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Abstract: Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related death
worldwide, characterized by late diagnosis and resistance to conventional therapies. Gene
therapy has emerged as a promising alternative for NSCLC therapy, especially for patients
with advanced disease who have exhausted conventional treatments. This article delved
into the current developments in gene therapy for NSCLC, including gene replacement and
tumor suppressor gene therapy, gene silencing, CRISPR/Cas9 gene editing, and immune
modulation with CAR-T cell therapy. In addition, the challenges and future prospects of
gene-based therapies for NSCLC were discussed.
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1. Introduction
Globally, lung cancer is the second most common cancer and the leading cause of

cancer-caused mortality. According to the GLOBOCAN 2020 estimates lung cancer was
diagnosed in 2.2 million cancer patients and was a cause of death of 1.8 million patients in
2021 [1]. Lung cancer is the leading cause of cancer incidence and mortality in men, while
it ranks third in terms of incidence in women [2]. Non-small cell lung cancer (NSCLC)
accounts for approximately 85% of all lung cancer cases, with an overwhelming majority
diagnosed at advanced stages where survival rates remain poor. The three main subtypes
of NSCLC include: adenocarcinoma (40%), squamous cell carcinoma (25%) and large cell
carcinoma (10%). The most common histologic subtype of NSCLC is adenocarcinoma. In
clinical medicine, the treatment of NSCLC uses innovative therapeutic approaches, such as
targeted therapies or combined therapies. Nevertheless, the survival rate of patients with
lung cancer is poor and the prognosis is unfavorable. In most populations, the survival time
of patients within 5 years of diagnosis is only 10% to 20% [2]. The relative 5-year survival
rate is strongly dependent on the stage of the disease at the time of diagnosis: local (61%),
regional (34%) or distant (7%) stage [3]. The prognosis of patients with NSCLC remains poor,
as most cases are diagnosed at the metastatic stage with the most common sites of metastasis
in the brain (20–40% of patients), bones (39%) and liver (16.3%). NSCLC contributes to
approximately 50% of all brain metastases occurred in cancer patients [4]. Late diagnosis of
lung cancer is primarily an issue of the lack of recognition of lung cancer symptoms and
the long time it takes to complete diagnostic tests. There is a continuing need for effective
early detection programs and for raising awareness of the risks associated with cigarette
smoking [5]. Despite significant advances in targeted therapies and immunotherapies,
resistance mechanisms and heterogeneity within tumors often undermine treatment efficacy.
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As such, innovative therapeutic strategies are essential, and gene therapy has emerged as a
promising modality.

2. Molecular Landscape of NSCLC
NSCLC exhibits a complex molecular landscape characterized by various genetic

mutations and alterations that influence tumor behavior and treatment responses. The key
genetic alternations of NSCLC were summarized in Table 1. Understanding these molecular
features is crucial for developing targeted therapies and personalized treatment strategies.

Table 1. Driver Mutations in Adenocarcinoma.

Gene Alteration Frequency Targeted Therapy

EGFR Exon 19 del, L858R,
T790M

~15–35%
(Asian > Caucasian) Osimertinib, gefitinib, erlotinib

KRAS G12C and others ~25–30% Sotorasib (for G12C)

ALK EML4-ALK fusion ~3–7% Alectinib, lorlatinib, crizotinib

ROS1 Fusion ~1–2% Crizotinib, entrectinib

BRAF V600E mutation ~1–3% Dabrafenib + trametinib

MET Exon 14 skipping,
amplification ~3% Capmatinib, tepotinib

HER2 Exon 20 insertion ~1–3% Trastuzumab deruxtecan

RET Fusions ~1–2% Selpercatinib, pralsetinib

NTRK Gene fusions Rare (<1%) Larotrectinib, entrectin

Approximately 50% of NSCLC cases harbor mutations in the p53 gene [6], with
a higher prevalence in squamous cell carcinoma (76.7%) compared to adenocarcinoma
(45.6%). The most common oncogenic mutation detected in patients with NSCLC is
EGFR activating mutations, observed in 10–20% of Caucasians and more than 50% in the
Asian population (data according to COSMIC database) [7]. EGFR mutations occur in
approximately 25.8% of adenocarcinoma cases, with exon 20 insertions being a significant
subtype. These mutations are actionable, and therapies like Osimertinib targeting the ATP-
binding site of mutated EGFR have shown efficacy [8]. KRAS mutations with a frequency
of around 32.2% [9] are present in adenocarcinoma cases. The G12C KRAS mutation is
notable, as it is targetable by specific inhibitors like sotorasib which keep it in inactive
state and prevent the downstream effect of its overactivation [10]. ALK rearrangements
are present in about 5–10% of NSCLC cases, lead to the production of fusion proteins that
drive tumorigenesis. ALK inhibitors, such as crizotinib, have been developed to target
these alterations [11]. ERBB2 (HER2: human epidermal growth factor 2) alterations are
found in approximately 5.4–6% of NSCLC patients [12]. The most common alteration
is exon 20 insertion, observed in 58% of cases in a Chinese cohort and 41.6% in a U.S.
cohort [13]. These alterations are actionable, with targeted therapies e.g., trastuzumab,
deruxtecan, a HER2-targeted antibody-drug conjugate, available [14]. BRAF (v-raf murine
sarcoma viral oncogene homolog B) gene mutations, particularly V600E, are present in
1–2% of NSCLC cases [8]. Targeted therapies like vemurafenib and dabrafenib have
shown efficacy in these cases [15]. Nowadays, molecular landscape of driver mutations
in NSCLC comprises genomic alterations in MET (receptor tyrosine kinase). MET exon
14 mutations were detected in about 3–4% of NSCLC cases and are strongly associated with
tumor progression [16]. MET inhibitors, such as capmatinib [17], have been developed
for treatment. NTRK1 (neurotrophic receptor tyrosine kinase) gene fusions are rare but
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actionable alterations found in approximately 3% of NSCLC cases [18]. TRK inhibitors like
entrectinib and larotrectinib have demonstrated effectiveness [19]. In addition to the key
genetic changes mentioned above, changes in the sequence of c-ROS1 (receptor tyrosine
kinase) and NGR1 (neuregulin-1) genes were reported [20]. The molecular landscape of
NSCLC is complex and varies between histological subtypes. Since the aforementioned
inhibitors are widely used as targeted gene therapies, these aren’t gene therapy in the
classical sense but rather genotype-specific therapies based on molecular profiling. Gene
therapy in NSCLC aims to repair mutated oncogenes or tumor suppressor genes, modulate
immune responses, and exploit genetic vulnerabilities for targeted treatment. This review
focuses on recent developments in gene therapy techniques and their potential clinical
applications in NSCLC.

3. General Mechanisms of Gene Therapy in NSCLC
Gene therapy in NSCLC is a promising but still developing approach that targets

the genetic drivers of cancer, rather than relying solely on traditional approaches such as
chemotherapy or radiation therapy. The approach involves delivering genetic material into
cancer cells or surrounding tissue to alter gene expression and counteract cancer growth.
The overarching goal is to correct genetic defects, sensitize tumors to treatments, or induce
immune responses. Gene therapy for NSCLC can be broadly categorized into several
approaches, each targeting specific molecular mechanisms underlying tumor progression
and resistance (Figure 1). Below the major mechanisms of gene therapy used in NSCLC
were described.
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4. Gene Replacement
One of the earliest strategies in gene therapy for NSCLC involved replacing defective

or missing tumor-suppressor genes. The p53 gene, often mutated in NSCLC, is crucial
for regulating the cell cycle and initiating apoptosis in response to DNA damage. The
p53 protein has a fusion of apoptotic regulation is associated with selective activation
of apoptotic target genes such as JMY, ASPP and other genes of the p53 family, p63 and
p73 [21]. Restoring p53 function has been shown to suppress tumor growth and enhance
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chemosensitivity. Adenovirus-mediated p53 cancer gene therapy develops and proves
to be a promising antitumor strategy to restore the wild-type p53 function. One of the
I phase clinical trials explored the use of an adenoviral p53 vector (Adp53) to 21 patients
with advanced NSCLC which produced little toxicity. The treatment was well-tolerated,
and some patients showed signs of clinical benefit [22]. Also, one of the first studies
conducted by S. G. Swisher et al. also confirmed that repeated intratumoral injections
of Ad-p53 were well tolerated and mediated antitumor activity in a subset of patients
with advanced NSCLC [23]. Another adenovirus-mediated gene therapy, based on SCH-
58500, was designed to deliver the p53 tumor suppressor gene to NSCLC cancer cells. In
subsequent studies, Schuler M. et al. proposed adenoviral p53 gene therapy in twenty-five
patients with nonresectable, advanced NSCLC patients. They observed that intratumoral
adenoviral p53 gene therapy may not provide additional advantage in patients receiving
effective first-line chemotherapy for advanced stage of NSCLC [24]. Clinical investigations
into SCH-58500 for NSCLC have been limited. Early-phase clinical trials aimed to assess the
safety and potential efficacy of this gene therapy approach. However, detailed results from
these studies have not been widely published, and SCH-58500 has not become a standard
treatment for NSCLC. However the study of B. Deng et al. showed that the wound surface
injection of recombinant adenoviral p53 gene (rAd-p53) has shown effective activity in
preventing relapse or metastasis and improving both progression-free survival/overall
survival after conventional surgery in patients with NSCLC [25]. To summarize, there
are no p53-targeted therapies that have received regulatory approval for the treatment of
NSCLC. Additionally, a Phase II study evaluated the combination of surgery and adenoviral
p53 gene therapy, suggesting that this approach might improve patient outcomes compared
to surgery alone [25]. Ongoing studies are exploring alternative strategies, such as targeting
the negative regulators of p53 to enhance its tumor suppressor function with the use of
the MDM2/MDMX inhibitors [26]. Phase I and II clinical trials have demonstrated the
potential of adenovirus-based p53 gene therapy for the treatment of NSCLC, but these
therapies are not yet part of standard clinical practice. They remain in the realm of clinical
trials, and studies conducted on larger groups of patients are needed to confirm the efficacy
of p53 gene therapy and help establish safety profiles.

