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[Abstract] During tumor progression, the mechanical properties of the tumor microenvironment play a pivotal regula-
tory role. As core mechanical indicators, cellular stiffness and extracellular matrix stiffness profoundly influence tumor
development through multiple pathways, including cytoskeletal remodeling, activation of signaling pathways, and meta-
bolic regulation. Studies have demonstrated that the tissue stiffness of various solid tumors is significantly higher than
that of corresponding normal tissues, while their cellular stiffness exhibits the opposite trend. This mechanical charac-
teristic is also observed in oral squamous cell carcinoma and exerts crucial regulatory effects during tumor progression.
This review systematically summarizes the molecular composition and regulatory mechanisms underlying the stiffness of
tumor cells and extracellular matrix (ECM). Mainstream stiffness detection technologies such as atomic force micros-
copy, microfluidic deformation, and real-time deformability cytometry are outlined, with particular emphasis on their ap-

plications and limitations in oncology research. This review comprehensively analyzes how mechanical properties regu-
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late key processes in tumor progression, including growth, proliferation, invasion, metastasis, angiogenesis, lymphangio-
genesis, drug resistance, and immune escape. This review synthesizes biomechanics-based therapeutic strategies, in-
cluding: (D targeting the regulation of tumor cell stiffness through cytoskeletal modulators and cholesterol-depleting
agents to enhance immune responses; 2 reducing ECM stiffness by matrix remodeling enzyme inhibitors, ECM compo-
nent modulators, or receptor antagonists to improve drug delivery efficiency, and combining with immunotherapy or pho-
tothermal therapy for enhanced therapeutic effects; ) enhancing the mechanical adaptability and anti-tumor activity of
immune cells through pharmacological or genetic approaches. This review establishes a robust conceptual framework for

developing novel anti-tumor therapeutic strategies and provides insights for future clinical management of oral squa-

mous cell carcinoma.
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The composition of cell mechanical structure: actin, intermediate filament, microtubule, and cell membrane cholesterol. The composition of extra-

cellular matrix mechanical structure: matrix metalloproteinase (MMP), lysyl oxidase (LOX) family, collagen, hyaluronic acid, proteoglycan, and lam-

inin

Figure 1  Structural diagram of cell mechanics and extracellular matrix mechanics
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a: atomic force microscopy (AFM) measures surface forces via probe
deflection on a cantilever, detected by laser reflection and converted
into mechanical parameters such as Young’ s modulus. b: microfluidic
deformation method (MDM): cells deform as they pass through narrow
microchannels under fluid-induced stress. The deformation extent re-
flects their mechanical properties. c: real-time deformability cytometry
(RT-DC): cells flow through a shear region in a microfluidic channel.
High-speed imaging captures deformation, enabling rapid mechanical
analysis. d: rheological measurement (RM): a defined shear stress or
strain is applied to the sample. The resulting response reveals its vis-
coelastic properties. e: strain elastography/ shear wave elastography
(SE/SWE): tissue stiffness is assessed by observing deformation under
compression (SE) or by measuring shear wave speed (SWE). f: mag-
netic resonance elastography (MRE): shear waves are introduced into
tissue and visualized via phase-contrast magnetic resonance imaging
to reconstruct stiffness distribution

Figure 2 Detection techniques for cell mechanics and extra-

cellular matrix mechanics
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This figure illustrates the critical role of cell mechanics and extracellular matrix mechanics in tumor progression, highlighting how lower cell stiff-

ness and higher extracellular matrix stiffness collectively regulate key tumor behaviors, including tumor growth and proliferation, tumor invasion

and migration, angiogenesis and lymphangiogenesis, drug resistance, and immunosuppression

Figure 3 Roles of cell mechanics and extracellular matrix mechanics in tumor progression
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a: targeting cell mechanics via agents such as salinomycin (cytoskeleton remodeling) and methyl- B -cyclodextrin (MeBCDj; cholesterol depletion)

stiffens cells in anti-tumor therapy. b: targeting extracellular matrix (ECM) mechanics through the use of matrix remodeling enzyme inhibitors, hyal-

uronic acid (HA) inhibitors, and arginine-glycine-aspartate polypeptide (RGD)-containing integrin antagonists reduces ECM stiffness in anti-tumor

therapy. c: genetic engineering strategies enhance tumor immunotherapy efficacy by promoting T-cell infiltration and reprogramming MO tumor-

associated macrophages (TAMs) toward the anti-tumor M1 phenotype

Figure 4 Diagram of cell mechanics and extracellular matrix mechanics in modulating tumor therapy

4 AR S A AN T T

e PR B B SR AT T A RO SRR L AT DAy 48 55 470 e R
o P52 S N B AR HT 110 8 ORISR, A IR IR T T 4
BIFT AL

[ Author contributions] Zhang H conceptualized and wrote the ar-
ticle. Gao H and Xie YX collected the reference and revised the article.
Yu DS conceptualized and revised the article. All authors read and ap-

proved the final manuscript as submitted.

