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Genome-wide clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR associated nuclease 9 (Cas9) screening is a simple screening
method for locating loci under specific conditions, and it has been utilized in
tumor drug resistance research for finding potential drug resistance-associated
genes. This screening strategy has significant implications for further treatment of
malignancies with acquired drug resistance. In recent years, studies involving
genome-wide CRISPR/Cas9 screening have gradually increased. Here we review
the recent application of genome-wide CRISPR/Cas9 screening for drug
resistance, involving mitogen-activated protein kinase (MAPK) pathway
inhibitors, poly (ADP-ribose) polymerase inhibitors (PARPi), alkylating agents,
mitotic inhibitors, antimetabolites, immune checkpoint inhibitors (ICIs), and
cyclin-dependent kinase inhibitors (CDKI). We summarize drug resistance
pathways such as the KEAP1/Nrf2 pathway MAPK pathway, and NF-κB
pathway. Also, we analyze the limitations and conditions for the application of
genome-wide CRISPR/Cas9 screening techniques.
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1 Introduction

Cancer remains a persistent disease, and treating it will continue to be a formidable
challenge. Although molecularly targeted drugs, cellular immunotherapy, and combination
approaches have significantly improved cancer prognosis, drug resistance in some tumors
still greatly impacts patient outlook.

Drug resistance in tumors is a widespread clinical issue that can be primarily attributed to
tumor heterogeneity and the kinetics of cancer cell growth and burden. During progression,
tumor cells acquire mutant clones and grow exponentially at low tumor loads. Under drug
stress, cells with partially drug-resistant mutations survive and increase exponentially in value.
Additionally, newmutationsmay arise in response to the drug, leading to acquired resistance in
the cells (Gottesman, 2002). The typical mechanisms of drug resistance in cancer cells include
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activation of signaling pathways, loss of function of apoptotic proteins
or cancer suppressor genes, the tumor microenvironment and
immunology, regulation of microRNAs, secondary mutations
affecting drug targets, activation of critical downstream signals, and
involvement of histological phenotypes (Ward et al., 2021). It seems that
in the presence of drug pressure, genetic mutations occur in tumor cells,
which then impact the aforementioned mechanisms to develop drug
resistance and promote survival. Given the significance of genetic
alterations in cancer drug resistance, gene therapy is a promising
new treatment strategy. Compared to conventional treatments such
as chemotherapy, gene therapy has fewer adverse effects and offers the
potential for a cure (Akbari Kordkheyli et al., 2022). Genetic loss-of-
function (LOF) and gain-of-function (GOF) screening is a crucial gene
therapy approach that can identify cancer-selective vulnerabilities and
holds promise for identifying new therapeutic targets for drug-resistant
cancers (Munoz et al., 2016). RNA interference-based screening has
been utilized for cancer therapy target identification (Ling et al., 2018),
yet its effectiveness is commonly hindered by off-target effects (Munoz
et al., 2016). While CRISPR/Cas9 is an efficient and innovative
technique for editing genes, it has been utilized to identify mutations
responsible for tumor drug resistance (Akbari Kordkheyli et al., 2022).
This article reviews the technical characteristics of CRISPR/Cas9, its
application in tumor drug resistance, and its limitations. The aim is to
offer new ideas for the study of tumor drug resistance using CRISPR/
Cas9.

2 CRISPR/Cas9 technologies

CRISPR was discovered in prokaryotes and used to counteract
exogenous DNA during evolution (Mojica and Montoliu, 2016). The
system contains twomain components: the single-guide RNA (sgRNA)
and Cas9 protein. The 20 bp length sgRNA can recognize the target
DNA sequence. The Cas 9 protein, as an endonuclease, can create DNA
double-strand breaks (DSBs), which results in non-homologous end-
joining or homology-directed repair. Non-homologous end-joining
often introduces new bases and leads to insertions and/or deletions
(indels) and inactivation of genes, thus enabling targeted gene editing
(Hsu et al., 2014). Modifications to the Cas9 protein add more
functionality to the CRISPR system. CRISPRa (CRISPR activation)
and CRISPRi (CRISPR interference) are two systems based onmodified
Cas9 protein. The deactivated Cas9 lost its nuclease activity. Instead, it
can recruit transcriptional activators or repressors to promote or
interfere with gene expression (Konermann et al., 2015).

As the number of sgRNA increases, the scale of libraries
increases from small libraries like the kinase library and
epigenetic library to genome-wide libraries. Researchers can
analyze genetic perturbations on a genome-wide scale in one
screening (Han et al., 2016; Yu and Yusa, 2019; Wan et al., 2021).

3 The mechanism and strategy of
CRISPR/Cas9 screening

The most common library is GeCKO (Genome-scale CRISPR
Knock-Out) and SAM (synergistic activation mediator), both of
whichwere provided by Zhang (Sanjana et al., 2014; Joung et al., 2017b).
Different sgRNAs serve as molecular tags in single cells. The abundance

of sgRNAs varies in different subclones in cells. DNA extraction was
performed after incubation for different passages and sgRNAs were
sequenced. As cells were introduced with different sgRNAs, the
knockdown (or overexpression) of drug-promoting and drug-
suppressing genes caused changes in drug resistance, leading to
differences in cellular growth activity, resulting in different read
counts of sgRNA (Li et al., 2014). The read count differences
between control and experimental groups were analyzed, and
bioinformatic technology and other experiments can be utilized for
further inquiry (Shalem et al., 2015). A brief overview of this strategy is
depicted in Figure 1.

The screening can be divided into GOF and LOF depending on
whether the library is a CRISPRa or a CRISPRi library. In a single
screening based on viability, both positive selection and negative
selection can be achieved, depending on the increase and decrease in
the number of cell populations. The model choice has been well
illustrated and the pros and cons of each screening method have
been discussed (Doench, 2018; Sharma and Petsalaki, 2018). The
model choice depends on the phenotype and perturbation of the
system. A pre-well-designed model before screening is of great
importance to the next validation of the top-hit genes.

Comprehensively, genome-wide CRISPR/Cas9 knockout
(inhibition) or activation screening can locate the gene perturbation
caused by drugs. In this review, most studies focus on several notable
genes and investigate one gene with drug resistance in vivo and in vitro.

4 Genome-wide CRISPR/
Cas9 screening for drug resistance in
tumors

In research on drug resistance in tumors, genome-wide CRISPR/
Cas9 screening for drug resistance in tumors serves as a powerful
initial screening tool for potential drug resistance-related genes. This
is of great significance for further treatment of malignant tumors
that are resistant to targeted or chemotherapeutic drugs.

