
 

TYPE Review
PUBLISHED 08 October 2025
DOI 10.3389/fcell.2025.1581831

OPEN ACCESS

EDITED BY

Ari Hashimoto,
Hokkaido University, Japan

REVIEWED BY

Nagendra Verma,
St. Cloud State University, United States
Han Liu,
Henan University of Chinese Medicine, China
Zheming Wu,
Mayo Clinic, United States

*CORRESPONDENCE

Jingxing Dai,
 daijx@smu.edu.cn,
 daijx2013@163.com

Ying Lv,
 lvying1966@163.com

RECEIVED 23 February 2025
ACCEPTED 26 September 2025
PUBLISHED 08 October 2025

CITATION

Gong F, Zhang Q, Fan Q, Qu R, Wang C, 
Yang T, Fan T, Lv Y and Dai J (2025) Research 
progress on the role of biomechanical clues 
in the progression of lung cancer.
Front. Cell Dev. Biol. 13:1581831.
doi: 10.3389/fcell.2025.1581831

COPYRIGHT

© 2025 Gong, Zhang, Fan, Qu, Wang, Yang, 
Fan, Lv and Dai. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

Research progress on the role of 
biomechanical clues in the 
progression of lung cancer

Fengying Gong1,2, Qiang Zhang1, Qin Fan3, Rongmei Qu4, 
Congrong Wang5, Ting Yang6, Tingyu Fan4, Ying Lv1* and 
Jingxing Dai4*
1Department of Traditional Chinese Medicine, Nanfang Hospital of Southern Medical University, 
Guangzhou, China, 2The Second Clinical College of Guangzhou University of Chinese Medicine, 
Guangzhou, China, 3School of Traditional Chinese Medicine, Southern Medical University, Guangzhou, 
China, 4Guangdong Provincial Key Laboratory of Medical Biomechanics and Guangdong Engineering 
Research Center for Translation of Medical 3D Printing Application and National Key Discipline of 
Human Anatomy, School of Basic Medical Sciences, Southern Medical University, Guangzhou, China, 
5Department of Laboratory Medicine, Nanfang Hospital of Southern Medical University, Guangzhou, 
China, 6Department of Oncology, Guangzhou Fuda Cancer Hospital, Guangzhou, China

Cells in mammals perceive and react to the mechanical properties of their 
surrounding environment. Disease progression is frequently linked to dynamic 
changes in cellular and tissue mechanics. Mechanical responses have been 
investigated in a broad range of pathological states, notably viral and bacterial 
infections, inflammation, cystic fibrosis, and tumorigenesis. The lung is an 
inherently mechanosensitive organ. As such, it is subjected to tremendous 
mechanical forces. Evidence suggests that lung tumors are subjected to 
and react to active and passive forces that are critical for their initiation, 
differentiation, migration, and effector functions, as well as those of their 
extracellular matrix. This review discusses the latest advances in the investigation 
of the mechanics of lung cancer cells, focusing on the effects of mechanical 
signals from tumor microenvironment on tumor cell metabolism and tumor 
aggressiveness. Investigating the biological impacts of stress and stiffness 
alterations in lung cancer cells and their associated extracellular matrix can 
enhance our understanding the pathogenesis of lung cancer and offer novel 
insights for future therapeutic strategies.

KEYWORDS
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 1 Introduction

Respiration maintains metabolism via gas exchange (external, transport, and internal). 
The lung is mechanosensitive, with alveoli stretching up to 12%. Mechanical stress 
affects cell growth and repair—excessive strain causes apoptosis and delays healing. 
These changes are mediated by ECM alterations, influencing disease development. After 
lung injury, epithelial cells repair under mechanical strain. Cancer cells demonstrated 
distinct mechanical properties, including cellular stiffness and elasticity, which were 
intricately linked to cell migration, metastasis, and epithelial-mesenchymal transition
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(EMT) processes (Cross et al., 2007). The physical properties of lung 
cancer cells, especially stiffness, represent an important aspect of 
their biological behavior. Studies have shown that lung cancer cells 
have lower mechanical strength than normal lung cells. Lung cancer 
cells exhibit increased deformability, which renders them more 
prone to invading adjacent tissues and blood vessels (Wohl et al., 
2023). This review discusses the latest advances in the investigation 
of the mechanics of lung cancer cells, focusing on the effects of 
mechanical signals from tumor microenvironment on tumor cell 
metabolism and tumor aggressiveness. Investigating the biological 
impacts of stress and stiffness alterations in lung cancer cells and 
their associated extracellular matrix can enhance our understanding 
the pathogenesis of lung cancer and offer novel insights for future 
therapeutic strategies. 