S % ik

[1]  Jiang Y, Zhang H, Wang J, et al. Targeting extracellular matrix
stiffness and mechanotransducers to improve cancer therapy[J]. J
Hematol Oncol, 2022, 15(1): 34. doi: 10.1186/513045-022-
01252-0.

[2]  Pogoda K, Ciesluk M, Deptuta P, et al. Inhomogeneity of stiffness
and density of the extracellular matrix within the leukoplakia of
human oral mucosa as potential physicochemical factors leading to
carcinogenesis[J]. Transl Oncol, 2021, 14(7): 101105. doi:
10.1016/j.tranon.2021.101105.

[3] Jingyuan L, Yu L, Hong J, et al. Matrix stiffness induces an inva-

Wi e 96 40 i 362 B Al

sive-dormant subpopulation via ¢GAS-STING axis in oral cancer
[JI. Transl Oncol, 2023, 33: 101681. doi: 10.1016/j. tra-
non.2023.101681.

Sheth M, Sharma M, Lehn M, et al. Three-dimensional matrix stiff-
ness modulates mechanosensitive and phenotypic alterations in
oral squamous cell carcinoma spheroids[J]. APL Bioeng, 2024, 8
(3): 036106. doi: 10.1063/5.0210134.

Zhu P, Lu H, Wang M, et al. Targeted mechanical forces enhance
the effects of tumor immunotherapy by regulating immune cells in
the tumor microenvironment|J]. Cancer Biol Med, 2023, 20(1): 44-
55. doi: 10.20892/j.issn.2095-3941.2022.0491.

Nia HT, Munn LL, Jain RK. Physical traits of cancer[]]. Science,
2020, 370(6516): eaaz0868. doi: 10.1126/science.aaz0868.
Shmelev ME, Titov SI, Belousov AS, et al. Cell and tissue nanome-
chanics: from early development to carcinogenesis[J]. Biomedi-
cines, 2022, 10(2): 345. doi: 10.3390/biomedicines10020345.

Lei K, Kurum A, Kaynak M, et al. Cancer-cell stiffening via cho-
lesterol depletion enhances adoptive T-cell immunotherapy[J]. Nat
Biomed Eng, 2021, 5(12): 1411-1425. doi: 10.1038/s41551-021-
00826-6.


http://dx.doi.org/10.1186/s13045-022-01252-0
http://dx.doi.org/10.1186/s13045-022-01252-0
http://dx.doi.org/10.1016/j.tranon.2021.101105
http://dx.doi.org/10.1016/j.tranon.2021.101105
http://dx.doi.org/10.1016/j.tranon.2023.101681
http://dx.doi.org/10.1016/j.tranon.2023.101681
http://dx.doi.org/10.1063/5.0210134
http://dx.doi.org/10.20892/j.issn.2095-3941.2022.0491
http://dx.doi.org/10.1126/science.aaz0868
http://dx.doi.org/10.3390/biomedicines10020345
http://dx.doi.org/10.1038/s41551-021-00826-6
http://dx.doi.org/10.1038/s41551-021-00826-6

AR ERE

2025fE 108 533%F F 108

Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2025,Vol.33 No.10 http://www.kqgjbfz.com + 905 -

(91

[10]

[11]

[12]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

Sutherland TE, Dyer DP, Allen JE. The extracellular matrix and
the immune system: a mutually dependent relationship[J]. Sci-
ence, 2023, 379(6633): eabp8964. doi: 10.1126/science.abp8964.
Wenta T, Nastaly P, Lipinska B, et al. Remodeling of the extracel-
lular matrix by serine proteases as a prerequisite for cancer initia-
tion and progression[J]. Matrix Biol, 2024, 134: 197-219. doi:
10.1016/j.matbio.2024.10.007.

Sleeboom JJF, van Tienderen GS, Schenke-Layland K, et al. The
extracellular matrix as hallmark of cancer and metastasis: from
biomechanics to therapeutic targets[J]. Sci Transl Med, 2024, 16
(728): eadg3840. doi: 10.1126/scitransImed.adg3840.

Karamanos NK, Theocharis AD, Piperigkou Z, et al. A guide to the
composition and functions of the extracellular matrix[J]. FEBS J,
2021, 288(24): 6850-6912. doi: 10.1111/febs.15776.

Payam AF, Funari R, Scamarcio G, et al. Sensing dynamically
evolved short-range nanomechanical forces in fast-mutating single
viral spike proteins[J]. Small Sei, 2023, 3(8): 2300029. doi:
10.1002/smsc.202300029.

