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Introduction
Non-small cell lung cancer (NSCLC) accounts 
for approximately 85% of lung cancer cases, with 
adenocarcinoma, squamous cell carcinoma, and 
large cell carcinoma as its main subtypes.1 Despite 
recent advances in diagnosis and therapy, 
advanced NSCLC patients still exhibit poor 
5-year survival, largely due to metastasis. NSCLC 
commonly spreads to specific organs, including 
the brain, bones, liver, adrenal glands, and lungs 
(Figure 1),2 which not only worsen symptoms but 
also complicate clinical management.

High-throughput sequencing and molecular testing 
have revealed the pivotal roles of driver genes (e.g., 
EGFR, ALK, KRAS) and key non-driver genes 
(e.g., TP53, STK11, KEAP1) in NSCLC develop-
ment and progression. These mutations influence 
tumor proliferation, invasion, and drug resistance, 
and are closely linked to organ-specific metastasis.3 

EGFR and ALK mutations are associated with 
brain metastasis, KRAS with multiple lung, liver, 
or adrenal metastases, while TP53, STK11, and 
KEAP1 mutations indicate higher multi-organ 
metastatic risk and poor prognosis.

Despite extensive research on the link between 
genetic mutations and NSCLC metastasis, gaps 
remain due to reliance on retrospective or single-
center studies, small sample sizes, and a lack of 
large-scale prospective data. Mechanistic insights 
are still fragmented, and clinical translation is 
limited, with no established predictive models  
or standardized treatment protocols based on 
genetic profiles.4 A systematic summary of gene–
metastasis associations in NSCLC can clarify the 
molecular basis of tumor progression and provide 
guidance for metastasis risk prediction, personal-
ized therapy, and strategies to overcome drug 
resistance.
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The process and mechanisms of  
lung cancer metastasis
Lung cancer metastasis is a complex, multi-step 
process involving tumor cell phenotypic changes, 
interactions with the extracellular matrix and 
immune microenvironment, and dynamic signal-
ing regulation.5,6 Although NSCLC subtypes dif-
fer in metastatic behavior, the process generally 
follows four stages: epithelial-mesenchymal tran-
sition and invasion, circulation and extravasation, 
metastatic microenvironment establishment, and 
immune evasion and colonization (Figure 2). 
These stages are interconnected and mutually 
reinforcing, enabling tumor cells to colonize spe-
cific organs.7–9

Epithelial-mesenchymal transition  
and local invasion
Epithelial-mesenchymal transition (EMT) is an 
early event that enables lung cancer cells to 
migrate and invade. During EMT, downregula-
tion of adhesion molecules such as E-cadherin 
and upregulation of mesenchymal markers like 
N-cadherin and vimentin cause cells to lose polar-
ity and adopt a fibroblast-like migratory pheno-
type.10,11 EMT is regulated by signaling pathways 
including TGF-β/SMAD, Wnt/β-catenin, and 
Notch; mutations in driver genes such as EGFR, 
KRAS, and ALK can enhance EMT through 
downstream activation of PI3K/AKT and MAPK, 
thereby increasing tumor cell invasiveness.12,13

A key factor in local invasion is extracellular 
matrix (ECM) degradation, largely driven by 
increased expression of matrix metalloprotein-
ases (MMPs) and cathepsins. Cancer-associated 
fibroblasts (CAFs) contribute by releasing 
MMP-2, MMP-9, and pro-inflammatory cyto
kines such as IL-6 and IL-8, which remodel the 
ECM and facilitate cancer cell invasion through 
the basement membrane.14 Altered signaling 
from driver genes further enhances cancer cell 
invasiveness, enabling entry into the bloodstream 
or lymphatics.

Circulatory metastasis and extravasation
After breaching local tumor barriers, cancer cells 
enter the bloodstream or lymphatic system as cir-
culating tumor cells (CTCs). To survive shear 
stress and immune attacks, CTCs employ mecha-
nisms such as forming heterotypic aggregates 
with platelets to evade natural killer cell clear-
ance.15,16 EGFR-mutant lung cancers show 
higher CTC detection rates, reflecting increased 
hematogenous metastatic potential.17

Extravasation enables circulating tumor cells to 
colonize distant organs. This process depends on 
interactions between tumor cell integrins and 
endothelial adhesion molecules, as well as 
chemokine axes like CXCL12/CXCR4 that guide 
cells to metastatic sites.18 Driver gene mutations 
can also modulate integrin expression, affecting 

Figure 1.  The common metastatic sites of non-small cell lung cancer are the brain, bone, adrenal glands, 
liver, and lungs.
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tumor cell retention in organ-specific microvas-
culature and contributing to lung cancer’s organo-
tropic metastasis.

Formation of the PMN
The pre-metastatic niche (PMN) theory suggests 
that primary tumors can prime distant organ 
microenvironments by releasing exosomes, 
cytokines, and growth factors before cancer cell 
arrival.19 Tumor-derived exosomes, enriched in 
specific microRNAs and proteins, recruit mye-
loid-derived suppressor cells (MDSCs), promote 
angiogenesis, and alter matrix stiffness, creating 
conditions that favor cancer cell colonization.

Driver gene mutations can shape exosome  
content. KRAS-mutant lung cancer-derived 
exosomes are enriched in molecules such as miR-
21 and miR-29a, which promote pre-metastatic 
niche formation in the liver and brain. 

