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Abstract: This article provides a comprehensive overview of lung cancer from a genetic perspective,
emphasizing the molecular pathways involved in its pathogenesis. This review presents the genetic
syndromes and key genomic variations, including alterations and instabilities, that contribute to
tumor development and progression. Furthermore, advancements in genomic testing, such as liquid
biopsy, are explored, highlighting their utility in early diagnosis, prognostic evaluation, and
personalized treatment strategies. The role of biomarkers in informing therapeutic decisions and
optimizing patient outcomes is also examined, offering insights into their potential to refine clinical
interventions. This review aims to enrich the understanding of the genetic landscape of lung cancer,
providing insights that may lead to improved diagnostic and therapeutic approaches.
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1. Introduction

Lung cancer, a malignant neoplasm originating from the epithelial cells of the lung, is
characterized by its aggressive growth and poor prognosis, making it a leading cause of cancer-
related mortality globally [1,2]. In the European Union (EU), lung cancer represents a significant
public health challenge, accounting for approximately one-fifth of all cancer-related deaths. In 2020,
lung cancer was responsible for the deaths of nearly a quarter of a million individuals within the EU,
constituting 4.5% of the overall mortality rate and 19.8% of all cancer-related deaths. The
epidemiology of lung cancer exhibits a gender disparity, with males demonstrating a higher
mortality rate at 5.9%, nearly double that of females at 3.0% [3,4].

2. Classification of Lung Cancers

From a histological perspective, lung cancer is primarily divided into two main subtypes: small
cell lung cancer (SCLC) and non-small cell lung carcinoma (NSCLC). Additionally, there are less
common forms of lung cancer, such as carcinoid tumors, bronchial gland carcinomas and
sarcomatoid carcinomas (Figure 1). NSCLC constitutes approximately 85% of all lung cancer cases,
while SCLC represents 10-15% of cases [5].

In 2021, the World Health Organization (WHO) revised the classification of lung tumors based
on morphological characteristics, molecular abnormalities, and immunohistochemical profiles. The
main categories of lung cancer classification now include epithelial tumors, lung neuroendocrine
neoplasms, tumors of ectopic tissues, mesenchymal tumors specific to the lungs, and
hematolymphoid tumors [6].
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Figure 1. Classification of lung cancers.

3. Genetic Predisposition and Associated Genes

Smoking is the principal cause of lung cancer, accounting for the majority of cases, though other
factors such as air pollution, ionizing radiation, chronic pulmonary conditions, and occupational
exposures also contribute, either independently or synergistically [7,8]. Additionally, a significant
number of lung tumors occur in non-smokers, often without identifiable external risk factors.
Individuals with a family history of lung cancer, especially those with early-onset disease, exhibit an
elevated risk, indicating that genetic factors play a crucial role in the development of lung cancer.

Lung tumors cases associated with inherited genetic variations typically exhibit an autosomal
dominant inheritance pattern. Most lung cancer cases are not linked to inherited genetic mutations,
but rather arise from somatic mutations specifically within lung cells. However, there are several
genetic syndromes known to present a risk for developing lung tumors (Figure 2). These genetic
conditions vary in their level of association with lung cancer, reflecting a range of potential risks [8-
11].
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Figure 2. Lung cancer predisposition syndromes.

Cancer cells emerge from non-malignant tissues through the sequential accumulation of
molecular alterations that drive proliferation, bypass growth suppression and apoptosis, and enable
processes such as angiogenesis, invasion, and metastasis. Typically, cancer-related genes are
categorized as either oncogenes, which promote tumorigenesis through gain-of-function mutations,
or tumor suppressor genes (TSGs), which require loss-of-function mutations to lose their protective
roles against cancer [12].

In lung adenocarcinoma, key oncogenes such as KRAS, EGFR, ALK, ERBB2, and BRAF are
frequently mutated and are found in over 50% of cases [13,14]. Alongside these alterations, tumor
suppressor genes like TP53, STK11, and CDKN2A are significantly impacted, with other suppressors
such as NF1, ATM, APC, and RB1 also playing crucial roles in the development and progression of
lung adenocarcinoma [14,15].

However, some genes can exhibit both oncogenic and tumor-suppressive functions depending
on the cellular context, due to the expression of multiple isoforms and post-translational
modifications [15]. This dual functionality underscores the complexity of cancer biology, where
single genetic events can shift the balance from tumor suppression to oncogenesis.

However, some genes can exhibit both oncogenic and tumor-suppressive functions depending
on the cellular context, due to the expression of multiple isoforms and post-translational
modifications [15]. This dual functionality underscores the complexity of cancer biology, where
single genetic events can shift the balance from tumor suppression to oncogenesis.

In addition to the roles of oncogenes and TSGs in cancer development, another pivotal
mechanism is the emergence of gene fusions, known as oncofusions (Figure 3). These hybrid genes
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result from genomic rearrangements such as deletions, inversions, translocations, or duplications,
where two previously independent genes are juxtaposed [16,17].

Oncofusions arise primarily from these rearrangements and contribute to tumorigenesis by
either deregulating existing cellular pathways or creating novel, oncogenic activities. With over
10,000 gene fusions identified in various human cancers, they represent a significant category of
driver alterations in cancer biology [15-17]. The most common targetable fusions involve the
anaplastic lymphoma kinase (ALK) gene, followed by those involving ROS1 and RET proto-
oncogenes. These fusions provide critical targets for precision therapies in NSCLC patients [18].