2 Physiological biomechanics of the 
lungs

Respiration is essential for the maintenance of normal 
metabolism and life activities. The primary function of the 
respiratory system is to facilitate gas exchange. The respiratory 
process consists of three segments, namely, external respiration 
(or pulmonary respiration), gas transport, and internal respiration 
(or tissue respiration) (Hsia et al., 2016; Novak et al., 2021). 
The lung is a naturally mechanosensitive organ and experiences 
continuous mechanical stimuli resulting from respiratory 
movements. Under physiological conditions, the alveolar region 
is subjected to linear strains of up to 12% (Waters et al., 
2012). Mechanical stress exerts significant influence on cellular 
elongation, multiplication, mitosis, and other biological processes 
(Wang et al., 2016). Studies have shown that scarred tissue is 
less flexible than healthy tissue and experiences compensatory 
strain, resulting in greater mechanical tension. High levels of 
mechanical stretch were reported to induce apoptosis in rat 
alveolar epithelial cells, delay wound repair processes, as well 
as decreases the migration of 16HBE14o−cells (Desai et al., 
2008). Furthermore, periodic mechanical stretching was shown 
to slow wound healing in primary human alveolar epithelial cells 
(Ito et al., 2014). The majority of biomechanical alterations were 
primarily mediated by modifications in the composition of the 
lung extracellular matrix (ECM) (Burgess and Harmsen, 2022; 
Burgstaller et al., 2017; Suki et al., 2022). For instance, alterations 
in ECM rigidity had been shown to influence alveolar epithelial 
cell behavior via mechanotransduction and promote disease 

Abbreviations: 3D, three-dimensional; BMDC, bone marrow-derived 
dendritic cell; CAFs, cancer-associated fibroblasts; CMs, cell mechanical 
properties; CS, cyclic stretch; CXCR, 4C-X-C chemokine receptor 4; DDR2, 
discoidal domain receptor 2; EC, endothelial cells; ECM, extracellular 
matrix; EMT, epithelial to mesenchymal transition; FA, focal adhesion; 
FAK, focal adhesion kinase; FET, fibroblasts, human colon cancer cells; 
LECs, lymphatic endothelial cells; LLC, Lewis lung cancer; LOXL2, lysyl 
oxidase-like 2; LH2, Lysyl hydroxylase 2; M0, normal macrophages; M2, 
alternatively activated macrophages; MMP, matrix metalloproteinase; MS, 
mechanical stress; NF-κB, nuclear transcription factor-κB; NSCLC, non-
small cell lung cancer cells; SCC, squamous cell carcinoma; TAFs, tumor-
associated fibroblasts; TAM, tumor-associated macrophages; TME, tumor 
microenvironment; TRPV4, Transient receptor potential vanilloid 4.

development (Ulldemolins et al., 2024). Following acute lung injury, 
alveolar epithelial cells undergo repair on substrates subjected to 
cyclic mechanical deformation. 

3 Biomechanical properties of lung 
cancer cells

3.1 Mechanical stiffness and deformability

Cells in the organism are subjected to various forms 
of mechanical stimulation, including fluid shear force, fluid 
pressure, tensile and compressive forces of the surrounding 
matrix, etc. According to the source of mechanical stress, 
it can be divided into intracellular stress mediated by the 
mechanical characteristics of ECM, and exogenous stress such as 
solid/liquid pressure, tensile force, and fluid shear stress (Figure 1) 
(Doyle et al., 2022; Guo et al., 2022; Liebman et al., 2020). 
Like normal cells, tumor cells can also sense the mechanical 
changes in tumor microenvironment and transform them into 
signaling pathways through mechanical transduction pathways, 
thereby affecting their abilities such as proliferation, migration, 
and invasion (Shu et al., 2024; Zhang et al., 2025). Under 
limited space and resource conditions, excessive proliferation of 
tumor cells means that they must withstand more mechanical 
or physical pressure. Tumor cells are exposed to various 
mechanical forces, including intercellular tension, interstitial 
fluid pressure, compressive stress, and fluid shear force, etc 
(Shu et al., 2024; Zhang et al., 2025).

Cancer cells demonstrated distinct mechanical properties, 
including cellular stiffness and elasticity, which were intricately 
linked to cell migration, metastasis, and epithelial-mesenchymal 
transition (EMT) processes. Compared to normal mesothelial cells 
in the body fluids, cancer cells from lung, breast, and pancreatic 
cancer patients had a lower Young’s moduli, indicative of lower 
stiffness (equivalent to less elasticity) (Cross et al., 2007). Lung cells 
are routinely exposed to cyclical mechanical stresses throughout 
the respiratory process. In A549 cells, sustained contraction 
under physiological conditions induces cellular rearrangements and 
changes in mitochondrial length (Wang et al., 2020). McAdams et al. 
(2006), demonstrated that the amplitude of cell membrane vibration 
and the dissipation of mechanical energy are significantly greater in 
malignant cells compared to benign cells.

The physical properties of lung cancer cells, especially stiffness, 
represent an important aspect of their biological behavior. Studies 
have shown that lung cancer cells have lower mechanical strength 
than normal lung cells. Lung cancer cells exhibit increased 
deformability, which renders them more prone to invading adjacent 
tissues and blood vessels (Wohl et al., 2023). The mechanical 
features of lung tumor cells, including morphology, rigidity, 
and intracellular dynamics, play a pivotal role in determining 
their physiological and pathological behaviors. It has been 
found that the amplitude of cell membrane vibration and the 
dissipation of mechanical energy are significantly greater in 
malignant cells compared to benign cells (Wohl et al., 2023). 
Low-stiffness lung cancer cells can better adapt to and traverse 
mechanically stressful environments, which facilitates their growth 
and metastasis. 
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FIGURE 1
A Mermaid mind map representation of extrinsic forces modulate lung cancer.