Understanding these mechanisms can reveal 
organ-specific metastatic preferences of mutated 
lung cancers.

Immune evasion and metastasis  
site colonization
Immune evasion enables metastatic cancer cells 
to survive and form lesions in distant organs. 
Tumor cells can upregulate PD-L1 to suppress T 
cell activity or secrete immunosuppressive factors 
such as TGF-β and IL-10, recruiting regulatory 
T cells (Tregs) and M2 macrophages to weaken 
local anti-tumor immunity.20

During colonization, cancer cells must adapt to 
the target organ microenvironment, including 
oxygen levels, nutrient availability, and local 
cytokines. Certain mutations, such as ALK rear-
rangements, enhance lung cancer’s ability to col-
onize the brain, likely by adapting to molecules 

Figure 2.  Lung cancer metastasis represents a complex, multistep biological cascade. Initially, tumor cells 
undergo epithelial-mesenchymal transition, losing polarity and acquiring migratory and invasive capacities. 
A subset of these cells then penetrate into the vasculature through intravasation, entering the bloodstream 
as circulating tumor cells. During circulation, they must withstand hemodynamic stress and evade immune 
surveillance, often aided by platelets and immunosuppressive factors. Subsequently, tumor cells extravasate 
across the vascular wall to invade distant tissues. Meanwhile, the primary tumor promotes the establishment 
of a pre-metastatic niche in secondary organs via exosomes, cytokines, and extracellular matrix remodeling, 
thereby facilitating colonization. Ultimately, cancer cells adapt to the new microenvironment, where they 
colonize and form macroscopic metastatic lesions.
CTCs, circulating tumor cells; EMT, epithelial-mesenchymal transition.
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that regulate the blood-brain barrier (BBB). Cells 
then proliferate and partially revert to an epithe-
lial phenotype via MET, forming clinically detect-
able metastases.

Key genetic mutations and metastatic  
target organs in NSCLC
NSCLC is a genetically heterogeneous malig-
nancy, with driver mutations influencing tumor 
initiation, progression, and metastatic potential, 
including organ-specific spread. Advances in 
molecular diagnostics have clarified links between 
key driver genes—EGFR, KRAS, and ALK—and 
organotropic metastasis, while non-driver genes 
such as TP53 and STK11, which regulate inva-
siveness and metastasis, have also gained atten-
tion. This chapter systematically reviews the 
mutation profiles of major driver and key non-
driver genes in NSCLC, examines their associa-
tions with common metastatic sites and underlying 
mechanisms, and summarizes mutation-based 
metastasis risk assessment and targeted therapy 
strategies, providing a foundation for precision 
treatment. Apparent organotropism, particularly 
for the central nervous system (CNS), is detec-
tion- and era-sensitive: estimates depend on rou-
tine baseline brain MRI and the availability of 
CNS-active targeted agents; cohorts without sys-
tematic MRI or predating these therapies may 
under-detect intracranial disease and are not 
directly comparable across eras.

EGFR mutations and metastatic target  
organs in NSCLC
EGFR is a key target in NSCLC, with mutations 
occurring in over 50% of Asian patients and 
10%–15% of Caucasians.21 These mutations 
mainly affect the tyrosine kinase domain (exons 
18–21), with exon 19 deletions and exon 21 
L858R point mutations accounting for 80%–90% 
of cases.22,23 Rare mutations, including exon 20 
insertions and G719X, comprise roughly 
15%.24,25 EGFR mutations are closely linked to 
metastasis, particularly to the brain and bones. 
Understanding their association with specific 
metastatic sites can inform patient management. 
The following sections review research on EGFR 
mutations and their relationships with brain, 
bone, and other metastatic targets in NSCLC.

EGFR mutations and brain metastasis.  Brain 
metastasis is a common and clinically significant 

form of distant spread in EGFR-mutant NSCLC, 
often indicating disease progression and poor 
prognosis. EGFR mutations markedly increase 
the risk of brain metastasis, with rates 2–3 times 
higher than in wild-type patients.26–28 A meta-
analysis of 22 studies including 8152 NSCLC 
patients reported a significantly elevated risk 
(RR = 1.54, 95% CI 1.31–1.82, p < 0.001), 
observed at both diagnosis and post-treatment.29 
The annual incidence of brain metastasis was 
15.8% in EGFR-positive patients versus 12.5% 
in wild-type.30 Mutation subtype also influences 
risk: exon 19 deletions had the highest incidence 
(17.1%), followed by L858R (13.6%) and other 
rare mutations (13.3%), compared to 6.1% in 
wild-type patients.26

The elevated risk of brain metastasis in EGFR-
mutant NSCLC is linked to dysregulated signal-
ing pathways. Activating EGFR mutations 
promote brain metastasis via the ERK1/2–E2F1–
WNT5A pathway: mutant EGFR continuously 
activates MAPK/ERK1/2, inducing E2F1 to sup-
press WNT5A, which reduces cell adhesion and 
polarity, facilitating migration, BBB penetration, 
and brain colonization.31 EGFR-mutant tumors 
also secrete IL-11, activating astrocytes to upregu-
late PD-L1, suppress CD8+ T cells, and create 
an immunosuppressive microenvironment that 
supports metastatic growth.32 Additionally, EGFR 
mutations enhance migration and invasion 
through EMT, and exosomes mediate tumor–
brain microenvironment interactions, modulating 
BBB permeability during metastasis.33

