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Simple Summary: The development of proprietary drugs targeting KRAS-mutant tumors has his-
torically been a formidable challenge. This difficulty stems from the high affinity of RAS proteins
for GTP and the lack of a hydrophobic “pocket” conducive to drug binding. However, the emer-
gence of CRISPR technology, a groundbreaking gene-editing tool, has revolutionized tumor studies,
particularly those focusing on KRAS mutations. This article offers a review of both fundamental
and translational research leveraging the CRISPR system in the context of KRAS-mutant cancer. It
encapsulates recent strides made in understanding KRAS biology’s mechanistic nuances, shedding
light on pivotal themes such as drug resistance, anti-tumor immune responses, epigenetic regulation,
and the exploitation of synthetic lethality by mutant KRAS. In conclusion, the article touches upon the
current limitations of employing CRISPR technology in KRAS-related research, while also suggesting
avenues for future refinement and optimization in this dynamic field.

Abstract: Once considered “undruggable” due to the strong affinity of RAS proteins for GTP and the
structural lack of a hydrophobic “pocket” for drug binding, the development of proprietary therapies
for KRAS-mutant tumors has long been a challenging area of research. CRISPR technology, the
most successful gene-editing tool to date, is increasingly being utilized in cancer research. Here, we
provide a comprehensive review of the application of the CRISPR system in basic and translational
research in KRAS-mutant cancer, summarizing recent advances in the mechanistic understanding
of KRAS biology and the underlying principles of drug resistance, anti-tumor immunity, epigenetic
regulatory networks, and synthetic lethality co-opted by mutant KRAS.

Keywords: KRAS; CRISPR; gene editing; resistance; synthetic lethal

1. Introduction

Kirsten rat sarcoma viral oncogene homolog (KRAS) mutations are the most com-
mon genetic alterations in human tumors [1], predominantly found in pancreatic ductal
adenocarcinoma (PDAC), colorectal cancer (CRC), and lung adenocarcinoma (LUAC) [2],
affecting over 95%, 40%, and 30% of the patients, respectively [3]. The KRAS gene encodes
two distinct proteins, KRAS 4A and KRAS 4B, through selective exon splicing, with the
latter being the primary form of the KRAS protein in human tumors [4]. Functionally, KRAS
is a member of the guanosine triphosphate (GTP) binding protein family [5], also known
as the RAS superfamily or RAS-like GTPases, and acts as a “switch” between inactive
guanosine diphosphate (GDP) and active guanosine triphosphate (GTP), which transduces
upstream signaling to various downstream pathways [6].
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KRAS activity is dynamically regulated by GTPase-activating proteins (GAPs) and
guanine nucleotide exchange factors (GEFs). While GAPs facilitate the conversion of GTP
to GDP, GEFs trigger the exchange of GDP for GTP. SOS1/2 (son of sevenless homolog
1/2) genes are primary GEFs of the RAS that activate the RAS by interacting with the Src
homology 3 (SH3) domain of growth factor receptor-bound protein 2 (GRB2) [7] and Src
homology phosphatase 2 (SHP2) [8]. They are primarily recruited to the plasma membrane
by binding to specific membrane-associated proteins and undergo a conformational change
that relieves their autoinhibition, allowing them to interact with RAS proteins. GTP-bound
KRAS then stimulates a variety of signaling pathways, including the mitogen-activated
protein kinase (MAPK) pathway [9], PI3K/AKT/mTOR pathway, RAS-like protein (RAL)
guanine nucleotide dissociation stimulator (RalGDS), and TIAM Rac1 Associated GEF 1
(TIAM1, a guanine nucleotide exchange factor that facilitates the exchange of GDP for GTP
on the Rac1 protein) [9,10].

Mutations in the KRAS gene, such as the G12C substitution, interfere with the
RAS–GAP interaction, diminish GTPase activity, maintain RAS in an activated state, and
lead to the hyperactivation of downstream signaling pathways. For many years, KRAS
mutations have been considered “undruggable”, primarily due to the strong affinity of RAS
proteins for GTP, which, when reaching picomolar levels, makes it difficult to find competi-
tive inhibitors with comparable affinity [2,11,12]. In addition, the surface of KRAS lacks an
ideal hydrophobic “pocket” structure for drug binding [13,14]. As a gain-of-function muta-
tion, novel inhibitors targeting KRAS G12C have recently been developed and have entered
clinical trials, the most impactful being AMG510 (Sotorasib) and MRTX849 (Adagrasib),
which have received accelerated approval from the US Food and Drug Administration
(FDA) for the treatment of non-small cell lung cancer (NSCLC) with the KRAS-G12C mu-
tation [15–17]. They bind irreversibly and selectively to the switch II pocket within the
mutant KRAS, locking it in the inactive GDP binding state. In addition, some research
also indicates that directly targeting the degradation of the KRAS protein is a potential
treatment strategy that can induce the regression of tumors expressing mutant KRAS in
mouse models [18].

The CRISPR system is an adaptive immune system discovered in prokaryotes [19]. In
2013, the CRISPR/Cas system was used to precisely edit genes in mammalian cells [20]
and has since become a highly efficient, low-cost gene-editing technology that undoubtedly
holds great promise for cancer research (Figure 1). In particular, CRISPR/Cas technol-
ogy has led to significant scientific advances in the study and treatment of KRAS-driven
cancers, broadening our understanding of mechanistic insights into KRAS-driven tumor
initiation, progression, and resistance to therapy, as well as synthetic lethal interactions
with mutant KRAS.
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2. Application of CRISPR/Cas Technology to Basic and Translational Cancer Research
on KRAS
2.1. Mechanisms of KRAS-Dependent Oncogenesis

Oncogenic mutations in KRAS disrupt its interaction with GAP, as seen in the G12
(G12D, G12C, G12V, etc.) and G13 (G13D, G13V, etc.) mutations, or inhibit its GTPase
activity, as seen in the Q61 (Q61K, Q61R, etc.) mutation [21]. These modifications result
in the KRAS protein persisting in a GTP-bound state, thereby continuously signaling to a
number of downstream effector pathways, including but not limited to the MAPK pathway,
PI3K/AKT/mTOR pathway, RalGDS, and TIAM1. Sustained activation of these pathways
facilitates the oncogenic transformation of cells and confers growth, survival, and metastatic
advantages to cancer cells (Figure 2) [22]. Comprehensive sequencing studies have revealed
numerous genetic alterations that co-occur with KRAS mutations. However, the function
of these co-mutated genes in cancer development and progression is not fully understood.
There has been extensive research aimed at understanding the underlying mechanisms; the
ease of use of CRISPR gene-editing technology has facilitated the development of various
mouse models (Supplementary Table S1) and has advanced our understanding of the
mechanisms of co-occurring mutations in KRAS-driven oncogenesis [23–26].
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Figure 2. The major signaling pathways downstream of KRAS; : it has been targeted or studied by
the CRISPR/Cas system. (created with BioRender.com, accessed on 29 December 2023).

The TP53 gene, which encodes the p53 protein in both humans and mice, is a key
tumor suppressor gene [27] that is commonly co-mutated with KRAS. The transition from
normal colon epithelial cells to colon cancer cells requires several molecular changes.
First, loss of the adenomatous polyposis coli (APC) gene triggers precancerous lesions.
Subsequently, mutations in genes such as KRAS, SMAD4, and TP53 facilitate progression to
a cell phenotype characterized by invasiveness and metastasis [28]. In rodent models, the
introduction of a pair of driver pathway mutations has the potential to induce colorectal
cancer. However, the number of driver pathway alterations in human colorectal cancer
is highly variable, with some cases showing no pathway alterations or a single pathway
alteration [29]. Further research is needed to elucidate the role of driver pathway alterations
in human colorectal cancer. In 2015, Matano [30] and colleagues used CRISPR technology
to introduce mutations in the tumor suppressor genes APC, SMAD4, and TP53 and the
oncogenes KRAS and/or PIK3CA into human intestinal epithelial organoids. They cultured
these organoids in conditions simulating the intestinal environment and found that tumors
formed under the renal capsule in mice after implantation. Interestingly, the metastasis
of these cells to the liver and spleen was less aggressive than that of human adenoma
organoids derived from unstable chromosomes. This suggests that while driver pathway
mutations may enable stem cells to survive in an unfavorable tumor microenvironment,
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other factors also influence invasive behavior, such as distant metastasis. As an anti-cancer
gene therapy, current applications of novel CRISPR technologies, such as base editing and
prime editing, can correct the genome without deleting the genes and can be used to edit
TP53 missense mutations [31].