Another candidate for NSCLC gene therapy was identified in the 3p21.3 region and its
function was described as “gatekeeper” in the molecular pathogenesis of lung cancer [27].
Previous in vitro studies have shown that genes located in the 3p21.3 region exhibit varying
degrees of tumor suppression. The TUSC2 (Tumor Suppressor Candidate 2) gene with the
highest tumor suppressor activity is located in the same region [28]. Most of the lung cancer
cell lines studied did not show expression of the TUSC2 protein. A genome-wide, unbiased
comparative study of tissues from lung adenocarcinoma patients (39 smokers and 30 non-
smokers) showed a significant reduction in TUSC2 expression, which was associated with
a significantly worse prognosis [28,29]. Large-scale analysis of TUSC2 expression in lung
cancer and in metaplastic and dysplastic bronchial lesions found significantly lower levels
of TUSC2 relative to normal hyperplastic epithelium. The expression level of TUSC2 was
found to have the strongest proapoptotic activity in NSCLC cells compared to other 3p21.3
tumor-suppressor genes candidates [28,30]. In studies of C. Lu et al., the TUSC2-expressing
plasmid vector was packaged in DOTAP:cholesterol (DOTAP:chol) nanovesicles developing
a gene delivery agent that can be administered intravenously [31]. In the first systemic
gene therapy with DOTAP:cholesterol nanoparticles in lung cancer patients, Ch. Lu et al.
demonstrated gene uptake by primary and metastatic tumors, confirmed transgene and
gene product expression, the occurrence of specific changes in TUSC2-regulated pathways,
and anti-tumor effects [30,31].
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Additionally, in the region on chromosome 3p21.31 containing the cluster of tumor
suppressor genes like TUSC2/FUS1, the NPRL2 (Nitrogen Permease Regulator-Like 2)
also known as TUSC4 was identified [27,32]. Previous studies have shown that the
NPRL2/TUSC4 tumor suppressor gene exhibits reduced expression in NSCLC [33]. Re-
cently, I. Meraz et al. analyzed the anti-tumor immune response of NPRL2 in NSCLC
aPD1R/KRAS/STK11mt in humanized mice [34]. KRAS/STK11mt/aPD1R A549 NSCLC
cells were used to generate metastases and were treated with NPRL2 in combination with
pembrolizumab. NPRL2 treatment significantly reduced metastasis, while pembrolizumab
was ineffective. The anti-tumor effect was correlated with increased infiltration of human
cytotoxic T cells and down-regulation of myeloid and regulatory T cells in TME. In addition,
it was shown that stable expression of NPRL2 resulted in downregulation of MAPK and
AKT-mTOR signaling. NPRL2 gene therapy was confirmed to induce antitumor activity in
KRAS/STK11mt/aPD1R tumors through dendritic cell-mediated antigen presentation and
cytotoxic activation of immune cells. This study presents a novel finding on NPRL2 gene
therapy with potential clinical application value [34].

In summary, while many gene-targeted therapies for NSCLC have shown potential
in early studies, they are not yet available for clinical use. Various gatekeeper genes have
been considered in gene therapy for NSCLC. As with p53, one of the major players in
gene therapy, several new candidates have been discovered, such as TUCS2 and TUSC4.
For mutant gatekeepers of NSCLC, the basis of gene therapy is to restore the wild-type
conformation of the gene. Apart from a number of clinical trials, these therapies are still
difficult to apply in clinical practice. In the case of p53, it is known that p53 levels remain
low in normal cells, so the question is how much p53 should be replaced to achieve the
highest efficacy while maintaining safety. Another new approach in gene replacement
therapies is to target gatekeeper gene regulatory factors, such as Mdm2/MdmX, to control
p53 protein activity. The biggest challenge in the future will be to elucidate the essential
interactors of target genes and the mechanisms underlying their anti-tumor activity. This
knowledge will reveal the drug resistance of cancer cells, which is caused by the activity
of the interactors. In addition, the discovery of new drug delivery methods, such as
novel viral vectors combined with new inhibitors such as small-molecule inhibitors, will
greatly support standard treatment strategies and may lead to the discovery of combination
treatment strategies.

5. Gene Silencing
Another gene therapy approach based on gene silencing strategies, including RNA

interference (RNAi) and antisense oligonucleotide (ASO) therapies, have been extensively
researched as potential treatments for NSCLC. These approaches aim to suppress the
expression of oncogenes or other genes critical for tumor growth and survival.

In NSCLC there were several studies which utilized small interfering RNAs (siRNAs).
In the study of G. Chen the EGFR, frequently overexpressed or mutated in NSCLC, was tar-
geted. In different cell lines derived from NSCLC, the combined effect of RNA interference
targeting the EGFR mRNA, and inactivation of EGFR signaling using different receptor
tyrosine kinase inhibitors (TKIs) or a monoclonal antibody cetuximab were investigated.
This approach led to enhanced growth inhibition and induced apoptosis in NSCLC cell
lines, regardless of their EGFR mutation status. The most significant effect was observed
when afatinib, a TKI, was combined with EGFR-specific siRNA [35].

Mutations in the KRAS gene in NSCLC are associated with poor prognosis. Research
combining KRAS-specific siRNAs with miR-34, a tumor-suppressor microRNA, showed
reduced tumor growth and increased sensitivity to cisplatin in vitro and in vivo using
KRAS-p53 mutated mouse models of lung adenocarcinoma [36]. In the study by L. She
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et al., miR-30c and miR-21 were significantly up-regulated by both KRAS isoforms and
induced drug resistance and increased cell migration and invasion, likely mediated by
inhibition of key tumor suppressor genes (NF1, RASA1, BID, RASSF8). Moreover, in
early-stage NSCLC tumor tissues, the expression of miR-30c and miR-21 was significantly
elevated compared to normal lung tissues. The Authors indicated that systemic delivery of
LNA-anti-miR-21 combined with cisplatin treatment in vivo completely suppressed the
development of tumors in a mouse model of lung cancer [37]. KRAS-driven treatment of
NSCLC was implemented with BF006—novel lyophilized lipid NP formulation, which
delivers a siRNA inhibiting the expression of glutathione-S-transferase P that is strongly
up-regulated in KRAS mutated tumors [38]. The same group indicated that in orthotopic
NSCLC tumor model, the survival rate of the NBF-006 treatment group was significantly
prolonged compared with the control group which supported development of NBF-006
into clinical studies [38].

Short hairpin RNA (shRNA) approach was used to silencing the enhancer of polycomb
1 (EPC1) in NSCLC cell line. This gene is implicated in cancer progression. Silencing EPC1
in A549 NSCLC cells led to decreased cell proliferation and tumor growth in vitro and
in vivo, suggesting EPC1 as a potential therapeutic target [39].

ASO therapy was also introduced in NSCLC treatment. ASO therapies have been
investigated targeting various oncogenes like STAT6 (Signal transducer and activator of
transcription 6) which plays a role in tumor progression and immune evasion. Recently, K.
He at al. targeted STAT6 by ASO approach along with hypofractionated radiotherapy to
primary tumors in three bilateral murine NSCLC models (Lewis lung carcinoma, 344SQ-
parental, and anti-PD-1-resistant 344SQ lung adenocarcinomas). The Authors found that
STAT6 ASO combined with radiotherapy slowed growth of both primary and abscopal
tumors, decreased lung metastases, and extended survival which may be an alternative
therapeutic approach for patients with immune-resistant NSCLC [40].

The STAT3 (signal transducer and activator of transcription 3) was also being con-
sidered as a potential drug in the ASO gene therapy approach. Systemic delivery of the
unformulated ASO, AZD9150, decreased STAT3 expression among preclinical models
(human primary patient-derived tumor explant models, included NSCLC, colorectal cancer,
and lymphoma). AZD9150’s antitumor activity was also proven in patients with refractory
lymphoma and NSCLC in a phase I dose-escalation study [41]. In study of Ch. Tang
et al., the STAT3 ASO activity was checked in phase II clinical trial conducted evaluating
combination treatment with danvatirsen (ASO that inhibits STAT3) and durvalumab (anti-
PD-L1) in patients NSCLC [42]. Since the majority of subjects exceeded the predetermined
threshold of zero 4-month disease control rate, the selected combination was considered
promising. Further, in vitro studies revealed an anti-inflammatory and pro-tumour effect
of STAT3 ASO. In addition, preclinical evidence suggests that STAT3 ASO can enhance
myeloid and fibroblast suppressive function, rather than solely inhibit STAT3 function. The
above studies have indicated the need for future studies using STAT3 inhibition, which may
achieve greater efficacy if appropriate combinations are developed or the drug is adjusted
to reduce the bone marrow-derived immunosuppressive effects [42].

Protein Kinase C-alpha (PKC-α) has been investigated as a therapeutic target in NSCLC
through the use of ASOs, particularly aprinocarsen. Preclinical studies demonstrated
that aprinocarsen (LY900003) could inhibit PKC-α expression, leading to reduced tumor
growth in NSCLC models. The ASO LY900003 (ISIS 3521) inhibits PKC-α expression
through RNase H-mediated cleavage of the hybridized PKC-α mRNA. In preclinical studies,
aprinocarsen showed inhibition of the PKC-α mRNA and reduced production of PKC-
α protein in the A549 NSCLC cell line [43]. Early-phase clinical trials demonstrated
that LY900003 was well-tolerated and could be feasibly combined with chemotherapy.
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LY900003 can be administered safely in combination with cisplatin and gemcitabine and
is linked to antitumor activity in patients with advanced NSCLC (stage III and IV) [44].
However, further studies are needed to establish its efficacy because further clinical trials
yielded mixed results. A phase II study combining aprinocarsen with gemcitabine and
carboplatin showed moderate activity but resulted in significant toxicities, including severe
thrombocytopenia [45,46]. Subsequent phase III trials did not demonstrate a survival
benefit when aprinocarsen was added to standard chemotherapy regimens [47]. These
findings suggest that while targeting PKC-α with ASOs like aprinocarsen showed promise
in preclinical models, the approach did not translate into clinical benefit for NSCLC patients.
As a result, research efforts have shifted towards exploring other molecular targets and
therapeutic strategies in NSCLC treatment.

6. Gene Editing: CRISPR/Cas9 in NSCLC
The CRISPR/Cas9 technique is an excellent tool not only for modulating the activity

of genes important in the etiopathogenesis of NSCLC, but also offers the possibility of
using screening to study genetic dependencies and potential therapeutic targets in NSCLC.
In addition, the technique has been used to understand the causes of drug resistance in
NSCLC and to create unique research models of lung cancer.

CRISPR-Cas9 technology has emerged as a promising approach to target protoonco-
genes and tumor suppressor genes altered in NSCLC as well as anticancer drug resistance
in NSCLC. It appears that precise genome editing of cancer cells using CRISPR/Cas9 can
disrupt key genes that determine resistance or sensitize cancer cells to existing therapies.
In the study of T. Koo, a single nucleotide missense mutation (CTG > CGG) in exon 21 of
EGFR which results in one of the major EGFR activation mutations (L858R) in NSCLC was
targeted [48]. The L858R mutation, accounts for approximately 43% of EGFR-mutated lung
adenocarcinoma. This transversion led to kinase domain activation and increased signal
transduction to the downstream pro-survival pathways. To investigate oncogenic mutant
allele-specific cleavage mediated by CRISPR/Cas9, they used xenograft mice implanted
separately with two NSCLC cell line (H1975, A549). The disruption of the EGFR mutant
allele was essential for NSCLC cell killing effect which indicated that the mutant-specific
Cas9 allele can effectively differentiate the mutant EGFR allele from the wild-type allele,
leading to targeted disruption of the oncogene and cancer cell death. In addition in murine
xenograft model of human lung adenocarcinoma the Authors confirmed that Ad-mediated
EGFR oncogene-specific Cas9 expression can disrupt the EGFR mutant allele in H1975 cells
with high accuracy in vivo [48]. In subsequent studies of A. Cheung et al. designed an
anti-L858R targeting carrier that contained Cas9 nuclease and gRNA specific for L858R. The
obtained results confirmed the role of driver mutation L858R in promoting tumor prolifera-
tion in cancer cells, with consequences of CRISPR/Cas9-mediated knockout demonstrated
at the DNA, protein, and functional levels in the mutant cells compared to wild type
cells [49].