3.2 Key mechanosensors and pathways

The mechanical stiffness of lung cancer cells is modulated by 
both the intracellular microstructure and the ECM. The intracellular 
microstructure, including the organization and density of the actin 
cytoskeleton, as well as the density and degree of crosslinking 
of collagen and other components in the ECM, substantially 
influence the mechanical properties, particularly the stiffness, of 
lung cancer cells.

Lower tumor tissue stiffness accelerated the proliferation of 
tumor cells and facilitated their invasion of surrounding healthy 
tissue, while increased stiffness led to an invasive phenotype in 
tumor cells (Chen et al., 2020). The interplay between tumors 
and their mechanical microenvironment spans multiple spatial 
scales. At the cellular level, cancer-associated fibroblasts (CAFs) 
become activated during tumor progression, promoting stromal 
desmoplasia and increasing tissue stiffness (Ishihara et al., 
2017; Jiang et al., 2022; Pankova et al., 2016). Additionally, 
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tumor cells and CAFs generate growth-induced stress through 
collagen stretching and cell-ECM interactions during migration 
(Butcher et al., 2009; Mierke, 2019). At the tissue level, however, 
this stress is constrained by the surrounding host tissue, enabling 
tumor expansion and invasion through mechanical deformation of 
adjacent structures. A deeper understanding of these multiscale 
mechanisms—through combined experimental and theoretical 
approaches—is essential to elucidate the understudied role of 
biomechanical factors in tumor progression and treatment.

Cyclic stretching in A549 cells led to cytoskeleton enrichment 
and mitochondrial reorganization, thereby increasing the 
invasiveness of lung adenocarcinoma (Wang et al., 2020). In 
lung cancer patients, mechanical ventilation was associated with 
an increased abundance of PCSK9 and a higher proportion 
of metastases, consequently leading to reduced survival rates 
(López-Alonso et al., 2022). The activation of receptor tyrosine 
kinase has been found to promote cell softening and motility and 
accelerate the progression of malignant disease (Iida et al., 2017). 
Furthermore, the interaction between perfluorooctanoic acid and 
transmembrane integrins reportedly triggered alterations in cellular 
mechanical properties, leading to cytoskeletal reorganization and 
to trigger activation of the intracellular focal adhesion kinase 
(FAK)-phosphoinositide 3-kinase- Protein Kinase B pathway. This 
cascade of events ultimately promoted the migration and invasion 
of lung cancer cells (Zwaans et al., 2022). Cells sustain external 
forces by regulating cytoskeletal stiffness, while microtubules act 
as compression-bearing elements. One study demonstrated that 
mechanically induced cellular metabolism increases microtubule 
glutamylation, which promotes metastasis (Torrino et al., 2021).

By interacting with the transcription factor Y-box binding 
protein 1 (YBX1), LINC00472 downregulates the expression of 
vimentin, leading to a more dense and organized microfilaments. 
This results in increased cellular stiffness in A549 cells, thereby 
inhibiting EMT process and consequently suppressing the invasion 
and metastasis of lung adenocarcinoma cells (Deng et al., 2020). 
One study demonstrated that gold nanoparticles can elicit 
mechanobiological responses in lung cancer cells in vivo, largely 
reducing their migratory potential (Sohrabi Kashani et al., 2022).

Cell hardness changes following cancer cell transformation. 
TGF-β1-induced epithelial-mesenchymal transition (EMT) can be 
rapidly detected within seconds during the intravasation and 
extravasation of cancer cells (Wu et al., 2014). An in vitro
analysis showed that Lewis lung cancer (LLC) cells acquire stronger 
cytomechanical properties and movement post-EMT, effects that 
were subsequently found to be correlated with a decline in 
body-weight gain and an increase in tumor weight in vivo
(Wu et al., 2014).

Large tumors exhibit higher mesenchymal stress. It was 
shown that the mitotic index and immunoreactivity for nuclear 
transcription factor-kappa B (NF-κB), phosphorylated IκB, and 
cell cycle protein D1 in the central regions of 28 human lung, 
colon, head, and neck tumors were significantly higher than those 
in the corresponding peritumoral tissues. The rapid growth of 
large, rigid tumors can raise intra-tumor tension and stimulate 
tumor proliferation via mechanosensitive calcium channels, 
creating a feedback loop that promotes tumor proliferation. 
Interfering with this signal may prevent the progression of large, 
unresectable tumors (Zwaans et al., 2022).

Numerous studies have shown that mechanical force plays 
an important role in the occurrence and development of lung 
cancer. The interaction between cells and ECM promotes cells' 
perception of mechanical forces, which are then converted 
into biochemical signals, thereby triggering biological reactions. 
Including FAK (Shikata et al., 2005), mechanosensitive protein 
YAP/TAZ (Dupont et al., 2011), tension-sensitive ion channels 
Piezo1/Piezo2 (Douguet and Honore, 2019; Huang et al., 2019), 
Rho GTPases and force transduction proteins, etc. (Doyle et al., 
2022), which further affect the evolution of idiopathic pulmonary 
fibrosis into lung cancer and promote the proliferation of lung
cancer cells.