We collected data from PubMed by using specific keywords such
as CRISPR in combination with other related keywords including
pancreatic, lung, liver, gastric, breast, bladder, colon, renal, bone,
glioma, ovarian, testicular, cancer, tumor, and malignancy. Only
articles focused on drug resistance with genome-wide CRISPR/
Cas9 screening were included in this review. After skimming titles
and abstracts, 64 articles were included in this review and will be
introduced in line with different kinds of drugs, and the summary table
is listed in Supplementary Tables S1–S9. We hope that the results will
shed light on the resistance mechanism of different drugs.

We focused on the most commonly used drugs in clinical
practice and those with the highest number of studies. The drugs
involved in this review are MAPK pathway inhibitors, poly (ADP-
ribose) polymerase inhibitors (PARPi), antimetabolites, alkylating
agents, mitotic inhibitors, immune checkpoint inhibitors (ICIs), and
(cyclin-dependent kinase inhibitors) CDKI.

4.1 MAPK signaling inhibitors

MAPK signaling inhibitors are commonly used in clinical
practice. Many drugs have been designed to target the RTK
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(receptor tyrosine kinase)- RAS (rat sarcoma)- RAF (rapidly
accelerated fibrosarcoma)-MEK (mitogen-activated protein
kinase)-ERK (extracellular-signal-regulated protein kinase)
pathway, such as RTK inhibitors, BRAF (B-Raf proto-oncogene)
inhibitors, and MEK inhibitors. They act primarily on single or
multiple sites such as RTK, Raf1, RafB, andMEK proteins, inhibiting
their phosphorylation and blocking signaling. They inhibit
angiogenesis, proliferation, and tumor growth (Cargnello and
Roux, 2011). Targeted agents are more efficient than traditional
chemotherapeutics. However, the clinical efficacy of targeted drugs
is unsatisfactory (Zhai and Sun, 2013), and the current genome-wide
CRISPR/Cas9 screening model reveals some of the resistance
mechanisms. The mechanism of MAPK signaling pathway
inhibitors resistance was summarized in Figure 2.

4.1.1 Receptor tyrosine kinase inhibitors
RTK is a class of transmembrane proteins with intrinsic

phosphotyrosine kinase activity, including epidermal growth
factor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), fibroblast growth factor receptor (FGFR),
MET proto-oncogene (MET), and KIT proto-oncogene (KIT)
(Regad, 2015). They mainly receive extracellular signals and
regulate cell proliferation, differentiation, and survival. Common
RTK inhibitors include erlotinib, lapatinib, and gefitinib.

Multi-targeted kinase inhibitors include sorafenib, lenvatinib, and
regorafenib.

Erlotinib, the first-generation tyrosine kinase inhibitor (TKI), is
mainly used in lung and pancreatic cancer. Terai et al. (2021)
identified SHOC2 (leucine-rich repeat scaffold protein) as a drug-
resistance gene in lung cancer. SHOC2 affects the sensitivity to
EGFR–TKIs in NSCLC (non-small cell lung carcinoma) cells via the
SHOC2/MRAS (muscle RAS oncogene)/PP1c (protein phosphatase
1) and SHOC2/SCRIB (scribble planar cell polarity protein)
pathways. The mutant SHOC2-MRAS-PP1c complex was later
identified to enhance holophosphatase activity (Kwon et al.,
2022). Zeng et al. (2019) discovered RIC8A (RIC8 guanine
nucleotide exchange factor A) and ARIH2 (Ariadne RBR
E3 ubiquitin protein ligase 2) as genes for erlotinib resistance in
NSCLC cells. Knockout of RIC8A, essential for G-alpha protein
activation, enhanced EGFR TKI-induced cell death, as well as
knockout of ARIH2 which conferred resistance to EGFR
inhibition by promoting de novo protein synthesis through
methionyl aminopeptidase 2. By using gefitinib as screening
pressure, Georgiou et al. (2020) identified the role of NF1
(neurofibromin 1) in EFGR inhibitor resistance. NF1-mutant
colorectal cancer cell lines are resistant to EGFR inhibitors,
indicating that loss of NF-1 could be a biomarker for assessing
the application of EGFR inhibitors.

FIGURE 1
The diagram of commonCRISPR/Cas9 screening. The screenworkflows include the design of the library, the infection of cells, the selection of cells,
the gRNA extraction, and the analysis of the sgRNA distribution.
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Cell cycle proteins and ubiquitination have likewise been found
to be associated with erlotinib resistance, which was identified in the
screening by Lee J. et al. (2021). Chemical inhibitors targeting genes
in these two pathways, nutlin-3 and carfilzomib, in combination
with erlotinib reduce the development of erlotinib resistance.

Tumor cells can also acquire a drug-resistant phenotype to RTK
inhibitors by EMT (epithelial to mesenchymal transition). Raoof
et al. (2019) discovered that FGFR plays a role in tumor
mesenchymal cell resistance to a third-generation TKI: EGF816.
FGFR signaling was found to be necessary for the survival of
epithelial and drug-sensitive cells when undergoing an EMT-like
process during the first exposure to EGFR inhibitors, suggesting that
dual EGFR + FGFR inhibition may be a promising strategy to
prevent the emergence of resistant clones.

4.1.2 Multi-targeted RTK inhibitors
Multi-targeted RTK inhibitors such as sorafenib, lenvatinib,

regorafenib, and lapatinib, target more than one kind of RTK,
which theoretically inhibit MAPK signaling pathway more
effectively, but they also face the dilemma of drug resistance.