Epidermal growth factor receptor tyrosine kinase 
inhibitors (EGFR-TKIs) are small molecules that 
bind the intracellular tyrosine kinase domain of 
EGFR, blocking downstream signaling to inhibit 
tumor growth. Osimertinib, a third-generation 
EGFR-TKI, is the first-line standard for common 
sensitizing EGFR mutations. In the prespecified 
CNS analysis of the phase III FLAURA trial, osi-
mertinib significantly prolonged intracranial pro-
gression free survival (PFS) versus gefitinib/
erlotinib under BICR (median not reached vs 
13.9 months) and achieved higher intracranial 
response rates.34 FLAURA2 further showed that 
adding platinum–pemetrexed to osimertinib pro-
longed PFS, with patients who had baseline brain 
metastases showing a lower risk of intracranial 
progression or death versus osimertinib alone.35 
Nevertheless, CNS progression still occurs after 
osimertinib, reflecting acquired resistance 
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mechanisms—most commonly MET amplifica-
tion or mutations.

In MET-driven resistance, adding a MET inhibi-
tor such as capmatinib can recapture responses in 
selected patients.36 Given its bispecific EGFR–
MET targeting, amivantamab directly addresses 
this pathway and can be deployed alone or in 
combination. Lazertinib, a third-generation CNS-
penetrant EGFR-TKI with documented intrac-
ranial activity, complements amivantamab. In 
MARIPOSA, first-line amivantamab + lazertinib 
significantly prolonged PFS versus osimertinib, 
with prespecified analyses indicating a reduced 
risk of intracranial progression.37 In the post-osi-
mertinib, post-platinum setting, CHRYSALIS-2 
reported clinically meaningful activity of amivan-
tamab + lazertinib (ORR ≈ 28%), including 
intracranial responses in subsets.38 Accordingly, 
at progression on osimertinib, re-biopsy to docu-
ment MET-driven resistance should guide either 
osimertinib + a MET inhibitor or a switch to 
amivantamab + lazertinib, particularly when 
CNS control is a priority.

EGFR mutations and bone metastasis.  Bone 
metastasis occurs in up to 41.1% of NSCLC 
patients with EGFR mutations, predominantly 
affecting the vertebrae (76.3%) and pelvis 
(60.9%), while femoral involvement (20%) is 
associated with poor prognosis.39 EGFR-mutant 
NSCLC shows higher bone metastatic rates than 
wild-type. PET/CT studies report 32.2% in 
EGFR-mutant versus 22.8% in wild-type 
(p = 0.007), with more concurrent bone and brain 
metastases at diagnosis (20.9% vs 7.5%, 
p = 0.018).40 A retrospective study of 410 patients 
confirmed higher bone metastasis at diagnosis in 
EGFR-mutant cases (63.9% vs 54.4%, p = 0.004), 
with EGFR mutation identified as an indepen-
dent risk factor for skeletal-related events 
(OR = 3.05, 95% CI 1.61–5.79, p = 0.001).41

EGFR mutations promote bone destruction in 
NSCLC metastasis through multiple mecha-
nisms. EGFR signaling upregulates RANKL, 
stimulating osteoclast formation and activity, 
leading to osteolytic lesions; clinical samples show 
a positive correlation between EGFR and 
RANKL in bone metastatic tumors.42 NSCLC-
derived exosomes containing the EGFR ligand 
AREG activate EGFR in osteoclast precursors, 
upregulating genes such as RANKL, MMP9, and 
TRAP, thereby enhancing osteoclast differentia-
tion and bone resorption.43 Additionally, tumor 

microenvironment cytokines, including IL-6, 
activate STAT3 in osteoclast precursors, while 
TGF-β promotes osteoclast-stimulating factors 
and regulates tumor–osteocyte interactions, sus-
taining a malignant cycle of bone metastasis and 
exacerbating bone destruction.44–46

In EGFR-driven NSCLC bone metastasis, treat-
ment primarily involves EGFR-TKIs and bone-
targeted agents. EGFR-TKIs inhibit tumor 
proliferation and slow progression of bone lesions, 
while bisphosphonates and RANKL inhibitors 
suppress osteoclast activity, reducing bone 
destruction and skeletal-related events.47,48 
Combined therapy improves efficacy, delays 
complications, and enhances patient quality of 
life. Third-generation EGFR-TKIs are the stand-
ard first-line backbone in EGFR-mutated 
advanced NSCLC. Bone-targeted agents such as 
denosumab or zoledronic acid are routinely com-
bined with calcium and vitamin D, and local 
measures including palliative radiotherapy and 
surgical or interventional stabilization are used 
when indicated.49 Evidence for improvements in 
bone-focused endpoints—skeletal-related event 
(SRE) incidence or bone-PFS—with alternative 
EGFR-targeted strategies remains limited.

