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Role of the mechanical microenvironment in cancer 
development and progression
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ABSTRACT	 Cross-talk between tumor cells and mechanical stress in the tumor microenvironment has been shown to be involved in carcinogenesis. 

High mechanical stress in tumors can alter the metabolism and behaviors of cancer cells and cause cancer cells to attain cancer stem-like 

cell properties, thus driving tumor progression and promoting metastasis. The mechanical signal is converted into a biochemical signal 

that activates tumorigenic signaling pathways through mechanotransduction. Herein, we describe the physical changes occurring 

during reprogramming of cancer cell metabolism, which regulate cancer stem cell functions and promote tumor progression and 

aggression. Furthermore, we highlight emerging therapeutic strategies targeting mechanotransduction signaling pathways.
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Introduction

Despite many efforts to cure cancer, it remains a leading cause 

of death worldwide. Cancer develops within a complex tissue 

microenvironment that promotes epigenetic reprogramming 

and modification of the tumor phenotype1. Moreover, an aber-

rant microenvironment plays important roles in the growth, 

invasion, and metastasis of tumor cells. The unique inter-

play among various aspects of tumor cells and the microen-

vironment can yield molecular targets for tumor treatment. 

Fortunately, the role of the tumor microenvironment, and its 

cellular and molecular composition, along with chemical and 

physical factors involved in tumor development, have received 

increasing research interest. Several studies have confirmed 

the contributions of the cellular and molecular composition 

of the tumor microenvironment to cancer development and 

progress2. However, the effects of physical stimulation remain 

to be fully clarified.

Many studies have focused on genetic and biochemical 

factors as the causes of malignant tumors. However, physical 

factors have been generally ignored. Tumor cells are usually 

limited to a specific microenvironment, such as the extracel-

lular matrix (ECM), and micro-environmental changes can 

affect tumor cell behavior. Thus, the mechanical properties of 

the microenvironment also play critical roles in cancer devel-

opment, relapse, and metastasis. Tumor growth and develop-

ment are accompanied by changes in mechanical factors in the 

tumor microenvironment, such as tumor solid stress, matrix 

stiffness, and strengthening interstitial fluid flow induced by 

unmitigated increases in interstitial hydraulic pressure3. The 

critical role of mechanics in cancer progression has been 

confirmed in the past decade4-6. In this review, to facilitate 

understanding of how mechanical forces influence cancer 

development and progression, we discuss the roles of mechan-

ical forces in promoting the metabolic reprogramming of 

cancer cells and stemness maintenance of cancer stem cells 

(CSCs) through mechanotransduction.

Tumor microenvironment

Components of the tumor microenvironment

The tumor microenvironment (TME) is a complex mixture of 

tumor cells, stromal cells, immune cells, carcinoma associated 
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fibroblasts, and non-cellular components within the ECM7. 

Inappropriate disruption of the TME in cancer contributes 

to the malignant characteristics of tumor cells and cancer 

progression1. Studies have suggested that the TME plays a 

pivotal role in tumor initiation, progression, metastasis, and 

therapeutic efficacy. Carcinoma associated fibroblasts com-

pose the largest proportion of the stromal cells and mainly 

have promoting roles in metastasis initiation8. Immune cells 

are present and interact with the tumor cells via direct contact 

or through chemokine and cytokine signaling, thus shaping 

the tumor’s behavior and response to therapy. For example, 

gastric cancer cells inhibit natural killer cell proliferation and 

induce apoptosis via prostaglandin E29. In addition, the TEM 

significantly influences therapeutic responses and clinical out-

comes10, and the immunoScore signature is used as a prognos-

tic and predictive tool in cancer11,12. Jiang et  al.13 have built 

a model to improve the overall prediction of outcomes for 

patients with gastric cancer according to the tumor immune 

microenvironment and chemosensitivity signature. Moreover, 

the plastic properties of mesenchymal stromal cells triggered 

by the TME have been found to induce malignant neoplastic 

tissue formation, maintenance, and chemoresistance, as well 

as tumor growth14. Bone marrow stromal cells have also been 

reported to mediate chemoresistance in acute myeloid leu-

kemia via Notch signaling15. Therefore, the components of the 

TEM are crucial to tumor development.

Mechanical forces in the TME

The microenvironment of tumor tissues is different from that 

of normal tissues, as reflected mainly in the abnormal struc-

ture and function of blood vessels and lymphatic vessels, high 

stroma pressure, and a dense interstitial matrix16. Recent stud-

ies have emphasized that, in addition to biochemical signals 

from the microenvironment, physical signals can significantly 

change cell behavior, such as proliferation and metastatic 

potential, beyond the characteristics of cancer stem cells. The 

physical signals in tumors comprise mainly 3 aspects: increas-

ing matrix stiffness, solid stress, and interstitial fluid pres-

sure17,18. These forces do not operate independently within 

the tumor but instead interact during carcinoma development 

and progression.