Short Summary: Tumor cells sense mechanical forces (ECM-
mediated stress, fluid pressure, shear stress) and convert them 
into biochemical signals, influencing proliferation, migration, and 
invasion. Lung cancer cells exhibit lower stiffness (Young’s modulus) 
than normal cells, enhancing deformability for metastasis. Reduced 
stiffness promotes invasion, while increased ECM stiffness drives 
aggressive phenotypes.

Key factors modulating stiffness: 

1. Cytoskeleton and ECM: Actin organization, collagen 
crosslinking.

2. Mechanical stress: Cyclic stretching enriches cytoskeleton, 
boosts invasiveness.

3. Signaling pathways: FAK, YAP/TAZ, Piezo channels, and Rho 
GTPases transduce forces into pro-tumor signals.

4. EMT: softening during EMT aids intravasation/extravasation.

4 Biomechanical changes in the lung 
TME

4.1 ECM remodeling and stiffness

The tumor microenvironment (TME) encompassed the 
local milieu surrounding tumor cells, comprising not only 
the tumor cells themselves but also supporting stromal cells, 
ECM, vasculature, immune cells, and a myriad of signaling 
molecules. Cancer cells proliferated within a mechanistically 
and chemically heterogeneous microenvironment that evolved 
dynamically throughout tumor progression (Kraning-Rush et al., 
2012). Microenvironmental stiffening exerts a significant influence 
on the process of tumorigenesis. Filamentous pseudopods were 
hypothesized to function as cellular mechanosensors, enabling 
the detection of environmental stiffness. Additionally, whether a 
filamentous foot extends or retracts is a purely stochastic process that 
does not depend on basal stiffness. Filamentous pseudopod activity 
is closely regulated by the strength of cell adhesion (Liou et al., 2014). 
Elevated solid tissue stiffness exacerbates lung cancer advancement 
and worsens prognosis. The study demonstrated that rigidity-
induced autophagy in stromal cells, including fibroblasts and 
stellate cells, played a crucial role in promoting the growth of 
adjacent cancer cells both in vitro and in vivo. This autophagic 
process is reliant on integrin αV, which targets tumor-mesenchymal 
crosstalk. Changes in mechanical tissue properties alone are 
sufficient to metabolically reprogram stromal cell populations, 
thereby generating a cancer-supporting metabolic niche. Alterations 
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in tissue mechanics alone could reprogram stromal cells to 
create a metabolic environment that supports tumor growth
(Hupfer et al., 2021).

Pulmonary connective tissue is composed of lung cells and 
ECM. The characteristics of the ECM are defined by its components, 
particularly proteoglycans, collagen, and elastin. Ulldemolins et al. 
(2024), proposed that found that lung stiffness increases with age due 
to changes in ECM proteins like fibronectin, elastin, and laminin. 
Lin et al. (2024), tested A549 adenocarcinoma cell spheroids in 
collagen matrices with varied stiffness and fiber density. They found 
that compressed collagen inhibited spheroid expansion but did not 
affect tumor growth. Instead, it increased MMP activity, correlating 
with reduced matrix stiffness. These findings indicated that fibrous 
structures counteract matrix stiffness-induced motion (Lin et al., 
2024). The basement membrane is an ECM substructure with a 
width of only 100–400 nm whose biomechanical properties are 
critical for tumor progression and metastasis. Alveolar function 
is dependent on the mechanical strength of the ECM and its 
responses to external forces. The basement membrane is stiffer than 
the adjacent cellular layer (Hartmann et al., 2024; Sicard et al., 
2017). The components of the ECM of lung cancer include 
CAFs, vascular networks, endothelial cells, mesenchymal stem cells, 
immune cells, and soluble substances. ECM stiffness can regulate 
cancer cell growth and phenotype (Tilghman et al., 2010). In vivo, 
cells exerted pulling forces on the surrounding three-dimensional 
(3D) extracellular matrix and adjacent cells. These traction forces 
may increase stiffness and remodel the matrix, which, in turn, 
affects cellular function. This dynamic interplay mediates tumor 
development (Emon et al., 2021).

Fibroblasts, human colon cancer cells (FET), and A549 cells 
demonstrate marked force variations in the 3D ECM. In a FET/CAF 
co-culture model, which mimics the TME, tissue stiffness tripled 
within 24 h (Emon et al., 2021). Mechanical signals emitted by 
the ECM can affect the density distribution of cells (Baday et al., 
2019). It was noted that cells seeded in a matrix with poor 
collagen density have enhanced migratory potential. The cells 
migrate away from their native clusters, favoring the generation 
of microstructures (Gonçalves and Garcia-Aznar, 2021). A study 
found that changing matrix hardness enhanced the proliferation and 
aggressiveness of A549 cells in 3D culture (Alonso-Nocelo et al., 
2018). Additionally, substrate hardness was observed to modulate 
the migration of lung cancer cells via focal adhesion signaling, but 
not EMT signaling (Shukla et al., 2016). The discrepancy in these 
findings concerning ECM stiffness’s impact on tumor cell EMT likely 
arises from the different culture systems used: 3D culture versus 
two-dimensional culture. 