It is noteworthy that disease progression follow-
ing osimertinib treatment is frequently associated 
with the emergence of MET amplification or 
mutation.50,51 At progression, tissue re-biopsy or 
plasma circulating tumor DNA (ctDNA) analy-
sis is recommended to define resistance mecha-
nisms, with particular attention to MET 
activation.52 When MEt  alterations are identi-
fied, the addition of a MET inhibitor to osimerti-
nib—such as tepotinib or capmatinib—has 
demonstrated clinical activity in post-osimertinib 
settings.36,53 In addition, amivantamab, a bispe-
cific antibody targeting EGFR and MET, either 
as monotherapy or in combination with lazerti-
nib, has shown efficacy after osimertinib fail-
ure.54,55 Importantly, MET-driven resistance 
represents a systemic mechanism of disease pro-
gression, and patients with MET amplification 
may benefit from these combination strategies 
irrespective of metastatic sites. However, the 
effects of MET-targeted approaches on bone-
specific outcomes have not yet been prospec-
tively established. Bone-related endpoints, 
including bone-specific PFS and SRE, remain 
underreported and should be incorporated into 
future studies to better characterize treatment 
effects on osseous disease.
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EGFR mutations and other metastases.  NSCLC 
patients with EGFR mutations are at increased 
risk of multiple lung metastases. Imaging studies 
show that EGFR-mutant tumors often present 
with diffuse nodules, suggesting promotion of 
multifocal lesions.56 These patients also frequently 
develop metastases to the liver, pleura, and lymph 
nodes. Liver metastasis, common in advanced 
stages, is associated with poor prognosis; pleural 
metastasis can cause effusions and impair quality 
of life; and lymph node involvement contributes 
to both local progression and distant spread. 
Metastases to the adrenal glands and skin are less 
common. While EGFR mutations are linked to 
these patterns, the precise molecular mechanisms 
remain unclear, likely involving enhanced inva-
siveness, microenvironment modulation, and 
immune evasion.

KRAS mutations and metastatic sites in NSCLC
KRAS mutations and brain metastasis.  In NSCLC 
patients with KRAS G12C mutations, the cumu-
lative incidence of brain metastasis can reach 40%, 
with 35.1% presenting synchronously at diagno-
sis.57 A 2023 Swedish registry study reported 
higher CNS metastasis at stage IV in G12C 
patients (28%) compared to other KRAS muta-
tions (19%) or wild-type KRAS (18%).58 How-
ever, real-world cohort studies found no significant 
differences between KRAS-mutant and wild-type 
patients (33% vs 40%, p = 0.17) or between G12C 
and non-G12C mutations (40% vs 41%, 
p = 0.74).59 Thus, the impact of KRAS mutations 
on brain metastasis risk remains unclear.

KRAS mutations activate MAPK/ERK and PI3K 
pathways, promoting EMT, chemotaxis, and 
matrix degradation, which enhance invasiveness 
and facilitate BBB penetration. Co-mutations in 
STK11, KEAP1, and TP53 often accompany 
KRAS mutations, creating an immunosuppres-
sive or highly invasive microenvironment that 
may impair brain control, although a direct link 
to brain tropism remains unconfirmed.60

Patients with KRAS-mutant NSCLC often have 
poor prognosis and limited response to conven-
tional chemotherapy or some targeted therapies. 
Among approved KRAS G12C inhibitors, adag-
rasib provides the most robust prospective CNS 
evidence to date: in the phase Ib KRYSTAL-1 
cohort of patients with untreated brain metasta-
ses, the confirmed intracranial ORR was 42% 
(95% CI 20.3–66.5) with durable control, 

demonstrating BBB penetration.61 By contrast, 
sotorasib has emerging but more limited prospec-
tive CNS data; an exploratory post-hoc analysis 
of the phase III CodeBreaK 200 trial reported a 
reduced risk of intracranial progression versus 
docetaxel among patients with previously treated, 
stable brain metastases at baseline.62 Next-
generation G12C inhibitors such as divarasib 
show promising systemic activity; early studies 
generally excluded active, untreated brain metas-
tases, and a phase I long-term follow-up in 
NSCLC is now available while robust prospective 
CNS-specific readouts remain pending.63,64 
However, drug resistance and limited applicabil-
ity still pose challenges.65

KRAS mutations and bone metastasis.  Clinical 
studies indicate that KRAS-mutant NSCLC has 
distinctive patterns of bone metastasis. In a study 
of 500 metastatic lung adenocarcinoma patients 
(excluding EGFR-positive), bone metastasis 
occurred in 26.2%, with ~28% harboring KRAS 
mutations; median overall survival (mOS) was 
lower in patients with bone metastasis (3.7 vs 
9.7 months, p = 0.003).66 Among KRAS subtypes, 
G12C patients had a higher bone metastasis rate 
compared to other subtypes.67 Bioinformatics 
analyses show that KRAS/STK11/KEAP1 triple 
mutations are associated with more frequent dis-
tant metastases, particularly bone, and poorer 
prognosis than KRAS alone,68 suggesting these 
co-mutations may synergistically enhance inva-
siveness and define a high-risk subgroup.

KRAS mutations promote bone metastasis via 
multiple pathways. KRAS activation induces 
EMT, reducing cell adhesion and enhancing 
migration and invasiveness, facilitating entry into 
the bloodstream and bone microenvironment. 
HOXC10 is upregulated in KRAS-mutant bone 
metastases, activating NOD1/ERK signaling by 
binding the NOD1 promoter, reprogramming 
EMT and altering the bone microenvironment.69 
Additionally, KRAS-driven secretion of CCL12 
interacts with CXCR4, promoting tumor cell 
migration to bone and facilitating metastasis.70