To identify the genetic determinants underlying sensitivity to FGFR-targeted therapy,
Z. Yang et al. performed a CRISPR/Cas9 kinome (human protein kinases) knockout in
FGFR1-enhanced lung cancer cells [50]. The results of this study revealed essential genes
for NSCLC with a preponderance of kinase genes, including CSNK2A1 (CK2α), PIP4K2C
(PIP4kγ) and PLK1. The PLK1 gene was unraveled as a previously underappreciated
therapeutic target whose loss of function is synthetically lethal with FGFR-targeted therapy
in lung cancer with FGFR1 amplification [50].

In study of M. Severino et al. used the CRISPR/Cas9 system to generate cell lines with
a CRISPR-edited LKB1 isoform (called Super LKB1) [51]. The STK11 gene is one of the main
regulators of cellular metabolism through activation of AMPK under nutrient-deficient



Genes 2025, 16, 569 8 of 19

conditions. The authors observed that cisplatin was more effective in Super LKB1+ cells,
suggesting that the absence of LKB1 and high NRF2 activity in A549 WT may promote
resistance to oxidative damage by cisplatin. The potential use of STK11 gene editing
by NHEJ-CRISPR to restore LKB1 expression, and consequently cellular signaling of the
AMPK pathway, was confirmed [51].

As mentioned in the introduction to this section, the CRISPR/CAS9 technique allows
screening for genetic dependencies and potential therapeutic targets in NSCLC. Q. Wang
et al. conducted genome-wide CRISPR/Cas9 screening in two NSCLC cell lines (NCI-H460
and A549) containing p53 wild-type and receptor tyrosine kinase (wt p53-RTK) genes
using the GeCKO v2.0 lentiviral library (comprising 123,411 small guide RNAs [sgRNAs]
targeting 19,050 human genes) [52]. Bioinformatics analysis based on TCGA data showed
that the MDM2 gene was highly expressed in p53 wild-type NSCLC compared to p53
mutant NSCLC, implying that MDM2 overexpression may be beneficial for p53 wild-type
cancer growth. MDM2 is previously known oncogene that negatively regulates p53 by its
E3 ubiquitin ligase function. Further studies showed that MDM2 knockout led to reduced
cell proliferation and tumor growth. The anti-tumor effect of pharmacological MDM2
inhibition was tested using a selective small-molecule inhibitor (RG7388) which inhibited
cell proliferation through apoptosis induction and cell cycle blockade, and inhibited wt p53-
RTK NSCLC tumor growth in xenograft models. It has been shown that pemetrexed can
increase the expression of the p21 protein of the p53-MDM2 pathway, so it was selected for
combination treatment with RG7388 on NSCLC cell lines. The results showed synergistic
inhibitory effects of RG7388 and pemetrexed on wt p53-RTK NSCLC cells by enhancing
apoptosis and anti-tumor effects [52]. The authors introduced the MDM2 gene as a new
therapeutic option for NSCLC patients with wild-type p53 and RTK who are unsuitable for
currently available targeted therapies.

In another study, S. Mukhopadhyay used genome-wide CRISPR/Cas9 screening to
identify genes whose inactivation enhances the efficacy of two drugs (MRTX-849: adagrasib,
KRAS G12C Inhibitor; TNO-155: SHP2i, inhibitor of wild-type SHP2) in four NSCLC cell
lines with KRAS/STK11-mutant NSCLC lines [53]. Screening identified potentially targeted
synthetic lethal (SL) genes, including serine/threonine kinases, enzymes that modify
tRNA and proteoglycan synthesis, and components of the YAP/TAZ/TEAD pathway. The
selected genes (TEAD1, WWTR1) were verified in vitro and in mice. MRTX-849 treatment
was also shown to induce a transcriptional program leading to increased integrin activation,
cytoskeletal reorganization, actomyosin contractility, RHO activation, and consequent
activation of the YAP/TAZ pathway. The use of TEAD inhibitors (1–4) has also been shown
to significantly increase the efficacy of the KRAS G12C inhibitor in both in vivo and in vitro
studies. The results presented above provide a landscape of potential targets for future
combination strategies [53].

In the study by M. Pfeifer et al., genome-wide loss (CRISPRn) and gain (CRISPRa) of
function were used to identify genes and pathways contributing to EGFR-dependent mech-
anisms of resistance to osimertinib in EGFR-mutated lung cancer [54]. This comprehensive
functional genomics study of drug resistance in EGFR-mutated lung cancer revealed that
the significant number of resistance genes converged on the Hippo pathway, which consists
of a kinase cascade that regulates TEAD-dependent transcription through phosphorylation
of the coactivators YAP1 and WWTR1 (TAZ). Inactivation of the Hippo pathway resulted
in increased expression of the YAP1/WWTR1/TEAD genes. The expression of canonical
transcriptional targets of the Hippo pathway was also examined after osimertinib treatment
in 3D organoids and 2D cell line models. Ten xenografts from lung cancer patients with
EGFR mutation (PDX) were used to characterize Hippo signaling after osimertinib treat-
ment. In vitro as well as in vivo studies confirmed that YAP1/WWTR1/TEAD-dependent
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transcription is acutely activated after osimertinib treatment in EGFR-mutant lung cancer,
and pharmacological and genetic ablation of this complex strongly inhibits persister cells.
The study showed that activation of YAP1/WWTR1/LEPR dependent transcription is
a potent factor of osimertinib resistance in EGFR mutant lung cancer [54]. In addition,
acquired EMT status in cancer cells has been shown to prevent their death and lead to the
formation of persistent cells. The presence of the EMT state has been detected in patients
who develop acquired resistance to EGFR inhibitors. An alternative approach to prevent
EMT transformation could be inhibition of YAP1/WWTR1/TEAD-dependent transcription.

In other studies, genome-wide CRISPR/Cas9 screening was performed on H460,
H1299 and A549 cell lines that contain wild-type EGFR genes and identified the enzyme
phosphoribosylaminoimidazole carboxylase/phosphoribosylaminoimidazole succinylcar-
boxamide synthetase (PAICS), which is essential for de novo purine biosynthesis and tumor
growth, as a potential drug target for EGFR wild-type NSCLC [55]. PAICS protein levels
were significantly elevated in tumor samples revealed by IHC staining in patients with
adenocarcinoma. In vitro studies showed that PAICS knockdown only inhibited EGFR
wild-type NSCLC carcinogenesis and induced cell cycle arrest. Among in vivo studies in
mice, the authors confirmed that knockdown of PAICS significantly inhibited tumor growth.
Moreover, PAICS deficiency promoted EGFR wild-type NSCLC apoptosis by inducing DNA
damage both in vitro and in vivo. To summarize PAICS, as a new oncogene, may serve as a
novel therapeutic target in EGFR wild-type NSCLC [55].

The CRISPR/Cas9 system was also used to generate specific research models. D. Mad-
dalo et al. have developed an efficient method for inducing specific chromosomal rear-
rangements in vivo using viral delivery of the CRISPR/Cas9 system into adult animal
somatic cells. This research approach enabled the creation of a mouse model of Eml4-Alk-
induced lung cancer. The resulting tumors invariably contain Eml4-Alk invertase, express
the Eml4-Alk fusion gene, and exhibit histopathological and molecular features typical of
human ALK+ NSCLC. In addition, the tumors responded to treatment with ALK inhibitors
so they show high potential as a research model [56].

CRISPR/Cas9 technology has also been used to introduce mutations in patient-derived
cell lines for which it is difficult to obtain resistant variants due to the low incidence of
cases in clinical settings. This approach has yielded a preclinical model of rare cancer
subtypes such as ROS1+ NSCLC [57]. In the NSCLC cell line HCC78 with the SLC34A2-
ROS1 rearrangement, three ROS1 mutations causing drug resistance, G2032R, L2026M and
S1986Y, were knocked down using CRISPR/Cas9 technology. In addition, pharmacological
assays in 2D and 3D cultures were prepared to evaluate the cellular response of the mutant
lines. Spheroids derived from ROS1G2032R cells were significantly more resistant to
repotrectinib, lorlatinib, ceritinib and entrectinib than wild-type cells. In conclusion, the
study conducted on 3D cancer cell lines showed that lorlatinib and repotrectinib are the
most effective TKIs against the tested ROS1 resistance point mutations [57].

7. Chimeric Antigen Receptor CAR-T Cell Therapy in NSCLC
CAR-T cell therapy has revolutionized the treatment of hematologic malignancies, but

unfortunately remains at an early stage for solid tumors such as NSCLC [58]. Key obstacles
to the use of this treatment method include tumor heterogeneity, an immunosuppressive
microenvironment and off-target toxicity. The most important aspects of using CAR-T
therapy in NSCLC are described below.

Target antigens tested for CAR-T therapy in lung cancer include: EGFR, MSLN, MUC1,
CEA, PD-L1, ROR1, HHLA2, PSCA and HER2 [58]. EGFR is overexpressed in a significant
percentage of NSCLC cases. In the study by Feng et al. patients with EGFR-positive (>50%
expression), relapsed/refractory NSCLC received escalated doses of EGFR-targeted CAR-T
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cell infusions [59]. All patients (N = 11) had at least one recurrent (one patient)/metastatic
or refractory lesion. The treatment of EGFR-targeted CAR-T cells were generally well
tolerated. Of the 11 patients evaluated, two patients achieved a partial response and five
had stable disease for two to eight months. Immunohistochemical examination (pre- and
post-treatment biopsies) of tumor tissues/metastases after CAR-T cell infusion showed
enrichment of CD3 + cells and reduction of EGFR + tumor cells, suggesting that anti-EGFR
CAR-T cells may have reached tumor tissues and may be associated with elimination of
EGFR-expressing tumor cells. The presence of the CAR-EGFR construct was confirmed in
T cells infiltrating the tumor in four patients [59].

Other early-phase clinical trials have also investigated the use of EFGR-based CAR-T
cell therapy to treat lung cancer [60]. In phase I clinical trial, nine patients with recur-
rent/refractory NSCLC and EGFR positivity received two cycles of the piggyBac-generated
EGFR-CAR T cells therapy and showed good tolerance to treatment. The most common
adverse event was fever. After treatment, one patient had a partial response of more
than 13 months, while six patients had stable disease and two experienced disease pro-
gression. Progression-free survival in these nine patients was 7.13 months, while median
overall survival was 15.63 months. This study revealed that the non-viral piggyBac trans-
poson system-engineered EGFR-CAR T-cell therapy is feasible and safe in treatment of
EGFR-positive advanced NSCLC patients [60].

The next target antigen tested for CAR-T therapy in NSCLC was mesothelin (MSLN)
which expression is elevated in 69% of adenocarcinoma patients [61]. After stimulation
with mesothelin, lentivirus-transduced T cells were stimulated to proliferate, express the
anti-apoptotic gene Bcl-X(L) and secrete multiple cytokines. In in vivo studies in mice, the
modified T lymphocytes reduced the tumor burden and in some cases caused complete
eradication of tumors [62]. In the study of L. Ye et al. the second generation CAR-T cells
were designed to target MSLN, which is abundant in NSCLC but underexpressed in normal
tissues [63]. The second-generation construct contained co-stimulatory CD28 or 4-1BB
signaling domains to enhance proliferation. CAR-T MSLN cells showed a significantly
greater ability to kill tumor cells than T cells. In in vivo experiments, significantly slower
tumor growth was observed in mice injected with CAR-T MSLN cells [63].