Viljoen A, Mathelié-Guinlet M, Ray A, et al. Force spectroscopy
of single cells using atomic force microscopylJ]. Nat Rev Meth
Primers, 2021, 1: 63. doi: 10.1038/543586-021-00062-x.
Keshavarz Motamed P, Abouali H, Poudineh M, et al. Experimen-
tal measurement and numerical modeling of deformation behavior
of breast cancer cells passing through constricted microfluidic
channels[J]. Microsyst Nanoeng, 2024, 10: 7. doi: 10.1038/s41378-
023-00644-7.

Urbanska M, Muiioz HE, Shaw Bagnall J, et al. A comparison of
microfluidic methods for high-throughput cell deformability mea-
surements[J]. Nat Methods, 2020, 17(6): 587-593. doi: 10.1038/
541592-020-0818-8.

Asghari M, Ivetich SD, Aslan MK, et al. Real-time viscoelastic de-
formability cytometry: high-throughput mechanical phenotyping of
liquid and solid biopsies[J]. Sci Adv, 2024, 10(49): eabj1133. doi:
10.1126/sciadv.abj1133.

Gerum R, Mirzahossein E, Eroles M, et al. Viscoelastic properties
of suspended cells measured with shear flow deformation cytometry
[J]. Elife, 2022, 11: €78823. doi: 10.7554/eL.ife.78823.

Flidschner G, Roman CI, Strohmeyer N, et al. Rheology of rounded
mammalian cells over continuous high-frequencies[J]. Nat Com-
mun, 2021, 12(1): 2922. doi: 10.1038/s41467-021-23158-0.

Peng B, Xian Y, Zhang Q, et al. Neural-network-based motion
tracking for breast ultrasound strain elastography: an initial assess-
ment of performance and feasibility[J]. Ultrason Imaging, 2020, 42
(2): 74-91. doi: 10.1177/0161734620902527.

Cacko D, Lewandowski M. Shear wave elastography implementa-
tion on a portable research ultrasound system: initial results[J].
Appl Sci, 2022, 12(12): 6210. doi: 10.3390/app12126210.

Cotoi L, Amzar D, Sporea I, et al. Shear wave elastography versus
strain elastography in diagnosing parathyroid adenomas[J]. Int J
Endocrinol, 2020, 2020: 3801902. doi: 10.1155/2020/3801902.
Cantisani V, David E, Barr RG, et al. US-elastography for breast
lesion characterization: prospective comparison of US BIRADS,

strain elastography and shear wave elastography[J]. Ultraschall

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Med, 2021, 42(5): 533-540. doi: 10.1055/a-1134-4937.

Zhou B, Bartholmai BJ, Kalra S, et al. Lung US surface wave elas-
tography in interstitial lung disease staging[J]. Radiology, 2019,
291(2): 479-484. doi: 10.1148/radiol.2019181729.

Sack 1. Magnetic resonance elastography from fundamental soft-tis-
sue mechanics to diagnostic imaging[J]. Nat Rev Phys, 2023, 5(1):
25-42. doi: 10.1038/542254-022-00543-2.

Medina-Ramirez IE, Macias-Diaz JE, Masuoka-Ito D, et al. Holoto-
mography and atomic force microscopy: a powerful combination to
enhance cancer, microbiology and nanotoxicology research[J]. Dis-
cov Nano, 2024, 19(1): 64. doi: 10.1186/s11671-024-04003-x.
Tuguzbaeva G, Yue E, Chen X, et al. PEP06 polypeptide 30 is a
novel cluster-dissociating agent inhibiting av integrin/FAK/Src
signaling in oral squamous cell carcinoma cells[J]. Acta Pharm Sin
B, 2019, 9(6): 1163-1173. doi: 10.1016/j.apsh.2019.10.005.

Yeh CM, Hsieh MJ, Yang JS, et al. Geraniin inhibits oral cancer
cell migration by suppressing matrix metalloproteinase-2 activa-
tion through the FAK/Src and ERK pathways|J]. Environ Toxicol,
2019, 34(10): 1085-1093. doi: 10.1002/t0x.22809.

Luo X, Fong ELS, Zhu C, et al. Hydrogel-based colorectal cancer
organoid co-culture models[J]. Acta Biomater, 2021, 132: 461-
472. doi: 10.1016/j.actbio.2020.12.037.

Dauer P, Zhao X, Gupta VK, et al. Inactivation of cancer-
associated-fibroblasts disrupts oncogenic signaling in pancreatic
cancer cells and promotes its regression[J]. Cancer Res, 2018, 78
(5): 1321-1333. doi: 10.1158/0008-5472.CAN-17-2320.

Wendong Y, Jiali J, Qiaomei F, et al. Biomechanical forces and
force-triggered drug delivery in tumor neovascularization[J].
Biomed Pharmacother, 2024, 171: 116117. doi: 10.1016/]. bio-
pha.2023.116117.