ECM remodeling and stiffening are characteristics of solid 

tumors, and tissue stiffness has been exploited to detect a vari-

ety of human cancer types19. The stiffness of breast cancer tis-

sue is approximately 10 times that of normal breast tissues20. 

Chronic liver diseases leading to hepatic carcinoma are asso-

ciated with ECM over-production, and the stiffness of liver 

cancer tissue is approximately 10 times that of normal liver 

tissue21. ECM stiffening in tumors is caused by reorganization 

of the stroma by excess activity of ECM proteins and enzymes 

that covalently cross-link collagen fibers and other ECM com-

ponents6,22. For example, hepatic stellate cells are activated 

in response to liver damage, thus resulting in extensive accu-

mulation of ECM and leading to the development of hepatic 

fibrosis, or even hepatic cirrhosis and hepatic carcinoma23,24. 

Moreover, overexpression of lysyl oxidase in cancers has been 

attributed to an increase in tissue stiffness by cross-linking col-

lagen fibers and other ECM components. As a biomechanical 

property of solid tumors, increased tissue stiffness has been 

widely and actively studied, and is considered to be involved 

in regulating several tumor characteristics, including growth, 

metabolism, invasion, and metastasis2,18,25. However, how 

stiffening of the ECM drives tumor progression remains to be 

determined.

Growth-induced solid stress accumulates within tumors dur-

ing tumorigenesis and the rapid proliferation of tumor cells18. 

Solid tumors grow under compressive stress, which corresponds 

to mechanical loads of 35–142 mm Hg for human tumors26,27. 

Solid stress is contained in and transmitted by ECM and cellu-

lar elements28, and it can affect the growth of cancer cells both 

directly, by compressing cancer cells, and indirectly, by com-

pressing surrounding blood and lymphatic vessels29.

Fluid stresses include microvascular and interstitial fluid 

pressure as well as the shear stress exerted by blood and lym-

phatic flow on the vessel wall, and by interstitial flow on can-

cer and stromal cells and ECM18. High interstitial fluid pres-

sure is another characteristic of solid tumors, which results 

from solid stress and accumulation of fluid in the interstitial 

space30,31. The interstitial fluid pressure can direct tumor cell 

migration through autocrine CCR7 signaling32. Hyler et al.33 

have suggested that even a low level of continual fluid shear 

stress significantly and differentially affects adherent epithe-

lial ovarian cancer cells in various stages of progression. As 

described above, interstitial fluid pressure within the TME can 

direct cell movement and promote tumorigenesis.

Abnormal metabolic microenvironment in 
tumors

Metabolic reprogramming, a defining feature of almost all 

cancers, is a robust hallmark in addition to the 6 recognized 
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hallmarks of cancer34,35. In addition, studies have proposed 

that cancer is a metabolic disease, thus causing a gradual shift 

in the view of cancer as a genetic disease36,37. The metabolic 

environment in solid tumors is characterized by hypoxia 

and acidity. These are important determinants of tumor cell 

growth and metabolism, and tumor resistance to radiation 

therapy, chemotherapy, and other therapies38. The main cause 

of low pH in the TME is H+ ions from lactic acid and carbonic 

acid, as a result of anaerobic glycolysis and the conversion 

of CO2 and H2O via carbonic anhydrase, respectively38. The 

formation of hypoxic areas in tumors is mainly caused by the 

distribution of the vascular network and uneven cell prolifer-

ation. The TEM usually lacks nutrients because of the elevated 

rates of nutrient consumption by tumors and inadequacies in 

the tumor vascular supply. Consequently, tumor cells must 

reprogram their metabolism to adapt to hypoxic, acidic, and 

low-nutrient conditions39.

In recent years, advances in cancer research have enhanced 

understanding of metabolism and its heterogeneity in cancer 

cells. In cancer, elevated glucose uptake and high glycolytic rates, 

as a source of adenosine triphosphate (the Warburg effect), are 

major metabolic characteristics of tumors. Thus, targeting the 

Warburg effect has been suggested as a “metabolic therapy” 

approach for the treatment of cancer40. However, advances in 

recent years have suggested that the metabolism in tumors not 

only conforms to the Warburg effect but also is heterogeneous. 

Indeed, studies have revealed a dual capacity of tumor cells 

for glycolytic and oxidative phosphorylation metabolism41-43. 