For NSCLC patients with KRAS, especially 
G12C, mutations and bone metastases, targeted 
therapy is the main intervention. Inhibiting KRAS 
signaling suppresses tumor proliferation and 
metastasis.66 Because STK11/KEAP1 co-muta-
tions delineate a poor-prognosis subgroup with 
attenuated benefit to immune checkpoint inhibi-
tor (ICI) monotherapy, combination 
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chemo-immunotherapy should be preferred over 
single-agent ICI, and future G12C inhibitor stud-
ies should prospectively report bone-specific end-
points to clarify osseous control.71 KRAS-driven 
bone metastasis may also involve the HOXC10/
NOD1/ERK pathway, and combining HOXC10 
inhibition with STAT3 inhibitors could mitigate 
bone metastasis, suggesting potential combina-
tion therapy strategies.69

KRAS mutations and other metastases.  KRAS-
mutant NSCLC patients frequently develop 
metastases to the liver, adrenal glands, and mul-
tiple lung sites. A retrospective study reported 
liver metastasis in 11%, adrenal in 17.4%, and 
multiple lung metastases in 45.6% of KRAS-
mutant cases.66 These patterns may result from 
KRAS-driven EMT, chemokine secretion, 
reduced cell adhesion, and microenvironment 
remodeling. Co-mutations with STK11 or 
KEAP1 further increase the risk of liver and adre-
nal metastases, indicating that specific molecular 
subgroups have higher metastatic potential.

KRAS G12C inhibitors, such as sotorasib and 
adagrasib, have demonstrated objective response 
rates of 30%–40% in advanced or metastatic 
NSCLC, with some patients achieving systemic 
control of liver and lung metastases.72 For cases 
with multiple organ progression or local threats, 
combining local therapies—such as radiation, 
ablation, or surgery—can improve disease control 
and patient quality of life.

ALK rearrangement and metastatic  
sites in NSCLC
Anaplastic lymphoma kinase (ALK) rearrange-
ments involve fusions of ALK with genes such as 
EML4 or KIF5B, producing proteins with aberrant 
kinase activity.73 These fusion proteins activate 
downstream pathways—including RAS–MAPK, 
PI3K–AKT, and JAK–STAT—driving abnormal 
proliferation and survival, and promoting tumor 
initiation and progression.74,75 Identified in 2007, 
ALK rearrangements occur in 2%–7% of NSCLC 
cases and are strongly associated with brain 
metastasis, with some links to other metastatic 
sites.76,77

ALK rearrangement and brain metastasis.  ALK-
positive NSCLC patients have a high propensity 
for brain metastasis. Studies show that ALK rear-
rangements significantly increase this risk. A sys-
tematic review reported an annual incidence of 

17.0% in ALK-positive patients versus 12.5% in 
wild-type, with a cumulative rate of 40%–60% 
over the disease course.30 Retrospective analyses 
indicate that 20–30% of ALK-positive patients 
present with brain metastases at diagnosis, often 
with multiple lesions.78 The incidence rises over 
time, underscoring the CNS as a critical site for 
disease progression and treatment failure.79

ALK-positive NSCLC brain metastasis involves 
multiple cellular mechanisms. ALK fusion pro-
teins activate PI3K/AKT and MAPK pathways, 
enhancing tumor cell survival, migration, and 
adaptation in the brain microenvironment, 
facilitating BBB penetration.79,80 EMT further 
increases invasiveness and migration through reg-
ulation of matrix metalloproteinases. Exosomes 
from ALK-positive cells also remodel the BBB, 
increasing permeability and promoting brain 
invasion.81

ALK-TKIs block the aberrant kinase activity of 
ALK fusion proteins, inhibiting downstream 
signaling and tumor cell proliferation. Alectinib 
has randomized phase III evidence of superior 
intracranial control versus crizotinib in treatment-
naïve ALK-positive NSCLC. In ALEX, the 
12-month cumulative incidence of CNS progres-
sion was markedly lower with alectinib across pre-
defined subgroups (4.6% vs 31.5% without 
baseline CNS metastases; 16.0% vs 58.3% with 
baseline CNS metastases), and among patients 
with measurable baseline CNS lesions the intrac-
ranial ORR was 81% vs 50%.82,83 Lorlatinib 
showed striking first-line CNS efficacy in 
CROWN and maintained durable intracranial 
protection on long-term follow-up.84,85 CROWN 
reported an intracranial ORR of 82% versus 23% 
in patients with measurable brain metastases at 
baseline, with a time-to-intracranial-progression 
HR of 0.06, confirming robust CNS potency and 
durability.84,85 Brigatinib also improved intracra-
nial control versus crizotinib in ALTA-1L, sup-
porting first-line CNS activity alongside alectinib 
and lorlatinib.86

ALK rearrangement and other target organ  
metastasis.  Beyond brain metastasis, ALK-posi-
tive NSCLC shows a predilection for bones, 
pleura, liver, adrenal glands, and often presents 
with multi-focal lung lesions and mediastinal or 
distant lymph node involvement. Clinical and ret-
rospective studies report overall metastasis rates 
up to 71%, with bone metastasis at 27%–32%, 
pleural involvement 29%–36%, and liver 

https://journals.sagepub.com/home/tam


Therapeutic Advances in 
Medical Oncology Volume 18

8	 journals.sagepub.com/home/tam

metastasis 19%.87–89 Multi-focal lung lesions and 
lymph node involvement are also more frequent, 
suggesting that peripheral organ dissemination in 
ALK-rearranged tumors exhibits specific “organ 
affinity.”