4.1.1 Deposition of ECM constituents
Stromal sclerosis due to ECM deposition is closely associated 

with tumor progression. The spindle pole body component 25 
homolog, upregulated by ECM stiffening, was crucial for lung 
cancer cell proliferation (Jeong et al., 2018). Mechanical signals 
originating from ECM could induce the transition to a malignant 
phenotype. Metastasis, responsible for more than 90% of cancer 
deaths, was regulated by intracellular forces. Cellular contractility 
determined the matrix rigidity needed for optimal function 
and influenced metastatic cancer cell localization during tissue 
implantation (McGrail et al., 2015). 

4.1.1.1 Collagen
Epithelial tumor metastasis was driven by collagen cross-

links, which made the surrounding tissue stiffer and helped 
tumor cells become more invasive. Compressed collagen constructs 
inhibited the expansion of A549 adenocarcinoma cell spheroids, 
activated MMP activity, and reduced hardness without affecting 
the proliferative capacity of tumor cells (Lin et al., 2024). It 
was found that both CAFs and LH2 induce collagen cross-
linking switches in tumor stroma and enhance the metastatic 
properties of tumor cells (Chen et al., 2015; Pankova et al., 
2016). Type IV collagen has been implicated in the regulation of 
tumor cell stiffness and migration by activating integrin signaling 
pathways (Chen et al., 2014). Integrin α11β1, a receptor for fibrillar 
collagen, is hyper-expressed during the differentiation of fibroblasts 
into CAFs. Integrin α11β1 facilitates NSCLC tumorigenesis and 
metastasis by mediating collagen reorganization and modulating 
stromal stiffness within the tumor microenvironment (Navab et al., 
2016). Studies have demonstrated that the mechanics of the 
body undergo marked changes under pathological conditions, 
such as abnormal type I collagen cross-linking and deposition in 
the microenvironment of organ fibrosis or solid tumors. These 
changes lead to a significant increase in elastic modulus of 
microenvironment, and an increase in the overall stiffness of the 
ECM. These modifications increased the elastic modulus of the 
microenvironment, enhancing the stiffness of ECM (Dongre and 
Weinberg, 2019; Tian et al., 2022). 

4.1.1.2 Epithelial-mesenchymal transition
Matrix stiffness increased due to ECM deposition surrounding 

cancer cells were concurrently linked with epithelial-mesenchymal 
transition. Overexpression of the EMT marker gene p300 during 
stromal stiffening and/or subsequent DDR2 upregulation via c-
Myb-mediated acetylation may drive EMT gene activation and 
increased lung cancer cell invasiveness (Kim et al., 2017). Moreover, 
the stiffness of the physiological matrix had been shown to 
influence both the quantity and protein content of small extracellular 
vesicles secreted by cancer cells, which subsequently facilitated 
the metastasis of cancer cells (Sneider et al., 2024). ECM stiffness 
contributes significantly to the regulation of cellular behavior; 
however, its importance in tumor invasion remains incompletely 
understood. 

4.1.2 Focal adhesion changes and responses
Focal adhesions (FAs) are mechanosensory structures that 

convert physical stimuli into chemical signals that direct cell 
migration. The inhibition of neuregulin expression in normal 
and tumor cells resulted in a reduction in FA volume and 
fluorescence intensity but did not affect cell migration into the 
wound (Li et al., 2023). Evidence showed that zyxin acted as a 
critical mechanotransducter, essential for regulating gene expression 
(Sun et al., 2021). Zyxin enhances actin polymerization via 
enabled (Ena)/vasodilator-stimulated phosphoprotein proteins in 
response to mechanical tension, thereby promoting stress fiber 
remodeling and repair. Zyxin relocated from FA to the nucleus 
in response to mechanical stretch, modulating gene transcription 
by interacting with transcription factors, including nuclear matrix 
protein 4 (Wang et al., 2019a). 
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4.1.3 TGF-β1-driven fibrosis and altered cellular 
mechanical properties in the tumor 
microenvironment

TGF-β1 signaling promoted collagen accumulation and fibrosis, 
exhibited anti-inflammatory effects, and inhibited epithelial 
cell proliferation. Enhanced cellular stiffness represented a 
prominent mechanical characteristic associated with TGF-β1-
induced epithelial-mesenchymal transition (Thoelking et al., 
2010). TGF-β1-induced cytoskeletal remodeling during cancer 
cell transformation mediates changes in NSCLC cell stiffness 
(Gladilin et al., 2019). NF-κB, a major modulator of the immune 
response and cancer progression, is also responsive to substrate 
hardness. Substrate stiffness modulated NF-κB activeness through 
actomyosin contraction, causing H1299 lung adenocarcinoma cells 
on rigid substrates to appear more dispersed (Ishihara et al., 2013). 