Metabolic plasticity of cancer cells helps them adapt to the 

TEM and promotes cancer development. Xu et al.44 have sug-

gested that increased glucose metabolism, induced by high 

levels of fibroblast growth factor receptor 4 (FGFR4), can 

lead to chemoresistance in breast cancer. Shakery et al.45 have 

found that beta-hydroxybutyrate treatment decreases glycol-

ysis and increases oxidative phosphorylation, thus fueling the 

proliferation, migration, and stemness of 5FU treated SW480 

colon cancer cells. Therefore, metabolic reprogramming sup-

ports cancer cell stemness and bioenergy-consuming behav-

iors, such as proliferation, survival, migration, invasion, and 

chemoresistance46.

Tumor niche aberrant mechanical forces and tumor cell met-

abolic reprogramming have been reported to be 2 fundamen-

tal mediators of tumor progression, and recently a mechanistic 

interconnection between them has been established. Bertero 

et  al.47 have elucidated that ECM stiffening induces a meta-

bolic switch in both cancer and stromal cells. Furthermore, our  

recent study has shown that a stiffer matrix promotes glycoly-

sis in HCC cells, thus allowing them to meet their energy needs 

for migration48. Therefore, the aberrant mechanical forces in 

the TME around an expanding tumor modulate cancer cell 

metabolism, thus supporting the metabolic requirements for 

tumor progression. However, little is known about the corre-

lation between the mechanical force in TME and tumor meta-

bolism, and further studies are needed to explore their effects 

in the occurrence and development of tumors.

Intracellular signaling events in 
response to microenvironmental 
mechanics

Biomechanical forces from the extracellular environment can 

be transduced or converted into intracellular signals, in a pro-

cess referred to as mechanotransduction. This complex process 

involves a multitude of signaling molecules and events, oper-

ating both sequentially and in parallel49. Mechanosensitive 

molecules at the cell surface, such as integrins and cadher-

ins at the adherens junctions, receptor tyrosine kinases, and 

ion channels, primarily sense physical signals50. Integrins are 

a widely studied family of mechanosensors51, which are key 

components of focal adhesion complexes. Integrins are trans-

membrane proteins that bind various ECM proteins and are 

involved in sensing the extracellular environment. As sug-

gested by Yu et  al.17, “integrins can mediate the sensing of 

mechanical properties of the ECM and transduce these signals 

downstream to focal adhesion kinase (FAK), leading to the 

stabilization of focal adhesions, and activation of downstream 

intracellular signaling cascades”. E-cadherin is another major 

mechanosensor involved in the sensing and transmission of 

force7. Integrin and cadherin complexes act as cellular mech-

anosensors and mechanotransducers at cell-ECM or cell-cell 

junctions, respectively52. To date, only a few of these mechan-

ically sensitive molecules have been discovered, and future 

studies are needed to discover more mechanosensors and 

verify their roles in tumor development. After being sensed 

by mechanosensors, biomechanical signals can be transduced 

downstream to FAK and the nucleus through 2 pathways (as 

shown in Figure 1): biochemical mechanotransduction and 

direct transduction to the nucleus by physical anchoring of 

the cytoskeleton and nuclear lamina53. These 2 mechanotrans-

duction pathways do not exist independently; in fact, they 

interact mutually and affect the characteristics of cancer cells, 
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such as cell proliferation, adhesion, cytoskeletal remodeling, 

and migration54-56.

A variety of intracellular signaling pathways can be activated 

by mechanical signals, and the activation of intracellular sig-

naling cascades affects the biological behavior of cancer cells 

(Table 1). Matrix stiffness potently regulates cellular behavior 

through various pathways. For example, matrix stiffness can 

drive epithelial-mesenchymal transition (EMT) and tumor 

metastasis through the TWIST1-G3BP2 mechanotransduc-

tion pathway60. Recently, Kalli et al.66 have reported that solid 

stress induces the migration of pancreatic cancer cells, in a 

process mediated by GDF15 through Akt pathway activation. 

In addition, transient receptor potential vanilloid 4 (TRPV4), 

which is sensitive to a wide variety of chemical and phys-

ical stimuli, is likely to mediate EMT, as induced by TGFβ1 

and matrix stiffness69. Dupont et  al.70 have demonstrated 

that yes-associated protein/transcriptional coactivator with 

PDZ-binding motif (YAP/TAZ) activity is regulated by ECM 

rigidity and cell shape. Moreover, YAP/TAZ mediate cellular 

mechanoresponses. Beyond matrix stiffness, other mechanical 

forces have been studied. Shah et al.63 have reported that inter-

stitial fluid flow increases the invasion of hepatocellular car-

cinoma cell via CXCR4/CXCL12 and MEK/ERK signaling. In 

addition, a recent study has reported that hydrodynamic shear 

stress promotes EMT in human breast tumor cells through 

downregulation of ERK and GSK3β activity65. These studies 

suggest that biomechanical forces from the extracellular envi-

ronment are transmitted into the intracellular environment 

and transformed into biochemical signals, thereby regulating 

the behavior of cancer cells.

