/j.cell.2019.02.016
https://doi.org/10.1002/JLB.MR0718-269R
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.1001/jama.271.12.907
https://doi.org/10.1038/s41575-021-00438-0
https://doi.org/10.1126/science.aaf7613
https://doi.org/10.7554/eLife.63270
https://doi.org/10.1111/bjh.15547
https://doi.org/10.3322/caac.21253
https://doi.org/10.1126/science.1247005
https://doi.org/10.1038/s41588-021-00889-w
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1220376


Shifrut, E., Carnevale, J., Tobin, V., Roth, T. L., Woo, J. M., Bui, C. T., et al. (2018).
Genome-wide CRISPR screens in primary human T cells reveal key regulators of
immune function. Cell 175, 1958–1971. doi:10.1016/j.cell.2018.10.024

Spel, L., Nieuwenhuis, J., Haarsma, R., Stickel, E., Bleijerveld, O. B., Altelaar, M., et al.
(2018). Nedd4-Binding protein 1 and TNFAIP3-interacting protein 1 control MHC-1
display in neuroblastoma. Cancer Res. 78, 6621–6631. doi:10.1158/0008-5472.CAN-18-
0545

Steinhart, Z., Pavlovic, Z., Chandrashekhar, M., Hart, T., Wang, X., Zhang, X., et al.
(2017). Genome-wide CRISPR screens reveal a Wnt-FZD5 signaling circuit as a
druggable vulnerability of RNF43-mutant pancreatic tumors. Nat. Med. 23, 60–68.
doi:10.1038/nm.4219

Sternberg, S. H., Redding, S., Jinek, M., Greene, E. C., and Doudna, J. A. (2014). DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62–67.
doi:10.1038/nature13011

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi:10.3322/
caac.21660

Tasdogan, A., Ubellacker, J. M., andMorrison, S. J. (2021). Redox regulation in cancer
cells during metastasis. Cancer Discov. 11, 2682–2692. doi:10.1158/2159-8290.CD-21-
0558

Urnov, F. D., Rebar, E. J., Holmes, M. C., Zhang, H. S., and Gregory, P. D. (2010).
Genome editing with engineered zinc finger nucleases. Nat. Rev. Genet. 11, 636–646.
doi:10.1038/nrg2842

Vanharanta, S., and Massague, J. (2013). Origins of metastatic traits. Cancer Cell 24,
410–421. doi:10.1016/j.ccr.2013.09.007

Vanoli, F., Tomishima, M., Feng, W., Lamribet, K., Babin, L., Brunet, E., et al. (2017).
CRISPR-Cas9-guided oncogenic chromosomal translocations with conditional fusion
protein expression in human mesenchymal cells. Proc. Natl. Acad. Sci. U. S. A. 114,
3696–3701. doi:10.1073/pnas.1700622114

Vesely, M. D., Kershaw, M. H., Schreiber, R. D., and Smyth, M. J. (2011). Natural
innate and adaptive immunity to cancer. Annu. Rev. Immunol. 29, 235–271. doi:10.
1146/annurev-immunol-031210-101324

Villanueva, A. (2019). Hepatocellular carcinoma. N. Engl. J. Med. 380, 1450–1462.
doi:10.1056/NEJMra1713263

Wang, C., Jin, H., Gao, D., Lieftink, C., Evers, B., Jin, G., et al. (2018). Phospho-ERK
is a biomarker of response to a synthetic lethal drug combination of sorafenib and MEK
inhibition in liver cancer. J. Hepatol. 69, 1057–1065. doi:10.1016/j.jhep.2018.07.004

Wang, C., Vegna, S., Jin, H., Benedict, B., Lieftink, C., Ramirez, C., et al. (2019).
Inducing and exploiting vulnerabilities for the treatment of liver cancer. Nature 574,
268–272. doi:10.1038/s41586-019-1607-3

Wang, D., Prager, B. C., Gimple, R. C., Aguilar, B., Alizadeh, D., Tang, H., et al.
(2021). CRISPR screening of CAR T cells and cancer stem cells reveals critical
dependencies for cell-based therapies. Cancer Discov. 11, 1192–1211. doi:10.1158/
2159-8290.CD-20-1243

Wang, E., Lu, S. X., Pastore, A., Chen, X., Imig, J., Chun-Wei Lee, S., et al. (2019).
Targeting an RNA-binding protein network in acute myeloid leukemia. Cancer Cell 35,
369–384. doi:10.1016/j.ccell.2019.01.010