4.2 Vascular and solid stress

The tumor vasculature is characterized by morphological 
abnormalities and hyperpermeability, the extent of which can 
influence tumor aggressiveness and drug delivery to the tumor. 
Tumors disrupted vascular homeostasis, causing abnormal blood 
vessel growth and excessive accumulation of fibrillar collagen 
with varied stiffness (Zeltz et al., 2020). The sclerosing of stroma 
surrounding solid tumors increases vascular permeability. Matrix 
stiffness regulated endothelial barrier integrity by activating focal 
adhesion kinase (FAK) (Wang et al., 2019b). Transient receptor 
potential vanilloid 4 (TRPV4) channels acted as mechanosensors 
in endothelial cells, regulating reorientation from cyclic strain and 
nitric oxide production from shear stress. These channels preserved 
tumor vascular integrity by sustaining VE-cadherin expression 
at cellular junctions (Cappelli et al., 2019). TRPV4 regulated 
tumor vasculature formation and maturation by modulating 
mechanosensitivity of tumor endothelial cell (Adapala et al., 
2016). Similarly, TRPV4 regulates endogenous angiogenesis by 
modulating endothelial cell mechanosensitivity via the Rho/Rho 
kinase pathway (Thoppil et al., 2016).

Tumors are complex and heterogeneous tissues comprising 
not only neoplastic cells but also a diverse microenvironment, 
including fibroblasts, immune cells, and endothelial cells. These 
cells, in conjunction with a specialized ECM, established a conducive 
microenvironment that facilitates tumor progression (Shukla et al., 
2016). Mechanical forces in the extracellular microenvironment 
of alveolar epithelial cells could mediate their function. The 
glycocalyx is a thick layer of polysaccharides found on the cell 
membrane surface that serves as a messenger between cells and their 
surroundings. 

4.3 Non-tumor cellular responses

4.3.1 Tumor-associated fibroblasts
ECM homeostasis disturbances led to new paracrine signaling, 

cell-cell communication, and cell-ECM interactions, with critical 
implications for tumor cell proliferation, invasion, metastasis, 
immunosuppression, and/or drug resistance. CAFs, key producers 
of ECM and paracrine signals, played a crucial role in these 

processes (Zeltz et al., 2020). Activated fibroblasts comprise a 
category of stromal cells engaged in cancer progression, with EMT 
serving as one of their sources (Mina et al., 2017). Sclerosing lung 
cancer stroma and integrin β1 drove subtype-specific fibroblast 
accumulation. Squamous cell carcinoma (SCC)-associated tumor 
fibroblasts (SCC-TAFs) showed exhibited significantly elevated 
expression levels of extracellular regulated protein kinases 1/2 
(phosphorylated T202/Y204), FAK (phosphorylated Y397), and 
integrin β1 compared to adenocarcinoma-associated tumor 
fibroblasts. The findings of this study supported that the 
treatments aimed at restoring pristine lung elasticity and/or 
integrin β1-dependent mechanoregulation may prove effective in 
combating SCC-TAFs (Puig et al., 2015).

CAFs expressing CD248 were shown to induce NSCLC 
metastasis through the Hippo pathway, which promotes a collagen 
I environment in the stromal matrix (Wu et al., 2024). CAFs 
altered collagen cross-linking in the tumor stromal, affecting the 
invasiveness of lung tumor cells (Pankova et al., 2016). Tumor 
matrix mechanics activated glycolysis and glutamine metabolism, 
coordinating amino acid availability to sustain tumor growth and 
malignancy (Bertero et al., 2019). 

4.3.2 Immune cells
The tumor microenvironment comprised the extracellular 

matrix, stromal cells including CAFs, infiltrating immune cells, and 
the vascular system (Rahir and Moser, 2012). Within the TME, 
tumor-associated macrophages (TAMs) could make up to 50% of the 
tumor mass, drawing significant attention (Sousa et al., 2015). TAMs 
were key drivers of stromal transformation, tumor cell growth, 
metastasis, and adaptive immunosuppression in a variety of cancers 
(Aras and Zaidi, 2017). Infiltrating macrophages secreted cytokines 
and enzymes that modify the structure of the ECM, promote fibrosis, 
and increase matrix stiffness (Clarke et al., 2013; Lech and Anders, 
2013). TAMs abundance and ECM stiffness collectively induced 
an aggressive phenotype and facilitated the upregulation of core 
EMT marker expression. In contrast to M0 macrophages, M2c 
macrophages along with stromal stiffness significantly contributed 
to the emergence of a mesenchymal phenotype and promoted 
metastasis in A549 lung adenocarcinoma cells (Alonso-Nocelo et al., 
2018). Macrophage migration capacity also decreased significantly 
with increasing 3D matrix stiffness (Adlerz et al., 2016). While it 
was reported that matrix rigidity does not shape the macrophage 
phenotype (Alonso-Nocelo et al., 2018), it has also been suggested 
that matrix stiffness alters the adhesion properties of macrophages, 
and they release pro-inflammatory cytokines when cultivated on 
solid substrates (Blakney et al., 2012; Fujisaki and Futaki, 2023; 
Previtera and Sengupta, 2015). Indeed, certain TAM phenotypes 
secrete MMPs, which can degrade ECM, altering its hardness and 
components, and thereby enabling cells to disseminate and shed off 
tumor lesions (Afik et al., 2016; Kessenbrock et al., 2010).