Swaminathan V, Mythreye K, O’ Brien ET, et al. Mechanical stiff-
ness grades metastatic potential in patient tumor cells and in can-
cer cell lines[J]. Cancer Res, 2011, 71(15): 5075-5080. doi:
10.1158/0008-5472.CAN-11-0247.

Lv J, Liu Y, Cheng F, et al. Cell softness regulates tumorigenicity
and stemness of cancer cells[J]. EMBO J, 2021, 40(2): e106123.
doi: 10.15252/embj.2020106123.

Zanotelli MR, Zhang J, Reinhart-King CA. Mechanoresponsive
metabolism in cancer cell migration and metastasis[J]. Cell Metab,
2021, 33(7): 1307-1321. doi: 10.1016/j.cmet.2021.04.002.

Liu J, Kang L, Smith S, et al. Transmembrane MUC18 targeted
polydopamine nanoparticles and a mild photothermal effect syner-
gistically disrupt actin cytoskeleton and migration of cancer cells
[J]. Nano Lett, 2021, 21(22): 9609-9618. doi: 10.1021/acs. nano-
lett.1¢03377.

Gladilin E, Ohse S, Boerries M, et al. TGFB-induced cytoskeletal
remodeling mediates elevation of cell stiffness and invasiveness in
NSCLC[J]. Sei Rep, 2019, 9(1): 7667. doi: 10.1038/s41598-019-
43409-x.

Outla Z, Oyman-Eyrilmez G, Korelova K, et al. Plectin-mediated
cytoskeletal crosstalk as a target for inhibition of hepatocellular
carcinoma growth and metastasis[J]. Elife, 2025, 13: RP102205.
doi: 10.7554/eLife.102205.


http://dx.doi.org/10.1126/science.abp8964
http://dx.doi.org/10.1016/j.matbio.2024.10.007
http://dx.doi.org/10.1016/j.matbio.2024.10.007
http://dx.doi.org/10.1126/scitranslmed.adg3840
http://dx.doi.org/10.1111/febs.15776
http://dx.doi.org/10.1002/smsc.202300029
http://dx.doi.org/10.1002/smsc.202300029
http://dx.doi.org/10.1038/s43586-021-00062-x
http://dx.doi.org/10.1038/s41378-023-00644-7
http://dx.doi.org/10.1038/s41378-023-00644-7
http://dx.doi.org/10.1038/s41592-020-0818-8
http://dx.doi.org/10.1038/s41592-020-0818-8
http://dx.doi.org/10.1126/sciadv.abj1133
http://dx.doi.org/10.1126/sciadv.abj1133
http://dx.doi.org/10.7554/eLife.78823
http://dx.doi.org/10.1038/s41467-021-23158-0
http://dx.doi.org/10.1177/0161734620902527
http://dx.doi.org/10.3390/app12126210
http://dx.doi.org/10.1155/2020/3801902
http://dx.doi.org/10.1055/a-1134-4937
http://dx.doi.org/10.1148/radiol.2019181729
http://dx.doi.org/10.1038/s42254-022-00543-2
http://dx.doi.org/10.1186/s11671-024-04003-x
http://dx.doi.org/10.1016/j.apsb.2019.10.005
http://dx.doi.org/10.1002/tox.22809
http://dx.doi.org/10.1016/j.actbio.2020.12.037
http://dx.doi.org/10.1158/0008-5472.CAN-17-2320
http://dx.doi.org/10.1016/j.biopha.2023.116117
http://dx.doi.org/10.1016/j.biopha.2023.116117
http://dx.doi.org/10.1158/0008-5472.CAN-11-0247
http://dx.doi.org/10.1158/0008-5472.CAN-11-0247
http://dx.doi.org/10.15252/embj.2020106123
http://dx.doi.org/10.1016/j.cmet.2021.04.002
http://dx.doi.org/10.1021/acs.nanolett.1c03377
http://dx.doi.org/10.1021/acs.nanolett.1c03377
http://dx.doi.org/10.1038/s41598-019-43409-x
http://dx.doi.org/10.1038/s41598-019-43409-x
http://dx.doi.org/10.7554/eLife.102205

+ 906 -

AR ERE

2025fE 108 533%F F 108

Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2025,Vol.33 No.10  http://www.kqjbfz.com

[38]

[39]

[40]

[41]

[42]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

Yang W, Wu PF, Ma JX, et al. TRPV4 activates the Cdc42/N-
wasp pathway to promote glioblastoma invasion by altering cellular
protrusions[J]. Sci Rep, 2020, 10(1): 14151. doi: 10.1038/541598-
020-70822-4.

Gao X, Qiao X, Xing X, et al. Matrix stiffness-upregulated mi-
croRNA-17-5p attenuates the intervention effects of metformin on
HCC invasion and metastasis by targeting the PTEN/PI3K/Akt
pathway[J]. Front Oncol, 2020, 10: 1563. doi: 10.3389/
fonc.2020.01563.