MUC1 expression is abnormally elevated in NSCLC [64]. X. Wei et al. proposed
investigated the antitumor potential of prostate stem cell antigen (PSCA) CAR-T cells
and mucin 1 (MUC1) CAR-T cells in NSCLC [65]. Using PDX models that retained the
antigenic profiles of the primary tumors, it was shown that PSCA-targeted CAR-T cells
could effectively inhibit NSCLC tumor growth in PDX mice and synergistically eradicate
PSCA + MUC1 + tumors in combination with MUC1-targeted CAR-T cells [65]. The study
showed superior efficacy against NSCLC compared to treatment with CAR-T cells targeting
a single antigen.

L. Wallsrabe et al. proposed the use of a 3D tumor model to investigate the anti-tumor
effect of orphan receptor tyrosine kinase type 1 (ROR1-specific) CAR-T cells [66]. 3D tumors
were created from the A549 cell line on a biological scaffold with a basement membrane,
resulting in a progressive increase in cell mass and an invasive growth phenotype. CAR-T
cells were shown to actively enter, adhere and infiltrate the tumor mass. Most importantly, it
was confirmed that ROR1-CAR-T cells penetrated deep into the tumor tissue and eliminated
multiple layers of tumor cells. Not only was the efficacy of the therapy confirmed, but also
the utility of 3D models to investigate the anti-tumor function of CAR-T cells [66].

HER2-targeted CAR-T cells are a good therapeutic option in patients with HER2-
positive NSCLC. However, a patient with colon cancer giving lung metastasis showed
respiratory disturbances after infusion of HER2-targeted CAR-T [67]. It is assumed that
this was related to low levels of HER2 expression on normal lung epithelial cells, which
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may have triggered an autoimmune response [68]. Therefore, the safety and efficacy of
HER2-targeted CAR-Ts requires further investigation and the design of alternative antigen-
specific targets. The team of L. Nagy, engineered UniCAR-T cells by incorporating the
biotin-binding domain of monomeric streptavidin 2 (mSA2) to target HER2 via biotinylated
trastuzumab (BT) [69]. Studies in 3D cultures and in vivo on a HER2+ xenograft model
showed that in the presence of BT, UniCAR-T cells effectively penetrated HER2+ spheroids
and targeted effector cells to HER2+ tumors. This therapeutic approach has been used for
breast cancer however, it appears to be a good alternative for NSCLC as well.

One factor that decreases the efficacy of CAR-T cells is the immunosuppressive mi-
croenvironment of solid tumors. It is well known that increased expression of PD-L1
(programmed death ligand 1) may be a key factor contributing to the immunosuppressive
TME in NSCLC. PD-L1 binds to PD-1 receptors on T lymphocytes, leading to inhibition of
T lymphocyte activation and proliferation, reduced cytokine production, and exhaustion
of cytotoxic T lymphocytes [70]. Previous studies have shown high expression of PD-L1
in tumor cells from NSCLC patients, and CAR-T cells secreting an anti-PD-L1 antibody
have shown promising efficacy in humanized mouse models [71]. In the M. Liu et al. study,
PD-L1-CAR-T cells have significant antitumor activity in vitro and lead to prolonged remis-
sion in xenografts of PD-L1-positive NSCLC tumors in mice [72]. Additionally, combining
these CAR-T cells with subtherapeutic doses of local radiotherapy enhanced their efficacy
against PD-L1 low NSCLC cells and tumors. These findings support preclinical support for
targeting PD-L1 with CAR-T cells for the treatment of NSCLC and potentially other types
of solid tumors [72].

In a study of Q. Liao et al., a novel dual-targeted CAR was constructed. A first genera-
tion CD19/HER2 CAR with a CD3ζ signaling domain was fused to a PD-L1 CCR containing
a CD28 costimulatory domain [73]. The dual-targeted CARs were tested in vitro (A549
NSCLC cell line) while their safety and therapeutic efficacy were evaluated using an in vivo
mouse model of human tumor xenografts. Dual-purpose CAR-T cells demonstrated similar
cytotoxic activity against CD19/HER2+ tumor cells regardless of PD-L1, but enhanced
cytokine release and improved proliferative capacity were only observed in the presence of
both CD19/HER2 and PD-L1. Furthermore, CAR-T cells preferably destroyed tumor cells
in xenografts both CD19/HER2 and PD-L1 positive. This finding demonstrates that PD-L1
can be used as a universal target antigen. Dual-targeted CAR-T cells can be used to reduce
the risk of off-target toxicity while maintaining their potent antitumor efficacy in the treat-
ment of PD-L1-positive solid tumors [73]. To the best of our knowledge, dual CD19/HER2
CAR-T cell therapies are not currently under clinical trial for the treatment of NSCLC,
but HER2-targeted CAR-T therapies remain an area of active research in this disease. In
addition, several clinical trials are investigating HER2-targeted CAR-T therapies in solid
tumors. Anti-HER2 CAR-T cells with 4-1BB and CD3ζ signaling domains and have begun
a phase I/II trial to demonstrate safety and feasibility in the treatment of HER2-positive
solid tumors, including NSCLC (NCT01935843) [74]. In this study, anti-HER2 CAR-T cells
would be administered for three days to patients with unacceptable toxicity. Another phase
I/II clinical trial of CAR-T cells targeting HER2-positive tumors, among other NSCLC, was
discontinued for safety reasons (NCT02713984) [74]. As a result, no clinical results have
been reported to date for anti-HER2 CAR-T cell therapy in NSCLC.

Recent reports have implicated the use of anti-PD-L1-expressing inhaled nanoparticles
loaded with the STING agonist cGAMP (aPD-L1 NVs@cGAMP), demonstrating increased
CAR-T cell activity in models of orthotopic lung cancer and lung metastasis [75]. Nanopar-
ticles were shown to accumulate in the lung and deliver STING agonists (the interferon
IFN gene stimulator STING pathway) to cells with PD-L1 overexpression via PD-1/PD-L1
interaction. A reduction in the number of immunosuppressive cells in the microenviron-
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ment was demonstrated. Studies in an orthotopic lung cancer and lung metastatic model
that combination therapy with CAR-T cells and aPD-L1 NVs@cGAMP strongly inhibits
tumor growth and prevents recurrence. The above studies indicated the potential use of
aPD-L1 NVs@cGAMP nanoparticles as an effective CAR-T cell enhancer to improve the
efficacy of CAR-T cells against NSCLC tumors. The strategy of remodeling the lung tumor
microenvironment may be very effective in improving the efficacy of CAR-T cells against
solid tumors. A phase I clinical trial investigated the use of CAR-T cells targeting PD-L1 in
patients with NSCLC and other solid tumors. The novel PD-L1 CAR (MC9999) using our
humanized anti-PD-L1 monoclonal antibody was designed to simultaneously target tumor
cells and immunosuppressive cells. The antigen-specific antitumor activity of MC9999
CAR-T cells was consistently observed in four solid tumor models: breast cancer, lung
cancer, melanoma and glioblastoma multiforme [76]. PD-L1 CAR-T cells generated from
the existing monoclonal antibody atezolizumab or from novel monoclonal/humanized an-
tibodies targeting PD-L1 have shown promising preclinical results [72]. However, a phase
1 clinical trial testing PD-L1 CAR-T cell therapy in NSCLC resulted in a serious adverse
event of pulmonary toxicity that occurred 47 days after infusion of CAR-T cells [77]. These
data in the clinical trial suggest that PD-L1-targeted CAR-T cell therapies may potentially
have off-target effects that require additional study.

Carcinoembryonic antigen (CEA) was also considered as promising target for CAR-T
cell therapy in NSCLC, given its overexpression in approximately 70% of NSCLC cases
and minimal presence in normal adult tissues [78]. Preclinical studies have demonstrated
that that abnormal serum CEA levels were strongly correlated with increased whole-body
metastatic potential in advanced NSCLC [79]. Study of L. Wang et al. [80], in which T
cells expressing CAR specific for CEA were transferred into CEA-tumor transgenic mice
that physiologically expressed CEA as their own antigen. Adoptive transfer mediated
significant tumor regression, but resulted in weight loss, probably due to symptoms of
mild cytokine release syndrome. In conclusion, the results suggest that adoptive therapy
based on CEA-specific CAR cells may be effective in patients with CEA-positive solid
tumors, but require further modifications to CAR-T cells and preconditioning regimens [80].
X. Zhu et al. developed hypoxia-responsive CAR-T cells (5H1P-CEA CAR), which is
activated in the hypoxic tumor microenvironment to induce CAR-T cells [81]. They con-
firmed that CAR-T cells, initially in a “resting” state after in vivo infusion, went into a
“storing” state characterized by increased HIF1α expression in hypoxic tumors derived
from colon cancer and NSCLC cell lines. The anti-tumor efficacy of 5H1P-CEA CAR-T cells
was observed in tumor clearance in PDX models. Moreover, CAR-T cells responding to
hypoxia maintained lower differentiation and showed increased oxidative metabolism and
proliferation during culture, and demonstrated the ability to mitigate the negative effects
of hypoxia on T-cell proliferation and metabolism. In addition, CAR-T 5H1P-CEA cells
showed reduced T-cell depletion and a better T-cell phenotype in vivo. The possibility of
restricting CAR expression to the hypoxic tumor microenvironment was demonstrated,
which may help increase the efficacy and safety of CAR-T cells in solid tumors [81]. In
phase I trial of hypoxia-responsive CEA CAR-T cell therapy, patients with advanced solid
tumors, including NSCLC, showed sustained tumor remission for more than 5 months
after high-dose CEA-CAR-T therapy. CAR-T cells showed robust expansion. The therapy
had acceptable toxicity with either intravenous or intravenous infusion (NCT05396300).
The promising antitumor potential of intravenous infusion and prolonged tumor remission
in the high-dose group were confirmed. The results presented above clarified that CEA is
an attractive tumor-associated antigen for targeted immunotherapy of NSCLC.

Among the selected therapeutic targets, studies of CEA CAR-T cells for the treatment
of NSCLC are ongoing and have yielded promising preliminary results in both basic and
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preclinical medicine. The promising results have formed the basis for initiating phase I
clinical trials to evaluate the safety, efficacy and maximum tolerated dose of anti-CEA CAR-
T cell therapy in CEA-positive cancers, including NSCLC (NCT02349724, NCT04348643)
and advanced lung cancer (NCT06768151, NCT06043466). The phase I/II EVEREST-1 trial
(NCT05736731) is evaluating Tmod CAR-T cell therapy targeting CEA (A2B530) in patients
with solid tumors expressing CEA and loss of HLA-A*02 heterozygosity, including NSCLS.
The results of these studies will provide valuable insight into the feasibility and efficacy of
CAR-T therapies targeting CEA in patients with NSCLC.

Recently, the potential of CAR-T/NK cell therapy targeting erythropoietin-producing
hepatocellular carcinoma A2 (EphA2) has been design as an effective treatment for NSCLC
with high EphA2 expression [82]. CAR-T/NK cells targeting EphA2 showed antitumor
activity against NSCLC cell lines A549 and H460 in vitro and in vivo. EphA2 CAR-T cells
showed higher killing efficiency of A549 cells and increased secretion of IFN-γ, TNF-α and
granzyme B. In contrast, studies in xenograft mouse models confirmed that A549 tumor
growth was suppressed and the number of cells infiltrating the tumor had elevated [82].
The proposed research approach is a promising therapeutic strategy for the treatment
of NSCLC.