Romero et al. [32] used the CRISPR/Cas9 system to study the role of Kelch-like
ECH-associated protein 1 (KEAP1) in KRAS-mutant NSCLC progression and found that
loss of KEAP1 leads to the overactivation of nuclear factor erythroid-2-like 2 (NFE2L2),
which encodes the transcription factor NRF2 and promotes KRAS-driven lung adenocarci-
noma in mice. Using gene screening and metabolomics analysis in conjunction with the
CRISPR/Cas9 system, Romero et al. showed that cancers with KEAP1 or NRF2 mutations
rely on increased glutamine metabolism, providing a rationale for glutaminase inhibitors
in the treatment of patients with KRAS/KEAP1 or KRAS/NRF2 mutant lung cancer.

Liver kinase B1 (LKB1, also known as STK11) is another tumor suppressor gene [33]
that is frequently co-mutated with KRAS in NSCLC (Figure 3) [34,35]. LKB1 is a ser-
ine/threonine kinase that regulates cell metabolism, cell polarity, and growth through the
14 AMP-activated protein-kinase-related kinases (AMPKRs), including salt-inducible ki-
nase (SIK; including SIK1, SIK2, and SIK3) [36]. Hollstein et al. [37] used CRISPR technology
to study the role of SIK in Kras-G12D mice and found that loss of SIK1 and SIK3 redun-
dantly mediated the tumor-suppressor activity of LKB1 and accelerated tumor growth in
KRAS-driven lung cancer.
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Figure 3. Interaction between KEAP1 and LKB1 in KRAS-mutant NSCLC. KL, KARS, and LKB1
co-mutation; sMaf, small musculoaponeurotic fibrosarcoma; ARE, antioxidant response element;
HIF-1α, hypoxia-inducible factor 1 α; CPS1, carbamoyl phosphate synthetase 1; ROS, reactive oxygen
species. (created with BioRender.com, accessed on 29 October 2023).

Phosphatase and tensin homolog (PTEN) negatively regulates the mTOR pathway [38].
A study using CRISPR/Cas9 technology to compare the effects of STK11 and PTEN on
lung cancer development confirmed that mutations in STK11, but not PTEN, promote the
progression of KrasG12D mutation lung adenocarcinomas [39].

Cheng R et al. [40] reported in 2023 a new protein encoded by the long intergenic
non-protein coding RNA 00673 (LINC00673). Due to its significant association with the
RAS signaling pathway, it was named RASON. RASON positively regulates the oncogenic
RAS signaling pathway and it has been shown that using CRISPR to knock out RASON in
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mouse embryonic fibroblasts can suppress the tumorigenic transformation associated with
KRAS mutations.

SOX9 is a transcription factor of the high mobility group (HMG) box family that is
often dysregulated in cancer and has been reported as both an oncogene [41,42] and a
tumor suppressor gene [43,44]. Using CRISPR/Cas9 and Cre-LoxP gene knockout in a
mouse model of Kras-G12D lung adenocarcinoma, Zhong et al. [45] found that loss of SOX9
significantly reduced the incidence, burden, and progression of mutant KRAS lung tumors
by promoting anti-tumor immunity, suggesting a role for SOX9 in regulating the tumor
microenvironment.

Nuclear receptor binding SET domain protein 2 (NSD2) is a key epigenetic enzyme that
generates the classic histone modification H3K36me2. In most cultured cell types, NSD2
physiologically produces large amounts of H3K36me2 and the disruption of H3K36me2
caused by chromosomal translocations and functional gain-of-function mutations is eti-
ologically associated with several hematological malignancies [46]. Sengupta et al. [47]
developed a CRISPR-based system to test the gene function in KRAS mutation lung adeno-
carcinoma and found that NSD2 deficiency could significantly inhibit tumor progression.
NSD2 knockdown could also inhibit the tumor growth in xenografts derived from pa-
tients with primary lung adenocarcinoma. The experimental results showed that the
NSD2 depletion combined with the MEK1/2 inhibition treatment regimen can signifi-
cantly inhibit KRAS-mutant lung adenocarcinoma tumors. It was further reported that
the NSD2–h3k36me2 axis plays a key epigenetic role in maintaining carcinogenic signal-
ing pathways.

2.2. Mechanisms of Resistance to KRAS Pathway Inhibition

The MAP (RAF-MEK-ERK) kinase cascade is one of the key effectors downstream
of KRAS and, as such, is one of the most focused targets for blocking KRAS oncogenic
activity [9,48]. Several potent and selective inhibitors of the MAPK pathway have been
developed [49,50]; however, their clinical efficacy as monotherapy is limited due to drug
resistance and toxicity to normal cells [51,52]. One of the resistance mechanisms is me-
diated by the treatment-induced loss of ERK-dependent negative feedback against the
upstream receptor tyrosine kinase (RTK) signaling pathways (such as receptors for ERBB,
PDGF, VEGF, FGF, and so on), which, in turn, reactivates the MAPK signaling [53,54].
Klomp et al. [55] performed genetic screening and identified the ataxia-telangiectasia-
mutated-and-Rad3-related kinase (ATR, Serine/Threonine Kinase-checkpoint kinase 1
(CHK1, Serine/Threonine Kinase)) DNA damage repair (DDR) pathway that regulates
extracellular signal-regulated kinase (ERK) inhibitor sensitivity in KRAS-mutant PDAC.
ATR is a member of the PIKK family, with a structure similar to that of ATM and DNA-
PKcs. CHK1 is the primary downstream target of ATR and is involved in DNA damage
repair. CHK1 inhibition downregulates the transcription factor MYC (myelocytomatosis
viral oncogene homolog) but also activates ERK and AMP kinase and induces autophagy,
providing a mechanistic basis for co-targeting CHK1 and ERK and/or inhibiting autophagy
for the treatment of PDAC, the most common type of pancreatic malignancy characterized
by invasive growth and early metastasis. The researchers used CRISPR-based functional
studies to better understand how suppression of CHK1-induced ERK activation contributes
to the progression of PDAC. They identified a DNA-binding protein, Replication Timing
Regulatory Factor 1 (RIF1), which is a critical element of non-homologous end joining
(NHEJ) downstream of ERK. In particular, inhibition of CHK1 can increase the sensitivity
of PDAC cells to further CHK1 suppression.

Adaptive activation of bypass pathways has emerged as a critical mechanism of
resistance to KRAS signaling inhibition [56]. Lou et al. [57] performed CRISPR functional
genomics in KRAS-G12C-mutant lung cancer and pancreatic cancer cells and identified
genes necessary for cancer cell survival when KRAS signaling is blocked by KRAS-G12C
inhibitors, some of which have been termed “collateral dependencies” (CDs). These include
GEFs (such as SOS1), their regulators (FGFR1, EGFR, SHP2, and CRKL), and various cell
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growth and survival pathways (such as CCND1, CDK4, ITGA7, ITGAV, FOSL1, and
PI3K/AKT/mTOR); when these genes were knocked out, the sensitivity of the cells to
KRAS G12C inhibitors was increased. Based on these findings, Lou et al. suggested that
the best approach to targeting KRAS-mutant tumors should consider the upstream and
downstream pathways of KRAS and the CDs.