Siddhartha R, Garg M. Interplay between extracellular matrix re-
modeling and angiogenesis in tumor ecosystem[]J]. Mol Cancer
Ther, 2023, 22(3): 291-305. doi: 10.1158/1535-7163. MCT-22-
0595.

Ping Q, Wang C, Cheng X, et al. TGF-B1 dominates stromal fibro-
blast-mediated EMT via the FAP/VCAN axis in bladder cancer
cells[J]. J Transl Med, 2023, 21(1): 475. doi: 10.1186/s12967-023-
04303-3.

Zhu M, Xie Y, Li Z, et al. Antitumour and anti-angiogenesis effi-
cacy of a multifunctional self-oxygenated active-targeting drug de-
livery system by encapsulating biological and chemotherapeutic
drugs[J]. Colloids Surf B Biointerfaces, 2025, 250: 114549. doi:
10.1016/j.colsurfh.2025.114549.

Izdebska M, Zielinska W, Halas-Wisniewska M, et al. Involve-
ment of actin and actin-binding proteins in carcinogenesis[J].
Cells, 2020, 9(10): 2245. doi: 10.3390/cells9102245.

Jordan MA, Wilson L. Microtubules as a target for anticancer drugs
[J]. Nat Rev Cancer, 2004, 4(4): 253-265. doi: 10.1038/nrc1317.
Wong PP, Mufioz-Félix JM, Hijazi M, et al. Cancer burden is con-
trolled by mural cell- 33-integrin regulated crosstalk with tumor
cells[J]. Cell, 2020, 181(6): 1346-1363. e21. doi: 10.1016/}.
cell.2020.02.003.

Frye M, Taddei A, Dierkes C, et al. Matrix stiffness controls lym-
phatic vessel formation through regulation of a GATA2-dependent
transcriptional program[J]. Nat Commun, 2018, 9(1): 1511. doi:
10.1038/541467-018-03959-6.

Song J, Chen W, Cui X, et al. CCBE1 promotes tumor lymphangio-
genesis and is negatively regulated by TGF@ signaling in colorec-
tal cancer|[J]. Theranostics, 2020, 10(5): 2327-2341. doi: 10.7150/
thno.39740.

Sharma S, Santiskulvong C, Rao J, et al. The role of Rho GTPase
in cell stiffness and cisplatin resistance in ovarian cancer cells|J].
Integr Biol(Camb), 2014, 6(6): 611-617. doi: 10.1039/¢3ib40246k.
Han Y, Wang H, Chen H, et al. CX43 down-regulation promotes
cell aggressiveness and 5-fluorouracil-resistance by attenuating
cell stiffness in colorectal carcinomalJ]. Cancer Biol Ther, 2023,
24(1): 2221879. doi: 10.1080/15384047.2023.2221879.

Abbassi RH, Recasens A, Indurthi DC, et al. Lower tubulin ex-
pression in glioblastoma stem cells attenuates efficacy of microtu-
bule-targeting agents[J]. ACS Pharmacol Transl Sci, 2019, 2(6):
402-413. doi: 10.1021/acsptsci.9b00045.

Winter M, Meignan S, Vilkel P, et al. Vimentin promotes the ag-
gressiveness of triple negative breast cancer cells surviving chemo-

therapeutic treatment|J]. Cells, 2021, 10(6): 1504. doi: 10.3390/

[52]

[53]

[54]

[56]

[57]

[60]

[61]

[62]

[63]

[64]

[65]

cells10061504.

Drain AP, Zahir N, Northey JJ, et al. Matrix compliance permits
NF-kB activation to drive therapy resistance in breast cancer[J]. J
Exp Med, 2021, 218(5): €20191360. doi: 10.1084/jem.20191360.
Pietild EA, Gonzalez-Molina J, Moyano-Galceran L, et al. Co-evo-
lution of matrisome and adaptive adhesion dynamics drives ovar-
ian cancer chemoresistance[J]. Nat Commun, 2021, 12(1): 3904.
doi: 10.1038/s41467-021-24009-8.

Muiioz NM, Williams M, Dixon K, et al. Influence of injection
technique, drug formulation and tumor microenvironment on intra-
tumoral immunotherapy delivery and efficacy[J]. J Immunother
Cancer, 2021, 9(2): €001800. doi: 10.1136/jitc-2020-001800.
Kuermanbayi S, Yang Y, Zhao Y, et al. In situ monitoring of func-
tional activity of extracellular matrix stiffness-dependent multi-
drug resistance protein 1 using scanning electrochemical micros-
copylJ]. Chem Sci, 2022, 13(35): 10349-10360. doi: 10.1039/
d2sc02708a.