Wang, M., Munoz, J., Goy, A., Locke, F. L., Jacobson, C. A., Hill, B. T., et al. (2020).
KTE-X19 CAR T-cell therapy in relapsed or refractory mantle-cell lymphoma. N. Engl.
J. Med. 382, 1331–1342. doi:10.1056/NEJMoa1914347

Wang, T., Wei, J. J., Sabatini, D. M., and Lander, E. S. (2014). Genetic screens in
human cells using the CRISPR-Cas9 system. Science 343, 80–84. doi:10.1126/science.
1246981

Wang, X., Tokheim, C., Gu, S. S., Wang, B., Tang, Q., Li, Y., et al. (2021). In vivo
CRISPR screens identify the E3 ligase Cop1 as a modulator of macrophage infiltration
and cancer immunotherapy target. Cell 184, 5357–5374. doi:10.1016/j.cell.2021.09.006

Watkins, T. B. K., Lim, E. L., Petkovic, M., Elizalde, S., Birkbak, N. J., Wilson, G. A.,
et al. (2020). Pervasive chromosomal instability and karyotype order in tumour
evolution. Nature 587, 126–132. doi:10.1038/s41586-020-2698-6

Wolf, M. J., Adili, A., Piotrowitz, K., Abdullah, Z., Boege, Y., Stemmer, K., et al. (2014).
Metabolic activation of intrahepatic CD8+ T cells and NKT cells causes nonalcoholic
steatohepatitis and liver cancer via cross-talk with hepatocytes. Cancer Cell 26, 549–564.
doi:10.1016/j.ccell.2014.09.003

Wu, Z., Weng, L., Zhang, T., Tian, H., Fang, L., Teng, H., et al. (2019). Identification of
Glutaminyl Cyclase isoenzyme isoQC as a regulator of SIRPα-CD47 axis. Cell Res. 29,
502–505. doi:10.1038/s41422-019-0177-0

Xu, H., Shi, J., Gao, H., Liu, Y., Yang, Z., Shao, F., et al. (2019). The N-end rule
ubiquitin ligase UBR2 mediates NLRP1B inflammasome activation by anthrax lethal
toxin. EMBO J. 38, e101996. doi:10.15252/embj.2019101996

Xu, Y., Huangyang, P., Wang, Y., Xue, L., Devericks, E., Nguyen, H. G., et al. (2021).
ERα is an RNA-binding protein sustaining tumor cell survival and drug resistance. Cell
184, 5215–5229. doi:10.1016/j.cell.2021.08.036

Ye, L., Park, J. J., Dong, M. B., Yang, Q., Chow, R. D., Peng, L., et al. (2019). In vivo
CRISPR screening in CD8 T cells with AAV-Sleeping Beauty hybrid vectors identifies
membrane targets for improving immunotherapy for glioblastoma. Nat. Biotechnol. 37,
1302–1313. doi:10.1038/s41587-019-0246-4

Ye, L., Park, J. J., Peng, L., Yang, Q., Chow, R. D., Dong, M. B., et al. (2022). A genome-
scale gain-of-function CRISPR screen in CD8 T cells identifies proline metabolism as a
means to enhance CAR-T therapy. Cell Metab. 34, 595–614.e14. doi:10.1016/j.cmet.
2022.02.009

Yin, H., Xue, W., and Anderson, D. G. (2019). CRISPR-cas: A tool for cancer research
and therapeutics. Nat. Rev. Clin. Oncol. 16, 281–295. doi:10.1038/s41571-019-0166-8

Yuan, J., Hu, Z., Mahal, B. A., Zhao, S. D., Kensler, K. H., Pi, J., et al. (2018). Integrated
analysis of genetic ancestry and genomic alterations across cancers. Cancer Cell 34,
549–560. doi:10.1016/j.ccell.2018.08.019

Yuan, S., Natesan, R., Sanchez-Rivera, F. J., Li, J., Bhanu, N. V., Yamazoe, T., et al.
(2020). Global regulation of the histone mark H3K36me2 underlies epithelial plasticity
andmetastatic progression. Cancer Discov. 10, 854–871. doi:10.1158/2159-8290.CD-19-
1299

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, H., Qin, C., An, C., Zheng, X., Wen, S., Chen, W., et al. (2021). Application of
the CRISPR/Cas9-based gene editing technique in basic research, diagnosis, and therapy
of cancer. Mol. Cancer 20, 126. doi:10.1186/s12943-021-01431-6