2.3. Epigenetic Regulatory Networks in the Development of KRAS-Mutant Tumors

Epigenetics plays a critical role in tumor biology [58] and CRISPR/Cas technology has
shown great potential for studying epigenetics. In 2018, Wu et al. [59] used CRISPR/Cas9 to
explore tumor suppressor genes in a Kras-G12D mouse model and found that the absence
of the epigenetic regulatory factor Utx significantly accelerated lung cancer progression.
This pro-tumor effect of Utx knockout in vivo primarily occurs through upregulation of
an enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2), a histone-lysine N-
methyltransferase, and, subsequently, histone H3 lysine 27 (H3K27) me3 levels, suggesting
that UTx is a crucial epigenetic regulatory factor in lung tumor development.

The conventional CRISPR/Cas9 system introduces irreversible DNA damage muta-
tions into the genome that are toxic due to double-strand breaks (DSBs) [60,61]. Chromatin
immunoprecipitation (ChIP) experiments confirmed acetylation of the KRAS promoter
histone modified by dCas9-HDAC1. Liu et al. [62] designed a catalytically inactive Cas9
protein (dCas9)- histone deacetylase 1 (HDAC1) fusion protein. By using dCas9 as a
DNA binding agent and fusing it with the transcription inhibitor HDAC1, the KRAS gene
is epigenetically silenced without DNA damage or double-strand breaks. Additionally,
dCAS9-HDAC1 can effectively silence KRAS, significantly inhibit cell growth and soft agar
colony formation, and induce cell death.

Moreover, cancer cells with KRAS mutations appear to be more dependent on NPM1
expression. Li et al. [63] carried out a whole-epigenome CRISPR knockout in vitro and
in vivo to screen for epigenetic regulatory factors that could serve as novel targets for
NSCLC treatment. They identified the histone chaperone nucleophosmin 1 (NPM1) as
a potential treatment target. In vitro and in vivo experiments showed that silencing the
NPM1 gene significantly inhibits tumor progression.

2.4. Crosstalk between KRAS Signaling and Anti-Cancer Immunity

Immunotherapy has emerged as a new option in cancer treatment and has shown
promising results in a variety of cancers [64,65]. KRAS mutations have been shown to
upregulate the immune checkpoint programmed cell death protein 1 (PD-1)/programmed
death ligand 1 (PD-L1) [66,67] and promote immune escape in KRAS-driven tumors.
The advent of CRISPR/Cas technology has allowed a more in-depth exploration of the
mechanisms of immune resistance in KRAS-mutant tumors.

PD-L1 plays a key role in regulating the body’s immune response. It is found on the
surface of various cells, including immune cells and certain cancer cells. The expression
level of PD-L1 can be used to select patients who are more likely to respond to PD-L1/PD-1
inhibitors. In certain cancers, high levels of PD-L1 expression on tumor cells are associated
with increased response rates to PD-L1/PD-1 inhibitors. Huang et al. [68] discovered
that the tumor suppressor tuberous sclerosis complex subunit 1/2 (TSC1/2) effectively
regulated PD-L1 expression in vitro and that its knockout enhanced PD-L1 transcription
and membrane expression, thereby sensitizing cancer cells to PD-1 treatment in a murine
KrasG12D/Trp53−/− lung cancer model. In a syngeneic mouse model, TSC2-knockout
tumors responded significantly to PD-1 treatment while TSC2 wild-type tumors did not.
NSCLC patients with TSC1 or TSC2 mutations who received an immune checkpoint
blockade (ICB) showed durable clinical benefits and prolonged survival.

Falcomatà et al. [69] integrated single-cell RNA sequencing, CRISPR screening, and
immune phenotyping techniques and showed synergistic effects between the MEK inhibitor
trametinib and the multikinase inhibitor nintedanib in KRAS mutant tumors. This drug
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combination induced cell cycle arrest and cell death via the cancer cell secretome and
remodeling of immune-suppressive cells.

Dervovic et al. [70] performed a CRISPR/Cas9 screen in a Kras-G12D mouse model
of lung cancer and identified the cancer-testis antigen a disintegrin and metalloprotease 2
(ADAM2) as an immune modulator. The authors found that ADAM2 expression limited
the expression of the immune checkpoint inhibitors PD-L1, LAG3, TIGIT, and TIM3 in the
tumor microenvironment and provided an explanation for why adoptively transferred
cytotoxic T cells exhibited greater cytotoxic effects in tumors overexpressing ADAM2
in vitro.

There is increasing evidence that epigenetic factors play a role in regulating the tumor
immune microenvironment (TME) and modulating anti-tumor immune responses. DNA
methyltransferases (DNMTs), histone deacetylases (HDACs), EZH2, bromodomain protein
4 (BRD4), and lysine-specific histone demethylase 1A (LSD1), which play important roles in
tumor biology, have also been shown to regulate anti-tumor immunity as well [71,72]. How-
ever, how epigenetic regulators modulate cancer immunotherapy remains underexplored.
Li et al. [73] conducted an in vivo CRISPR screening using a sgRNA library targeting epige-
netic factors in the KrasG12D/p53−/−(KP) mouse model of lung adenocarcinoma and found
that the absence of the histone chaperone antisilencing function 1A (ASF1A) sensitizes the
tumor to anti-PD-1 treatment, providing the basis for a novel combination treatment of
ASF1A inhibition and anti-PD-1 immunotherapy.

2.5. KRAS Synthetic Lethal Interactions

In cancer, “synthetic lethality” refers to pairs of genes, where the mutation or inactiva-
tion of one gene produces oncogenic stress, forcing cells to adapt to this stress by relying
more on another pathway. When this pathway is inhibited, it results in cell death [74].
In the treatment of KRAS mutant cancers, the key to exploiting synthetic lethality is to
find stable mechanisms of synthetic lethal gene interactions; CRISPR/Cas technology has
advanced the study of KRAS synthetic lethal interactions, partly due to the advantage of
low false positive rates compared to other genetic approaches [75,76].

In 2018, Šuštić et al. [77] discovered that loss of the endoplasmic reticulum (ER)
stress sensor inositol-requiring enzyme 1 (IRE1) is synthetic lethal in RAS-mutant yeast
cells. However, as a human homologous gene of IRE1, knockout of ERN1 (endoplasmic
reticulum to nucleus signaling 1) in KRAS-mutant colorectal cancer cells does not affect
cell growth but does sensitize the cells to MEK inhibition. They further identified JUN-
terminal kinase (JNK)/MAPK8 or TAK1/MAP3K7 as transducing the signal from ERN1 to
JUN; the simultaneous inhibition of this pathway and MEK results in synthetic lethality in
KRAS-mutant human colon cancer cells.

Kelly et al. [78] generated a protein–protein interaction network of RAS interactors
using affinity purification mass spectrometry. Using this network, the authors constructed
a CRISPR double-knockout library of RAS interactor genes and identified a synthetic lethal
interaction of Rap1 GTPase-GDP dissociation stimulator 1 (RAP1GDS1) with ras homolog
family member A (RHOA) in KRAS-mutant lung adenocarcinoma.

Farnesyl thiosalicylic acid (FTS) is a RAS inhibitor with limited efficacy in PADC. Du
et al. [79] conducted a whole-genome CRISPR screen on murine PDAC cell lines treated
with FTS and identified several ER-associated protein degradation (ERAD) pathway genes
whose inhibition shows a synergistic effect with FTS by inducing apoptosis in KRAS-mutant
pancreatic cancer cells.