A more plausible mechanism is the reactivation of the MAPK/
ERK pathway. Lu et al. (2021) screened NF1 and DUSP9 (dual
specificity phosphatase 9) by LOF as genes associated with lenvatinib

resistance in HCC (hepatocellular carcinoma). Lenvatinib exerts its
therapeutic effect mainly by inhibiting kinases in the PI3K
(Phosphoinositide 3-Kinase)/AKT (Protein Kinase B) and MEK/
ERK signaling pathways. Knockdown of NF1 and DUSP9 increased
cell resistance and enhanced cell proliferation and migration.
NF1 deletion induced phosphorylation of PI3K/AKT and MAPK/
ERK pathways, leading to activation of the pathway and induced
lenvatinib resistance. Whereas (Huang et al., 2022) identified
DUSP4 (dual specificity phosphatase 4) as an HCC lenvatinib
resistance gene through LOF screening, and, similarly,
DUSP4 knockdown was found to lead to cellular resistance
through activation of the MAPK/ERK pathway. DUSP4 is a
member of the bispecific protein phosphatase subfamily involved
in the inactivation of the corresponding target kinase, including the
MAPK cascade, and inhibition of DUSP4 increased the
phosphorylation level of ERK. Lenvatinib blockade of upstream
MAPK is not sufficient to inhibit the downstream
rephosphorylation of ERK. A combination of lenvatinib and
MEK inhibitors is suggested as a possible treatment modality to
overcome lenvatinib resistance. A similar mechanism was also found
in lapatinib, which is also a multi-targeted RTK inhibitor. Ning et al.
(2021) found that loss-of-function mutations in C-terminal Src
kinase and PTEN (phosphatase and tensin homolog) in gastric

FIGURE 2
The diagram of the mechanism of MAPK signaling pathway inhibitors. The drug resistance gene involves FBXO42, PLK1, PTEN, DUSP4/9, ATXN1L,
and miR-6077. They reverse the drug resistance by reactivating the MAPK pathway or by promoting the transcription of genes that reduce ROS.
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cancer reactivated MAPK and PI3K pathways, leading to lapatinib
resistance.

Makhov et al. (2020) found FTase (farnesyltransferase)-
dependent cellular factors (a cytokine that acts on RAS proteins)
to be associated with sunitinib resistance in clear cell renal cell
carcinoma. Combination therapy with lonafarnib, an FTase
inhibitor, may potentiate the anti-tumor efficacy of sunitinib
through two potential mechanisms: 1) suppression of Rheb-
dependent mTOR complex1 activation and 2) dysregulation of
lysosomal sequestration of TKIs.

Oxidative stress has been reported to be related to TKI
resistance. Many drugs can induce ROS (reactive oxygen species).
Zheng et al. (2019) found that KEAP1 (kelch-like ECH-associated
protein 1)/Nrf2 (Nuclear factor erythroid 2-related factor 2) affects
sorafenib resistance through the ROS pathway. Knockout of KEAP1,
a Cul3-based E3 ligase, increased cell survival to sorafenib-resistant
treatment by targeting the transcription factor Nrf2 and
degradation. Knockdown of KEAP1 led to activation of the
cellular Nrf2 pathway that controls the expression of antioxidant
genes, resulting in higher resistance to oxidative stress caused by
sorafenib. Chen et al. (2022) also identified KEAP1 as a drug
resistance-associated gene and FGF21 (fibroblast growth factor
21) as a downstream factor of Nrf2. Upregulation of Nrf2 leads
to an increase in FGF21, causing an increase in cellular antioxidant
capacity, while FGF21 promotes the transcription of Nrf21 by
inhibiting the ubiquitination of Nrf2, leading to high levels of
positive Nrf2 feedback, thus promoting a stable state of drug
resistance. The KEAP1/Nrf2 pathway is also found in TKI-
resistant cells in lung cancer. Krall et al. (2017) investigated the
inhibitory effects of EGFR, ALK (anaplastic lymphoma kinase),
BRAF, and MEK in lung cancer and found that KEAP1 deletion
modulated multiple sensitivities lung cancers with EGFR, ALK,
BRAF, and KRAS or NRAS mutations. KEAP1 deletion reduced
the ubiquitination of Nrf2 degradation. KEAP1 deficiency promotes
cell survival and increases glutathione synthesis thus reducing the
drug-induced ROS. In addition, KEAP1 was found to be associated
with the miR-6077-mediated pathway for cisplatin/pemetrexed
resistance by Bi et al. (2022).

Cellular autophagy, a mechanism of cellular protection in harsh
environments, plays a role in TKI resistance in HCC. Li et al. (2021)
selected MTX1 (metaxin 1) as a sorafenib resistance-associated gene
in HCC through GOF screening. Significant overexpression of
MTX1, leading to sorafenib resistance, was associated with poor
prognosis and accelerated the proliferation of HCC cells.
MTX1 increased drug resistance by antagonizing the inhibitory
effect of CDGSH iron sulfur domain 1 on cellular autophagy,
which enhances cellular autophagy and increases drug resistance
in HCC. The team further identified miR-15a and miR-20b as
relevant genes for sorafenib resistance through LOF screening
and found that the silencing of miR-15a or miR-20b effectively
promoted HCC cell survival and drug resistance in the presence of
sorafenib. They both target CDC37L1 (the cell division cycle 37 like
1), which acts as a molecular chaperone in enhancing the interaction
between HSP90 and PPIA (peptidylprolyl isomerase A). The
silencing of both facilitated the stability of PPIA. Namely, the
downregulation of miR-15a and miR-20b promotes the resistance
of sorafenib to HCC by enhancing the binding of HSP90 to PPIA via
CDC37L1 (Li et al., 2022).

Sun et al. (2018) identified SGOL1 (shugoshin 1), which encodes
a mitosis-related protein gene, as a relevant gene for sorafenib
resistance in HCC cells by introducing a GECKOv2 sgRNA
library into HUH7 cells. SGOL1 knockout can reduce apoptosis
and the cytotoxicity of sorafenib. The SGOL1 protein was disabled
for the subsequent sister-chromatid segregation at inner
centromeres (Zhang and Liu, 2020), suggesting that SGOL1 may
modulate drug resistance by regulating chromosome segregation.

Metabolic alternation also plays a role in drug resistance. By
performing a genome-wide screening for GECKOv2 in the
MHCC97L cell line, Wei et al. (2019) found that PHGDH
(phosphoglycerate dehydrogenase), an enzyme of the SSP (serine
synthesis pathway), catalyzes the change from 3PG to 3PHP, and
knockdown of the PHGDH gene sensitized the HCC cell line to
sorafenib. HCC cells respond to oxidative stress induced by
sorafenib treatment by increasing PHGDH expression. Activation
of SSP is a common mechanism of TKI resistance and targeting SSP
through PHGDH inhibitors is one way to treat TKI-resistant HCC.
Similarly, Sofer et al. (2022) identified hexokinase 1 and integrin
subunit beta 5 as regorafenib resistance-associated genes in a GOF
screening. Hexokinase 1 catalyzes the first step of glycolysis, the
conversion of glucose to glucose-6-phosphate, suggesting that
changes in glucose metabolism underlie drug resistance and that
glycolysis inhibitors may improve TKI efficiency.