Biomechanical signals can also be transmitted from the 

ECM to the internal cytoskeleton and transduced to the 

nucleus through physical nuclear-cytoskeletal connections 

(Figure 1). Complexes of nesprins and SUN-domain (Sad1/
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Figure 1  Schematic presentation of biomechanical force transmission from the extracellular environment into cancer cells. Changes in the 
mechanical properties of the TME transmit to cancer cells through 2 distinct pathways: the physical nuclear-cytoskeletal connection and 
biochemical signaling. Mechanical stress transmission occurs through physical nuclear-cytoskeletal connections involving integrins, F-actin, 
nesprin, and SUN proteins (red box). Moreover, integrin clustering and focal adhesion assembly, driven by biomechanical forces, activate 
biochemical signaling pathways such as PI3K-Akt, GDF15/Akt/CREB1, YAP/TAZ, TWIST1-G3BP2, CXCR4/CXCL12, and MEK/ERK (green box).
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UNC-84) proteins, called linkers of nucleoskeleton and 

cytoskeleton (LINC) complexes, bind the cytoskeleton to the 

nucleus. This link between the cytoskeleton and the nucleus 

transmits mechanical signals that regulate nuclear position 

and cell behavior71. Inhibitors targeting mechanotransduction 

pathways (reviewed in72) have shown significant therapeutic 

effects in both preclinical models and clinical trials, thereby 

indicating the potential of targeting mechanotransduction in 

cancer therapies.

Microenvironmental mechanics 
affects cancer progression

Mechanical imbalance is a major feature of malignant tumor 

tissue that increases the possibility of an imbalance in mechan-

ical homeostasis becoming a precursor for tumorigenesis and 

progression73. In fact, matrix stiffening is associated with a 

variety of diseases, such as fibrosis or cirrhosis of tissues, thus 

increasing the risk of malignant tumors. For example, the con-

tinued development of liver fibrosis and liver cirrhosis leads 

to uncontrollable nodular hyperplasia in later stages and fur-

ther develops into scirrhous hepatocellular carcinoma74,75. 

Angiogenesis, an essential hallmark of solid tumors, plays 

important roles in tumor growth and hematogenous metas-

tasis76,77. As reviewed by Zanotelli et  al.78, aberrant tumor 

angiogenesis is promoted by alterations in ECM mechanics in 

the TME. In addition, important biophysical parameters such 

as abnormal cytoskeletal or matrix mechanics are associated 

with many cancer hallmarks, including unlimited replicative 

potential, apoptotic evasion, and tissue invasion and metasta-

sis79. Along with changes in the biomechanical characteristics 

of TME, an advantageous ‘niche’ is created that allows cancer 

cells/CSCs to turn on different mechanosensory pathways, and 

adjust their behaviors and metabolism.

Mechanical forces influence cancer cell 
behavior

The physical interaction between cells and their ECM has 

been shown to affect many cellular behaviors associated with 

cancer progression through the regulation of master devel-

opmental pathways, such as Notch, Wnt, and Hedgehog80. As 

reported by Tse et al.81, compressive stress accumulates dur-

ing tumor growth and makes cancer cells invasive. Studies by 

Helmlinger et al.82 and Delarue et al.68 have also suggested that 

compressive stress inhibits proliferation in tumor spheroids. 

McKenzie et al.83 have reported that ECM stiffness regulates 

ovarian cancer cell morphology, migration, and spheroid 

disaggregation. Moreover, increasing 3D rigidity has been 

demonstrated to promote proliferation and spheroid develop-

ment of liver cells84. Solid stress in tumors, as experimentally 

mimicked by compression, has also been shown to alter the 

adhesion and migration of cancer cells85. In addition, a recent 

study has reported that increased TME stiffness stimulates 

the secretion of activin A (a strong pro-metastatic cytokine in 

cancer associated fibroblasts), and stromally secreted activin A 

induces ligand-dependent CRC epithelial cell migration and 

EMT86. These results indicate that mechanical forces in the 

TME promote aggressive behaviors of cancer cells, including 

proliferation, migration, invasion, and spheroid development.

Microenvironmental mechanics affects cancer 
stem cells

Increasing evidence suggests that CSCs have many of the fea-

tures essential to tumor initiation, invasion, and recurrence87. 