The SHP2 phosphatase promotes the activation of KRAS and the downstream MAPK
pathway [80]. Li et al. [81] performed whole-genome CRISPR screening on SHP2-inhibited
and -uninhibited KRAS-mutant gastroesophageal adenocarcinoma (GEA, a type of cancer
that originates from the glandular cells in the stomach or lower part of the esophagus, also
known as adenocarcinoma of the gastroesophageal junction) cells and identified the MAPK
pathway and the upstream RTK pathway, the inhibition of which enhances the efficacy of
SHP2 inhibition in KRAS-mutant GEA.
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The anti-apoptotic protein B-cell lymphoma extra large (BCL-XL) is overexpressed in
patients with KRAS/BRAF-mutant colorectal cancer. Jung et al. [82] conducted a whole-
genome CRISPR/Cas9 screen and found that the resistance to the BCL-XL inhibitor ABT-263
in KRAS-mutant colorectal cancer cells is associated with activation of the WNT pathway.
In KRAS/BRAF mutant cells, genetic and drug inhibition of the WNT signaling pathway
(using β-catenin shRNA or the Traf2- and Nck-interacting protein kinase inhibitor NCB-
0846, respectively) can enhance the tumoricidal effect of ABT-263.

WNT inhibition transcriptionally inhibits anti-apoptotic myeloid cell leukemia-1
(MCL1), which is achieved by functional inhibition of the β-catenin complex at the MCL1
promoter. The combination of ABT-263 and NCB-0846 synergistically inhibited KRAS-
mutant tumor growth in patient-derived xenograft (PDX) models.

Through integrated functional studies (knockdown by siRNAs and shRNAs, knockout
with CRISPR/Cas9), we showed in 2022 that co-targeting nucleolar protein 5A (NOP56) and
mTOR leads to synthetic lethality in KRAS-mutant NSCLC cells in vitro and in vivo [83].

Goodwin et al. [84] conducted CRISPR knockout screening in pancreatic cancer cells
harboring KRAS mutations and identified a number of functionally diverse genes whose
inhibition can enhance the growth-inhibiting effect of CDK4/6 inhibitors. These genes were
enriched in several signaling pathways, including cell-cycle regulation, PI3K–AKT–mTOR,
steroid receptor coactivator (SRC) family kinases, HDAC proteins, autophagy, chromosomal
regulation and maintenance, and DNA damage repair. In particular, CDK4/6 inhibitors in
combination with MAPK inhibitors synergistically block the compensatory upregulation of
ERK, PI3K, and anti-apoptotic signaling pathways, thereby synergistically inhibiting the
growth in PDAC cell lines and organoids.

In addition to the above research, numerous studies have investigated the synthetic
lethality of KRAS using CRISPR/Cas technology, as summarized in Table 1.

Table 1. KRAS synthetic lethalities identified by CRISPR/Cas technology.

Cell Lines CRISPR Library Synthetic Lethal
Genes or Pathways Drug Inhibition Types of

Inhibition Reference

HCT11, SW620
CRC119, CRC240

(CRC)
Subgenomic MEK/ERK; SRC;

BCL-XL

VX-11e
Dasatinib
WEHI-539

KRAS
effectors/tumor
stress-response

pathways

[85]

NB4; PL-21; SKM-1
(myeloid leukemia) Genome-wide RCE1; I CMT; RAF1;

SHOC2; PREX1 N/A KRAS effectors [86]

HCT116 (colorectal
cancer) Genome-scale

SUCLA2; NADK;
KHK; SNRPC; POP5;

SF3B2; NF2;
RALGAPB; INO80C

N/A Tumor stress
response pathways [87]

MOR (NSCLC) “druggable
genome” MAPK7 cobimetinib;

XMD17-109 KRAS effectors [88]

PDX366 (PDAC) “Nuclear” sgRNA
library CENPE; RRM1 trametinib

GSK923295 COH29 KRAS effectors [89]

ERN1 knockout (KO)
LoVo, HCT-116,

SW480, DLD1 (colon
cancer)

The human
GeCKO v. 2

DUSP4; STK40, DET1;
COP1; CBFB; RUNX2;

JNK signaling

selumetinib
(AZD6244),
trametinib

(GSK1120212);
SR-3306;

KRAS effectors [77]

Pancreatic and lung
cancer cells

The Avana-4
barcoded sgRNA

library
SHOC2/MEK trametinib

Tumor
stress-response

pathways
[90]
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Table 1. Cont.

Cell Lines CRISPR Library Synthetic Lethal
Genes or Pathways Drug Inhibition Types of

Inhibition Reference

MIA-PACA2 The Avana4
lentiviral library

PI3K/ERBB-family
RTK signaling/mTOR

BYL719;
pelitinib;
AZD2014

KRAS effectors [91]

H23 (NSCLC) The genome-wide
CRISPR library

IGF1R signaling
pathways; CPD N/A KRAS effectors [92]

PDX366 (PDAC) 8031 sgRNA–
containing library PRMT5 EPZ015666 and

EPZ015938

Tumor
stress-response

pathways
[93]

A549; H23; H2009
(lung cancer),

The large
DrugTarget-

CDKO library
RAP1GDS1/RHOA N/A

KRAS
effectors/Tumor
stress-response

pathways

[78]

4292; PANC-1; MIA
PaCa-2 (PDAC)

Pooled mouse
CRISPR lentiviral

library
ERAD pathway eeyarestatin I (EerI)

Tumor
stress-response

pathways
[79]

SW620; HCT116
(colorectal cancer)

Genome-wide
CRISPR/Cas9

Knockout
(MAGeCK)
algorithm

WNT signaling/BCL-2
family genes

NCB-0846; Bcl-2i:
ABT-263 KRAS effectors [82]

Pa16C (pancreatic
cancer) Not mentioned SRC; ERK KX2-391

(tirbanibulin)

Tumor
stress-response

pathways
[94]

HCT116, SW480,
LS174T (colon

cancer)
Genome-wide GRB7 N/A KRAS effectors [95]

H358, H460, A549,
PF563, PF139 (lung

cancer),
MIA-PaCa, HPAF-II
(pancreatic cancer)
HCT-116, DLD-1

(colon cancer)

NOP56 Knockout NOP56 and mTOR rapamycin;
shNOP56

KRAS
effectors/tumor
stress-response

pathways

[83]

Pa01C; Pa02C;
Pa03C; Pa04C;
Pa14C; Pa16C

(PDAC)

“Druggable
genome”

ERK;
CDK2/4/6

PF-06873600;
SCH772984 KRAS effectors [84]

KE-39, HUG1-N
(gastric cancer) Genome-wide SHP2/downstream

MAPK pathways
SHP099;

Ribociclib KRAS effectors [81]

3. Conclusions

Despite the high incidence of KRAS mutations in pancreatic, colorectal, and lung
cancers, there are still few effective treatments for KRAS-driven cancers. For example,
despite recent advances in the treatment of NSCLC with immune checkpoint inhibitors of
PD1 and PD-L1, they have not shown a more pronounced effect in KRAS-mutant NSCLC
compared to other NSCLC. Covalent KRAS inhibitors have been introduced into clinical
practice but only for KRAS-G12C mutation alleles. In addition, targeting downstream
effectors of KRAS has been extensively explored; however, their pleiotropy, complex
interactions between individual signaling cascades, and toxicity caused by sustained
inhibition of multiple KRAS effector pathways have hindered the translational potential of
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this strategy. Therefore, there remains an urgent and unmet need for a better understanding
of KRAS biology and innovative treatment strategies tailored to KRAS-mutant cancers.