On the other hand, Cai et al. (2020) used GOF screening to
correlate lipid metabolism with cellular resistance and screened LRP8
(LDL receptor-related protein 8) as a sorafenib resistance-associated
gene, which encodes a member of the low-density lipoprotein receptor
family and functions as a receptor for the cholesterol transporter protein
apolipoprotein E. Overexpression of LRP8 inhibited apoptosis and
increased sorafenib resistance, whereas knockdown reduced cellular
resistance. High levels of LRP8 expression correlated with patient
prognosis, and overexpression of LRP8 was found to increase
b-catenin levels, and the ApoE-LRP8 pathway was suggested to be a
resistance-related pathway in HCC.

4.1.3 RAF inhibitor
RAF inhibitors, such as vemurafenib, mainly inhibit cells with

BRAF V600Emutations. In most patients, resistance emerges within
a few months. 13 novel genes were identified by Goh et al. (2021) in
screening for vemurafenib resistance in melanoma cells. Among
them, NF1, CUL3, and NF2 are associated with the MAPK pathway,
and the remaining genes are related to epigenetics, cell cycle,
telomeres, etc. Joung et al. (2017a) identified 11 LncRNA loci in
melanoma cells. Gautron et al. (2021) identified SMAD3, BIRC3,
and SLC9A5 in melanoma as key actors of BRAF inhibitor
resistance. SMAD3 plays a key role in melanoma resistance to
treatment by promoting an EMT-like process, and their results
suggest that the regulation of BRAF inhibitor resistance gene
expression is multiparametric.

4.1.4 MEK1/2 protein inhibitors
Trametinib, a MEK inhibitor, functions as an allosteric, ATP

noncompetitive inhibitor with nanomolar activity against both
MEK1 and MEK2 kinases. It can inhibit cell proliferation, cause
cell cycle arrest in the G1 phase, and induce apoptosis. Wang et al.
(2017) performed a genome-wide screening in KRAS-mutated
pancreatic adenocarcinoma to investigate RTK-RAS-MAPK
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pathway reactivation and found that gene ATXN1L deletion caused a
decrease in protein CIC (capicua transcriptional repressor), leading to
increased cellular resistance, and determined the ATXN1L-CIC-ETS
transcription factor axis to be a mediator of resistance to MAPK
inhibitors. The ERN1-JNK-JUN pathway is present in KRAS mutant
colorectal cancers and is involved in regulating MEK inhibitor
resistance in colon cancer (Šuštić et al., 2018). It is emphasized that
JUN-activated kinases, TAK1 and JNK, may be important loci forMEK
inhibitors in KRAS-mutant cancer cells.

FBXO42 (F-box protein 42) is an E3 ubiquitin ligase associated
with trametinib resistance in NRAS-mutated melanoma cells.
Knockdown of FBXO42 increases the TAK1 signaling pathway,
which may promote an increase in active P38, leading to an
enhancement of the ERK signaling pathway. This suggests that
the concomitant use of MEK inhibitors with TAK1 inhibitors can
improve the efficacy of MEK inhibitors (Nagler et al., 2020). Yu et al.
(2022) found that GRB7 (growth factor receptor bound protein 7)
effectively increased major resistance toMEK inhibitors via the RTK
pathway in KRAS-mutated colon cancer. PLK1 (Polo-like kinase 1)
is the major interacting kinase of GRB7. The combination of
PLK1 and MEK inhibitors could synergistically inhibit CRC cell
proliferation and induce apoptosis in vitro and in vivo.

4.2 Poly (ADP-ribose) polymerase inhibitors

The mechanism of PARP inhibitors is related to the concept of
synthetic lethality. Protein PARP1 (poly (ADP-ribose) polymerase

1) is mainly responsible for the repair of DSBs. PARPi targeting
homologous recombination-deficient tumors hold great promise for
the treatment of tumors with damaging mutations in BRCA1/2 or
other homologous recombination factors (Noordermeer and van
Attikum, 2019). Unfortunately, PARPi resistance has proven to be a
major clinical problem. The use of genome-wide CRISPR/
Cas9 screening techniques helps us to better understand the cell
response to PARPi. The mechanism of PARPi is summarized in
Figure 3A.

The resistance mechanism of PARPi mainly focuses on the
promotion of DNA repair. Barazas et al. (2018) performed LOF
screening in a BRCA1-deficient cell line and found that the deletion
of members of the CTC1-STN1-TEN1 complex led to PARPi
resistance in BRCA1-deficient cells in vitro and in vivo by
enhancing the repair of DSBs. Dev et al. (2018) identified two
proteins, C20orf196 and FAM35A, in BRCA1-deficient cells by
performing a whole genome screening in breast cancer. The
inactivation of the two proteins resulted in strong PARP
inhibitor resistance by forming a complex, “Shieldin” (SHLD1/2),
which promotes DSBs end-joining.

Mutation of the PARP1 protein that results in drug resistance
has been illustrated. By picking resistant clones in genome-wide
screening in embryonic cells, Pettitt et al. (2018) found PARP1 point
mutations leading to PARP inhibitor resistance in ovarian cancer.
Mutations both within and outside of the PARP1 DNA-binding
zinc-finger domains cause PARPi resistance and alter
PARP1 trapping, suggesting that PARP1 intramolecular interactions
may influence PARP-mediated cytotoxicity.

FIGURE 3
(A) The resistance mechanism of PARP inhibitors. (B) Various genes promote gemcitabine resistance by activating the EMT, NF-κB, MYC, and
P53 pathways. (C) The resistance mechanism of alkylating agents includes the enhanced pathway of DNA repair, apoptosis, Wnt-β catenin, NF-κB,
stemness, and stress response. (D) Cell cycle, JAK/STAT3, and ER stress are involved in mitotic inhibitor resistance. (E) The resistance mechanism of ICIs.
Tumor cells can upregulate PD-L1 to inhibit T-cells via CMTM6, ALK, MLLT6, and SOCS1. (F) The resistance mechanism of CDKI. The Hedgehog
pathway, PI3K/AKT pathway, apoptosis, and EGFR pathway are involved in CDKI resistance.
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Zimmermann et al. (2018) performed three screenings with the
TKOv1 library and discovered that mutations in three genes
encoding ribonuclease H2 sensitized cells to PARP inhibition and
the manipulation of genomic ribonucleotide processing may
contribute to the treatment with PARPi.

Fang et al. (2019) found that TIGAR (TP53-induced glycolysis
regulatory phosphatase), encoded by C12orf5, regulates
PARP1 resistance in ovarian cancer, and high expression of
TIGAR is associated with poor prognosis. TIGAR knockdown
enhanced the sensitivity of cancer cells to olaparib through the
downregulation of BRCA1 and Fanconi anemia depletion pathways
and increased the sensitization of these cells by affecting metabolic
pathways and increasing the cytotoxic effects of olaparib.