In conclusion, the efficacy of CAR-T cells in the treatment of solid tumors is limited
due to various factors, such as the lack of specific antigens, the complexity of TME and
the potential toxicity associated with treatment. CAR-T therapy of solid tumors remains a
challenge. Even after identifying the target antigen for a solid tumor, the CAR-T cell must
be able to reach the tumor site. There is still a need to improve CAR-T cell trafficking and
entry into the tumor, as well as to promote better signaling, less depletion and memory
phenotypes in solid tumors. Fourth-generation CARs with multiple costimulatory domains
may be a solution to improve CAR T-cell function. Based on the available research results,
it seems that one solution for treating solid tumors is to combine CAR-T cell therapy with
checkpoint inhibitors, armored CARs and suppression of other inhibitory factors in TME.

8. Challenges in Gene Therapy for NSCLC
Despite significant progress in research, gene therapy for NSCLC faces several chal-

lenges that significantly hinder its implementation in clinical practice.
Both the method and the choice of delivery system for therapeutic genes to NSCLC

cells remain problematic. Viral vectors are often limited by the host’s immune response,
while nonviral delivery systems may be insufficiently efficient. In early studies of
CRISPR/Cas9 for gene editing in primary T cells, Cas9 and gRNA were delivered by
virus or electroporation. Both methods show low targeting efficiency, and DNA electro-
poration is also highly toxic to T cells [83]. In recent years, the electroporation method of
Cas9 ribonucleoprotein (RNP), recombinant Cas9 and sgRNA complex has been success-
fully used to transfect activated human T cells [84]. These challenges limit the practical
application of gene editing and given the relatively low efficiency of gene editing and the
cost of the therapy, its availability is restricted. However, new developments in delivery
systems based on nanoparticles and modified viral vectors may improve the efficacy of
gene therapies.

Another problem is the heterogeneity of NSCLC tumors, which prevents the develop-
ment of universal therapies. NSCLC tumors often exhibit significant genetic diversity, both
within a single tumor and between different tumors. This heterogeneity can lead to varied
responses to gene therapies and contribute to the development of resistance [85].

Co-occurring genomic alterations in oncogenic genes and tumor suppressor genes
have become the mainstays of molecular diversity in NSCLC. Activating mutations in
KRAS, for example, are the most common oncogenic factors and are accompanied by
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alterations in p53, LKB1, KEAP1, ATM and RBM10. For mutations of multiple genes, there
are some combination therapies, including targeted therapies (inhibitors) in combination
with standard treatment for NSCLC. To the best of our knowledge, gene-based therapies
in combination with other treatment strategies have not been widely studied. However,
these approaches may improve outcomes compared to monotherapy, especially when
based on genomic profiling. For instance, the emergence of subclonal populations with
distinct genetic alterations can undermine the efficacy of targeted treatments. A. Guernet
et al. developed a highly complex CRISPR barcoding system that enables high-resolution
tracking of single, specific tumor cells. This approach has been used to model different
mechanisms of EGFR resistance in lung cancer cells. In details, CRISPR barcoding has
been used to model intra-tumor heterogeneity and resistance mechanisms in NSCLC. This
approach makes it possible to track rare subclones containing mutations, such as EGFR
T790M and KRAS G12D, which are associated with resistance to tyrosine kinase inhibitors.
By simulating these mutations, researchers can study clonal dynamics and test combination
therapies targeting multiple mutations simultaneously. This allows for the identification
of rare, pre-existing resistant subclones potentially involved in mechanisms of acquired
therapy resistance [86].

Another obstacle to gene therapies is the immunosuppressive nature of the TME,
which can impede the efficacy of gene therapies, especially those that rely on immune acti-
vation. Factors such as regulatory T cells, myeloid-derived suppressor cells, and inhibitory
cytokines contribute to this suppressive environment [85]. As previously described, one
of the factors that reduces the efficacy of CAR-T cells is the immunosuppressive microen-
vironment of solid tumors. It is hypothesized that, among others, PD-L1 expression may
be a key factor contributing to the immunosuppressive TME in NSCLC [70]. The strategy
of remodeling the TME has been developed by T. Zhu et al., and may prove to be very
effective in improving the effectiveness of CAR-T cells in the fight against solid tumors [75].
In the case of CAR-T therapy, combining CAR-T cell therapy with other treatment methods,
such as chemotherapy, radiotherapy or immunotherapy, offers promising prospects.

9. Conclusions
Gene therapy offers a potentially transformative approach to NSCLC, particularly

for patients with advanced disease who have exhausted conventional treatments. Despite
many challenges, ongoing research and clinical trials are showing promising results, sug-
gesting that gene therapy may be part of a personalized cancer treatment in the future.
Further research into novel delivery mechanisms, as well as integration of gene therapy
with traditional therapies such as chemotherapy, radiotherapy, and immune checkpoint
inhibitors, will be crucial to improving outcomes for patients with NSCLC. Further research
is needed to realize the full potential of gene therapy in the treatment of NSCLC.
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Adp53 adenoviral p53 vector
ASO antisense oligonucleotide therapies
BRAF v-raf murine sarcoma viral oncogene homolog B
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CEA Carcinoembryonic antigen
CRISPR Clustered Regularly-Interspaced Short Palindromic Repeats
c-ROS1 receptor tyrosine kinase
EPC1 enhancer of polycomb 1
ERBB2 otherwise HER2: human epidermal growth factor 2
hRT hypofractionated radiotherapy
MET receptor tyrosine kinase
MSLN mesothelin
MUC1 mucin 1
NGR1 neuregulin-1
NPRL2 Nitrogen Permease Regulator-Like 2
NSCLC Non-small cell lung cancer
NTRK1 neurotrophic receptor tyrosine kinase
PKC-α Protein Kinase C-alpha prostate stem cell antigen
PSCA phosphoribosylaminoimidazole carboxylase
PAICS phosphoribosylaminoimidazole succinylcarboxamide synthetase
rAd-p53 recombinant adenoviral p53 gene
RNAi including RNA interference
ROR1 receptor tyrosine kinase type 1
TKIs tyrosine kinase inhibitors
TUSC2 Tumor Suppressor Candidate 2 gene
siRNAs small interfering RNAs
STAT3 signal transducer and activator of transcription 3
STAT6 Signal transducer and activator of transcription 6

References
1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020:

An overview. Int. J. Cancer 2021, 147, 778–789. [CrossRef]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. American Cancer Society. Cancer Facts and Figures 2023. 2023. Available online: https://www.cancer.org/research/cancer-facts-
statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html (accessed on 15 December 2023).

4. Sereno, M.; Hernandez de Cordoba, I.; Gutierrez-Gutierrez, G.; Casado, E. Brain metastases and lung cancer: Molecular biology,
natural history, prediction of response and efficacy of immunotherapy. Front. Immunol. 2023, 14, 1297988. [CrossRef]

5. Ellis, P.M.; Vandermeer, R. Delays in the diagnosis of lung cancer. J. Thorac. Dis. 2011, 3, 183–188. [CrossRef]
6. VanderLaan, P.A.; Rangachari, D.; Mockus, S.M.; Spotlow, V.; Reddi, H.V.; Malcolm, J.; Huberman, M.S.; Joseph, L.J.; Kobayashi,

S.S.; Costa, D.B. Mutations in TP53, PIK3CA, PTEN and other genes in EGFR mutated lung cancers: Correlation with clinical
outcomes. Lung Cancer 2017, 106, 17–21. [CrossRef] [PubMed]

7. Harrison, P.T.; Vyse, S.; Huang, P.H. Rare epidermal growth factor receptor (EGFR) mutations in non-small cell lung cancer. Semin.
Cancer Biol. 2020, 61, 167–179. [CrossRef]

8. Janne, P.A.; Planchard, D.; Kobayashi, K.; Cheng, Y.; Lee, C.K.; Valdiviezo, N.; Laktionov, K.; Yang, T.Y.; Yu, Y.; Kato, T.; et al.
A plain language summary of results from the FLAURA2 study: Effects of initial (first-line) osimertinib plus chemotherapy on the
brain in patients with EGFR-mutated advanced non-small cell lung cancer. Future Oncol. 2025, 21, 917–928. [CrossRef] [PubMed]

9. Reita, D.; Pabst, L.; Pencreach, E.; Guerin, E.; Dano, L.; Rimelen, V.; Voegeli, A.C.; Vallat, L.; Mascaux, C.; Beau-Faller, M. Direct
Targeting KRAS Mutation in Non-Small Cell Lung Cancer: Focus on Resistance. Cancers 2022, 14, 1321. [CrossRef]

10. Shin, H.; Hwang, S.; Jeong, J.H.; Shin, S.C.; Oh, Y.; Kim, J.; Hwang, I.; Kim, E.E.; Choo, H.; Song, E.J. Targeting USP47 enhances
the efficacy of KRAS inhibitor in KRAS(G12C) mutated non-small cell lung cancer by controlling deubiquitination of c-Myc.
Pharmacol. Res. 2025, 215, 107722. [CrossRef]

11. Martin, F.; Alcon, C.; Marin, E.; Morales-Sanchez, P.; Manzano-Munoz, A.; Diaz, S.; Garcia, M.; Samitier, J.; Lu, A.; Villanueva, A.;
et al. Novel selective strategies targeting the BCL-2 family to enhance clinical efficacy in ALK-rearranged non-small cell lung
cancer. Cell Death Dis. 2025, 16, 194. [CrossRef]

https://doi.org/10.1002/ijc.33588
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html
https://doi.org/10.3389/fimmu.2023.1297988
https://doi.org/10.3978/j.issn.2072-1439.2011.01.01
https://doi.org/10.1016/j.lungcan.2017.01.011
https://www.ncbi.nlm.nih.gov/pubmed/28285689
https://doi.org/10.1016/j.semcancer.2019.09.015
https://doi.org/10.1080/14796694.2025.2463318
https://www.ncbi.nlm.nih.gov/pubmed/40051276
https://doi.org/10.3390/cancers14051321
https://doi.org/10.1016/j.phrs.2025.107722
https://doi.org/10.1038/s41419-025-07513-3


Genes 2025, 16, 569 16 of 19

12. Shah, M.; Noronha, V.; Patil, V.; Singh, A.K.; Menon, N.; Goud, S.; Shah, S.; More, S.; Kapoor, A.; Mishra, B.K.; et al. Genomic
Profiling of Driver Gene Alterations in Patients With Non-Small Cell Lung Cancer, Patterns of Treatment and Impact on Survival
Outcomes: A Single Center Experience of More Than 1200 Patients. Clin. Lung Cancer 2025. [CrossRef]

13. Hong, L.; Patel, S.; Drusbosky, L.M.; Xiong, Y.; Chen, R.; Geng, R.; Heeke, S.; Nilsson, M.; Wu, J.; Heymach, J.V.; et al. Molecular
landscape of ERBB2 alterations in 3000 advanced NSCLC patients. NPJ Precis. Oncol. 2024, 8, 217. [CrossRef]