Recent studies have found that CSCs play crucial roles in liver 

cancer development, radio-chemotherapy resistance, recur-

rence, and metastasis88-90. CSCs, a subset of tumor cells, are 

also subject to mechanical force within the TME. Chen and 

Kumar have reviewed studies on CSC functions regulated by 

biophysical signals in the TME, including interstitial pres-

sure and ECM stiffness87. The matrix stiffness of cancer tis-

sue increases significantly from the center outward21, with 

increased expression of ECM components such as type I col-

lagen and laminin. CSCs with high clonal expansion, inva-

siveness, and metastatic ability are mainly concentrated in 

the invasion frontier area of cancer tissue91,92. Notably, the 

microenvironment of this region is relatively more suitable for 

maintaining the stemness, invasiveness, and metastatic ability 

of CSCs. ECM components have been demonstrated not to 

be the key factors regulating the stemness, proliferation, and 

metastasis of CSCs; therefore, intratumor mechanical hetero-

geneity may be the cause. Further investigation of the biophys-

ical regulation of CSCs may provide a promising approach to 

reveal new CSC specific targets for pharmacological interven-

tion. In-depth study of the biophysical regulation of CSCs may 

help reveal the roles of mechanical factors in promoting the 

occurrence and development of cancer.

Although many researchers have conducted excellent work in 

cancer stem cell research, little is known about the origin of CSCs. 
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Some evidence suggests that chemical factors may be involved in 

regulating the origin of cancer stem cells. For example, hypoxia 

enhances the generation of progenitor cell-induced pluripotent 

stem cells93,94 and contributes to maintenance of glioma stem-

like cells95. Small molecules have also been reported to target the 

self-renewal, expansion, differentiation, and survival of endog-

enous stem cells96,97. In addition, mechanical factors have been 

found to play an important role in maintaining the stemness 

of CSCs. Mechanical factors (such as matrix mechanical prop-

erties) not only induce cancer cells to show characteristics of 

malignant transformation but also promote the expression of 

stem cell markers98,99. Recently, hydrodynamic shear stress has 

been demonstrated to promote the conversion of circulating 

tumor cells to distinct cancer stem-like cells in the blood circu-

lation47. Our previous study has also demonstrated that a soft 

matrix increases the stemness of HCC cells100. Tumor tissues 

with impaired mechanical function are often accompanied by 

increased hypoxia33. Pang et al.101 have found that the combina-

tion of increased stiffness and decreased oxygen tension in the 

TME increases the expression of CSC markers in invasive breast 

cancer cells. Hence, targeting the mechanical forces in the CSC 

niche may provide a new approach for suppressing the TME-

driven activation of CSCs.

Microenvironmental mechanics and metabolic 
dysfunction

The metabolism of cancer cells is reprogrammed to preferen-

tially use glycolysis rather than oxidative phosphorylation to 

obtain energy (Warburg effect). ECM stiffening and tumor 

cell metabolic reprogramming are 2 important characteristics 

during tumor progression that serve as important regulatory 

factors promoting cancer occurrence and development. Cancer 

cells have greater metabolic plasticity that allows them to bet-

ter adapt to the changing TME. Pickup et al.102 have suggested 

that the mechanical features of the ECM may profoundly reg-

ulate many classic and emerging cancer hallmarks, including 

cellular metabolism. Transformation of mechanical signals into 

tumor-induced biochemical signals activates signaling path-

ways that regulate cancer cell metabolism to meet the energy 

requirements in malignancy. Therefore, mechanical stimuli 

from the TME may provide crucial molecular signals that guide 

metabolic reprogramming in tumor cells to favor aggressive 

behaviors47.

Mechanical stimuli in the TME have been suggested to acti-

vate signaling pathways that promote the aggressive behavior 

of cancer cells73. Interestingly, many of these signaling path-

ways regulate the metabolism of cancer cells and their malig-

nant behaviors. The biophysical properties of the ECM regu-

late malignant transformation and tumor metastasis through 

the PI3K/AKT signaling pathway2, which is central in the 

regulation of glucose uptake and utilization103,104. Activation 

of the PI3K/AKT signaling pathway renders cells dependent 

on high levels of glucose flux. Thus, the regulation of matrix 

stiffness by the PI3K/AKT signaling pathway may affect cell 

metabolism, thus regulating cell proliferation and survival, 

and affecting tumor growth and metastasis. In addition, the 

YAP/TAZ-dependent mechanotransduction cascade is cru-

cial to metabolic reprogramming initiated by ECM stiffness28. 