Juhász et al. (2020) identified ALC1 (amplification in liver
cancer1) as a modulator of PARP inhibitor. ALC1 can remove
inactive PARP1 through binding to PARylated chromatin, thus the
overexpression of ALC1 reduces the trapping of inhibited
PARP1 and decreases the sensitivity of BRCA-deficient cells to
PARP inhibitors.

Autophagy plays an important role in treatment with olaparib
and is associated with its resistance. In prostate cancer, Ipsen et al.
(2022) determined that deletion of PARP1, ARH3 (ADP-
ribosylserine hydrolase), tryptophan 5-monooxygenase activation
protein epsilon, and ubiquitin protein ligase E3 component
n-recognin 5 resulted in olaparib resistance, where PARP1 or
ARH3 knockdown resulted in reduced autophagy and increased
cellular resistance, suggesting that low ARH3 expression is an
independent prognostic indicator.

4.3 Antimetabolites

Gemcitabine, 2′,2′-difluoro-2′-deoxycytidine, is currently used
in a variety of solid tumor cancers. It is delivered into cells via
membrane nucleoside transport proteins (hENTs and hCNTs). It
undergoes complex conversion to the nucleotides gemcitabine
diphosphate and triphosphate (Mini et al., 2006). The
triphosphate competes with deoxycytidine triphosphate, which
leads to inhibitory DNA synthesis. Several screenings have been
performed to elucidate the mechanism of gemcitabine resistance.
The mechanisms are summarized in Figure 3B.

Bakke et al. (2019) identified PSMA6 (proteasome 20S subunit
alpha 6) in pancreatic cell lines and validated its role in pancreatic
cancer cell lines and found that the knockout of PSMA6, as a
proteasomal subunit of the 20S core complex, can induce
apoptosis in cells.

SH3D21 (SH3 domain containing 21) (Masoudi et al., 2019) was
identified as a drug resistance maintenance gene in the Panc1 cell
line, and knockdown of SH3D21 resulted in increased sensitivity of
pancreatic cancer cells to gemcitabine, and it is hypothesized that the
MYC pathway is associated with gemcitabine resistance. Yang et al.
(2022) screened for DCK (deoxycytidine kinase) and cyclin L1 and
found that deletion of CCNL1 activated the ERK/AKT/
STAT3 survival pathway, leading to cellular resistance to
gemcitabine treatment.

The MTA3 (the metastasis associated 1 family member 3)-CRIP2
(cysteine-rich protein 2)-NF-κB pathway was associated with
gemcitabine resistance. Wu et al. (2022) screened MTA3 through

genome-wide overexpression as part of the NuRD transcriptional
repressor complex. Downregulation of the MTA3 gene resulted in
increased cellular sensitivity to gemcitabine. It was further determined
thatMTA3 primarily represses CRIP2 transcription whereas CRIP2, a
transcriptional repressor, primarily suppresses tumorigenesis by
inhibiting NF-κB signaling to suppress tumorigenesis. Sarr et al.
(2019) found a role for pyrimidine metabolism in NUC-1031
resistance, which is a phosphoramidite transformation of
gemcitabine, mainly through the DCK and dCTP pyrophosphatase
1, and concluded that DCK levels were associated with patient
prognosis.

Xu et al. (2019) found that the elongator complex was associated
with gemcitabine resistance. They identified ELP5 (elongator
acetyltransferase complex subunit 5) in gallbladder cancer. The
loss of ELP5 compromised the integrity and stability of the
elongator complex and abrogated wobble U34 tRNA
modification, which interfered with the translation of hnRNPQ
(heterogeneous nuclear ribonucleoprotein Q) mRNA, which in
return regulates cells through the P53 pathway. The elongator/
hnRNPQ/P53 axis may control gemcitabine sensitivity.

Ramaker et al. (2021) performed CRISPR screening among four
classes of chemotherapeutic agents (gemcitabine, oxaliplatin,
irinotecan, and 5-fluorouracil), and found that HDAC1
(histone deacetylase 1) and ABCG2 (ATP binding cassette
subfamily G member 2) serve as four common drug resistance
genes, with HDAC1 overexpression leading to drug resistance
associated with EMT, while ABCG2 was found to be a general
resistance mechanism mainly through the cells that pump
the drug.

4.4 Alkylating agents

Common alkylating agents include cisplatin, oxaliplatin (a
third-generation platinum-based chemotherapeutic agent), and
temozolomide. The pharmacological mechanism of alkylating
agents involves the inhibition of DNA replication and
transcription through internal and inter-strand crosslinks
resulting from binding to DNA (Wang L. et al., 2021), followed
by the induction of damage to double-stranded DNA. Cisplatin is a
first-generation platinum drug used as a first-line therapy in clinical
practice with a good inhibitory effect on solid tumors. Figure 3C
summarizes the resistance mechanism of common alkylating agents.

Non-coding RNAs also play a role in regulating drug-resistant
cisplatin resistance. Bi et al. (2022) found that miR-6077 promoted
cisplatin/pemetrexed resistance in lung adenocarcinoma through
the cyclin-dependent kinase inhibitor 1A and KEAP1 pathways.
Goodspeed et al. (2019) found MSH2 (mutS homolog 2) in bladder
cancer that led to in vitro resistance to cisplatin via the hyaluronan-
mediated motility receptor pathway and that patients with low
MSH2 levels had a poor prognosis when receiving platinum-
based chemotherapy. Also in bladder cancer, Shi et al. (2022)
found that HNRNPU (heterogeneous nuclear ribonucleoprotein
U) knockdown inhibited cell proliferation, invasion, and
migration. Furthermore, the deletion of HNRNPU promoted the
sensitivity of T24 cells to cisplatin, mainly associated with S cell cycle
phase blockage, and in addition, HNRNPU was found to regulate
chemosensitivity by affecting the expression of NF1.

Frontiers in Pharmacology frontiersin.org07

Zhang et al. 10.3389/fphar.2023.1284610

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1284610


In melanoma, zinc and ring finger 3, an ubiquitin ligase known
to be a targeting and negative feedback regulator of Wnt-β catenin
signaling enhanced cisplatin resistance in normal and melanoma
cells independently of b-catenin. ARIH1 (Ariadne1 homolog),
another ubiquitin ligase, also enhanced cisplatin resistance in
normal and melanoma cells by modulating ARIH1, and the
tumor suppressor neurofibrillary protein 2, NF2, enhanced
cisplatin resistance in melanoma, but not in normal cells (Ko
and Li, 2019).