EML4-ALK and other ALK fusions constitu-
tively activate downstream pathways such as 
PI3K/AKT and MAPK/STAT, promoting prolif-
eration, survival, EMT, and gene expression 
changes that enhance migration and invasiveness. 
Additionally, EML4-ALK can generate active 
circular RNAs and modulate exosome and 
chemokine secretion, remodeling distant micro-
environments to facilitate tumor cell adhesion, 
colonization, and growth.87

ALK-TKIs are the main treatment for ALK-
positive NSCLC with extracranial metastases. 
First-generation TKIs, like crizotinib, can delay 
progression in bone, liver, pleura, and other sites, 
though control of some metastases remains lim-
ited. Second-generation TKIs provide more 
durable control of bone, liver, and multi-organ 
metastases, extending PFS before resistance 
emerges.86,90 Third-generation TKIs, such as lor-
latinib, are effective against resistant mutations 
and show significant responses in bone and liver 
metastases.91

Other driver gene mutations and  
metastatic organs in NSCLC
In NSCLC, besides common drivers like EGFR, 
KRAS, and ALK, less frequent alterations—such 
as ROS1 fusions, BRAF mutations, and MET 
exon 14 skipping—also shape metastatic patterns. 
Though rare, these mutations can confer specific 
organ tropisms, influencing prognosis and treat-
ment. Like EGFR and ALK, they activate down-
stream pathways including MAPK, PI3K–AKT, 
and JAK–STAT, promoting invasion and metas-
tasis. Evidence suggests their extracranial metas-
tases are more heterogeneous, often involving 
bone, liver, or multifocal lung lesions.

Retrospective studies have shown that the inci-
dence of brain metastasis in ROS1-positive 
patients is 28%–36%, which is higher than that in 
wild-type patients (~20%), and the proportion of 
patients with brain metastasis at the time of diag-
nosis is approximately 12%.92 Cohort, real-world, 
and imaging studies show that ROS1-positive 
tumors frequently metastasize to the pleura,  
multifocal lungs, and bones. Single-organ 

involvement is often higher than in wild-type 
cases, with some CNS involvement, though over-
all brain metastasis remains slightly lower than in 
ALK-positive tumors.87,93 The BRAF V600E 
mutation in NSCLC is associated with metastatic 
rates of approximately 40% to the brain, 35% to 
the bone, and 25% to the liver.94 BRAF V600E 
mutations are associated with widespread dissem-
ination, commonly affecting bone, liver, and 
pleura, with metastatic patterns influenced by 
smoking history, PD-L1 expression, and immu-
notherapy response.94 Real-world studies have 
shown that in patients with MET exon 14 skip-
ping (METex14) mutations, the incidence of 
brain metastasis at diagnosis is 22%–27%, while 
the incidence of bone metastasis is 30%–35%.95 
METex14 mutations primarily metastasize to 
bone, pleura, lungs, liver, and mediastinal lymph 
nodes, with reviews noting patterns similar to 
advanced NSCLC overall but particularly promi-
nent in bone and pleural involvement.95,96

ROS1, BRAF V600E, and MET exon 14 muta-
tions promote tumor proliferation, invasion, and 
microenvironment remodeling by constitutively 
activating downstream pathways. ROS1 and 
MET signal through PI3K/AKT–MAPK, while 
BRAF V600E drives the RAF–MEK–ERK path-
way. Co-mutations, EMT, exosome or chemokine 
release, and post-treatment resistant clones fur-
ther influence organ-specific metastasis and 
tumor growth.92

For treatment, first-line therapy for ROS1-
positive NSCLC is crizotinib, though CNS pen-
etration is limited. Entrectinib offers superior 
CNS activity, making it suitable for first-line or 
sequential therapy97,98; in pooled prospective 
analyses, it achieved an intracranial objective 
response rate of 79.2% in patients with measura-
ble baseline brain metastases with a median 
intracranial progression-free survival of 
12.0 months, and the next-generation agent 
repotrectinib has demonstrated durable intracra-
nial responses.99,100 BRAF V600E mutations 
respond well to combined BRAF and MEK 
inhibitors, effective both post-chemotherapy and 
as first-line treatment, and should be prioritized; 
however, CNS-specific prospective datasets 
remain limited, and intracranial responses are 
mainly supported by case-level evidence.101 Local 
therapies are recommended for organ-specific 
complications, such as fractures, pleural effusion, 
or liver dysfunction.102,103 Selective MET-TKIs 
show promising responses and manageable safety 
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in MET exon 14–mutant patients, with or with-
out brain metastases; notably, capmatinib pro-
duced intracranial responses in 7 of 13 patients 
with baseline brain metastases in GEOMETRY 
mono-1 and tepotinib showed RANO-BM–based 
intracranial activity in VISION.104,105

Non-driver key genes and metastatic sites in 
NSCLC
Beyond well-known driver genes, NSCLC meta-
static patterns are also shaped by key non-driver 
genes. While not directly initiating tumors, these 
genes influence tumor evolution, microenviron-
ment remodeling, and organ-specific metastasis. 
Recent studies highlight TP53, STK11, and 
KEAP1, whose alterations are often associated 
with poor prognosis, distinct metastatic tenden-
cies, and treatment resistance.