Recently, Bertero et  al.105 have linked mechanical stimuli 

(ECM stiffening) to metabolic reprogramming through YAP/

TAZ-dependent glutamate/aspartate cross-talk in the TME. 

In this study, ECM stiffening was demonstrated to reprogram 

cell metabolism, including increasing glycolysis and glutamine 

metabolism105. The activation of subcellular AMPK, a meta-

bolic energy sensor, in MDA-MB-231 and MCF-10A has been 

found to be induced by fluid flow shear stress106. In another 

study, AMPK has been found to be activated in response to 

force applied to E-cadherin; moreover, force-induced AMPK 

increases glucose uptake and ATP levels in MCF10A107. These 

findings underscore the metabolic responses of cancer cells 

to mechanical stimuli in the tumor niche through a variety 

of signaling pathways. However, other pathways are likely to 

link mechanical stimuli to metabolism, and further studies are 

needed to fully investigate their complex relationships.

Conclusions

The biomechanical changes in the TME can modify the behav-

ior and metabolism of tumor cells, along with the properties 

of CSCs, thus promoting the development of cancer. Increased 

ECM stiffness, solid stress, and fluid stress within tumors are 

characteristics of cancer progression and activate signaling 

pathways critical for proliferation, survival, migration, inva-

sion, and metastasis. Some of these mechanical force-acti-

vated signaling pathways in tumors also promote metabolic 

reprogramming. Furthermore, the biomechanical properties 

of the TME regulate properties of CSCs by modulating stem-

ness-maintaining pathways through mechanotransduction. 

Tissue mechanosignaling activates signaling networks that 

simultaneously promote metabolic reprogramming and the 

maintenance of CSC characteristics. Altered biomechanical 
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properties and metabolic reprogramming of tumor tissue and 

CSCs are critical drivers of cancer aggressiveness. Therefore, 

further studies on metabolic reprogramming and CSCs in the 

mechanical microenvironment, as well as their interconnected 

feedback mechanism, are important.

Co-existing biochemical and biomechanical signals in the 

TME cooperatively drive tumor progression. These signals 

include hypoxia and pH gradients; gradients of soluble sig-

nals and ions; and physical forces caused by modification of 

the concentration, organization, and stiffness of the ECM108. 

Cells can regulate directional responses to multiple signals 

through the same cell surface receptors or signaling pathways. 

Together, the mechanical forces, mechanoresponsive elements, 

biochemical signals, and cross-talk with intracellular signaling 

pathways regulate diverse cellular behaviors, cell metabolism, 

and the maintenance of CSC properties. However, many ques-

tions regarding the link between the TME and tumor progres-

sion remain to be answered. Understanding how cancer cells 

integrate multiple directional signals in the development and 

progression of tumors is critical to identify novel anticancer 

therapeutic targets.

Acknowledgements

This research was funded by the National Natural Science 

Foundation of China (Grant No. 11832008 and 11772073) and 

by the Program of the Postgraduate Tutor Team, Chongqing 

Education Commission (2018).

Conflict of interest statement

No potential conflicts of interest are disclosed.

References

1.	 Oudin MJ, Weaver VM. Physical and chemical gradients in the 

tumor microenvironment regulate tumor cell invasion, migration, 

and metastasis. Cold Spring Harb Symp Quant Biol. 2016; 81: 

189-205.

2.	 Tung JC, Barnes JM, Desai SR, Sistrunk C, Conklin MW, Schedin P, 

et al. Tumor mechanics and metabolic dysfunction. Free Radic Biol 

Med. 2014; 79: 269-80.

3.	 Shieh AC. Biomechanical forces shape the tumor 

microenvironment. Ann Biomed Eng. 2011; 39: 1379-89.

4.	 Northcott JM, Dean IS, Mouw JK, Weaver VM. Feeling stress: the 

mechanics of cancer progression and aggression. Front Cell Dev 

Biol. 2018; 6: 17.

5.	 Kumar S, Weaver VM. Mechanics, malignancy, and metastasis: 

the force journey of a tumor cell. Cancer Metastasis Rev. 2009; 28: 

113-27.

6.	 Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic 

niche in cancer progression. J Cell Biol. 2012; 196: 395-406.

7.	 Spill F, Reynolds DS, Kamm RD, Zaman MH. Impact of the 

physical microenvironment on tumor progression and metastasis. 

Curr Opin Biotechnol. 2016; 40: 41-8.

8.	 Guo S, Deng C-X. Effect of stromal cells in tumor 

microenvironment on metastasis initiation. Int J Biol Sci. 2018; 14: 

2083-93.