14. Lee, S.H.; Jeong, H.; Kim, D.H.; Jang, S.J.; Kim, S.W.; Yoon, S.; Lee, D.H. Comparison of Clinicopathogenomic Features and
Treatment Outcomes of EGFR and HER2 Exon 20 Insertion Mutations in Non-Small Cell Lung Cancer: Single-Institution
Experience. Cancer Res. Treat. 2024, 56, 774–784. [CrossRef]

15. Tamura, A.; Inaba Higashiyama, R.; Yoshida, T.; Satozono, Y.; Ohe, Y. Response to dabrafenib plus trametinib on a rare BRAF
mutation (V600_W604 deletion-insertion R) in an advanced non-small cell lung cancer patient. Thorac. Cancer 2024, 15, 1454–1456.
[CrossRef]

16. Takeda, M.; Ota, M.; Iwama, E.; Sugawara, S.; Shukuya, T.; Umemura, S.; Tanaka, H.; Oki, M.; Takahama, T.; Masuda, T.; et al.
A Phase II, Open Label, Single-Arm Study on the Efficacy of Cabozantinib in Patients With Advanced/Metastatic Nonsmall Cell
Lung Cancer Harboring MET Exon 14 Alterations who Developed Acquired Resistance to Tepotinib or Capmatinib (CAPTURE
Trial). Clin. Lung Cancer 2024, 26, e232–e235. [CrossRef] [PubMed]

17. Lara, M.S.; Riess, J.W.; Goldman, J.W.; Jiang, F.; Bivona, T.G.; Blakely, C.M. Current Trial Report: A Multicenter Phase I/Ib study of
Capmatinib Plus Trametinib in Patients With Metastatic Nonsmall Cell Lung Center Harboring MET Exon 14 Skipping Mutations
and Other MET-Alterations. Clin. Lung Cancer 2024, 25, 732–737. [CrossRef] [PubMed]

18. Smith, M.R.; Dixon, C.B.; Wang, Y.; Liu, Y.; D’Agostino, R., Jr.; Ruiz, J.; Oliver, G.; Miller, L.D.; Topaloglu, U.; Chan, M.D.; et al.
Targeting NTRK1 Enhances Immune Checkpoint Inhibitor Efficacy in NTRK1 Wild-Type Non-Small Cell Lung Cancer. Cancer
Res. 2024, 84, 4002–4016. [CrossRef] [PubMed]

19. Cho, B.C.; Chiu, C.H.; Massarelli, E.; Buchschacher, G.L.; Goto, K.; Overbeck, T.R.; Loong, H.H.F.; Chee, C.E.; Garrido, P.; Dong, X.;
et al. Updated efficacy and safety of entrectinib in NTRK fusion-positive non-small cell lung cancer. Lung Cancer 2024, 188, 107442.
[CrossRef]

20. Chevallier, M.; Borgeaud, M.; Addeo, A.; Friedlaender, A. Oncogenic driver mutations in non-small cell lung cancer: Past, present
and future. World J. Clin. Oncol. 2021, 12, 217–237. [CrossRef]

21. Vousden, K.H.; Lu, X. Live or let die: The cell’s response to p53. Nat. Rev. Cancer 2002, 2, 594–604. [CrossRef]
22. Roth, J.A.; Swisher, S.G.; Merritt, J.A.; Lawrence, D.D.; Kemp, B.L.; Carrasco, C.H.; El-Naggar, A.K.; Fossella, F.V.; Glisson, B.S.;

Hong, W.K.; et al. Gene therapy for non-small cell lung cancer: A preliminary report of a phase I trial of adenoviral p53 gene
replacement. Semin. Oncol. 1998, 25, 33–37.

23. Swisher, S.G.; Roth, J.A.; Nemunaitis, J.; Lawrence, D.D.; Kemp, B.L.; Carrasco, C.H.; Connors, D.G.; El-Naggar, A.K.; Fossella, F.;
Glisson, B.S.; et al. Adenovirus-mediated p53 gene transfer in advanced non-small-cell lung cancer. J. Natl. Cancer Inst. 1999, 91,
763–771. [CrossRef]

24. Schuler, M.; Herrmann, R.; De Greve, J.L.; Stewart, A.K.; Gatzemeier, U.; Stewart, D.J.; Laufman, L.; Gralla, R.; Kuball, J.; Buhl, R.;
et al. Adenovirus-mediated wild-type p53 gene transfer in patients receiving chemotherapy for advanced non-small-cell lung
cancer: Results of a multicenter phase II study. J. Clin. Oncol. 2001, 19, 1750–1758. [CrossRef] [PubMed]

25. Deng, B.; Sun, T.; Tang, B.; Tao, S.; Kang, P.; Qian, K.; Jiang, B.; Li, K.; Li, K.; Zhou, J.; et al. Surgery combined with adenoviral
p53 gene therapy for treatment of non-small cell lung cancer: A phase II study. Oncotarget 2017, 8, 107089–107095. [CrossRef]
[PubMed]

26. Lu, Y.; Wu, M.; Xu, Y.; Yu, L. The Development of p53-Targeted Therapies for Human Cancers. Cancers 2023, 15, 3560. [CrossRef]
[PubMed]

27. Kondo, M.; Ji, L.; Kamibayashi, C.; Tomizawa, Y.; Randle, D.; Sekido, Y.; Yokota, J.; Kashuba, V.; Zabarovsky, E.; Kuzmin, I.; et al.
Overexpression of candidate tumor suppressor gene FUS1 isolated from the 3p21.3 homozygous deletion region leads to G1
arrest and growth inhibition of lung cancer cells. Oncogene 2001, 20, 6258–6262. [CrossRef]

28. Ji, L.; Nishizaki, M.; Gao, B.; Burbee, D.; Kondo, M.; Kamibayashi, C.; Xu, K.; Yen, N.; Atkinson, E.N.; Fang, B.; et al. Expression of
several genes in the human chromosome 3p21.3 homozygous deletion region by an adenovirus vector results in tumor suppressor
activities in vitro and in vivo. Cancer Res. 2002, 62, 2715–2720.

29. Thu, K.L.; Vucic, E.A.; Chari, R.; Zhang, W.; Lockwood, W.W.; English, J.C.; Fu, R.; Wang, P.; Feng, Z.; MacAulay, C.E.; et al. Lung
adenocarcinoma of never smokers and smokers harbor differential regions of genetic alteration and exhibit different levels of
genomic instability. PLoS ONE 2012, 7, e33003. [CrossRef]

30. Lara-Guerra, H.; Roth, J.A. Gene Therapy for Lung Cancer. Crit. Rev. Oncog. 2016, 21, 115–124. [CrossRef]
31. Lu, C.; Stewart, D.J.; Lee, J.J.; Ji, L.; Ramesh, R.; Jayachandran, G.; Nunez, M.I.; Wistuba, I.I.; Erasmus, J.J.; Hicks, M.E.; et al. Phase

I clinical trial of systemically administered TUSC2(FUS1)-nanoparticles mediating functional gene transfer in humans. PLoS ONE
2012, 7, e34833. [CrossRef]

https://doi.org/10.1016/j.cllc.2025.02.001
https://doi.org/10.1038/s41698-024-00720-9
https://doi.org/10.4143/crt.2023.1177
https://doi.org/10.1111/1759-7714.15330
https://doi.org/10.1016/j.cllc.2024.12.004
https://www.ncbi.nlm.nih.gov/pubmed/39743377
https://doi.org/10.1016/j.cllc.2024.07.002
https://www.ncbi.nlm.nih.gov/pubmed/39089913
https://doi.org/10.1158/0008-5472.CAN-24-0658
https://www.ncbi.nlm.nih.gov/pubmed/39250241
https://doi.org/10.1016/j.lungcan.2023.107442
https://doi.org/10.5306/wjco.v12.i4.217
https://doi.org/10.1038/nrc864
https://doi.org/10.1093/jnci/91.9.763
https://doi.org/10.1200/JCO.2001.19.6.1750
https://www.ncbi.nlm.nih.gov/pubmed/11251006
https://doi.org/10.18632/oncotarget.22333
https://www.ncbi.nlm.nih.gov/pubmed/29291013
https://doi.org/10.3390/cancers15143560
https://www.ncbi.nlm.nih.gov/pubmed/37509223
https://doi.org/10.1038/sj.onc.1204832
https://doi.org/10.1371/journal.pone.0033003
https://doi.org/10.1615/CritRevOncog.2016016084
https://doi.org/10.1371/journal.pone.0034833


Genes 2025, 16, 569 17 of 19

32. Lerman, M.I.; Minna, J.D. The 630-kb lung cancer homozygous deletion region on human chromosome 3p21.3: Identification
and evaluation of the resident candidate tumor suppressor genes. The International Lung Cancer Chromosome 3p21.3 Tumor
Suppressor Gene Consortium. Cancer Res. 2000, 60, 6116–6133. [PubMed]

33. Ueda, K.; Kawashima, H.; Ohtani, S.; Deng, W.G.; Ravoori, M.; Bankson, J.; Gao, B.; Girard, L.; Minna, J.D.; Roth, J.A.; et al. The
3p21.3 tumor suppressor NPRL2 plays an important role in cisplatin-induced resistance in human non-small-cell lung cancer
cells. Cancer Res. 2006, 66, 9682–9690. [CrossRef]

34. Meraz, I.M.; Majidi, M.; Song, R.; Meng, F.; Gao, L.; Wang, Q.; Wang, J.; Shpall, E.J.; Roth, J.A. NPRL2 gene therapy induces
effective antitumor immunity in KRAS/STK11 mutant anti-PD1 resistant metastatic non-small cell lung cancer (NSCLC) in a
humanized mouse model. eLife 2025, 13, RP98258. [CrossRef] [PubMed]

35. Chen, G.; Kronenberger, P.; Teugels, E.; Umelo, I.A.; De Greve, J. Targeting the epidermal growth factor receptor in non-small cell
lung cancer cells: The effect of combining RNA interference with tyrosine kinase inhibitors or cetuximab. BMC Med. 2012, 10, 28.
[CrossRef]

36. Gu, L.; Deng, Z.J.; Roy, S.; Hammond, P.T. A Combination RNAi-Chemotherapy Layer-by-Layer Nanoparticle for Systemic
Targeting of KRAS/P53 with Cisplatin to Treat Non-Small Cell Lung Cancer. Clin. Cancer Res. 2017, 23, 7312–7323. [CrossRef]

37. Shi, L.; Middleton, J.; Jeon, Y.J.; Magee, P.; Veneziano, D.; Lagana, A.; Leong, H.S.; Sahoo, S.; Fassan, M.; Booton, R.; et al. KRAS
induces lung tumorigenesis through microRNAs modulation. Cell Death Dis. 2018, 9, 219. [CrossRef] [PubMed]

38. Cina, C.; Majeti, B.; O’Brien, Z.; Wang, L.; Clamme, J.P.; Adami, R.; Tsang, K.Y.; Harborth, J.; Ying, W.; Zabludoff, S. A Novel Lipid
Nanoparticle NBF-006 Encapsulating Glutathione S-Transferase P siRNA for the Treatment of KRAS-Driven Non-small Cell Lung
Cancer. Mol. Cancer Ther. 2025, 24, 7–17. [CrossRef]

39. Che, C.; Zhang, L.; Huo, J.; Zhang, Y. RNA interference targeting enhancer of polycomb1 exerts anti-tumor effects in lung cancer.
Int. J. Clin. Exp. Pathol. 2015, 8, 361–367.