Al Absi A, Wurzer H, Guerin C, et al. Actin cytoskeleton remodel-
ing drives breast cancer cell escape from natural killer-mediated
cytotoxicity[J]. Cancer Res, 2018, 78(19): 5631-5643. doi:
10.1158/0008-5472.CAN-18-0441.

Peng JM, Chiu CF, Cheng JH, et al. Evasion of NK cell immune
surveillance via the vimentin-mediated cytoskeleton remodeling
[JI.  Front 2022, 13: 883178. doi: 10.3389/
fimmu.2022.883178.

Immunol,

Zhu L, Wang H. Cholesterol-regulated cellular stiffness may en-
hance evasion of NK cell-mediated cytotoxicity in gastric cancer
stem cells[J]. FEBS Open Bio, 2024, 14(5): 855-866. doi: 10.1002/
2211-5463.13793.

Zhang J, Li J, Hou Y, et al. Osr2 functions as a biomechanical
checkpoint to aggravate CD8" T cell exhaustion in tumor[J]. Cell,
2024, 187(13): 3409-3426.e24. doi: 10.1016/j.cell.2024.04.023.
Bachy S, Wu Z, Gamradt P, et al. Big-h3-structured collagen al-
ters macrophage phenotype and function in pancreatic cancer[J].
iScience, 2022, 25(2): 103758. doi: 10.1016/j.is¢i.2022.103758.
Nicolas-Boluda A, Vaquero J, Vimeux L, et al. Tumor stiffening re-
version through collagen crosslinking inhibition improves T cell
migration and anti-PD-1 treatment[J]. Elife, 2021, 10: e58688.
doi: 10.7554/el.ife.58688.

Wu B, Liu DA, Guan L, et al. Stiff matrix induces exosome secre-
tion to promote tumour growth[J]. Nat Cell Biol, 2023, 25(3): 415-
424. doi: 10.1038/s41556-023-01092-1.

Han YL, Ronceray P, Xu G, et al. Cell contraction induces long-
ranged stress stiffening in the extracellular matrix[J]. Proc Natl
Acad Sci USA, 2018, 115(16): 4075-4080. doi: 10.1073/
pnas.1722619115.

Na J, Yang Z, Shi Q, et al. Extracellular matrix stiffness as an en-
ergy metabolism regulator drives osteogenic differentiation in mes-
enchymal stem cells[J]. Bioact Mater, 2024, 35: 549-563. doi:
10.1016/j.bioactmat.2024.02.003.

Liu Y, Zhang X, Gu W, et al. Unlocking the crucial role of cancer-
assoclated fibroblasts in tumor metastasis: mechanisms and thera-

peutic prospects[J]. J Adv Res, 2025, 71: 399-413. doi: 10.1016/j.


http://dx.doi.org/10.1038/s41598-020-70822-4
http://dx.doi.org/10.1038/s41598-020-70822-4
http://dx.doi.org/10.3389/fonc.2020.01563
http://dx.doi.org/10.3389/fonc.2020.01563
http://dx.doi.org/10.1158/1535-7163.MCT-22-0595
http://dx.doi.org/10.1158/1535-7163.MCT-22-0595
http://dx.doi.org/10.1186/s12967-023-04303-3
http://dx.doi.org/10.1186/s12967-023-04303-3
http://dx.doi.org/10.1016/j.colsurfb.2025.114549
http://dx.doi.org/10.1016/j.colsurfb.2025.114549
http://dx.doi.org/10.3390/cells9102245
http://dx.doi.org/10.1038/nrc1317
http://dx.doi.org/10.1016/j.cell.2020.02.003
http://dx.doi.org/10.1016/j.cell.2020.02.003
http://dx.doi.org/10.1038/s41467-018-03959-6
http://dx.doi.org/10.1038/s41467-018-03959-6
http://dx.doi.org/10.7150/thno.39740
http://dx.doi.org/10.7150/thno.39740
http://dx.doi.org/10.1039/c3ib40246k
http://dx.doi.org/10.1080/15384047.2023.2221879
http://dx.doi.org/10.1021/acsptsci.9b00045
http://dx.doi.org/10.3390/cells10061504
http://dx.doi.org/10.3390/cells10061504
http://dx.doi.org/10.1084/jem.20191360
http://dx.doi.org/10.1038/s41467-021-24009-8
http://dx.doi.org/10.1136/jitc-2020-001800
http://dx.doi.org/10.1039/d2sc02708a
http://dx.doi.org/10.1039/d2sc02708a
http://dx.doi.org/10.1158/0008-5472.CAN-18-0441
http://dx.doi.org/10.1158/0008-5472.CAN-18-0441
http://dx.doi.org/10.3389/fimmu.2022.883178
http://dx.doi.org/10.3389/fimmu.2022.883178
http://dx.doi.org/10.1002/2211-5463.13793
http://dx.doi.org/10.1002/2211-5463.13793
http://dx.doi.org/10.1016/j.cell.2024.04.023
http://dx.doi.org/10.1016/j.isci.2022.103758
http://dx.doi.org/10.7554/eLife.58688
http://dx.doi.org/10.1038/s41556-023-01092-1
http://dx.doi.org/10.1073/pnas.1722619115
http://dx.doi.org/10.1073/pnas.1722619115
http://dx.doi.org/10.1016/j.bioactmat.2024.02.003
http://dx.doi.org/10.1016/j.bioactmat.2024.02.003
http://dx.doi.org/10.1016/j.jare.2024.05.031