TP53 mutations, which are common in NSCLC, 
are linked to heightened metastatic potential and 
poor prognosis. According to a multicenter study, 
TP53 mutation drives a significantly increased 
risk of distant metastasis in early-stage NSCLC, 
with a markedly higher risk of liver metastasis.106 
A genomic analysis of over 2000 lung adenocarci-
nomas demonstrated that TP53 inactivation cor-
relates with a higher overall metastatic burden 
and significantly shorter times to lymph node 
metastasis.3 A multicenter study in early-stage 
NSCLC further showed that TP53 mutations 
markedly increase the risk of distant metastasis, 
particularly to the liver (HR ≈ 2.51, 95% CI 
1.07–5.93).106 Loss of p53 function leads to 
genomic instability, elevated mutation load, and 
enhanced EMT, collectively promoting tumor 
cell invasion and metastasis. Although no thera-
pies specifically target TP53 mutations, in the 
context of EGFR mutations, TP53 co-mutations 
are associated with poorer responses to TKIs and 
faster disease progression. Consequently, these 
patients often require more aggressive combina-
tion strategies, such as TKIs combined with 
chemotherapy or anti-angiogenic therapy.107–109

Research has definitively confirmed that STK11 
mutations lead to primary resistance to PD-1/
PD-L1 monotherapy. This is characterized by an 
“immune desert” phenotype in the tumor micro-
environment, resulting in resistance to immune 
checkpoint inhibitors.110 Real-world cohorts and 
meta-analyses also show reduced sensitivity to 
PD-1/PD-L1 monotherapy, especially in PD-L1–
low/negative disease, with mechanistic data 

implicating AMPK pathway inactivation and 
STING suppression.111–113 In KRAS-mutant 
lung adenocarcinoma, STK11/LKB1 co-muta-
tion is associated with a markedly lower objective 
response to PD-1 blockade (~7.4%) versus 
KRAS-only (~28.6%) and KRAS–TP53 
(~35.7%), with inferior PFS and OS.114 Clinically, 
when STK11 (± KEAP1) co-mutations are pre-
sent and alternatives exist, PD-(L)1 monotherapy 
should generally be avoided and chemo-immuno-
therapy favored.71

KEAP1 alterations with NRF2 activation corre-
late with earlier/more frequent visceral metastasis 
(e.g., liver, nodes) and resistance to chemother-
apy, radiotherapy, and immunotherapy.3,115–117 
KEAP1/NRF2-driven immune evasion—impair-
ing dendritic-cell antigen presentation and T-cell 
responses—helps explain inferior outcomes on 
PD-(L)1 therapy and supports prioritizing com-
bination approaches over monotherapy118; addi-
tional clinical observations are concordant.119,120

Discussion
Advances in molecular testing and high-through-
put sequencing have increasingly highlighted the 
critical role of genetic mutations in the initiation 
and progression of metastasis in NSCLC. 
Mutations in both driver and non-driver key 
genes not only influence tumor biology and 
organ-specific metastatic tendencies but also 
closely impact clinical treatment responses and 
patient prognosis. Apparent organotropism—par-
ticularly for the CNS is detection- and 
era-sensitive.

In predicting metastatic risk, patients harboring 
EGFR or ALK mutations are more prone to devel-
oping brain metastases, whereas alterations in non-
driver key genes such as TP53, STK11, and 
KEAP1 indicate a higher likelihood of multi-organ 
metastasis and poorer prognosis. Developing met-
astatic risk models based on mutation profiles 
holds promise for early identification of high-risk 
populations and could guide imaging surveillance 
and clinical interventions.3,121 Table 1 summarizes 
genotype-specific organotropism and CNS-active 
therapies in NSCLC. In practice, standardizing 
baseline brain MRI in CNS-prone genotypes and 
aligning surveillance to genotype-specific risk make 
these tools clinically actionable. For osimertinib-
relapsed EGFR-mutant disease, MET amplifica-
tion is a key resistance mechanism; osimertinib +  
MET inhibition or the amivantamab–lazertinib 
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combination have shown activity—including in 
challenging bone or CNS disease—thereby pro-
longing response.36,38,54 Patients with KEAP1 or 
STK11 mutations typically derive limited benefit 
from PD-1/PD-L1 monotherapy, favoring com-
bination strategies when feasible. Future combi-
natorial approaches (e.g., TKI+IO, IO+metabolic 
inhibitors, EGFR–MET dual blockade, and 
radio-sensitizing targeted/IO regimens) warrant 
biomarker-selected evaluation. The success of 

amivantamab highlights the potential of mecha-
nism-informed, bispecific antibody approaches to 
preempt or tackle complex resistance patterns.

Translating these molecular insights into clinical 
practice is crucial for optimizing patient manage-
ment. Several key recommendations can be dis-
tilled: For patients with advanced EGFR- or 
ALK-positive NSCLC, given their high risk of 
brain metastasis, baseline brain MRI and regular 

Table 1.  Genotype-specific organotropism and CNS-active therapies in NSCLC.

Number References Driver gene Main metastatic 
sites

Key mechanisms CNS-active options

1 [3, 30, 34–37, 
39–41]

EGFR 
(Ex19del/
L858R)

Brain, bone, 
liver

Constitutive EGFR–MAPK/
ERK signaling promotes 
proliferation, invasion, and 
survival; at resistance, MET 
bypass restores downstream 
signaling and sustains 
dissemination.

Osimertinib (1L; CNS efficacy);
osimertinib + chemotherapy 
(1L; PFS/OS benefit)
amivantamab +  lazertinib 
(1L/after osimertinib; CNS 
activity)
osimertinib + tepotinib/
capmatinib (MET-driven 
resistance; intracranial 
responses)

2 [30, 83, 84, 86, 
88]

ALK fusion Brain, pleura, 
bone, liver

Oncogenic ALK activation drives 
PI3K/AKT and MAPK pathways, 
fostering survival, motility, 
and a propensity for CNS 
involvement.