AKT1, DDR2, EGFR, HRAS,
KRAS, MET, MDM2, MYCL1,
NRAS, PIK3CA, SOX2, EPHA3,
INHBA, PAK3, SLC38A3

ALK, BRAF, ERBB4 NKX2-1
ERBB2, FGFR1, TERT,NFIB
FGFR2, MAP2K1, NOTCH1, NOTCH2,

MYC, MYCN, CREBBP NFE2L2, TGFB,
PDGFRA, ROS1, NTRK1 TUSC3, WT1,

KDR RET MALAT1
TP53
STK11
GNAS

ATM, BRCA2, CDKN2A,
RIT1, LTK KEAP1, PTEN, RB1,
STK11,TP73,LRP1B,

APC,PTPRD, SMYND10

Figure 3. Genes involved in lung carcinogenesis.

4. Molecular Pathways and Therapeutic Strategies

Lung cancer is a complex and multifactorial disease, driven by intricate molecular mechanisms
that regulate cell proliferation, survival, and metastasis. This complexity arises from numerous
interconnected signaling pathways, each playing a distinct role in driving cancer progression and
shaping the tumor microenvironment. Among the most critical pathways implicated in its
pathogenesis are those governing cellular responses to growth factors, energy stress, and immune
evasion [19,20]. These signaling cascades, including MAPK, JAK-STAT, and EGFR/PI3K/Akt/mTOR,
orchestrate key oncogenic processes, while dysregulation in pathways like Wnt/B-catenin,
VEGF/VEGFR, and NF-kB promotes tumor progression and angiogenesis.

Moreover, aberrations in hypoxia signaling, apoptosis regulation, and immune checkpoints
further enable cancer cells to adapt and evade therapeutic interventions, making these pathways
essential targets in lung cancer treatment and research. By thoroughly examining how these
disrupted pathways interact with one another, we can gain a deeper understanding of the complex
mechanisms driving tumor biology, which not only enhances our knowledge of cancer progression
but also uncovers new and potentially more effective therapeutic targets that could be exploited for
treatment interventions.

4.1. The MAPK pathway, also known as the RAS-RAF-MEK-ERK pathway, is pivotal in
transmitting external signals into cellular actions, regulating processes such as proliferation, survival,
and metastasis. The pathway's four primary cascades—ERK1/2, JNK, p38, and ERK5—each play
specialized roles in response to stimuli like growth factors or environmental stresses (Figure 4).
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Active at all stages of tumor development, this pathway contributes significantly to cancer
progression, especially through mutations like KRAS, which are found in 30% of lung
adenocarcinomas [19-21]. Such mutations lead to uncontrolled growth and resistance to apoptosis.

PLASMA MEMBRANE

CYTOPLASM

NUCLEUS

STAT 3 STAT 3

GENE EXPRESSION
Figure 4. The MAPK pathway.

The dysregulation of the RAS-RAF-MEK-ERK pathway contributes to the aggressive nature of
these cancers, making it a key target for therapeutic strategies. The interaction between the RAS and
TGF-p signaling pathways drives epithelial-mesenchymal transition (EMT) and extracellular matrix
(ECM) remodeling, which are key processes in cancer invasion and metastasis. The RREB1 gene,
activated by RAS, primes EMT and fibrogenic gene enhancers, which are then activated by the TGF-
B/SMAD pathway. Blocking RREB1 disrupts this process, preventing metastasis and presenting
RREBI as a potential target for cancer therapy [22,23].

4.2. The JAK-STAT pathway is a highly conserved signaling mechanism that is crucial for
transmitting extracellular signals into the nucleus, ultimately leading to changes in gene expression
(Figure 5). This pathway involves four JAK proteins (JAK1, JAK2, JAK3, and TYK2) and seven STAT
proteins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6). The pathway is primarily
activated by cytokines binding to their respective cell-surface receptors. This binding event triggers
the activation of receptor-associated Janus kinases (JAKs). Once activated, JAKs phosphorylate
specific tyrosine residues on the receptor, facilitating the recruitment of Signal Transducers and
Activators of Transcription (STATSs). In addition to cytokines, growth factors such as EGF can also
activate STATSs, expanding the pathway’s role in cellular signaling. Phosphorylated STATs then
dimerize, typically through interactions between their SH2 domains and phosphorylated tyrosine
residues [24]. These dimers translocate to the nucleus, where they bind to DNA and modulate the
transcription of target genes. In the context of NSCLC, the JAK-STAT pathway, particularly STAT3
and STATS, is frequently aberrantly activated. Persistent activation of STAT3 has been linked to
enhanced tumor proliferation, survival, and metastasis. This constitutive activation supports
oncogenic processes such as resistance to apoptosis, angiogenesis, and increased invasive potential,
contributing to the aggressive nature of NSCLC [25].
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Figure 5. The JAK-STAT pathway.