Lan et al. (2021) identifiedM2 tumor-associated macrophages as
an important mediator of oxaliplatin resistance acquisition in
colorectal cancer. Moreover, TNF receptor-associated factor
5 mediates oxaliplatin resistance in CRC triggered by
methyltransferase 3.

In ovarian cancer, Ouyang et al. (2019) found that
downregulation of SULF1 (sulfatase 1) resulted in diminished
cisplatin-induced cytotoxicity. SULF1 may regulate cell signaling
by altering the sulfated state of the acetyl heparan sulfate chain,
thereby affecting platinum sensitivity; in addition, knockdown of
ZNF587B, a C2H2-type zinc finger protein, significantly reduced
cisplatin sensitivity in ovarian cancer cells. Also in ovarian cancer,
Stover et al. (2019) performed systematic overexpression and
inhibition of BCL-XL, BCL-W, MCL1 (myeloid cell leukemia
sequence 1), or BCL-2 and found that overexpression of anti-
apoptotic proteins increased cisplatin and paclitaxel resistance.

Skripova et al. (2022) performed a screening for cisplatin and
oxaliplatin resistance in pancreatic cancer. The genes were
associated with DNA repair, cell cycle regulation, components of
detoxification and antioxidant systems, and intracellular signaling
pathways. The results also identified genes previously associated
with platinum drug sensitivity/resistance, demonstrating the
adequacy of the CRISPR/Cas9 screening approach in the search
for regulators of drug sensitivity.

Temozolomide (Lee, 2016) (TMZ) is an oral alkylating agent
used to treat glioblastoma multiforme and astrocytoma. However, at
least 50% of TMZ-treated patients do not respond to TMZ. This is
mainly due to the overexpression of O-6-methylguanine-DNA
methyltransferase and the lack of DNA repair pathways in
glioblastoma cells.

Huang et al. (2019) identified in glioblastoma that NF-κB/E2F6
(E2F transcription factor 6) was responsible for EGFRvIII-associated
temozolomide resistance and E2F6, under the control of the
EGFRvIII/AKT/NF-κB pathway, showed a promising therapeutic
target for TMZ resistance.

MacLeod et al. (2019) described genome-wide CRISPR/
Cas9 screening, identifying genetic vulnerabilities in a panel of
patient-derived glioblastoma stem cell cultures. Regulators of
stemness (genes such as SOX2, SOX9, DOT1L, and SOCS3) and
stress response (UFMylation and endoplasmic reticulum-
associated protein degradation pathway) govern the growth of
glioblastoma stem cells. Chemogenomic screening using
temozolomide identified modulators of sensitivity to
chemotherapy. In the over-expression group, the Nrf2 and
Wnt pathways were involved in TMZ resistance, and
overexpression of frizzled class receptor 6, catenin beta 1, or
Nrf2 genes significantly increased cell survival (Rocha et al.,
2020).

4.5 Mitotic inhibitors

One of the most well-known mitotic inhibitors is paclitaxel
(PTX). PTX (Abu Samaan et al., 2019) is widely used in the
treatment of various types of malignant diseases. The mechanism
of PTX action represents several ways in which PTX affects cellular
processes leading to programmed cell death. PTX is frequently used
as a front-line therapeutic agent in breast cancer. Unfortunately, the
resistance of BC to PTX therapy is a major barrier to clinical use and
one of the leading causes of death associated with treatment failure.
Factors that contribute to PTX resistance are ABC transporter
proteins, microRNAs, or mutations in certain genes. The
resistance patterns are summarized in Figure 3D.

Rushworth et al. (2020) identified 17 candidate genes in prostate
cancer whose inhibition may enhance the efficacy of docetaxel, with
TCEAL1 (transcription elongation factor A-like 1) being the
preferred candidate. Deletion of TCEAL1 leads to altered cell
cycle, increased sub-G1 cell death, and increased polyploidy.

Paclitaxel resistance is a major concern in the treatment of
patients with breast cancer, and (Lian et al., 2020) showed that
expression of MEF2-interacting transcriptional repressor can
increase the level of interleukin 11 and activate the downstream
JAK/STAT3 signaling in triple-negative breast cancer, which can
lead to paclitaxel resistance.

Dmello et al. (2022) found that the endoplasmic reticulum
protein SSR3 (signal sequence receptor subunit 3) was associated
with paclitaxel resistance in breast cancer, and that knockdown of
SSR3 made cells resistant to PTX, while overexpression made them
sensitive to PTX. The mechanism is that SSR3 confers susceptibility
to PTX by regulating the phosphorylation of ER stress sensor IRE1α.

4.6 Immune checkpoint inhibitors

Tumor cells escape from immune surveillance and progress
through different mechanisms, including activation of immune
checkpoint pathways that suppress antitumor immune responses.
ICIs enact anti-tumor functions by interrupting co-inhibitory
signaling pathways and promoting immune-mediated elimination
of tumor cells. Figure 3E summarizes the network of resistance in
tumor and immune cells.

Immune checkpoint inhibitors target different axes including
cytotoxic T lymphocyte antigen 4, PD-1/PD-L1 (programmed death
protein 1/programmed death ligand 1), B-and T-lymphocyte
attenuator, T cell immunoglobulin and mucin-containing
molecule 3, T cell immunoreceptor with Ig and ITIM domains,
V-domain Ig suppressor of T-cell activation, lymphocyte activation
gene-3, and indoleamine 2,3-dioxygenase 1 (Lee J. B. et al., 2021).
While resistance frequently occurs in patients treated with
conventional cancer therapies and targeted therapies, in large
subsets of patients treated with ICIs, long-lasting immunologic
memory is commonly identified (Jenkins et al., 2018). However,
the emergence of acquired resistance is observed in longer follow-up
clinical trial populations.

Genome-wide CRISPR screening for ICIs can be performed both
in immune cells and tumor cells to locate related axes that regulate
acquired resistance.
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Deficiencies in cancer cell antigen presentation are the main
mechanism of ICI resistance. Dong et al. (2019) performed in vivo
and in vitro CRISPR screening in CD8 T cells and found that
knockdown of DEAH-box helicase 37 enhanced the efficacy of
antigen-specific CD8 T cells against triple-negative breast cancer
in vivo. Wang Y. et al. (2021) determined that nicotinamide
phosphotransferase is required for T-cell activation and
demonstrated that NAD + supplementary significantly enhanced
anti-PD-1 immunotherapy in a murine solid tumor model. Okada
et al. (2017) found that the inhibition of fucosyltransferase 8, by
genetic ablation or pharmacologic inhibition, could reduce cell-
surface expression of PD-1 and enhance T-cell activation, leading to
more efficient tumor eradication.