AR ERE

2025fE 108 533%F F 108

Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2025,Vol.33 No.10 http://www.kqgjbfz.com + 907 -

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

jare.2024.05.031.

Tello-Lafoz M, Srpan K, Sanchez EE, et al. Cytotoxic lymphocytes
target characteristic biophysical vulnerabilities in cancer|[J]. Immu-
nity, 2021, 54(5): 1037-1054. e7. doi: 10.1016/j. im-
muni.2021.02.020.

Sun J, Luo Q, Liu L, et al. Salinomycin attenuates liver cancer
stem cell motility by enhancing cell stiffness and increasing F-
actin formation via the FAK-ERK1/2 signalling pathway[J]. Toxi-
cology, 2017, 384: 1-10. doi: 10.1016/j.10x.2017.04.006.

Yang Y, Li M, Sun X, et al. The selective cytotoxicity of DSF-Cu
attributes to the biomechanical properties and cytoskeleton rear-
rangements in the normal and cancerous nasopharyngeal epithelial
cells[J]. Int J Biochem Cell Biol, 2017, 84: 96-108. doi: 10.1016/j.
biocel.2017.01.007.

Raudenska M, Kratochvilova M, Vicar T, et al. Cisplatin enhances
cell stiffness and decreases invasiveness rate in prostate cancer
cells by actin accumulation[J]. Sci Rep, 2019, 9(1): 1660. doi:
10.1038/541598-018-38199-7.

Qi G, Zhang M, Tang J, et al. Molecular/nanomechanical insights
into electrostimulation-inhibited energy metabolism mechanisms
and cytoskeleton damage of cancer cells[J]. Adv Sci(Weinh), 2023,
10(16): €2207165. doi: 10.1002/advs.202207165.

Li Y, Zhang H, Yang F, et al. Mechanisms and therapeutic poten-
tial of disulphidptosis in cancer[J]. Cell Prolif, 2025, 58(1):
€13752. doi: 10.1111/cpr.13752.

Zhang L, Pan K, Huang S, et al. Graphdiyne oxide-mediated photo-
dynamic therapy boosts enhancive T-cell immune responses by in-
creasing cellular stiffness[J]. Int J Nanomedicine, 2023, 18: 797-
812. doi: 10.2147/1JN.S392998.

Jian HY, Liang ZC, Wen H, et al. Shi-pi-xiao-ji formula sup-
presses hepatocellular carcinoma by reducing cellular stiffness
through upregulation of acetyl-coA acetyltransferase 1[J]. World J
Gastrointest Oncol, 2024, 16(6): 2727-2741. doi: 10.4251/wjgo.
v16.i6.2727.

Chen LC, Tu SH, Huang CS, et al. Human breast cancer cell me-
tastasis is attenuated by lysyl oxidase inhibitors through down-
regulation of focal adhesion kinase and the paxillin-signaling path-
way[J]. Breast Cancer Res Treat, 2012, 134(3): 989-1004. doi:
10.1007/510549-012-1986-8.

Smithen DA, Leung LMH, Challinor M, et al. 2-aminomethylene-5-
sulfonylthiazole inhibitors of lysyl oxidase (LOX) and LOXL2
show significant efficacy in delaying tumor growth[J]. ] Med Chem,
2020, 63(5): 2308-2324. doi: 10.1021/acs.jmedchem.9b01112.
Vitale DL, Icardi A, Rosales P, et al. Targeting the tumor extracel-
lular matrix by the natural molecule 4-methylumbelliferone: a
complementary and alternative cancer therapeutic strategy|J].
Front Oncol, 2021, 11: 710061. doi: 10.3389/fonc.2021.710061.
Lokman NA, Price ZK, Hawkins EK, et al. 4-methylumbelliferone
inhibits cancer stem cell activation and overcomes chemoresis-

tance in ovarian cancer[J]. Cancers(Basel), 2019, 11(8): 1187. doi:

[78]

[79]

[81]

[82]

[83]

[84]

[85]

[86]

10.3390/cancers11081187.

Paolillo M, Galiazzo MC, Daga A, et al. An RGD small-molecule
integrin antagonist induces detachment-mediated anoikis in
glioma cancer stem cells[J]. Int J Oncol, 2018, 53(6): 2683-2694.
doi: 10.3892/ij0.2018.4583.