The CRISPR/Cas system has demonstrated its potential for basic and translational
cancer research, particularly in the mechanistic understanding of KRAS biology and the
development of KRAS-mutant cancers. Relevant aspects range from KRAS-dependent
oncogenesis to mechanisms of resistance to KRAS inhibitors, epigenetics in KRAS mutant
tumors, KRAS signaling in cancer immunity, and KRAS synthetic lethality. Some studies
have successfully used CRISPR/Cas to generate CAR T cells and have progressed to
the stage of clinical trials. Notably, the US FDA approved the first therapy based on
CRISPR-Cas9 technology for the treatment of sickle cell anemia on 8 December 2023.
The advent of the CRISPR/Cas technology, which simplifies gene editing and increases
efficiency compared to RNA interference, has opened up unprecedented possibilities in
cancer research, particularly in investigating the molecular mechanisms underlying the
KRAS-driven tumor initiation, progression, and response to anti-cancer therapies.

Nevertheless, the current state of the CRISPR/Cas system is not without its chal-
lenges. The main problem is its off-target effect, which compromises the specificity of
gene editing. In addition, the system lacks an optimal delivery method and the introduc-
tion of irreversible DNA damage mutations leading to DSBs hinders its application. In
response to these issues, many researchers are actively working to refine and optimize the
CRISPR/Cas system.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16020460/s1, Table S1: KRAS mouse modeling by the CRISPR/Cas
system (in chronological order). Refs. [96–106] are cited in the supplementary materials.

Author Contributions: All authors contributed to the preparation of this manuscript. X.G. and J.D.
are responsible for the preparation of figures. X.G., J.D. and Z.Y. wrote the paper. C.C. and R.-W.P.
edited and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by a grant from the National Natural Science Foundation of
China (No. 82203307; to Zhang Yang.) and a grant from the Swiss National Science Foundation
(SNSF; #310030_192648; to Ren-Wang Peng).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Palomba, G.; Doneddu, V.; Cossu, A.; Paliogiannis, P.; Manca, A.; Casula, M.; Colombino, M.; Lanzillo, A.; Defraia, E.; Pazzola, A.;

et al. Prognostic impact of KRAS, NRAS, BRAF, and PIK3CA mutations in primary colorectal carcinomas: A population-based
study. J. Transl. Med. 2016, 14, 292. [CrossRef] [PubMed]

2. Papke, B.; Der, C.J. Drugging RAS: Know the enemy. Science 2017, 355, 1158–1163. [CrossRef]
3. Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, J.; Der, C.J. Drugging the undruggable RAS: Mission possible? Nat. Rev. Drug

Discov. 2014, 13, 828–851. [CrossRef]
4. Plowman, S.J.; Berry, R.L.; Bader, S.A.; Luo, F.; Arends, M.J.; Harrison, D.J.; Hooper, M.L.; Patek, C.E. K-ras 4A and 4B are

co-expressed widely in human tissues, and their ratio is altered in sporadic colorectal cancer. J. Exp. Clin. Cancer Res. 2006, 25,
259–267; Erratum in J. Exp. Clin. Cancer Res. 2007, 26, 2.

5. Bourne, H.R.; Sanders, D.A.; McCormick, F. The GTPase superfamily: A conserved switch for diverse cell functions. Nature 1990,
348, 125–132. [CrossRef] [PubMed]

6. Vigil, D.; Cherfils, J.; Rossman, K.L.; Der, C.J. Ras superfamily GEFs and GAPs: Validated and tractable targets for cancer therapy?
Nat. Rev. Cancer 2010, 10, 842–857. [CrossRef]

7. Nimnual, A.; Bar-Sagi, D. The two hats of SOS. Sci. STKE 2002, 2002, pe36. [CrossRef]
8. Huang, L.; Guo, Z.; Wang, F.; Fu, L. KRAS mutation: From undruggable to druggable in cancer. Signal Transduct. Target. Ther.

2021, 6, 386. [CrossRef]
9. Drosten, M.; Barbacid, M. Targeting the MAPK Pathway in KRAS-Driven Tumors. Cancer Cell 2020, 37, 543–550. [CrossRef]
10. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976; Erratum in Cell 2017,

169, 361–371. [CrossRef]
11. Bannoura, S.F.; Uddin, H.; Nagasaka, M.; Fazili, F.; Al-Hallak, M.N.; Philip, P.A.; El-Rayes, B.; Azmi, A.S. Targeting KRAS in

pancreatic cancer: New drugs on the horizon. Cancer Metastasis Rev. 2021, 40, 819–835. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers16020460/s1
https://www.mdpi.com/article/10.3390/cancers16020460/s1
https://doi.org/10.1186/s12967-016-1053-z
https://www.ncbi.nlm.nih.gov/pubmed/27737711
https://doi.org/10.1126/science.aam7622
https://doi.org/10.1038/nrd4389
https://doi.org/10.1038/348125a0
https://www.ncbi.nlm.nih.gov/pubmed/2122258
https://doi.org/10.1038/nrc2960
https://doi.org/10.1126/stke.2002.145.pe36
https://doi.org/10.1038/s41392-021-00780-4
https://doi.org/10.1016/j.ccell.2020.03.013
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1007/s10555-021-09990-2
https://www.ncbi.nlm.nih.gov/pubmed/34499267


Cancers 2024, 16, 460 11 of 15

12. Tong, L.; de Vos, A.M.; Milburn, M.V.; Kim, S.-H. Crystal structures at 2.2 Å resolution of the catalytic domains of normal ras
protein and an oncogenic mutant complexed with GDP. J. Mol. Biol. 1991, 217, 503–516. [CrossRef] [PubMed]

13. Malumbres, M.; Barbacid, M. RAS oncogenes: The first 30 years. Nat. Rev. Cancer 2003, 3, 459–465; Erratum in Nat. Rev. Cancer
2003, 3, 708. [CrossRef] [PubMed]

14. Duffy, M.J.; Crown, J. Drugging “undruggable” genes for cancer treatment: Are we making progress? Int. J. Cancer 2021, 148,
8–17. [CrossRef] [PubMed]

15. Canon, J.; Rex, K.; Saiki, A.Y.; Mohr, C.; Cooke, K.; Bagal, D.; Gaida, K.; Holt, T.; Knutson, C.G.; Koppada, N.; et al. The clinical
KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. Nature 2019, 575, 217–223. [CrossRef]

16. Lanman, B.A.; Allen, J.R.; Allen, J.G.; Amegadzie, A.K.; Ashton, K.S.; Booker, S.K.; Chen, J.J.; Chen, N.; Frohn, M.J.; Goodman, G.;
et al. Discovery of a Covalent Inhibitor of KRASG12C (AMG 510) for the Treatment of Solid Tumors. J. Med. Chem. 2020, 63, 52–65.
[CrossRef]

17. Hallin, J.; Engstrom, L.D.; Hargis, L.; Calinisan, A.; Aranda, R.; Briere, D.M.; Sudhakar, N.; Bowcut, V.; Baer, B.R.; Ballard, J.A.;
et al. The KRASG12C Inhibitor MRTX849 Provides Insight toward Therapeutic Susceptibility of KRAS-Mutant Cancers in Mouse
Models and Patients. Cancer Discov. 2020, 10, 54–71. [CrossRef]

18. Bery, N.; Miller, A.; Rabbitts, T. A potent KRAS macromolecule degrader specifically targeting tumours with mutant KRAS. Nat.
Commun. 2020, 11, 3233. [CrossRef]

19. Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709–1712. [CrossRef]

20. Yang, H.; Wang, H.; Shivalila, C.S.; Cheng, A.W.; Shi, L.; Jaenisch, R. One-step generation of mice carrying reporter and conditional
alleles by CRISPR/Cas-mediated genome engineering. Cell 2013, 154, 1370–1379. [CrossRef]

21. Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33.
[CrossRef] [PubMed]

22. Pylayeva-Gupta, Y.; Grabocka, E.; Bar-Sagi, D. RAS oncogenes: Weaving a tumorigenic web. Nat. Rev. Cancer 2011, 11, 761–774.
[CrossRef] [PubMed]