4.3. The LKB/AMPK/mTOR pathway is a critical signaling cascade that regulates energy
homeostasis, cell growth, and survival. Liver Kinase B1 (LKB1) is a key regulator of this pathway,
activating AMPK in response to cellular energy changes, acting as a metabolic checkpoint. This
pathway also helps maintain redox balance, particularly through NADPH regulation. AMPK inhibits
the mTOR pathway, which controls cell growth and metabolism, conserving energy during metabolic
stress (Figure 6). Additionally, the pathway influences cell polarity, the cytoskeleton, and the cell
cycle, and functions as a tumor suppressor [26]. In NSCLC, the LKB1/AMPK/mTOR pathway plays
a dual role. While LKB1 acts as a tumor suppressor by regulating cell polarity, energy metabolism,
and inhibiting cell proliferation, its dysregulation is associated with tumor progression and
metastasis. Loss of LKB1 function disrupts these regulatory mechanisms, leading to increased
invasive and migratory capabilities of cancer cells.

mTORC1

PROTEIN TRANSLATION

Figure 6. The LKB1/AMPK/mTOR pathway.

Notably, while LKB1/AMPK signaling typically acts as a barrier to tumorigenesis by
maintaining energy balance and inhibiting mTOR activity, its dysregulation can also confer survival
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advantages to cancer cells, particularly in the nutrient-deprived tumor microenvironment.
Furthermore, genetic variations within this pathway, such as mutations in AKT and TSC1, have been
associated with differential responses to chemotherapy in NSCLC patients, suggesting that the
LKB1/AMPK/mTOR axis may also impact treatment outcomes [26,27].

4.4. The EGFR/PI3K/Akt/mTOR pathway is integral to the progression of various cancers,
including NSCLC. This pathway controls vital cellular processes such as metabolism, migration, cell
survival, and proliferation and its impact extends to modifying the tumor microenvironment [28].
Specifically, it facilitates the recruitment of inflammatory cells and stimulates angiogenesis, which is
essential for tumor growth and metastasis. (Figure 7). In lung cancer, mutations and amplifications
in the PIK3CA gene are frequently observed, particularly in squamous cell carcinoma, and
significantly contribute to tumorigenesis and disease progression.

EGFR

Qe @@bggg @
| 2o

CELL MEMBRANE

l
«» -« |

Figure 7. The EGFR/PI3K/Akt/mTOR pathway.

Moreover, the activation of Akt and mTOR, driven by mutations in PIK3CA, EGFR, or KRAS, is
frequently associated with resistance to conventional therapies, further complicating treatment
strategies. The EGFR/PI3K/Akt/mTOR pathway governs several processes in lung cancer, including
genomic stability, cell survival, senescence, angiogenesis, proliferation, metastasis, and cellular
metabolism. Therefore, any dysregulation or mutation within this pathway can substantially
contribute to lung cancer progression. In NSCLC, one of the primary mutations occurs in receptor
tyrosine kinases (RTKSs), which act as the initial trigger for the pathway. Similarly, KRAS mutations
can activate this pathway through alternate mechanisms. The pathway’s importance is further
highlighted by its role in tumors with activating mutations, particularly those involving EGFR.
Research shows that the Akt/mTOR signaling cascade remains constitutively active in approximately
67% of patients with EGFR mutations [28,29].

For patients with EGFR mutations, several targeted therapies have been developed, offering a
range of benefits based on the specific mutation and patterns of resistance observed. One notable
example is Osimertinib, a third-generation EGFR tyrosine kinase inhibitor (TKI), which has shown
significant efficacy, especially in patients with T790M-positive mutations. Due to its favorable
progression-free survival (PFS) and overall survival (OS) outcomes, Osimertinib is often considered
a preferred first-line treatment for such patients [30-32].

4.5. The Keapl-Nrf2 pathway plays a important role in cellular defense by regulating the
expression of detoxifying and antioxidant enzymes. Nrf2 (Nuclear factor erythroid 2-related factor 2)
is a transcription factor that drives the expression of these protective genes, while Keap1 (Kelch-like
ECH-associated protein 1) serves as its primary regulator. Under normal conditions, Keap1l binds to
Nrf2, promoting its ubiquitination and degradation, thereby maintaining low Nrf2 activity [33].
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However, under oxidative stress, modifications in Keap1l prevent this degradation, allowing Nrf2 to
accumulate and activate the transcription of target genes involved in cellular protection (Figure 8).

KEAP1

70

Figure 8. The Keap1-Nrf2 pathway.

In lung cancer, alterations in the Keapl-Nrf2 pathway, such as mutations or loss of Keapl
function, are common and significantly contribute to tumor development. These mutations often
disrupt the Keap1-Nrf2 interaction, leading to increased Nrf2 activity and the upregulation of genes
that promote tumor survival and progression [34]. Studies have shown that Keapl mutations are
frequent in lung squamous cell carcinoma, leading to persistent Nrf2 activation, which promotes
drug resistance and tumor growth [33,34]. Furthermore, Nrf2 mutations, particularly in regions
interacting with Keapl, further enhance Nrf2's protective role in cancer cells, contributing to their
survival under stress conditions.

4.6. The Wnt/B-catenin pathway is triggered when Wnt ligands bind to cell receptors, stabilizing
[-catenin and allowing it to accumulate in the nucleus, where it promotes gene expression related to
cell growth and survival. Without Wnt signaling, (3-catenin is degraded (Figure 9).