Natural killer (NK) cells eliminated target cells without prior 
antigen recognition, forming a core part of the innate immune 
system. Under both physiological and pathological conditions, 
these cells can experience different mechanical stimuli, such as 
fluid shear in blood, solid stress in tissues, and target interface 
tension (Friedman et al., 2021). It has been shown that NK cell 
infiltration was markedly influenced by alterations in the mechanical 
features of tumor stroma and target cell (Zhou et al., 2022), 
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while fluid shear enhances NK cell killing of circulating tumor 
cells via NKG2D-mediated mechanosensing (Hu et al., 2023). In 
addition, NK cells exhibit substrate stiffness-dependent activation 
(Mordechay et al., 2021). The findings indicated that mechanical 
stimulation exerted a significant influence on the modulation of 
NK cell immune function. Typically, target cell killing by NK cells 
is based on the formation of stable immune synapses, a process 
that involves factors such as adhesion molecules and mechanistic 
events such as cytoskeletal remodeling-mediated immune adhesion 
(Ben-Shmuel et al., 2021). The formation and cytotoxicity of NK 
cell immunological synapses are governed by the stress of the 
target interface (Friedman et al., 2021). Piezo1 mechanosensing 
regulated NK-cell cytotoxicity and infiltration in 3D matrices 
(Yanamandra et al., 2024). Additionally, increasing the speed and 
persistence of NK cells reduced the search time for target cells, 
resulting in increased killing efficiency (Zhou et al., 2017).

Mechanosensing and mechanotransduction mediated by 
lymphatic endothelial cells (LECs) served as critical regulators 
of lymphatic development and function (Bálint and Jakus, 2021; 
Oliver et al., 2020). Furthermore, LECs possessed the capability 
to detect and react to alterations in ECM stiffness as well as 
cell tension and shear stress induced by fluid pressure. These 
mechanistic events modulate the immunological activity of 
lymphocytes (Planas-Paz et al., 2014). 

5 Biomechanics-driven therapeutic 
strategies

5.1 ECM-targeted therapies to lung cancer

Upregulated by increased matrix stiffness, Lysyl oxidase-like 
2 (LOXL2) enhanced the expression of CXCL12, the production 
of MMP9 and fibronectin, and the uptake of bone marrow-
derived dendritic cells. These actions collectively facilitated the 
formation of a pre-metastatic microenvironment (Wu et al., 
2018). LOXL2 is a member of the lysyl oxidase family with 
multifaceted biological functions, primarily involved in extracellular 
matrix (ECM) remodeling and tumor progression. Its key 
roles include: ECM remodeling and collagen crosslinking 
(Neumann et al., 2018; Zhang et al., 2021), promotion of tumor 
metastasis (Nguyen et al., 2019), transcriptional and epigenetic 
regulation (Ikenaga et al., 2017), immune modulation in tumor 
microenvironment (Nguyen et al., 2019), and non-enzymatic 
roles (Wen et al., 2020). Elevated matrix stiffness influenced 
tumor cell behavior, modulated gene, and microRNA expression, 
and promoted invasion and metastasis (Fu et al., 2023). The 
early expression of endogenous TGF-β1 affected the mechanical 
properties of tumor cells as well as tumor growth, angiogenesis, and 
metastasis. Reciprocally, increased cell stiffness and adhesion force 
can enhance the cell-environment contact and crosstalk (Wu et al., 
2014). Meanwhile, Wei et al. (2017), identified trihydroxyphenolic 
compounds as potent inhibitors of TGF-β1 signaling, Snail1 
expression, and collagen deposition in models of pulmonary fibrosis 
and lung cancer metastasis. Their activity uniquely depends on 
LOXL2, confining the effects to LOXL2-producing fibroblasts 
and cancer cells. Mechanistically, these compounds auto-oxidize 
a LOXL2/3-specific lysine residue (K731), irreversibly inhibiting 

the enzyme. This reaction also generates a novel metabolite that 
directly blocks TβRI kinase. This dual inhibition of LOXL2 and 
TβRI potently blocks pathological collagen accumulation in vivo
while avoiding the toxicity of broader inhibitors.

The glycocalyx mainly consists of chondroitin sulfate, heparan 
sulfate, and hyaluronic acid (Kanyo et al., 2020; Martins et al., 
2002). Dynamic stretching stresses coupled with variations in 
mesenchymal stiffness modify the regulation of glycocalyx-related 
gene expression. When dynamic force was applied, the expressions 
of heparan sulfate proteoglycans syndecans one and heparan sulfate 
proteoglycans syndecans 4 were upregulated in A549 cells on soft 
substrates compared to rigid substrates (Kohon et al., 2023). The 
increase in matrix stiffness inhibits the expression of glycocalyx 
in endothelial cells (Mahmoud et al., 2021). The glycocalyx is far 
from an inert coating. It is a dynamic, multifunctional barrier that 
contributes directly to the major challenges in lung cancer treatment: 
1) Chemotherapy/Targeted Therapy Resistance: by blocking drug 
delivery and activating survival pathways; 2) Immunotherapy 
Resistance: by physically shielding cancer cells from immune 
recognition. 3) Metastasis: by aiding cancer cell survival and 
spread. Therefore, elaborating on the glycocalyx is crucial because 
future combination therapies will likely need to include agents that 
modulate or disrupt the glycocalyx. This approach could “prime” 
the tumor, making it more vulnerable to subsequent standard 
treatments like chemotherapy, targeted drugs, and immunotherapy, 
ultimately improving outcomes for lung cancer patients. Alveolar 
epithelial cells experienced continuous cyclic stretch, and fibrotic 
or cancerous lungs show increased ECM stiffness. In lung cancer, 
the TME was reshaped to a genic phenotype (Lee et al., 2014). 
Fibroblasts, fibrocytes (Saijo et al., 2018; van Deventer et al., 2013; 
Zhang et al., 2013), and mesenchymal stem cells (Quante et al., 2011) 
have an enhanced role in the TME, leading to the hardening of the 
mesenchymal ECM (Kuhn et al., 1991; Zhang et al., 1994), on which 
epithelial cells depend. 