23. Hart, T.; Chandrashekhar, M.; Aregger, M.; Steinhart, Z.; Brown, K.R.; MacLeod, G.; Mis, M.; Zimmermann, M.; Fradet-Turcotte,
A.; Sun, S.; et al. High-Resolution CRISPR Screens Reveal Fitness Genes and Genotype-Specific Cancer Liabilities. Cell 2015, 163,
1515–1526. [CrossRef] [PubMed]

24. Li, Y.; Mendiratta, S.; Ehrhardt, K.; Kashyap, N.; White, M.A.; Bleris, L. Exploiting the CRISPR/Cas9 PAM Constraint for
Single-Nucleotide Resolution Interventions. PLoS ONE 2016, 11, e0144970. [CrossRef]

25. Maresch, R.; Mueller, S.; Veltkamp, C.; Öllinger, R.; Friedrich, M.; Heid, I.; Steiger, K.; Weber, J.; Engleitner, T.; Barenboim, M.; et al.
Multiplexed pancreatic genome engineering and cancer induction by transfection-based CRISPR/Cas9 delivery in mice. Nat.
Commun. 2016, 7, 10770. [CrossRef]

26. Michels, B.E.; Mosa, M.H.; Streibl, B.I.; Zhan, T.; Menche, C.; Abou-El-Ardat, K.; Darvishi, T.; Członka, E.; Wagner, S.; Winter, J.;
et al. Pooled In Vitro and In Vivo CRISPR-Cas9 Screening Identifies Tumor Suppressors in Human Colon Organoids. Cell Stem
Cell 2020, 26, 782–792.e7. [CrossRef]

27. Junttila, M.R.; Karnezis, A.N.; Garcia, D.; Madriles, F.; Kortlever, R.M.; Rostker, F.; Brown Swigart, L.; Pham, D.M.; Seo, Y.; Evan,
G.I.; et al. Selective activation of p53-mediated tumour suppression in high-grade tumours. Nature 2010, 468, 567–571. [CrossRef]

28. Vogelstein, B.; Fearon, E.R.; Hamilton, S.R.; Kern, S.E.; Preisinger, A.C.; Leppert, M.; Nakamura, Y.; White, R.; Smits, A.M.; Bos,
J.L. Genetic alterations during colorectal-tumor development. N. Engl. J. Med. 1988, 319, 525–532. [CrossRef]

29. Seshagiri, S.; Stawiski, E.W.; Durinck, S.; Modrusan, Z.; Storm, E.E.; Conboy, C.B.; Chaudhuri, S.; Guan, Y.; Janakiraman, V.;
Jaiswal, B.S.; et al. Recurrent R-spondin fusions in colon cancer. Nature 2012, 488, 660–664. [CrossRef]

30. Matano, M.; Date, S.; Shimokawa, M.; Takano, A.; Fujii, M.; Ohta, Y.; Watanabe, T.; Kanai, T.; Sato, T. Modeling colorectal cancer
using CRISPR-Cas9–mediated engineering of human intestinal organoids. Nat. Med. 2015, 21, 256–262. [CrossRef]

31. Mirgayazova, R.; Khadiullina, R.; Chasov, V.; Mingaleeva, R.; Miftakhova, R.; Rizvanov, A.; Bulatov, E. Therapeutic Editing of the
TP53 Gene: Is CRISPR/Cas9 an Option? Genes 2020, 11, 704. [CrossRef] [PubMed]

32. Romero, R.; Sayin, V.I.; Davidson, S.M.; Bauer, M.R.; Singh, S.X.; Leboeuf, S.E.; Karakousi, T.R.; Ellis, D.C.; Bhutkar, A.; Sánchez-
Rivera, F.J.; et al. Keap1 loss promotes Kras-driven lung cancer and results in dependence on glutaminolysis. Nat. Med. 2017, 23,
1362–1368. [CrossRef] [PubMed]

33. Sanchez-Cespedes, M.; Parrella, P.; Esteller, M.; Nomoto, S.; Trink, B.; Engles, J.M.; Westra, W.H.; Herman, J.G.; Sidransky, D.
Inactivation of LKB1/STK11 is a common event in adenocarcinomas of the lung. Cancer Res. 2002, 62, 3659–3662. [PubMed]

34. La Fleur, L.; Falk-Sörqvist, E.; Smeds, P.; Berglund, A.; Sundström, M.; Mattsson, J.S.; Brandén, E.; Koyi, H.; Isaksson, J.;
Brunnström, H.; et al. Mutation patterns in a population-based non-small cell lung cancer cohort and prognostic impact of
concomitant mutations in KRAS and TP53 or STK11. Lung Cancer 2019, 130, 50–58. [CrossRef] [PubMed]

35. Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer
2019, 19, 495–509. [CrossRef] [PubMed]

36. Lizcano, J.M.; Göransson, O.; Toth, R.; Deak, M.; Morrice, N.A.; Boudeau, J.; Hawley, S.A.; Udd, L.; Mäkelä, T.P.; Hardie, D.G.;
et al. LKB1 is a master kinase that activates 13 kinases of the AMPK subfamily, including MARK/PAR-1. EMBO J. 2004, 23,
833–843. [CrossRef] [PubMed]

https://doi.org/10.1016/0022-2836(91)90753-S
https://www.ncbi.nlm.nih.gov/pubmed/1899707
https://doi.org/10.1038/nrc1097
https://www.ncbi.nlm.nih.gov/pubmed/12778136
https://doi.org/10.1002/ijc.33197
https://www.ncbi.nlm.nih.gov/pubmed/32638380
https://doi.org/10.1038/s41586-019-1694-1
https://doi.org/10.1021/acs.jmedchem.9b01180
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1038/s41467-020-17022-w
https://doi.org/10.1126/science.1138140
https://doi.org/10.1016/j.cell.2013.08.022
https://doi.org/10.1016/j.cell.2017.06.009
https://www.ncbi.nlm.nih.gov/pubmed/28666118
https://doi.org/10.1038/nrc3106
https://www.ncbi.nlm.nih.gov/pubmed/21993244
https://doi.org/10.1016/j.cell.2015.11.015
https://www.ncbi.nlm.nih.gov/pubmed/26627737
https://doi.org/10.1371/journal.pone.0144970
https://doi.org/10.1038/ncomms10770
https://doi.org/10.1016/j.stem.2020.04.003
https://doi.org/10.1038/nature09526
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1038/nature11282
https://doi.org/10.1038/nm.3802
https://doi.org/10.3390/genes11060704
https://www.ncbi.nlm.nih.gov/pubmed/32630614
https://doi.org/10.1038/nm.4407
https://www.ncbi.nlm.nih.gov/pubmed/28967920
https://www.ncbi.nlm.nih.gov/pubmed/12097271
https://doi.org/10.1016/j.lungcan.2019.01.003
https://www.ncbi.nlm.nih.gov/pubmed/30885352
https://doi.org/10.1038/s41568-019-0179-8
https://www.ncbi.nlm.nih.gov/pubmed/31406302
https://doi.org/10.1038/sj.emboj.7600110
https://www.ncbi.nlm.nih.gov/pubmed/14976552


Cancers 2024, 16, 460 12 of 15

37. Hollstein, P.E.; Eichner, L.J.; Brun, S.N.; Kamireddy, A.; Svensson, R.U.; Vera, L.I.; Ross, D.S.; Rymoff, T.J.; Hutchins, A.; Galvez,
H.M.; et al. The AMPK-Related Kinases SIK1 and SIK3 Mediate Key Tumor-Suppressive Effects of LKB1 in NSCLC. Cancer Discov.
2019, 9, 1606–1627. [CrossRef]

38. Hollander, M.C.; Blumenthal, G.M.; Dennis, P.A. PTEN loss in the continuum of common cancers, rare syndromes and mouse
models. Nat. Rev. Cancer 2011, 11, 289–301; Erratum in Nat. Rev. Cancer 2011, 11, 458. [CrossRef]