In lung adenocarcinoma cells, WIF1 overexpression has been shown to inhibit migration and
invasion by downregulating Wnt/p-catenin signaling. Similarly, the secreted frizzled-related protein
(sFRP) family antagonizes Wnt signaling by competing with Fzd receptors for Wnt ligands, while
Dickkopf (DKK) family members like DKK-1 are often overexpressed in lung cancer tissues and
associated with tumor progression and metastasis [35]. Additionally, the DKK-3 gene, when
reactivated, can induce cell cycle arrest and apoptosis, and improve cisplatin sensitivity in resistant
cell lines. Oncogenes like TIPE and high mobility group protein 3 (HMGB3) also influence this
pathway; TIPE promotes NSCLC cell proliferation by downregulating Wnt/B-catenin signaling,
while HMGBS3 is linked to poor prognosis due to its role in enhancing Wnt signaling activity [36,37].
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Figure 9. The Wnt/{3-catenin pathway.

4.7. VEGF/VEGFR Pathway - Vascular endothelial growth factor (VEGF), predominantly
secreted by tumor cells, stromal cells, and endothelial cells within the tumor microenvironment
(TME), consists of several family members, including VEGF-A, VEGF-B, and VEGEF-C. These factors
exert their effects by binding to specific receptors, mainly tyrosine kinase receptors (VEGFRs) and
neuropilin receptors (NRPs).

VEGEF-A, the most important for angiogenesis, primarily binds to VEGFR-2, leading to receptor
dimerization and activation of downstream signaling pathways essential for endothelial cell
proliferation and migration (Figure 10). When VEGF-A binds to VEGFR-2, it triggers several
intracellular signaling cascades, including phospholipase C y (PLC-y) and phosphoinositide 3-kinase
(PI3K). PLC-y hydrolyzes phosphatidylinositol-4,5-bisphosphate to produce inositol triphosphate
(IP3) and diacylglycerol (DAG), leading to an increase in intracellular calcium and the activation of
protein kinase C (PKC). PKC, in turn, stimulates the Rafl-MEK1/2-ERK1/2 pathway, promoting
endothelial cell proliferation. Concurrently, PI3K activation results in AKT phosphorylation, which
enhances endothelial nitric oxide synthase (eNOS) activity, supporting cell proliferation and
migration. These processes are critical for the angiogenic response and tumor growth [38,39].

In lung cancer, VEGF promotes the formation of new blood vessels, which are necessary for
tumors to grow and metastasize. VEGF achieves this by binding to its primary receptor, VEGFR-2,
on endothelial cells, activating pathways that promote cell proliferation and survival. In NSCLC, high
VEGF levels are associated with poor prognosis, increased tumor recurrence, and metastasis. VEGF
also directly impacts tumor cells by promoting their proliferation and survival. Bevacizumab, a
treatment for lung cancer, inhibits VEGF-A activity, which is often upregulated by hypoxia-inducible
factor 1 (HIF-1). This inhibition prevents the abnormal angiogenesis driven by onco-metabolic stress,
making Bevacizumab a cytostatic rather than a cytotoxic agent [40,41].
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Figure 10. The VEGF/VEGEFR pathway.

4.8. NF-xB Pathway - Nuclear factor-kappa B is a critical transcription factor that regulates
inflammation, cell survival, and proliferation. Its dysregulation is implicated in various cancers,
including lung cancer. The NF-kB family consists of five proteins —p65 (RelA), RelB, c-Rel, p50/p105
(NF-xB1), and p52 (NF-kB2)—that form dimers and bind DNA to regulate gene expression. p65, RelB,
and c-Rel act as transcriptional activators, while p50 and p52 primarily function as repressors. NF-xB
controls numerous genes related to key cellular processes, making it a central player in lung cancer
by modulating both inflammation and cell survival [42].

In lung cancer, particularly K-ras-driven tumors, NF-kB activation plays a crucial role in tumor
progression. K-ras mutations, which are common in lung adenocarcinomas, correlate with aggressive
disease. NF-kB is activated through the canonical pathway involving IKK-f3 and promotes tumor
growth by enhancing cell proliferation and survival (Figure 11). It regulates key targets like Cyclin
D1, driving the cell cycle, and PTEN, a tumor suppressor that NF-kB suppresses. The suppression of
PTEN activates the PI3K/AKT pathway, further promoting cell survival and therapy resistance, both
critical factors in lung cancer development and maintenance [42,43].
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Figure 11. The NF-kB pathway.

4.9. PD-1/PD-L1 Pathway is a crucial immune checkpoint mechanism that regulates immune
tolerance within the tumor microenvironment. PD-1 (Programmed Cell Death Protein 1) is an
inhibitory receptor expressed on T cells, while PD-L1 (Programmed Death-Ligand 1) is its ligand,
found on various tumor cells and in the TME. When PD-1 interacts with PD-L1, it inhibits T cell
activation and function, leading to a diminished anti-tumor immune response, allowing cancer cells
to evade immune surveillance. This pathway plays a significant role in cancer progression by
facilitating immune evasion and tumor persistence through suppression of effective immune
responses [44]. Several signaling pathways, such as PI3K/AKT, MAPK, and JAK-STAT, influence the
PD-1/PD-L1 axis, impacting its role in tumorigenesis. For instance, the PI3K/AKT pathway can
upregulate PD-L1 expression, enhancing immune evasion by tumors. Similarly, the MAPK pathway
regulates PD-L1 levels through both transcriptional and post-translational mechanisms. The JAK-
STAT pathway also plays a role in regulating PD-L1 expression, and JAK2 inhibitors have shown
potential in suppressing PD-L1 levels to improve anti-tumor immunity. Additionally, the Wnt and
NF-«kB pathways also modulate PD-L1 expression, influencing the efficacy of immunotherapies
[45,46].