40. He, K.; Barsoumian, H.B.; Puebla-Osorio, N.; Hu, Y.; Sezen, D.; Wasley, M.D.; Bertolet, G.; Zhang, J.; Leuschner, C.; Yang, L.; et al.
Inhibition of STAT6 with Antisense Oligonucleotides Enhances the Systemic Antitumor Effects of Radiotherapy and Anti-PD-1 in
Metastatic Non-Small Cell Lung Cancer. Cancer Immunol. Res. 2023, 11, 486–500. [CrossRef]

41. Hong, D.; Kurzrock, R.; Kim, Y.; Woessner, R.; Younes, A.; Nemunaitis, J.; Fowler, N.; Zhou, T.; Schmidt, J.; Jo, M.; et al. AZD9150,
a next-generation antisense oligonucleotide inhibitor of STAT3 with early evidence of clinical activity in lymphoma and lung
cancer. Sci. Transl. Med. 2015, 7, 314ra185. [CrossRef]

42. Tang, C.; Hartley, G.P.; Couillault, C.; Yuan, Y.; Lin, H.; Nicholas, C.; Srinivasamani, A.; Dai, J.; Dumbrava, E.E.I.; Fu, S.; et al.
Preclinical study and parallel phase II trial evaluating antisense STAT3 oligonucleotide and checkpoint blockade for advanced
pancreatic, non-small cell lung cancer and mismatch repair-deficient colorectal cancer. BMJ Oncol. 2024, 3, e000133. [CrossRef]
[PubMed]

43. Dean, N.M.; McKay, R.; Condon, T.P.; Bennett, C.F. Inhibition of protein kinase C-α expression in human A549 cells by antisense
oligonucleotides inhibits induction of intercellular adhesion molecule 1 (ICAM-1) mRNA by phorbol esters. J. Biol. Chem. 1994,
269, 16416–16424. [CrossRef] [PubMed]

44. Villalona-Calero, M.A.; Ritch, P.; Figueroa, J.A.; Otterson, G.A.; Belt, R.; Dow, E.; George, S.; Leonardo, J.; McCachren, S.; Miller,
G.L.; et al. A phase I/II study of LY900003, an antisense inhibitor of protein kinase C-α, in combination with cisplatin and
gemcitabine in patients with advanced non-small cell lung cancer. Clin. Cancer Res. 2004, 10, 6086–6093. [CrossRef] [PubMed]

45. Ritch, P.; Rudin, C.M.; Bitran, J.D.; Edelman, M.J.; Makalinao, A.; Irwin, D.; Lilenbaum, R.; Peterson, P.; John, W.J. Phase II study
of PKC-α antisense oligonucleotide aprinocarsen in combination with gemcitabine and carboplatin in patients with advanced
non-small cell lung cancer. Lung Cancer 2006, 52, 173–180. [CrossRef]

46. Vansteenkiste, J.; Canon, J.L.; Riska, H.; Pirker, R.; Peterson, P.; John, W.; Mali, P.; Lahn, M. Randomized phase II evaluation of
aprinocarsen in combination with gemcitabine and cisplatin for patients with advanced/metastatic non-small cell lung cancer.
Investig. New Drugs 2005, 23, 263–269. [CrossRef]

47. Paz-Ares, L.; Douillard, J.Y.; Koralewski, P.; Manegold, C.; Smit, E.F.; Reyes, J.M.; Chang, G.C.; John, W.J.; Peterson, P.M.;
Obasaju, C.K.; et al. Phase III study of gemcitabine and cisplatin with or without aprinocarsen, a protein kinase C-α antisense
oligonucleotide, in patients with advanced-stage non-small-cell lung cancer. J. Clin. Oncol. 2006, 24, 1428–1434. [CrossRef]

48. Koo, T.; Yoon, A.R.; Cho, H.Y.; Bae, S.; Yun, C.O.; Kim, J.S. Selective disruption of an oncogenic mutant allele by CRISPR/Cas9
induces efficient tumor regression. Nucleic Acids Res. 2017, 45, 7897–7908. [CrossRef]

49. Cheung, A.H.; Chow, C.; Zhang, J.; Zhou, Y.; Huang, T.; Ng, K.C.; Or, T.C.; Yao, Y.Y.; Dong, Y.; Fung, J.M.; et al. Specific targeting
of point mutations in EGFR L858R-positive lung cancer by CRISPR/Cas9. Lab. Investig. 2018, 98, 968–976. [CrossRef]

50. Yang, Z.; Liang, S.Q.; Yang, H.; Xu, D.; Bruggmann, R.; Gao, Y.; Deng, H.; Berezowska, S.; Hall, S.R.R.; Marti, T.M.; et al.
CRISPR-Mediated Kinome Editing Prioritizes a Synergistic Combination Therapy for FGFR1-Amplified Lung Cancer. Cancer Res.
2021, 81, 3121–3133. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/11085536
https://doi.org/10.1158/0008-5472.CAN-06-1483
https://doi.org/10.7554/eLife.98258.2
https://www.ncbi.nlm.nih.gov/pubmed/39932765
https://doi.org/10.1186/1741-7015-10-28
https://doi.org/10.1158/1078-0432.CCR-16-2186
https://doi.org/10.1038/s41419-017-0243-9
https://www.ncbi.nlm.nih.gov/pubmed/29440633
https://doi.org/10.1158/1535-7163.MCT-23-0915
https://doi.org/10.1158/2326-6066.CIR-22-0547
https://doi.org/10.1126/scitranslmed.aac5272
https://doi.org/10.1136/bmjonc-2023-000133
https://www.ncbi.nlm.nih.gov/pubmed/39886125
https://doi.org/10.1016/S0021-9258(17)34023-1
https://www.ncbi.nlm.nih.gov/pubmed/7911467
https://doi.org/10.1158/1078-0432.CCR-04-0779
https://www.ncbi.nlm.nih.gov/pubmed/15447994
https://doi.org/10.1016/j.lungcan.2005.12.012
https://doi.org/10.1007/s10637-005-6736-x
https://doi.org/10.1200/JCO.2005.04.3299
https://doi.org/10.1093/nar/gkx490
https://doi.org/10.1038/s41374-018-0056-1
https://doi.org/10.1158/0008-5472.CAN-20-2276


Genes 2025, 16, 569 18 of 19

51. Severino, M.B.; Morelli, A.P.; Pavan, I.C.B.; Mancini, M.C.S.; Gois, M.M.; Borges, R.J.; Braga, R.R.; da Silva, L.G.S.; Quintero-Ruiz,
N.; Costa, M.M.; et al. A CRISPR-edited isoform of the AMPK kinase LKB1 improves the response to cisplatin in A549 lung
cancer cells. J. Biol. Chem. 2025, 301, 108308. [CrossRef]

52. Wang, Q.; Li, J.; Zhu, J.; Mao, J.; Duan, C.; Liang, X.; Zhu, L.; Zhu, M.; Zhang, Z.; Lin, F.; et al. Genome-wide CRISPR/Cas9
screening for therapeutic targets in NSCLC carrying wild-type TP53 and receptor tyrosine kinase genes. Clin. Transl. Med. 2022,
12, e882. [CrossRef]

53. Mukhopadhyay, S.; Huang, H.Y.; Lin, Z.; Ranieri, M.; Li, S.; Sahu, S.; Liu, Y.; Ban, Y.; Guidry, K.; Hu, H.; et al. Genome-Wide
CRISPR Screens Identify Multiple Synthetic Lethal Targets That Enhance KRASG12C Inhibitor Efficacy. Cancer Res. 2023, 83,
4095–4111. [CrossRef] [PubMed]

54. Pfeifer, M.; Brammeld, J.S.; Price, S.; Pilling, J.; Bhavsar, D.; Farcas, A.; Bateson, J.; Sundarrajan, A.; Miragaia, R.J.; Guan, N.; et al.
Genome-wide CRISPR screens identify the YAP/TEAD axis as a driver of persister cells in EGFR mutant lung cancer. Commun.
Biol. 2024, 7, 497. [CrossRef]

55. Li, Y.; Zhu, L.; Mao, J.; Zheng, H.; Hu, Z.; Yang, S.; Mao, T.; Zhou, T.; Cao, P.; Wu, H.; et al. Genome-scale CRISPR-Cas9 screen
identifies PAICS as a therapeutic target for EGFR wild-type non-small cell lung cancer. MedComm (2020) 2024, 5, e483. [CrossRef]

56. Maddalo, D.; Manchado, E.; Concepcion, C.P.; Bonetti, C.; Vidigal, J.A.; Han, Y.C.; Ogrodowski, P.; Crippa, A.; Rekhtman, N.; de
Stanchina, E.; et al. In vivo engineering of oncogenic chromosomal rearrangements with the CRISPR/Cas9 system. Nature 2014,
516, 423–427. [CrossRef] [PubMed]

57. Terrones, M.; Deben, C.; Rodrigues-Fortes, F.; Schepers, A.; de Beeck, K.O.; Van Camp, G.; Vandeweyer, G. CRISPR/Cas9-edited
ROS1 + non-small cell lung cancer cell lines highlight differential drug sensitivity in 2D vs 3D cultures while reflecting established
resistance profiles. J. Transl. Med. 2024, 22, 234. [CrossRef]

58. Ma, H.Y.; Das, J.; Prendergast, C.; De Jong, D.; Braumuller, B.; Paily, J.; Huang, S.; Liou, C.; Giarratana, A.; Hosseini, M.; et al.
Advances in CAR T Cell Therapy for Non-Small Cell Lung Cancer. Curr. Issues Mol. Biol. 2023, 45, 9019–9038. [CrossRef]
[PubMed]

59. Feng, K.; Guo, Y.; Dai, H.; Wang, Y.; Li, X.; Jia, H.; Han, W. Chimeric antigen receptor-modified T cells for the immunotherapy of
patients with EGFR-expressing advanced relapsed/refractory non-small cell lung cancer. Sci. China Life Sci. 2016, 59, 468–479.
[CrossRef]

60. Zhang, Y.; Zhang, Z.; Ding, Y.; Fang, Y.; Wang, P.; Chu, W.; Jin, Z.; Yang, X.; Wang, J.; Lou, J.; et al. Phase I clinical trial of
EGFR-specific CAR-T cells generated by the piggyBac transposon system in advanced relapsed/refractory non-small cell lung
cancer patients. J. Cancer Res. Clin. Oncol. 2021, 147, 3725–3734. [CrossRef]

61. Kachala, S.S.; Bograd, A.J.; Villena-Vargas, J.; Suzuki, K.; Servais, E.L.; Kadota, K.; Chou, J.; Sima, C.S.; Vertes, E.; Rusch, V.W.;
et al. Mesothelin overexpression is a marker of tumor aggressiveness and is associated with reduced recurrence-free and overall
survival in early-stage lung adenocarcinoma. Clin. Cancer Res. 2014, 20, 1020–1028. [CrossRef]

62. Carpenito, C.; Milone, M.C.; Hassan, R.; Simonet, J.C.; Lakhal, M.; Suhoski, M.M.; Varela-Rohena, A.; Haines, K.M.; Heitjan, D.F.;
Albelda, S.M.; et al. Control of large, established tumor xenografts with genetically retargeted human T cells containing CD28
and CD137 domains. Proc. Natl. Acad. Sci. USA 2009, 106, 3360–3365. [CrossRef]