Zhang, X., and Meyerson, M. (2020). Illuminating the noncoding genome in cancer.
Nat. Cancer 1, 864–872. doi:10.1038/s43018-020-00114-3

Zheng, N., Fang, J., Xue, G., Wang, Z., Li, X., Zhou, M., et al. (2022). Induction of
tumor cell autosis by myxoma virus-infected CAR-T and TCR-T cells to overcome
primary and acquired resistance. Cancer Cell 40, 973–985. doi:10.1016/j.ccell.2022.
08.001

Zheng, Y., Shen, W., Zhang, J., Yang, B., Liu, Y. N., Qi, H., et al. (2018). CRISPR
interference-based specific and efficient gene inactivation in the brain.Nat. Neurosci. 21,
447–454. doi:10.1038/s41593-018-0077-5

Zhou, Y., Zhu, S., Cai, C., Yuan, P., Li, C., Huang, Y., et al. (2014). High-throughput
screening of a CRISPR/Cas9 library for functional genomics in human cells.Nature 509,
487–491. doi:10.1038/nature13166

Frontiers in Cell and Developmental Biology frontiersin.org15

Li et al. 10.3389/fcell.2023.1220376

https://doi.org/10.1016/j.cell.2018.10.024
https://doi.org/10.1158/0008-5472.CAN-18-0545
https://doi.org/10.1158/0008-5472.CAN-18-0545
https://doi.org/10.1038/nm.4219
https://doi.org/10.1038/nature13011
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/2159-8290.CD-21-0558
https://doi.org/10.1158/2159-8290.CD-21-0558
https://doi.org/10.1038/nrg2842
https://doi.org/10.1016/j.ccr.2013.09.007
https://doi.org/10.1073/pnas.1700622114
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1016/j.jhep.2018.07.004
https://doi.org/10.1038/s41586-019-1607-3
https://doi.org/10.1158/2159-8290.CD-20-1243
https://doi.org/10.1158/2159-8290.CD-20-1243
https://doi.org/10.1016/j.ccell.2019.01.010
https://doi.org/10.1056/NEJMoa1914347
https://doi.org/10.1126/science.1246981
https://doi.org/10.1126/science.1246981
https://doi.org/10.1016/j.cell.2021.09.006
https://doi.org/10.1038/s41586-020-2698-6
https://doi.org/10.1016/j.ccell.2014.09.003
https://doi.org/10.1038/s41422-019-0177-0
https://doi.org/10.15252/embj.2019101996
https://doi.org/10.1016/j.cell.2021.08.036
https://doi.org/10.1038/s41587-019-0246-4
https://doi.org/10.1016/j.cmet.2022.02.009
https://doi.org/10.1016/j.cmet.2022.02.009
https://doi.org/10.1038/s41571-019-0166-8
https://doi.org/10.1016/j.ccell.2018.08.019
https://doi.org/10.1158/2159-8290.CD-19-1299
https://doi.org/10.1158/2159-8290.CD-19-1299
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/s12943-021-01431-6
https://doi.org/10.1038/s43018-020-00114-3
https://doi.org/10.1016/j.ccell.2022.08.001
https://doi.org/10.1016/j.ccell.2022.08.001
https://doi.org/10.1038/s41593-018-0077-5
https://doi.org/10.1038/nature13166
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1220376

	Application of CRISPR screen in mechanistic studies of tumor development, tumor drug resistance, and tumor immunotherapy
	1 Introduction
	2 The introduction of genome editing technology
	3 Application of CRISPR screen in cancer cells
	3.1 CRISPR screen for gene regulating tumor growth
	3.2 CRISPR screen for genes modulating tumor metastasis
	3.3 CRISPR screen for gene affecting tumor drug efficacy
	3.4 CRISPR screens for genes mediating immune evasion of tumors
	3.4.1 Screens for genes essential for tumor escape from CTL killing
	3.4.2 CRISPR screens for genes affecting tumor resistance against CAR-T cells
	3.4.3 CRISPR screens for genes involved in tumor escape from NK-cell killing
	3.4.4 CRISPR screens for genes involved in tumor resistance against ICB therapy
	3.4.5 CRISPR screen for mechanisms of critical modulators in immunotherapy

	3.5 CRISPR screen targeting non-coding RNA

	4 CRISPR screen for genes modulating immune cells activity
	4.1 CRISPR screen in T cells
	4.2 CRISPR screen in CAR-T cells
	4.3 CRISPR screen in NK cells
	4.4 CRISPR screen in macrophage

	5 Discussion and conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