39. Berthelsen, M.F.; Leknes, S.L.; Riedel, M.; Pedersen, M.A.; Joseph, J.V.; Hager, H.; Vendelbo, M.H.; Thomsen, M.K. Comparative
Analysis of Stk11/Lkb1 versus Pten Deficiency in Lung Adenocarcinoma Induced by CRISPR/Cas9. Cancers 2021, 13, 974.
[CrossRef]

40. Cheng, R.; Li, F.; Zhang, M.; Xia, X.; Wu, J.; Gao, X.; Zhou, H.; Zhang, Z.; Huang, N.; Yang, X.; et al. A novel protein RASON
encoded by a lncRNA controls oncogenic RAS signaling in KRAS mutant cancers. Cell Res. 2023, 33, 30–45. [CrossRef]

41. Chen, H.; Garbutt, C.C.; Spentzos, D.; Choy, E.; Hornicek, F.J.; Duan, Z. Expression and Therapeutic Potential of SOX9 in
Chordoma. Clin. Cancer Res. 2017, 23, 5176–5186. [CrossRef] [PubMed]

42. Santos, J.C.; Carrasco-Garcia, E.; Garcia-Puga, M.; Aldaz, P.; Montes, M.; Fernandez-Reyes, M.; de Oliveira, C.C.; Lawrie, C.H.;
Araúzo-Bravo, M.J.; Ribeiro, M.L.; et al. SOX9 Elevation Acts with Canonical WNT Signaling to Drive Gastric Cancer Progression.
Cancer Res 2016, 76, 6735–6746. [CrossRef] [PubMed]

43. Aleman, A.; Adrien, L.; Lopez-Serra, L.; Cordon-Cardo, C.; Esteller, M.; Belbin, T.J.; Sanchez-Carbayo, M. Identification of DNA
hypermethylation of SOX9 in association with bladder cancer progression using CpG microarrays. Br. J. Cancer 2007, 98, 466–473.
[CrossRef] [PubMed]

44. Wang, H.-Y.; Lian, P.; Zheng, P.-S. SOX9, a potential tumor suppressor in cervical cancer, transactivates p21WAF1/CIP1 and
suppresses cervical tumor growth. Oncotarget 2015, 6, 20711–20722. [CrossRef]

45. Zhong, H.; Lu, W.; Tang, Y.; Wiel, C.; Wei, Y.; Cao, J.; Riedlinger, G.; Papagiannakopoulos, T.; Guo, J.Y.; Bergo, M.O.; et al. SOX9
drives KRAS-induced lung adenocarcinoma progression and suppresses anti-tumor immunity. Oncogene 2023, 42, 2183–2194.
[CrossRef] [PubMed]

46. Bennett, R.L.; Swaroop, A.; Troche, C.; Licht, J.D. The Role of Nuclear Receptor–Binding SET Domain Family Histone Lysine
Methyltransferases in Cancer. Cold Spring Harb. Perspect. Med. 2017, 7, a026708. [CrossRef] [PubMed]

47. Sengupta, D.; Zeng, L.; Li, Y.; Hausmann, S.; Ghosh, D.; Yuan, G.; Nguyen, T.N.; Lyu, R.; Caporicci, M.; Morales Benitez, A.; et al.
NSD2 dimethylation at H3K36 promotes lung adenocarcinoma pathogenesis. Mol. Cell 2021, 81, 4481–4492.e9. [CrossRef]

48. Yang, H.; Liang, S.-Q.; Schmid, R.A.; Peng, R.-W. New Horizons in KRAS-Mutant Lung Cancer: Dawn after Darkness. Front.
Oncol. 2019, 9, 953. [CrossRef]

49. Ryan, M.B.; Corcoran, R.B. Therapeutic strategies to target RAS-mutant cancers. Nat. Rev. Clin. Oncol. 2018, 15, 709–720.
[CrossRef]

50. Moore, A.R.; Rosenberg, S.C.; McCormick, F.; Malek, S. RAS-targeted therapies: Is the undruggable drugged? Nat. Rev. Drug
Discov. 2020, 19, 533–552; Erratum in Nat. Rev. Drug Discov. 2020, 19, 902. [CrossRef]

51. Bennouna, J.; Lang, I.; Valladares-Ayerbes, M.; Boer, K.; Adenis, A.; Escudero, P.; Kim, T.-Y.; Pover, G.M.; Morris, C.D.; Douillard,
J.-Y. A Phase II, open-label, randomised study to assess the efficacy and safety of the MEK1/2 inhibitor AZD6244 (ARRY-142886)
versus capecitabine monotherapy in patients with colorectal cancer who have failed one or two prior chemotherapeutic regimens.
Investig. New Drugs 2011, 29, 1021–1028. [CrossRef] [PubMed]

52. Bodoky, G.; Timcheva, C.; Spigel, D.R.; La Stella, P.J.; Ciuleanu, T.E.; Pover, G.; Tebbutt, N.C. A phase II open-label randomized
study to assess the efficacy and safety of selumetinib (AZD6244 [ARRY-142886]) versus capecitabine in patients with advanced or
metastatic pancreatic cancer who have failed first-line gemcitabine therapy. Investig. New Drugs 2012, 30, 1216–1223; Erratum in
Investig. New Drugs. 2012, 30, 1272–1273. [CrossRef]

53. Lake, D.; Corrêa, S.A.L.; Müller, J. Negative feedback regulation of the ERK1/2 MAPK pathway. Cell. Mol. Life Sci. 2016, 73,
4397–4413. [CrossRef] [PubMed]

54. Klomp, J.E.; Klomp, J.A.; Der, C.J. The ERK mitogen-activated protein kinase signaling network: The final frontier in RAS signal
transduction. Biochem. Soc. Trans. 2021, 49, 253–267. [CrossRef] [PubMed]

55. Klomp, J.E.; Lee, Y.S.; Goodwin, C.M.; Papke, B.; Klomp, J.A.; Waters, A.M.; Stalnecker, C.A.; DeLiberty, J.M.; Drizyte-Miller, K.;
Yang, R.; et al. CHK1 protects oncogenic KRAS-expressing cells from DNA damage and is a target for pancreatic cancer treatment.
Cell Rep. 2021, 37, 110060. [CrossRef] [PubMed]

56. Garraway, L.A.; Jänne, P.A. Circumventing Cancer Drug Resistance in the Era of Personalized Medicine. Cancer Discov. 2012, 2,
214–226. [CrossRef]

57. Lou, K.; Steri, V.; Ge, A.Y.; Hwang, Y.C.; Yogodzinski, C.H.; Shkedi, A.R.; Choi, A.L.M.; Mitchell, D.C.; Swaney, D.L.; Hann, B.;
et al. KRAS G12C inhibition produces a driver-limited state revealing collateral dependencies. Sci. Signal. 2019, 12, eaaw9450.
[CrossRef]