Alectinib (1L; RCT; CNS 
control)
brigatinib (1L; RCT; CNS 
benefit)
lorlatinib (1L; RCT; high 
intracranial ORR)

3 [61, 62, 66, 68, 
71]

KRAS G12C Brain, bone, 
liver, adrenal 
gland

KRAS–MAPK/PI3K activation 
drives plasticity and 
dissemination; STK11/KEAP1 
co-mutations enforce an 
immune-cold state and blunt ICI 
response.

Adagrasib (prospective CNS 
activity)
sotorasib (exploratory 
intracranial signal)

4 [92, 93, 99, 100] ROS1 fusion Pleura, 
intrapulmonary, 
bone, brain

ROS1 fusion kinases activate 
PI3K/AKT and MAPK cascades, 
enhancing proliferation and 
motility and predisposing to 
pleural and CNS spread.

Entrectinib (pooled/integrated 
CNS efficacy)
repotrectinib (prospective; 
CNS activity)

5 [95, 104, 105] MET exon 14 
skipping

Bone, pleura, 
lung, liver, brain

Exon-14 skipping stabilizes MET 
signaling, enhancing invasion 
and motility and promoting 
visceral dissemination (bone, 
pleura, liver).

Capmatinib (prospective; 
intracranial responses)
tepotinib (prospective; RANO-
BM intracranial activity)

6 [94, 102, 103] BRAF V600E Brain, bone, 
liver

Constitutive RAF–MEK–ERK 
signaling drives proliferation 
and metastasis, with 
microenvironmental crosstalk 
contributing to bone and liver 
involvement.

Dabrafenib + trametinib 
(systemic efficacy; limited 
prospective CNS datasets)

CNS, central nervous system; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; RCT, randomized controlled trial.
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asymptomatic follow-up (e.g., every 4–6 months) 
should be considered, with a preference for CNS-
active TKIs such as osimertinib (EGFR) or alec-
tinib/lorlatinib (ALK) in the first-line setting. For 
KRAS G12C with active CNS disease, prioritize 
CNS-active agents (e.g., adagrasib) with MRI-
based follow-up. The presence of co-mutations in 
non-driver genes such as TP53, STK11, or 
KEAP1 should temper expectations for response 
to immune checkpoint inhibitor monotherapy 
and favor combination approaches (e.g., immu-
notherapy with chemotherapy). For rarer drivers 
(ROS1, BRAF V600E, METex14), baseline 
brain MRI and prioritization of CNS-active tar-
geted agents (entrectinib; dabrafenib+trametinib; 
capmatinib) enable proactive management of 
metastatic risk.

Despite the substantial accumulation of data in 
recent years, significant limitations remain in 
current research. First, most studies examining 
the relationship between gene mutations and 
metastatic patterns are retrospective or single-
center analyses with limited sample sizes, lead-
ing to population heterogeneity, selection bias, 
and a lack of large-scale prospective, multi-
center validation. Non-uniform imaging (e.g., 
absence of routine baseline brain MRI) further 
biases site-specific estimates and limits cross-
study comparability. Second, mechanistic stud-
ies remain fragmented; although multiple 
pathways—including EMT, metabolic repro-
gramming, exosome signaling, and the immune 
microenvironment—have been implicated, a 
unified mechanistic framework is still lacking. 
Third, while tools for predicting metastatic risk 
based on genetic mutations have been devel-
oped, they are not widely implemented in clini-
cal practice, and most patients continue to rely 
primarily on imaging follow-up. Finally, 
although combination therapies show consider-
able promise, no widely accepted treatment 
standards exist for managing resistance-medi-
ated progression (e.g., post-osimertinib MET 
amplification), and clinical decisions still rely 
heavily on individual physician experience. 
Prospective, biomarker-selected trials with pre-
defined organ-specific endpoints and harmo-
nized imaging are needed to validate sequencing 
and establish standards.

In conclusion, the association between genetic 
mutations and organ-specific metastasis in 
NSCLC illuminates the molecular mechanisms 
driving tumor progression and provides new 

opportunities for predicting metastatic risk and 
personalizing treatment strategies. Standardizing 
imaging and site-specific endpoints across trials 
and registries should accelerate translation and 
enable more rational sequencing, ultimately 
improving long-term survival for patients.

Conclusion
Metastasis is a major determinant of prognosis in 
NSCLC, with genetic mutations playing a central 
role. Driver mutations, such as EGFR and ALK, 
are strongly associated with brain metastasis, 
while KRAS mutations often involve bone, liver, 
and multiple lung sites. Non-driver genes like 
TP53, STK11, and KEAP1 promote multi-organ 
spread and poorer outcomes through genomic 
instability, metabolic reprogramming, and 
immune evasion. Clinically, mutation testing 
guides personalized therapy: TKIs benefit EGFR- 
and ALK-mutant patients, KRAS G12C inhibi-
tors offer new options, and non-driver gene 
alterations often require multimodal treatment. 
Challenges remain, including limited prospective 
data and incomplete understanding of mecha-
nisms such as EMT, exosomes, metabolism, and 
immune microenvironment. Integrating genetic 
profiles with imaging and multi-omics could 
improve metastatic risk prediction and therapy 
selection. Understanding the interplay of these 
mutations provides a foundation for early inter-
vention, precision treatment, and improved 
patient survival.
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