9.	 Li T, Zhang Q, Jiang Y, Yu J, Hu Y, Mou T, et al. Gastric cancer cells 

inhibit natural killer cell proliferation and induce apoptosis via 

prostaglandin E2. Oncoimmunology. 2015; 5: e1069936.

10.	 Wu T, Dai Y. Tumor microenvironment and therapeutic response. 

Cancer Lett. 2017; 387: 61-8.

11.	 Kirilovsky A, Marliot F, El Sissy C, Haicheur N, Galon J, Pagès F. 

Rational bases for the use of the Immunoscore in routine clinical 

settings as a prognostic and predictive biomarker in cancer 

patients. Int Immunol. 2016; 28: 373-82.

12.	 Jiang Y, Zhang Q, Hu Y, Li T, Yu J, Zhao L, et al. ImmunoScore 

signature: a prognostic and predictive tool in gastric cancer. Ann 

Surg. 2018; 267: 504-13.

13.	 Jiang Y, Xie J, Huang W, Chen H, Xi S, Han Z, et al. Tumor immune 

microenvironment and chemosensitivity signature for predicting 

response to chemotherapy in Gastric cancer. Cancer Immunol Res. 

2019; 7: 2065-73.

14.	 Nwabo Kamdje AH, Kamga PT, Simo RT, Vecchio L, Seke Etet 

PF, Muller JM, et al. Mesenchymal stromal cells’ role in tumor 

microenvironment: involvement of signaling pathways. Cancer Biol 

Med. 2017; 14: 129-41.

15.	 Takam Kamga P, Bassi G, Cassaro A, Midolo M, Di Trapani M, 

Gatti A, et al. Notch signalling drives bone marrow stromal cell-

mediated chemoresistance in acute myeloid leukemia. Oncotarget. 

2016; 7: 21713-27.

16.	 Shi X, Li B, Feng X, Zhang L. The mechanical problems in tumor 

and tumor microenvironment. Adv Mech. 2018; 48: 360-409.

17.	 Yu H, Mouw JK, Weaver VM. Forcing form and function: 

biomechanical regulation of tumor evolution. Trends Cell Biol. 

2011; 21: 47-56.

18.	 Jain RK, Martin JD, Stylianopoulos T. The role of mechanical forces 

in tumor growth and therapy. Annu Rev Biomed Eng. 2014; 16: 

321-46.

19.	 Pang MF, Siedlik MJ, Han S, Stallingsmann M, Radisky DC, Nelson 

CM. Tissue stiffness and hypoxia modulate the integrin-linked 

kinase ILK to control breast cancer stem-like cells. Cancer Res. 

2016; 76: 5277-87.

20.	 Lopez JI, Kang I, You W-K, McDonald DM, Weaver VM. In situ 

force mapping of mammary gland transformation. Integr Biol. 

2011; 3: 910-21.

21.	 Masuzaki R, Tateishi R, Yoshida H, Sato T, Ohki T, Goto T, et al. 

Assessing liver tumor stiffness by transient elastography. Hepatol 

Int. 2007; 1: 394-7.



290� Liu et al. Mechanical microenvironment regulates cancer development and progression

22.	 Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the 

collagen scaffold and tumor evolution. Curr Opin Cell Biol. 2010; 

22: 697-706.

23.	 Sokolovic A, Sokolovic M, Boers W, Elferink RPO, Bosma PJ. 

Insulin-like growth factor binding protein 5 enhances survival of 

LX2 human hepatic stellate cells. Fibrogenesis Tissue Repair. 2010; 

17: 3.

24.	 Omar R, Yang J, Liu H, Davies NM, Gong Y. Hepatic stellate cells 

in liver fibrosis and siRNA-based therapy. Rev Physiol Biochem 

Pharmacol. 2016; 172: 1-37.

25.	 Chaudhuri O, Koshy ST, Branco da Cunha C, Shin JW, Verbeke CS, 

Allison KH, et al. Extracellular matrix stiffness and composition 

jointly regulate the induction of malignant phenotypes in 

mammary epithelium. Nat Mater. 2014; 13: 970-8.

26.	 Stylianopoulos T, Martin JD, Chauhan VP, Jain SR, Diop-Frimpong 

B, Bardeesy N, et al. Causes, consequences, and remedies for 

growth-induced solid stress in murine and human tumors. Proc 

Natl Acad Sci USA. 2012; 109: 15101-8.

27.	 Luo M, Ho KKY, Tong Z, Deng L, Liu A. Compressive stress 

enhances invasive phenotype of cancer cells via Piezo1 activation. J 

Med Biomech. 2019; S1: 125-6.

28.	 Nia HT, Liu H, Seano G, Datta M, Jones D, Rahbari N, et al. Solid 

stress and elastic energy as measures of tumour mechanopathology. 