The introduction of anti-PD-1/PD-L1 inhibitors has transformed the treatment of advanced
NSCLC, offering patients significantly extended survival and prolonged disease control. A subset of
patients even achieves long-term progression-free survival or no detectable disease. However, the
response to PD-1/PD-L1 blockade remains limited to a portion of patients, leaving many
unresponsive to monotherapy. For NSCLC patients with high PD-L1 expression, Atezolizumab has
been shown to significantly extend overall survival compared to platinum-based chemotherapy [47].

4.10. Apoptosis Pathway involves two primary pathways in lung cancer: the extrinsic death
receptor pathway and the intrinsic mitochondrial pathway. The extrinsic pathway is initiated when
death ligands, such as Fas ligand (Fas-L), bind to their receptors, such as Fas receptor (Fas-R), leading
to the recruitment and activation of caspase-8. Caspase-8, in turn, activates caspase-3, which cleaves
proteins and fragments DNA, driving apoptosis.

Additionally, caspase-8 can activate Bid, increasing mitochondrial membrane permeability and
releasing cytochrome c, thereby promoting the intrinsic pathway of apoptosis [48].

In non-small cell lung cancer , disruptions in these apoptotic pathways are common. Loss of key
apoptotic factors like FasL and Apaf-1, as well as mutations in death receptors such as TRAIL receptor
2, can impair apoptosis and contribute to therapy resistance. Elevated levels of anti-apoptotic
proteins, including Bcl-2 and pro-caspase-3, are frequently observed in NSCLC and are associated
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with poor prognosis and reduced treatment effectiveness [48,49]. Growth factor signaling pathways,
such as those involving IGF-1R, EGFR, and K-Ras, exacerbate anti-apoptotic signaling in lung cancer,
promoting cell survival and resistance to therapy. Additionally, deficiencies in MAPK pathways,
such as JNK and p38, impair radiation-induced apoptosis. Elevated levels of MKP1/CL100
phosphatase may also impair JNK activity, further contributing to therapy resistance. Understanding
these disruptions is crucial for developing targeted therapies to overcome resistance in NSCLC [49].

4.11. HIF (Hypoxia-Induced) Pathway plays a key role in cellular metabolism, especially in
tumor biology. HIF is a transcription factor composed of a- and (3-subunits, with HIF-1a being crucial
for oxygen-sensitive responses (Figure 12). Under normal oxygen levels, HIF-1a is rapidly degraded
through hydroxylation and ubiquitination, mediated by the von Hippel-Lindau (pVHL) protein,
resulting in a short half-life. This degradation prevents the activation of downstream genes involved
in glycolysis and hypoxic adaptation. However, in low-oxygen (hypoxic) environments, HIF-1a
stabilizes and translocates to the nucleus, where it activates genes that promote glycolysis and other
metabolic changes that support tumor growth [50,51].
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Figure 12. The Hypoxia-Induced pathway.

The regulation of HIF-1a is influenced by both oxygen-dependent mechanisms, such as prolyl
hydroxylase domain proteins (PHDs) and factor inhibiting HIF (FIH), and oxygen-independent
mechanisms, including NF-«kB, SP1, and STAT3. Together, these pathways contribute to the metabolic
shift observed in tumors. In NSCLC, HIF-1a is overexpressed, driving glycolysis even in the presence
of oxygen (the Warburg effect) and facilitating tumor adaptation to hypoxia. HIF-1a also enhances
the expression of glycolytic enzymes and pro-angiogenic factors, promoting tumor progression and
therapy resistance. Elevated HIF-1a levels are linked to poor prognosis in NSCLC, making it an
important therapeutic target [50-54].

4.12. The Notch signaling pathway plays a complex role in NSCLC, affecting both cell growth
and apoptosis. In NSCLC, Notchl is often overexpressed, especially under low-oxygen (hypoxic)
conditions, which support tumor growth and survival (Figure 13). However, its effects vary by cell
type. For instance, Notch1 inhibition can increase cell death and decrease growth in certain NSCLC
cells, like A549, while in others, such as squamous cell carcinoma (SCC), it may have the opposite
effect. This shows that the effects of Notch1 are cell-type dependent [55].
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Figure 13. NOTCH pathway.

Notchl also interacts with other pathways, such as PI3K/AKT and hypoxia signaling, to further
promote cancer growth. Blocking Notchl, for example, with y-secretase inhibitors, can reduce
NSCLC viability by inducing apoptosis. Notch3 also plays a role, particularly in its interaction with
the EGFR-MAPK and Wnt signaling pathways. Targeting Notch3 has been shown to reduce tumor
growth by promoting apoptosis and may work well in combination therapies aimed at multiple
pathways [56,57]. In summary, Notchl and Notch3 are crucial in NSCLC development, and targeting
them offers promising therapeutic potential, particularly when combined with inhibitors for other
pathways.

5. Genomic Alterations and Instabilities in Lung Cancer

Lung cancer is driven by various genomic alterations including point mutations, insertions-
deletions, copy number variations, gene fusions, and rearrangements, all of which contribute to
tumor initiation and progression. These mutations frequently affect key oncogenes and tumor
suppressor genes, leading to dysregulated processes like uncontrolled proliferation, evasion of
apoptosis, and increased metastatic potential [58].