Sun X, Wu B, Chiang HC, et al. Tumour DDR1 promotes collagen
fibre alignment to instigate immune exclusion[J]. Nature, 2021,
599(7886): 673-678. doi: 10.1038/s41586-021-04057-2.

Caruana I, Savoldo B, Hoyos V, et al. Heparanase promotes tumor
infiltration and antitumor activity of CAR-redirected T lympho-
cytes|J]. Nat Med, 2015, 21(5): 524-529. doi: 10.1038/nm.3833.

Li X, Yong T, Wei Z, et al. Reversing insufficient photothermal
therapy-induced tumor relapse and metastasis by regulating cancer
-associated fibroblasts[J]. Nat Commun, 2022, 13(1): 2794. doi:
10.1038/s41467-022-30306-7.

Tabdanov ED, Rodriguez-Merced NJ, Cartagena-Rivera AX, et al.
Engineering T cells to enhance 3D migration through structurally
and mechanically complex tumor microenvironments[J]. Nat Com-
mun, 2021, 12(1): 2815. doi: 10.1038/s41467-021-22985-5.
Malfanti A, Bausart M, Vanvarenberg K, et al. Hyaluronic acid-an-
tigens conjugates trigger potent immune response in both prophy-
lactic and therapeutic immunization in a melanoma model[J]. Drug
Deliv Transl Res, 2023, 13(10): 2550-2567. doi: 10.1007/s13346-
023-01337-4.

Fan X, Chen H, Li Y, et al. Actin-targeted magnetic nanomotors
mechanically modulate the tumor mechanical microenvironment
for cancer treatment[J]. ACS Nano, 2025, 19(6): 6454-6467. doi:
10.1021/acsnano.4¢17229.

Kang SU, Cho SY, Jeong H, et al. Matrix metalloproteinase 11
(MMP11) in macrophages promotes the migration of HER2-posi-
tive breast cancer cells and monocyte recruitment through CCL2-
CCR2 signaling[J]. Lab Invest, 2022, 102(4): 376-390. doi:
10.1038/541374-021-00699-y.

Hu Y, Nie W, Lyu L, et al. Tumor-microenvironment-activatable
nanoparticle mediating immunogene therapy and M2 macrophage-
targeted inhibitor for synergistic cancer immunotherapy[J]. ACS

Nano, 2024, 18(4): 3295-3312. doi: 10.1021/acsnano.3¢10037.
(REE FT#kiB)

Open Access

This article is licensed under a Creative Commons
Attribution 4.0 International License.
Copyright © 2025 by Editorial Department of Journal of

Prevention and Treatment for Stomatological Diseases

WL
IR

L1


http://dx.doi.org/10.1016/j.jare.2024.05.031
http://dx.doi.org/10.1016/j.immuni.2021.02.020
http://dx.doi.org/10.1016/j.immuni.2021.02.020
http://dx.doi.org/10.1016/j.tox.2017.04.006
http://dx.doi.org/10.1016/j.biocel.2017.01.007
http://dx.doi.org/10.1016/j.biocel.2017.01.007
http://dx.doi.org/10.1038/s41598-018-38199-7
http://dx.doi.org/10.1038/s41598-018-38199-7
http://dx.doi.org/10.1002/advs.202207165
http://dx.doi.org/10.1111/cpr.13752
http://dx.doi.org/10.2147/IJN.S392998
http://dx.doi.org/10.4251/wjgo.v16.i6.2727
http://dx.doi.org/10.4251/wjgo.v16.i6.2727
http://dx.doi.org/10.1007/s10549-012-1986-8
http://dx.doi.org/10.1007/s10549-012-1986-8
http://dx.doi.org/10.1021/acs.jmedchem.9b01112
http://dx.doi.org/10.3389/fonc.2021.710061
http://dx.doi.org/10.3390/cancers11081187
http://dx.doi.org/10.3390/cancers11081187
http://dx.doi.org/10.3892/ijo.2018.4583
http://dx.doi.org/10.1038/s41586-021-04057-2
http://dx.doi.org/10.1038/nm.3833
http://dx.doi.org/10.1038/s41467-022-30306-7
http://dx.doi.org/10.1038/s41467-022-30306-7
http://dx.doi.org/10.1038/s41467-021-22985-5
http://dx.doi.org/10.1007/s13346-023-01337-4
http://dx.doi.org/10.1007/s13346-023-01337-4
http://dx.doi.org/10.1021/acsnano.4c17229
http://dx.doi.org/10.1021/acsnano.4c17229
http://dx.doi.org/10.1038/s41374-021-00699-y
http://dx.doi.org/10.1038/s41374-021-00699-y
http://dx.doi.org/10.1021/acsnano.3c10037