58. Esteller, M. Epigenetics in cancer. N. Engl. J. Med. 2008, 358, 1148–1159. [CrossRef]
59. Wu, Q.; Tian, Y.; Zhang, J.; Tong, X.; Huang, H.; Li, S.; Zhao, H.; Tang, Y.; Yuan, C.; Wang, K.; et al. In vivo CRISPR screening

unveils histone demethylase UTX as an important epigenetic regulator in lung tumorigenesis. Proc. Natl. Acad. Sci. USA 2018,
115, E3978–E3986. [CrossRef]

https://doi.org/10.1158/2159-8290.CD-18-1261
https://doi.org/10.1038/nrc3037
https://doi.org/10.3390/cancers13050974
https://doi.org/10.1038/s41422-022-00726-7
https://doi.org/10.1158/1078-0432.CCR-17-0177
https://www.ncbi.nlm.nih.gov/pubmed/28606919
https://doi.org/10.1158/0008-5472.CAN-16-1120
https://www.ncbi.nlm.nih.gov/pubmed/27569216
https://doi.org/10.1038/sj.bjc.6604143
https://www.ncbi.nlm.nih.gov/pubmed/18087279
https://doi.org/10.18632/oncotarget.4133
https://doi.org/10.1038/s41388-023-02715-5
https://www.ncbi.nlm.nih.gov/pubmed/37258742
https://doi.org/10.1101/cshperspect.a026708
https://www.ncbi.nlm.nih.gov/pubmed/28193767
https://doi.org/10.1016/j.molcel.2021.08.034
https://doi.org/10.3389/fonc.2019.00953
https://doi.org/10.1038/s41571-018-0105-0
https://doi.org/10.1038/s41573-020-0068-6
https://doi.org/10.1007/s10637-010-9392-8
https://www.ncbi.nlm.nih.gov/pubmed/20127139
https://doi.org/10.1007/s10637-011-9687-4
https://doi.org/10.1007/s00018-016-2297-8
https://www.ncbi.nlm.nih.gov/pubmed/27342992
https://doi.org/10.1042/BST20200507
https://www.ncbi.nlm.nih.gov/pubmed/33544118
https://doi.org/10.1016/j.celrep.2021.110060
https://www.ncbi.nlm.nih.gov/pubmed/34852220
https://doi.org/10.1158/2159-8290.CD-12-0012
https://doi.org/10.1126/scisignal.aaw9450
https://doi.org/10.1056/NEJMra072067
https://doi.org/10.1073/pnas.1716589115


Cancers 2024, 16, 460 13 of 15

60. Morgens, D.W.; Wainberg, M.; Boyle, E.A.; Ursu, O.; Araya, C.L.; Tsui, C.K.; Haney, M.S.; Hess, G.T.; Han, K.; Jeng, E.E.; et al.
Genome-scale measurement of off-target activity using Cas9 toxicity in high-throughput screens. Nat. Commun. 2017, 8, 15178.
[CrossRef]

61. Tycko, J.; Wainberg, M.; Marinov, G.K.; Ursu, O.; Hess, G.T.; Ego, B.K.; Aradhana; Li, A.; Truong, A.; Trevino, A.E.; et al. Mitigation
of off-target toxicity in CRISPR-Cas9 screens for essential non-coding elements. Nat. Commun. 2019, 10, 4063. [CrossRef] [PubMed]

62. Liu, J.; Sun, M.; Cho, K.B.; Gao, X.; Guo, B. A CRISPR-Cas9 repressor for epigenetic silencing of KRAS. Pharmacol. Res. 2021,
164, 105304. [CrossRef] [PubMed]

63. Li, F.; Ng, W.-L.; Luster, T.A.; Hu, H.; Sviderskiy, V.O.; Dowling, C.M.; Hollinshead, K.E.; Zouitine, P.; Zhang, H.; Huang, Q.; et al.
Epigenetic CRISPR Screens Identify Npm1 as a Therapeutic Vulnerability in Non–Small Cell Lung Cancer. Cancer Res 2020, 80,
3556–3567. [CrossRef] [PubMed]

64. Pennock, G.K.; Chow, L.Q.M. The Evolving Role of Immune Checkpoint Inhibitors in Cancer Treatment. Oncologist 2015, 20,
812–822. [CrossRef] [PubMed]

65. Suzuki, S.; Ishida, T.; Yoshikawa, K.; Ueda, R. Current status of immunotherapy. Jpn. J. Clin. Oncol. 2016, 46, 191–203. [CrossRef]
[PubMed]

66. D’Incecco, A.; Andreozzi, M.; Ludovini, V.; Rossi, E.; Capodanno, A.; Landi, L.; Tibaldi, C.; Minuti, G.; Salvini, J.; Coppi, E.; et al.
PD-1 and PD-L1 expression in molecularly selected non-small-cell lung cancer patients. Br. J. Cancer 2015, 112, 95–102. [CrossRef]
[PubMed]

67. Dong, Z.-Y.; Zhong, W.-Z.; Zhang, X.-C.; Su, J.; Xie, Z.; Liu, S.-Y.; Tu, H.-Y.; Chen, H.-J.; Sun, Y.-L.; Zhou, Q.; et al. Potential
Predictive Value of TP53 and KRAS Mutation Status for Response to PD-1 Blockade Immunotherapy in Lung Adenocarcinoma.
Clin. Cancer Res. 2017, 23, 3012–3024. [CrossRef]

68. Huang, Q.; Li, F.; Hu, H.; Fang, Z.; Gao, Z.; Xia, G.; Ng, W.-L.; Khodadadi-Jamayran, A.; Chen, T.; Deng, J.; et al. Loss of
TSC1/TSC2 sensitizes immune checkpoint blockade in non–small cell lung cancer. Sci. Adv. 2022, 8, eabi9533. [CrossRef]

69. Falcomatà, C.; Bärthel, S.; Widholz, S.A.; Schneeweis, C.; Montero, J.J.; Toska, A.; Mir, J.; Kaltenbacher, T.; Heetmeyer, J.;
Swietlik, J.J.; et al. Selective multi-kinase inhibition sensitizes mesenchymal pancreatic cancer to immune checkpoint blockade by
remodeling the tumor microenvironment. Nat. Cancer 2022, 3, 318–336. [CrossRef]

70. Dervovic, D.; Malik, A.A.; Chen, E.L.Y.; Narimatsu, M.; Adler, N.; Afiuni-Zadeh, S.; Krenbek, D.; Martinez, S.; Tsai, R.; Boucher, J.;
et al. In vivo CRISPR screens reveal Serpinb9 and Adam2 as regulators of immune therapy response in lung cancer. Nat. Commun.
2023, 14, 3150; Erratum in Nat. Commun. 2023, 14, 5404. [CrossRef]

71. Adeegbe, D.O.; Liu, Y.; Lizotte, P.H.; Kamihara, Y.; Aref, A.R.; Almonte, C.; Dries, R.; Li, Y.; Liu, S.; Wang, X.; et al. Synergistic
Immunostimulatory Effects and Therapeutic Benefit of Combined Histone Deacetylase and Bromodomain Inhibition in Non–Small
Cell Lung Cancer. Cancer Discov. 2017, 7, 852–867. [CrossRef] [PubMed]

72. Kim, K.; Skora, A.D.; Li, Z.; Liu, Q.; Tam, A.J.; Blosser, R.L.; Diaz, L.A.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B.; et al.
Eradication of metastatic mouse cancers resistant to immune checkpoint blockade by suppression of myeloid-derived cells. Proc.
Natl. Acad. Sci. USA 2014, 111, 11774–11779. [CrossRef] [PubMed]

73. Li, F.; Huang, Q.; Luster, T.A.; Hu, H.; Zhang, H.; Ng, W.-L.; Khodadadi-Jamayran, A.; Wang, W.; Chen, T.; Deng, J.; et al. In
Vivo Epigenetic CRISPR Screen Identifies Asf1a as an Immunotherapeutic Target in Kras-Mutant Lung Adenocarcinoma. Cancer
Discov. 2020, 10, 270–287. [CrossRef] [PubMed]

74. Aguirre, A.J.; Hahn, W.C. Synthetic Lethal Vulnerabilities in KRAS-Mutant Cancers. Cold Spring Harb. Perspect. Med. 2018, 8, a031518.
[CrossRef]

75. Morgens, D.W.; Deans, R.M.; Li, A.; Bassik, M.C. Systematic comparison of CRISPR/Cas9 and RNAi screens for essential genes.
Nat. Biotechnol. 2016, 34, 634–636. [CrossRef]

76. Kampmann, M. CRISPRi and CRISPRa Screens in Mammalian Cells for Precision Biology and Medicine. ACS Chem. Biol. 2018, 13,
406–416. [CrossRef] [PubMed]
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