KRAS mutations, especially at codon 12 (e.g., G12C, G12D, G12V), result in the continuous
activation of the RAS signaling pathway, driving uncontrolled proliferation. Mutations like KRAS
G12D are associated with poorer clinical outcomes, including shorter progression-free survival (PES)
and overall survival (OS). Certain variants, like KRAS G>T, have been linked to more favorable
outcomes [58,59].

EGFR mutations, mainly in exons 18-21, affect the tyrosine kinase domain, with around 90%
involving microdeletions in exon 19 and exon 21. These mutations make tumors highly responsive to
EGFR tyrosine kinase inhibitors (TKIs), although their role in surgically resectable lung cancer is still
debated [59].

ALK gene mutations, such as His694Arg (H694R) and Glul384Lys (E1384K), activate
downstream pathways like STAT3 and AKT, promoting oncogenesis. This has made ALK inhibitors
like Lorlatinib, Ceritinib, and Brigatinib essential for treating ALK-positive tumors [60,61].

In addition to specific mutations, genomic instability —particularly chromosomal instability
(CIN) and microsatellite instability (MSI)—plays a key role in lung cancer progression:

e CIN contributes to chromosomal aberrations such as gain of chromosome 5p (enhancing TERT
expression for tumor growth) or loss of chromosome 9p21 (inactivating CDKN2A, leading to
unchecked proliferation). CIN promotes karyotype heterogeneity, fostering genetic diversity
within tumors, complicating treatment, and enabling adaptation to evolving conditions. CIN also
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supports the creation of an inflammatory tumor microenvironment that promotes pro-tumor
signaling and metabolic changes that favor cancer cell survival and immune evasion [62].

e MSI is less common in lung cancer, but when present, it often arises due to defects in DNA
mismatch repair (MMR) genes like MSH2 and MLH], leading to a hypermutated state and
increased neoantigen formation, making MSI-high tumors more responsive to immunotherapy.
MSI mutations, such as those in TGFBR2, further promote genomic instability and cancer
progression [63].

6. Genetic Testing and Biomarkers in Lung Cancer

One of the most significant advancements in lung cancer diagnosis and treatment over the past
decade has been the transition towards personalized medicine. In this approach, therapeutic
decisions are guided by the unique histologic and genetic characteristics of the patient’s tumor,
allowing for more targeted treatment strategies [64]. Genetic testing is now a standard practice for
patients with NSCLC.

In lung cancer, the detection of specific molecular changes helps classify tumors more accurately,
guiding clinicians in determining the most appropriate course of treatment. By identifying these
genetic alterations, oncologists can prescribe therapies that target the molecular mechanisms driving
cancer growth [65]. This approach not only improves treatment efficacy but also reduces unnecessary
interventions, thereby minimizing the potential side effects of broader therapies. Drawing on the
Centers of Disease Control Genetics Working Group framework, the applicability of genetic testing
for lung cancer prevention can be evaluated based on several critical criteria. Notably, a high
proportion of the population carries genetic variants linked to an increased risk of developing lung
cancer, suggesting a broad potential for genetic testing.

However, there are significant challenges, including the need to maintain high-quality standards
in genetic testing laboratories and the costs associated with widespread genetic testing. Furthermore,
the strength of the association between the identified genotype and lung cancer risk has not been
prospectively validated, raising concerns about the clinical utility of these tests. Therefore, while
genetic testing holds promise, further research and refinement are needed to meet the rigorous
standards required for its effective use in lung cancer prevention [66].

Lung cancer screening, as recommended by the National Comprehensive Cancer Network
(NCCN), provides several significant benefits (Figure 14). Early detection of lung cancer can reduce
mortality by enabling timely interventions that improve survival rates. Patients diagnosed at earlier
stages often require less aggressive treatment, which helps to reduce the side effects of both the
disease and its treatments [67]. Additionally, lung cancer screening can motivate healthier lifestyle
changes, such as smoking cessation, and reduce the psychosocial burden by relieving anxiety related
to lung cancer risk. Screening also helps to identify tumors when they are smaller and less invasive,
contributing to a better overall quality of life for patients.

Despite its advantages, genetic testing in the context of lung cancer carries certain risks. One
concern is the potential to identify indolent tumors—those that may not cause harm during the
patient’s lifetime—which could lead to unnecessary treatment, potentially reducing quality of life.
The psychological impact of test results, including anxiety and stress, is also a key consideration.
There are physical risks associated with follow-up diagnostic procedures, such as biopsies, and the
possibility of false-positive or false-negative results. False positives may lead to unnecessary
treatments, while false negatives could result in missed opportunities for early intervention.
Furthermore, the cost of genetic testing and subsequent follow-up procedures, including radiation
exposure during diagnostic imaging, adds an additional layer of complexity.
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Figure 14. Benefits and risks of genetic testing.

Next-generation sequencing (NGS) has revolutionized lung cancer diagnostics and treatment
strategies. In the era of precision medicine, this technology enables comprehensive tumor molecular
profiling, providing critical insights into a wide range of cancer-related mutations. This increases the
possibility of identifying germline mutations that may have implications for both treatment and
prevention [68]. NGS facilitates a comprehensive examination of the genome or exome in any type of
cancer by enabling the parallel sequencing of millions of short reads from various nucleic acids, such
as micro-RNA and other non-protein-coding DNA species [69]. NGS applications include whole-
genome sequencing (WGS), whole-exome sequencing (WES), RNA expression profiling, and targeted
oncology panels that may cover anywhere from a few to hundreds of genes.