5.2 Mechanosensors modulation

5.2.1 YAP/TAZ inhibition
Targeting mechanosensors (e.g., YBX1, UBTD1) or 

nanoparticles may inhibit metastasis. Alpha-mangostin and UBTD1 
modulation (via RhoA/YAP) offer potential strategies. Large tumors 
elevate mechanical stress, activating proliferation via calcium 
channels—a target for unresectable cancers. Alpha-mangostin, 
a xanthone compound derived from Garcinia mangostana 
(mangosteen), exhibits diverse pharmacological activities including 
antitumor, antioxidant, anti-inflammatory, and antibacterial effects 
(Sakpakdeejaroen et al., 2022). Alpha-mangostin is a candidate anti-
cancer compound with the capacity to alter the microstructure of 
the actin cytoskeleton and decrease the physical stiffness of lung 
cancer cells (Phan et al., 2020). UBTD1 was a highly conserved 
ubiquitin-like protein throughout evolution. Its expression was 
downregulated in gastric cancer cells and tissues, and its levels 
correlated with patient survival rates. These findings suggested that 
UBTD1 may function as a potential tumor suppressor (Zhang et al., 
2015). Furthermore, UBTD1 exhibited high expression levels in 
cells and tissues subjected to continuous or intermittent mechanical 
stresses, such as skin, heart, lungs, and thyroid (Uhlen et al., 
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2015; Uhlen et al., 2010). A decline in UBTD1 expression was 
found to induce RhoA activation, increase cellular adhesion, 
and activate YAP-associated protein signaling via ROCK2, thus 
promoting cancer cell invasiveness (Torrino et al., 2019). Yang et al. 
(2020), showed that stromal stiffness promotes liver cancer 
progression through a CXCR4-mediated mechanism in which 
UBTD1 downregulation leads to YAP pathway activation. 

5.2.2 TRPV4 agonists to normalize vasculature
TRPV4 channels are key regulators of tumor angiogenesis 

and that TRPV4 upregulation and activity are inhibited in tumor 
vascular endothelial cells. These results further indicate that the 
activation or restoration of TRPV4 expression induces vascular 
normalization and improves cancer therapy. 

6 Challenges and future directions

Variability in mechanical properties across lung cancer subtypes. 
Malignant conversion, driven by genetic mutations in cells, 
was also influenced by modifications in cellular properties and 
EMT characteristics, including changes in stiffness and adhesion. 
When transformed cells underwent malignant progression, they 
interacted with their microenvironment through direct physical 
contact and the application of mechanical forces. Mechanical 
stresses may alter cell and microenvironment properties,
influencing cell fate.

The tumor microenvironment involved dynamic biomechanical 
interactions between the ECM’s physical properties and tumor 
progression. Alterations in stress and stiffness properties within the 
ECM of lung cancer cells were crucial to their biological behavior. 
The mechanical properties of the tumor microenvironment may 
vary significantly among different types of lung cancer and 
even among same type patients. This will also be one of 
the future research directions. Consequently, a comprehensive 
and rigorous investigation into this field could significantly 
enhance our understanding of the pathogenesis of lung cancer 
and potentially lead to the development of novel therapeutic 
approaches. Need for 3D organoids and in vivo imaging to study
dynamic TME. 

7 Conclusion

The mechanical properties of tumor ECM play a critical role 
in tumor therapy and drug resistance. The tumor ECM can 
directly interact with cell surface receptors, such as integrins, to 
physically constrain tumor cells or indirectly shield them from 
apoptotic signals, thereby reducing the efficacy of chemotherapeutic 
agents. Therefore, modulating the mechanical characteristics of 
the tumor ECM or interfering with cellular responses to ECM 
mechanics may represent a promising strategy for promoting 
tumor cell apoptosis and overcoming drug resistance. Interfering 
with the mechanotransduction pathways of tumor cells may 
be one of the effective strategies for cancer treatment: 1) An 
effective strategy to induce tumor cell apoptosis and inhibit 
tumor progression by regulating the mechanical properties of 
tumor cell microenvironment, such as elasticity and viscoelasticity. 

2) A method that improves drug permeability, reduces the 
hardness and pressure of tumor tissues through mechanical loading, 
thereby promoting drug delivery. 3) The method of regulating the 
mechanical microenvironment by interfering with the response of 
tumor cells to mechanical signals.
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