A screening in melanoma cells by Manguso et al. (2017) found
that the deletion of protein tyrosine phosphatase protein tyrosine
phosphatase non-receptor type 2 (PTPN2) enhances interferon-γ-
mediated antigen presentation and growth inhibition to improve the
efficacy of immunotherapy. Burr et al. (2017) found in a genome-
wide screening that CMTM6 (CKLF-like MARVEL transmembrane
domain containing 6 protein) could bind PD-L1 and maintain its
expression on the cell membrane surface, and that the reduction of
CMTM6 reduced PD-L1 expression and attenuated tumor
suppression of T cells. Gu et al. (2021) found that TNF receptor-
associated factor 3, with its regulation of the NF-κB pathway, led to a
decrease in the MHC-I-specific negative regulator TRAF, which
sensitized cancer cells to antigen-specific T cell-driven cytotoxicity.
This finding may be useful in the treatment of MHC-I-suppressed
tumors. Using genome-wide CRISPR and metabolic inhibitor
screening, Zhang et al. (2019) demonstrated that ALK activates
STAT3 and ultimately induces PD-L1 expression through the effect
of interferon regulatory factor 4 and basic leucine zipper ATF-like
transcription factor 3 on the enhancer region of the PD-L1 gene.
Suresh et al. (2020) identified that impairment of heme production
activated an integrated stress response that allowed bypassing of the
inhibitory upstream open reading frame in the PD-L1 5’ UTR,
thereby enhancing PD-L1 translation and suppressing anti-tumor
immunity. Wroblewska et al. (2018) developed a barcoding system
that operates at the protein level and identified SOCS1 (suppressor
of cytokine signaling 1) as a negative regulator of PD-L1. Frequent
loss of interferon regulatory factor 2, resulting in reduced MHC I
antigen presentation and increased PD-L1 expression leading to
immune escape (Kriegsman et al., 2019). Sreevalsan et al. (2020)
found that the transcriptional regulator MLLT6 (myeloid/lymphoid
or mixed-lineage leukemia; translocated to, 6) is required for
efficient PD-L1 protein expression and cell surface presentation
in cancer cells. Depletion of MLLT6 reduced the inhibition of
CD8 cytotoxic T cell-mediated cytolysis. Taken together, the
above shows that CRISPR not only has a screening function in
the drug-tumor cell model but also helps to screen immune cells and
tumor cells for regulatory factors in immunotherapy.

4.7 CDK inhibitors

Cell cycle regulation depends on three major regulators, namely,
cyclin, CDK (cell cycle-dependent protein kinases), and CDKI, and
the normal function of the cell cycle depends mainly on the temporal
activation of various CDKs and their phosphorylation modifying the

corresponding substrate protein kinase complexes of cyclins and
CDK. The mechanism of CDKI is shown in Figure 3F.

The first generation of CDKIs, such as flavopiridol and
roscovitine, demonstrated disappointing effects in clinical trials due
to their defects in targeting specific CDKs, while the third generation
of CDK4/6 inhibitors, such as palbociclib, abemaciclib, and ribociclib,
had satisfactory results in advanced or metastatic breast cancer.

Tong et al. (2019) found differential genes in bladder cancer
were mainly enriched in the receptor tyrosine kinase, PI3K-Akt,
Ras/MAPK, JAK/STAT, or Wnt signaling pathways and found that
inhibitors targeting RTKs, PI3K-AKT and Ras/MAPK had
synergistic effects in combination with palbociclib. Kabir et al.
(2019) found that the cullin 5 ubiquitin ligase complex mediated
the resistance of lung cancer cells to cyclin-dependent kinase 9 and
MCL1. Daggubati et al. (2021) performed a CDK4/6 inhibitor
screening in medulloblastoma and identified reduced ribosomal
protein expression as the basis of resistance to CDK6 inhibition
in Hedgehog-associated medulloblastoma cells, leading to ER stress
and activation of the unfolded protein response. This increases the
activity of enzymes that produce the smooth-activated sterol lipids
which maintain HH signaling in medulloblastoma. Upregulation of
RTK-RAS-RAF and RTK-PI3K-AKT signaling cascade activity in
NRAS mutant melanoma leads to resistance to combined inhibition
of MEK1/2 and CDK4/6 (Hayes et al., 2019). Mayayo-Peralta et al.
(2021) identified activation of the EGFR pathway in CDK4/6-
resistant cells in breast cancer, raising the possibility of using
receptor tyrosine kinase signaling cascade inhibitors to target
CDK4/6 inhibitor resistance.

5 Discussion

The above results demonstrate the power and convenience of
genome-wide CRISPR/Cas9 screening as a screening technique.
Based on our data, numerous drug-resistance genes have been
identified in multiple tumors based on CRISPR/Cas9 screening
technology, which affects the cellular response to
chemotherapeutic agents through various pathways. The most
abundantly studied are MAPK pathway inhibitors, and the
common mechanisms of resistance are the reactivation of MAPK
pathways such as DUSP7, NF2, and the KEAP1/Nrf2 pathway,
which are present in multiple cancer resistance models. Despite
the variation in results between studies, individual genes have been
validated in vitro and in vivo and do correlate with cellular drug
resistance. This suggests that the acquisition of cellular drug
resistance phenotypes is often a multi-pathway, multi-omics
alteration, such as metabolism, EMT, and signal transduction.

However, CRISPR/Cas9 screening still has some shortcomings that
need to be addressed. The genome-wide screening technique is highly
influenced by cell heterogeneity, resulting in different sgRNA
distributions even within identical studies, cell lines, and drug
treatments (Sun et al., 2018; Zheng et al., 2019). The screening
results also depend on several factors such as the construction of the
sgRNA library, the treatment of the control group, the cell response to
the delivery system, the multiplicity of infection, and the random
genetic drift of the cell line (Doench, 2018). The most important of
these is the establishment of the sgRNA library since the downstream
data analysis mainly focuses on the distribution of the sgRNA in the
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genome by sequencing. The off-target effect, the efficiency of the
knockout effect, the drug concentration, and the time length for
drug exposure should also be taken into consideration.