While NGS offers significant advantages that have made it indispensable in both research and
clinical practice, it also presents certain limitations, notably the requirement for sophisticated
bioinformatics tools and highly trained personnel to manage the experimental procedures and data
analysis. Some advantages of NGS include lower costs, quick processing times, a wide range of
applications, and utility in both research and clinical environments [70]. Additionally, commercial
NGS platforms and specialized kits are widely available. However, NGS also has disadvantages, such
as the need for specialized software and computing resources for data analysis, a lack of standardized
protocols or materials for clinical applications, and remaining cost barriers in certain developing
countries. Beyond NGS, several other genetic testing techniques are crucial in lung cancer
diagnostics. Fluorescence in situ hybridization (FISH) can identify chromosomal abnormalities when
traditional sequencing methods fail, making it a valuable complementary technique, especially in
cases where limited tumor tissue is available. Additionally, polymerase chain reaction (PCR) remains
a gold standard for detecting specific mutations in genes like EGFR, KRAS, and BRAF [70,71].

Emerging technologies like liquid biopsy have gained considerable attention in recent years due
to its minimal invasiveness and ability to provide continuous, real-time insights into tumor biology
[72]. This technique allows for repeated sampling of biological material such as circulating tumor
cells (CTCs), extracellular vesicles (EVs), cell-free DNA (cfDNA), circulating tumor DNA (ctDNA),
non-coding RNAs (ncRNAs), and proteins, among others [73].

These biomarkers, detectable in bodily fluids such as blood, cerebrospinal fluid, saliva, pleural
fluid, and urine, offer essential information for the early diagnosis of lung cancer, therapeutic
monitoring, and prognostic assessment. The concentrations of these tumor markers can vary
depending on factors like tumor stage, metastasis, and genomic instability, making them valuable for
tracking tumor progression and therapy response [74,75].
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Circulating free DNA (cfDNA) consists of fragmented DNA released into the bloodstream through
natural processes like apoptosis, necrosis, or active secretion from both healthy and damaged cells,
including those from tumors. This fragmented DNA, often derived from multiple tissues, plays a
pivotal role as a non-invasive biomarker in cancer research. In NSCLC, elevated cfDNA levels have
been associated with poorer prognosis, especially when linked to additional markers like the
neutrophil-to-lymphocyte ratio (NLR) [76,77].

Circulating tumor DNA (ctDNA), a subset of circulating free DNA (cfDNA), offers significant
promise as a tumor biomarker due to its ability to provide real-time insights into the tumor's genetic
makeup. ctDNA is released into the bloodstream primarily through apoptosis and necrosis of tumor
cells and represents only a small fraction of total cfDNA, typically ranging from 0.01% to 90% of
cfDNA in peripheral blood [59]. Its unique properties, such as a short half-life of approximately 15
minutes to 2.5 hours, make ctDNA a dynamic indicator of tumor activity, as it can reflect changes in
tumor status much earlier than traditional protein markers, which may take weeks to appear [78].

The genetic content of ctDNA includes vital information on tumor mutations, methylation
patterns, and microsatellite instability, allowing for detailed genomic analyses that can support early
diagnosis, monitor disease progression, and track the emergence of drug resistance in cancer patients.
For instance, ctDNA has proven to be particularly valuable in non-small cell lung cancer, where it
helps detect EGFR mutations, enabling clinicians to tailor targeted therapies more effectively and
monitor patients' responses to treatment [79,80].

The clinical utility of ctDNA is further enhanced by advanced detection techniques such as
digital PCR, quantitative PCR (qPCR), and next-generation sequencing, which offer high sensitivity
and specificity. These methods allow for both qualitative and quantitative analysis of ctDNA, even
when the circulating levels are low, which is a common challenge in early-stage lung cancer and
minimal residual disease settings. Moreover, ctDNA testing is less influenced by tumor heterogeneity
than tissue biopsies, making it a more reliable tool for comprehensive genomic profiling. In lung
cancer, ctDNA-based liquid biopsies enable the detection of emerging genetic mutations related to
drug resistance, offering critical insights for modifying treatment plans.

Despite its low abundance in blood, ctDNA's association with tumor burden has been well
established, with studies showing elevated levels correlating with advanced cancer stages. The ability
of ctDNA to predict recurrence and metastasis, alongside its application in non-invasive liquid
biopsy technologies, positions it as a next-generation biomarker for early diagnosis, prognosis, and
real-time monitoring of tumor dynamics [81,82].

Circulating tumor cells (CTCs) have emerged as a significant biomarker in the context of liquid
biopsy for non-small cell lung cancer (NSCLC), providing valuable insights into disease progression
and treatment response. CTCs, alongside other liquid biopsy analytes like circulating tumor DNA
and extracellular vesicles , offer a non-invasive method for monitoring cancer and detecting
therapeutic resistance mechanisms. Notably, CTCs have been shown to predict patient outcomes,
with specific markers like PD-L1+ CTCs being linked to poorer progression-free and overall survival.
This biomarker also aids in assessing resistance to immunotherapy. While ctDNA is useful for
identifying mutations and guiding targeted therapies, CTCs offer a more comprehensive analysis by
representing whole cells, making them a more reliable indicator of tumor behavior, especially when
combined with PD-L1+ EV analysis. Further research is necessary to standardize liquid biopsy
procedures and confirm these findings, but the integration of multiple liquid biopsy markers,
including CTCs, holds promise for improving personalized cancer treatment strategies [83,84].