63. Ye, L.; Lou, Y.; Lu, L.; Fan, X. Mesothelin-targeted second generation CAR-T cells inhibit growth of mesothelin-expressing tumors
in vivo. Exp. Ther. Med. 2019, 17, 739–747. [CrossRef] [PubMed]

64. Ham, S.Y.; Kwon, T.; Bak, Y.; Yu, J.H.; Hong, J.; Lee, S.K.; Yu, D.Y.; Yoon, D.Y. Mucin 1-mediated chemo-resistance in lung cancer
cells. Oncogenesis 2016, 5, e185. [CrossRef]

65. Wei, X.; Lai, Y.; Li, J.; Qin, L.; Xu, Y.; Zhao, R.; Li, B.; Lin, S.; Wang, S.; Wu, Q.; et al. PSCA and MUC1 in non-small-cell lung cancer
as targets of chimeric antigen receptor T cells. Oncoimmunology 2017, 6, e1284722. [CrossRef] [PubMed]

66. Wallstabe, L.; Gottlich, C.; Nelke, L.C.; Kuhnemundt, J.; Schwarz, T.; Nerreter, T.; Einsele, H.; Walles, H.; Dandekar, G.; Nietzer,
S.L.; et al. ROR1-CAR T cells are effective against lung and breast cancer in advanced microphysiologic 3D tumor models. JCI
Insight 2019, 4, 126345. [CrossRef] [PubMed]

67. Chen, T.; Wang, M.; Chen, Y.; Liu, Y. Current challenges and therapeutic advances of CAR-T cell therapy for solid tumors. Cancer
Cell Int. 2024, 24, 133. [CrossRef]

68. Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious adverse event
following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 2010, 18,
843–851. [CrossRef]

69. Nagy, L.; Mezosi-Csaplar, M.; Rebenku, I.; Vereb, G.; Szoor, A. Universal CAR T cells targeted to HER2 with a biotin-trastuzumab
soluble linker penetrate spheroids and large tumor xenografts that are inherently resistant to trastuzumab mediated ADCC. Front.
Immunol. 2024, 15, 1365172. [CrossRef]

70. Velcheti, V.; Schalper, K.A.; Carvajal, D.E.; Anagnostou, V.K.; Syrigos, K.N.; Sznol, M.; Herbst, R.S.; Gettinger, S.N.; Chen, L.;
Rimm, D.L. Programmed death ligand-1 expression in non-small cell lung cancer. Lab. Investig. 2014, 94, 107–116. [CrossRef]

https://doi.org/10.1016/j.jbc.2025.108308
https://doi.org/10.1002/ctm2.882
https://doi.org/10.1158/0008-5472.CAN-23-2729
https://www.ncbi.nlm.nih.gov/pubmed/37729426
https://doi.org/10.1038/s42003-024-06190-w
https://doi.org/10.1002/mco2.483
https://doi.org/10.1038/nature13902
https://www.ncbi.nlm.nih.gov/pubmed/25337876
https://doi.org/10.1186/s12967-024-04988-0
https://doi.org/10.3390/cimb45110566
https://www.ncbi.nlm.nih.gov/pubmed/37998743
https://doi.org/10.1007/s11427-016-5023-8
https://doi.org/10.1007/s00432-021-03613-7
https://doi.org/10.1158/1078-0432.CCR-13-1862
https://doi.org/10.1073/pnas.0813101106
https://doi.org/10.3892/etm.2018.7015
https://www.ncbi.nlm.nih.gov/pubmed/30651858
https://doi.org/10.1038/oncsis.2015.47
https://doi.org/10.1080/2162402X.2017.1284722
https://www.ncbi.nlm.nih.gov/pubmed/28405515
https://doi.org/10.1172/jci.insight.126345
https://www.ncbi.nlm.nih.gov/pubmed/31415244
https://doi.org/10.1186/s12935-024-03315-3
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.3389/fimmu.2024.1365172
https://doi.org/10.1038/labinvest.2013.130


Genes 2025, 16, 569 19 of 19

71. Teixido, C.; Vilarino, N.; Reyes, R.; Reguart, N. PD-L1 expression testing in non-small cell lung cancer. Ther. Adv. Med. Oncol.
2018, 10, 1758835918763493. [CrossRef]

72. Liu, M.; Wang, X.; Li, W.; Yu, X.; Flores-Villanueva, P.; Xu-Monette, Z.Y.; Li, L.; Zhang, M.; Young, K.H.; Ma, X.; et al. Targeting
PD-L1 in non-small cell lung cancer using CAR T cells. Oncogenesis 2020, 9, 72. [CrossRef]

73. Liao, Q.; Mao, Y.; He, H.; Ding, X.; Zhang, X.; Xu, J. PD-L1 chimeric costimulatory receptor improves the efficacy of CAR-T cells
for PD-L1-positive solid tumors and reduces toxicity in vivo. Biomark. Res. 2020, 8, 57. [CrossRef] [PubMed]

74. Qu, J.; Mei, Q.; Chen, L.; Zhou, J. Chimeric antigen receptor (CAR)-T-cell therapy in non-small-cell lung cancer (NSCLC): Current
status and future perspectives. Cancer Immunol. Immunother. 2021, 70, 619–631. [CrossRef] [PubMed]

75. Zhu, T.; Xiao, Y.; Chen, Z.; Ding, H.; Chen, S.; Jiang, G.; Huang, X. Inhalable nanovesicles loaded with a STING agonist enhance
CAR-T cell activity against solid tumors in the lung. Nat. Commun. 2025, 16, 262. [CrossRef]

76. Luo, Y.; Gadd, M.E.; Qie, Y.; Otamendi-Lopez, A.; Sanchez-Garavito, J.E.; Brooks, M.M.; Ulloa Navas, M.J.; Hundal, T.; Li, S.;
Jones, V.K.; et al. Solid cancer-directed CAR T cell therapy that attacks both tumor and immunosuppressive cells via targeting
PD-L1. Mol. Ther. Oncol. 2024, 32, 200891. [CrossRef] [PubMed]

77. Liu, H.; Ma, Y.; Yang, C.; Xia, S.; Pan, Q.; Zhao, H.; Fang, W.; Chen, X.; Zhang, Y.; Zou, B.; et al. Severe delayed pulmonary toxicity
following PD-L1-specific CAR-T cell therapy for non-small cell lung cancer. Clin. Transl. Immunol. 2020, 9, e1154. [CrossRef]

78. Hammarstrom, S. The carcinoembryonic antigen (CEA) family: Structures, suggested functions and expression in normal and
malignant tissues. Semin. Cancer Biol. 1999, 9, 67–81. [CrossRef]

79. Lee, D.S.; Kim, S.J.; Kang, J.H.; Hong, S.H.; Jeon, E.K.; Kim, Y.K.; Yoo Ie, R.; Park, J.G.; Jang, H.S.; Lee, H.C.; et al. Serum
Carcinoembryonic Antigen Levels and the Risk of Whole-body Metastatic Potential in Advanced Non-small Cell Lung Cancer.
J. Cancer 2014, 5, 663–669. [CrossRef]

80. Wang, L.; Ma, N.; Okamoto, S.; Amaishi, Y.; Sato, E.; Seo, N.; Mineno, J.; Takesako, K.; Kato, T.; Shiku, H. Efficient tumor
regression by adoptively transferred CEA-specific CAR-T cells associated with symptoms of mild cytokine release syndrome.
Oncoimmunology 2016, 5, e1211218. [CrossRef]

81. Zhu, X.; Chen, J.; Li, W.; Xu, Y.; Shan, J.; Hong, J.; Zhao, Y.; Xu, H.; Ma, J.; Shen, J.; et al. Hypoxia-Responsive CAR-T Cells Exhibit
Reduced Exhaustion and Enhanced Efficacy in Solid Tumors. Cancer Res. 2024, 84, 84–100. [CrossRef]

82. Kim, S.M.; Lee, S.Y.; Kim, S.I.; Bae, J.Y.; Hong, J.T.; Jo, S.; Kim, J.H.; Chung, H.Y.; Kim, T.D. Developing CAR-T/NK cells that
target EphA2 for non-small cell lung cancer treatment. Front. Immunol. 2025, 16, 1448438. [CrossRef] [PubMed]

83. Singh, D. Revolutionizing Lung Cancer Treatment: Innovative CRISPR-Cas9 Delivery Strategies. AAPS PharmSciTech 2024, 25, 129.
[CrossRef] [PubMed]

84. Liang, X.; Potter, J.; Kumar, S.; Zou, Y.; Quintanilla, R.; Sridharan, M.; Carte, J.; Chen, W.; Roark, N.; Ranganathan, S.; et al.
Rapid and highly efficient mammalian cell engineering via Cas9 protein transfection. J. Biotechnol. 2015, 208, 44–53. [CrossRef]
[PubMed]

85. Grodzka, A.; Knopik-Skrocka, A.; Kowalska, K.; Kurzawa, P.; Krzyzaniak, M.; Stencel, K.; Bryl, M. Molecular alterations of driver
genes in non-small cell lung cancer: From diagnostics to targeted therapy. EXCLI J. 2023, 22, 415–432. [CrossRef]

86. Guernet, A.; Mungamuri, S.K.; Cartier, D.; Sachidanandam, R.; Jayaprakash, A.; Adriouch, S.; Vezain, M.; Charbonnier, F.; Rohkin,
G.; Coutant, S.; et al. CRISPR-Barcoding for Intratumor Genetic Heterogeneity Modeling and Functional Analysis of Oncogenic
Driver Mutations. Mol. Cell 2016, 63, 526–538. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1758835918763493
https://doi.org/10.1038/s41389-020-00257-z
https://doi.org/10.1186/s40364-020-00237-w
https://www.ncbi.nlm.nih.gov/pubmed/33292688
https://doi.org/10.1007/s00262-020-02735-0
https://www.ncbi.nlm.nih.gov/pubmed/33025047
https://doi.org/10.1038/s41467-024-55751-4
https://doi.org/10.1016/j.omton.2024.200891
https://www.ncbi.nlm.nih.gov/pubmed/39498357
https://doi.org/10.1002/cti2.1154
https://doi.org/10.1006/scbi.1998.0119
https://doi.org/10.7150/jca.9871
https://doi.org/10.1080/2162402X.2016.1211218
https://doi.org/10.1158/0008-5472.CAN-23-1038
https://doi.org/10.3389/fimmu.2025.1448438
https://www.ncbi.nlm.nih.gov/pubmed/40181964
https://doi.org/10.1208/s12249-024-02834-6
https://www.ncbi.nlm.nih.gov/pubmed/38844700
https://doi.org/10.1016/j.jbiotec.2015.04.024
https://www.ncbi.nlm.nih.gov/pubmed/26003884
https://doi.org/10.17179/excli2023-6122
https://doi.org/10.1016/j.molcel.2016.06.017

	Introduction 
	Molecular Landscape of NSCLC 
	General Mechanisms of Gene Therapy in NSCLC 
	Gene Replacement 
	Gene Silencing 
	Gene Editing: CRISPR/Cas9 in NSCLC 
	Chimeric Antigen Receptor CAR-T Cell Therapy in NSCLC 
	Challenges in Gene Therapy for NSCLC 
	Conclusions 
	References