A model of cellular alteration to drug resistance suggests that
cells acquire drug resistance partially through alterations in the
epigenome in the early stages and phenotypic alterations in drug
resistance through alterations in the genome, transcriptome, and
metabolome in the later stages (Wang et al., 2023). To better
illustrate this genetic alternation pattern, a more comprehensive
approach can be done by single-cell screening. Single-cell CRISPR/
Cas9 screening enables the detection of both the sgRNA distribution
and the transcriptome data and is an exciting technology but also
has a high sequencing cost (Wang and Wang, 2017). Another
screening method is arrayed screening. While all sgRNAs are
introduced into a single culture dish in a pooled screening, array
screening introduces each sgRNA into cells in a single well on a
platform. This technology allows for the selection of phenotypes not
limited to cell viability, such as subcellular localization and
morphometric (Datlinger et al., 2017). The application for
different screening methods depends on the selection criteria.
Pooled screening, due to its lower cost and ease of operation, has
become the most used method for drug resistance research.

Also, targeting partial genomic screening has higher robustness
than whole-genome screening (Zhong et al., 2022), and whole-genome
screening tends to cover most of the differential genes, but this
methodology may not uncover very strongly selected genes and may
be dependent on factors such as in vitro drug metabolism effects (Sarr
et al., 2019). For genome-wide screening assays, targeted experiments
on the screened genes are required to draw more rigorous conclusions.

Therefore, treatments targeting a single gene (e.g., single-point
targeted drugs) may eventually lead to the emergence of new drug-
resistant genes, and the change in tumor drug resistance can only be
to a certain extent and cannot fundamentally change the cellular
drug resistance. If we want to reverse the process of tumor drug
resistance, it is essentially a process of reversing entropy, which
requires precise modulation of the dysregulated gene within the
tumor to reprogram the expression network, which is currently
pending the emergence of new technologies.

Genome-wide CRISPR/Cas9 screening technology is a powerful
tool for screening unknown drug resistance genes and has
particularly progressed in different cancer studies, especially in
targeted drug resistance studies. Drug resistance in tumor cells is
often caused by multiple gene mutations. Meta-analysis against
genome-wide CRISPR/Cas9 drug resistance screening models can
perhaps construct a gene-related network to reveal the drug
resistance network in tumors.

CRISPR/Cas9 technology currently has powerful capabilities as
a gene editing technology, and genome-wide screening technology is
also a credible and convenient means of screening cellular drug
resistance-associated genes. More data from CRISPR/
Cas9 screening will help reveal cellular response to drugs.
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Glossary

CRISPR Clustered regularly interspaced short palindromic repeats

Cas9 CRISPR associated nuclease 9

LOF Loss-of-function

GOF Gain-of-function

sgRNA Single-guide RNA

DSBs DNA double-strand break

CRISPRa CRISPR activation

CRISPRi CRISPR inhibition

GECKO Genome-scale CRISPR Knock-Out

SAM Synergistic activation mediator

MAPK Mitogen-Activated Protein Kinase

PARPi Poly (ADP-ribose) polymerase inhibitors

ICIs Immune checkpoint inhibitors

CDKI Cyclin-dependent kinase inhibitors

RKT Receptor tyrosine kinase

RAS Rat sarcoma

RAF Rapidly Accelerated Fibrosarcoma

MEK Mitogen-activated protein kinase

ERK Extracellular-signal regulated protein kinase

BRAF B-Raf proto-oncogene

EGFR Epidermal growth factor receptor

VEGFR Vascular endothelial growth factor receptor

FGFR Fibroblast Growth Factor Receptor

MET MET proto-oncogene

KIT KIT proto-oncogene

TKI Tyrosine kinase inhibitor

SHOC2 SHOC2 leucine-rich repeat scaffold protein

MRAS Muscle RAS oncogene

PP1c Protein phosphatase 1

SCRIB Scribble planar cell polarity protein

NSCLC Non-Small Cell Lung Carcinoma

RIC8A RIC8 guanine nucleotide exchange factor A

ARIH2 Ariadne RBR E3 ubiquitin protein ligase 2

EMT Epithelial to mesenchymal transition

NF1 Neurofibromin 1

DUSP9 Dual specificity phosphatase 9

HCC Hepatocellular carcinoma

PI3K Phosphoinositide 3-Kinase

AKT Protein Kinase B

DUSP4 Dual specificity phosphatase 4

PTEN Phosphatase and tensin homolog

FTase Farnesyltransferase

ROS Reactive oxygen species

KEAP1 Kelch-like ECH associated protein 1

Nrf2 Nuclear factor erythroid 2-related factor 2

FGF21 Fibroblast growth factor 21

ALK Anaplastic lymphoma kinase

MTX1 Metaxin 1

CDC37L1 Cell division cycle 37 like 1

PPIA Peptidylprolyl isomerase A

SGOL1 Shugoshin 1

PHGDH Phosphoglycerate dehydrogenase

SSP Serine synthesis pathway

LRP8 LDL receptor-related protein

CIC Capicua transcriptional repressor

FBXO42 F-box protein 42

GRB7 Growth factor receptor bound protein 7

PLK1 Polo-like kinase 1

PARP1 [oly (ADP-ribose) polymerase 1

TIGAR TP53-induced glycolysis regulatory phosphatase

ALC1 Amplification in liver cancer1

ARH3 ADP-ribosylserine hydrolase

PSMA6 Proteasome 20S subunit alpha 6

SH3D21 SH3 domain containing 21

DCK Deoxycytidine kinase

MTA3 The metastasis associated 1 family member 3

CRIP2 Cysteine-rich protein 2

ELP5 Elongator acetyltransferase complex subunit 5

HnRNPQ Heterogeneous nuclear ribonucleoprotein Q

HDAC1 Histone deacetylase 1

ABCG2 ATP binding cassette subfamily G member 2

MSH2 MutS homolog 2

ARIH1 Ariadne1 homolog

SULF1 Sulfatase 1

TMZ Temozolomide

E2F6 E2F transcription factor 6

PTX Paclitaxel

TCEAL1 Transcription elongation factor A-like 1
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SSR3 Signal sequence receptor subunit 3

PD-1/PD-L1 Programmed death protein 1/programmed death ligand 1

CMTM6 CKLF like MARVEL transmembrane domain containing 6 protein

SOCS1 Suppressor of cytokine signaling 1

MLLT6 Myeloid/lymphoid or mixed-lineage leukemia; translocated to, 6

CDK Cell cycle-dependent protein kinases

MCL1 Myeloid cell leukemia sequence 1
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