The research on CTCs and angiogenesis highlights their critical roles in cancer progression and
metastasis. Angiogenesis, regulated by factors like VEGF, leads to the formation of leaky, immature
blood vessels, facilitating CTC intravasation and aiding metastasis. Studies show that higher
microvessel density in tumors correlates with increased metastasis risk, particularly in cancers like
breast cancer. CTCs, which can form clusters with enhanced metastatic potential, are abundant in
aggressive cancers such as small cell lung cancer (SCLC), where they contribute to the rapid spread
of the disease. Despite advancements in detecting CTCs, their clinical utility as biomarkers is limited
due to detection challenges, lack of standardization, and their heterogeneity. In cancers such as non-
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small cell lung cancer, where CTC counts are typically lower, the prognostic value of these cells
remains unclear. Moreover, while CTCs offer valuable insights into tumor biology, their use in
guiding therapy lags behind other biomarkers like cell-free DNA. Overall, the study of CTCs
continues to evolve, but more standardized approaches are needed to fully harness their potential in
clinical practice [84,85].

Extracellular vesicles (EVs) are small, lipid bilayer-bound vesicles secreted by cells, involved in
intercellular communication and the regulation of tumor processes. EVs, including exosomes and
microvesicles, carry genetic materials such as miRNAs, IncRNAs, and proteins, making them vital
for tumor progression and immune modulation. In lung cancer, EVs are emerging as promising
liquid biopsy tools due to their stability and capacity to reflect real-time tumor dynamics [86,87].
Specific miRNAs, like miR-934, miR-186-5p, miR-29a-3p and miR-497-5p, carried by EVs have been
linked to lung cancer progression. Additionally, EVs-derived circRNAs such as circUSP7 and
circSATB2 and IncRNAs like ZEB2-AS1, UFC1 have shown significant potential for early lung cancer
detection. These biomarkers, by regulating various signaling pathways, offer promising avenues for
disease diagnosis and monitoring. Despite their diagnostic promise, the low abundance of EVs in
biological samples presents a challenge, necessitating the refinement of current isolation and
characterization techniques to improve clinical applications [88].

The versatility of liquid biopsy lies in its ability to detect a wide range of molecular markers,
including epigenetically modified DNA, long non-coding RNAs, microRNAs, tumor-associated
antigens, and metabolites [89]. These components not only provide critical insights into the genetic
and molecular characteristics of the tumor but also help identify mutations in tumor-associated
genes, enabling personalized treatment strategies in precision medicine. In clinical practice, liquid
biopsies are proving highly effective in monitoring disease recurrence and guiding treatment
decisions, positioning them as a promising alternative to traditional tissue biopsies. As research
progresses, the use of liquid biopsy is expected to expand, further enhancing lung cancer
management through improved early detection and personalized therapeutic interventions.

7. Conclusions

Lung cancer continues to be a leading cause of cancer mortality globally, driven by a
combination of environmental exposures and complex genetic alterations. Recent advancements in
understanding its molecular underpinnings have shed light on the pivotal role of oncogenes and
tumor suppressor genes. These discoveries have transformed the diagnostic landscape, enabling the
use of precision medicine through targeted therapies that inhibit specific molecular pathways
involved in tumor progression. Techniques such as next-generation sequencing and liquid biopsies
now allow for real-time monitoring of genetic mutations, providing valuable insights into the
disease's behavior and guiding more personalized treatment approaches.

These innovations have contributed significantly to improving early diagnosis and prognostic
evaluations, particularly in cases of non-small cell lung cancer. The expanding molecular
understanding not only helps refine prognosis but also paves the way for more effective
interventions. However, despite these significant strides, the treatment of lung cancer faces ongoing
challenges, particularly in overcoming drug resistance, tumor heterogeneity and the identification of
actionable mutations in all patients. The integration of biomarkers in clinical practice has improved
early diagnosis and treatment outcomes. While targeted therapies and immunotherapies have shown
promise, their efficacy is often hampered by the development of resistance mechanisms, necessitating
further research into combinatorial treatment strategies.

Future directions in lung cancer management will likely prioritize refining personalized
therapies by exploring novel molecular targets and enhancing the effectiveness of existing
treatments. Expanding the use of real-time monitoring through genetic and liquid biopsy
technologies will enable dynamic adjustments to treatment plans, improving both efficacy and
timing. This approach is expected to allow for more precise tailoring of therapies to individual patient
profiles, potentially reducing side effects and increasing survival rates. At the same time, efforts
should focus on developing combinatory therapeutic strategies that target multiple signaling
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pathways and molecular mechanisms simultaneously. These multifaceted approaches may provide
a more durable and sustained therapeutic effect. Continued innovation in genetic testing and
molecular diagnostics will be crucial for guiding precision medicine, ensuring that therapies remain
adaptable to the evolving nature of cancer. Ultimately, integrating molecular advancements with
therapeutic innovation holds great promise for significantly improving long-term outcomes and
enhancing the quality of life for lung cancer patients.

Abbreviation.

SCLC - small cell lung cancer

NSCLC - non-small cell lung carcinoma
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EMT - epithelial-mesenchymal transition
ECM - extracellular matrix

STAT - signal transducers and activators of transcription
LKB1 - liver kinase B1
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WGS - whole-genome sequencing

FISH - fluorescence in situ hybridization
CTC - circulating tumor cell
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