Nat Biomed Eng. 2016; 1: 4.

29.	 Stylianopoulos T. The solid mechanics of cancer and strategies for 

improved therapy. J Biomech Eng. 2017; 139: 021004.

30.	 Wolf A, Agnihotri S, Micallef J, Mukherjee J, Sabha N, Cairns R, 

et al. Hexokinase 2 is a key mediator of aerobic glycolysis and 

promotes tumor growth in human glioblastoma multiforme. J Exp 

Med. 2011; 208: 313-26.

31.	 Polacheck WJ, German AE, Mammoto A, Ingber DE, Kamm RD. 

Mechanotransduction of fluid stresses governs 3D cell migration. 

Proc Natl Acad Sci USA. 2014; 111: 2447-52.

32.	 Shields JD, Fleury ME, Yong C, Tomei AA, Randolph GJ, Swartz 

MA. Autologous chemotaxis as a mechanism of tumor cell homing 

to lymphatics via interstitial flow and autocrine CCR7 signaling. 

Cancer Cell. 2007; 11: 526-38.

33.	 Hyler AR, Baudoin NC, Brown MS, Stremler MA, Cimini D, 

Davalos RV, et al. Fluid shear stress impacts ovarian cancer 

cell viability, subcellular organization, and promotes genomic 

instability. PLoS One. 2018; 13: e0194170.

34.	 Sun L, Suo C, Li S-T, Zhang H, Gao P. Metabolic reprogramming 

for cancer cells and their microenvironment: beyond the 

Warburg Effect. Biochim Biophys Acta Rev Cancer. 2018; 1870: 

51-66.

35.	 Li Z, Zhang H. Reprogramming of glucose, fatty acid and amino 

acid metabolism for cancer progression. Cell Mol Life Sci. 2016; 73: 

377-92.

36.	 Seyfried TN, Shelton LM. Cancer as a metabolic disease. Nutr 

Metab. 2010; 7: 7-10.

37.	 Masoudi-Nejad A, Asgari Y. Metabolic cancer biology: structural-

based analysis of cancer as a metabolic disease, new sights and 

opportunities for disease treatment. Semin Cancer Biol. 2015; 30: 

21-9.

38.	 Wu J, Chen J, Feng Y, Tian H, Chen X. Tumor microenvironment as 

the “regulator” and “target” for gene therapy. J Gene Med. 2019; 21: 

e3088.

39.	 Yoshida, JG. Metabolic reprogramming: the emerging concept and 

associated therapeutic strategies. J Exp Clin Cancer Res Cr. 2015; 

34: 111.

40.	 Narayanan K, Erathodiyil N, Gopalan B, Chong S, Wan ACA, Ying 

JY. Targeting Warburg effect in cancers with PEGylated glucose. 

Adv Healthc Mater. 2016; 5: 696-701.

41.	 Yu L, Lu M, Jia D, Ma J, Ben-Jacob E, Levine H, et al. Modeling 

the genetic regulation of cancer metabolism: interplay between 

glycolysis and oxidative phosphorylation. Cancer Res. 2017; 77: 

1564-74.

42.	 Jia D, Lu M, Jung KH, Park JH, Yu L, Onuchic JN, et al. Elucidating 

cancer metabolic plasticity by coupling gene regulation with 

metabolic pathways. Proc Natl Acad Sci USA. 2019; 116: 3909-18.

43.	 Elgendy M, Ciro M, Hosseini A, Weiszmann J, Mazzarella L, 

Ferrari E, et al. Combination of hypoglycemia and metformin 

impairs tumor metabolic plasticity and growth by modulating 

the PP2A-GSK3beta-MCL-1 Axis. Cancer Cell. 2019; 35:  

798-815.e5.

44.	 Xu M, Chen S, Yang W, Cheng X, Ye Y, Mao J, et al. FGFR4 links 

glucose metabolism and chemotherapy resistance in breast cancer. 

Cell Physiol Biochem. 2018; 47: 151-60.

45.	 Shakery A, Pourvali K, Ghorbani A, Fereidani SS, Zand H. Beta-

Hydroxybutyrate promotes proliferation, migration and stemness 

in a subpopulation of 5FU treated SW480 Cells: evidence for 

metabolic plasticity in Colon cancer. Asian Pac J Cancer Prev. 2018; 

19: 3287-94.

46.	 Gentric G, Mieulet V, Mechta-Grigoriou F. Heterogeneity in cancer 

metabolism: new concepts in an old field. Antioxid Redox Signal. 

2017; 26: 462-85.

47.	 Bertero T, Gaggioli C. Mechanical forces rewire metabolism in the 

tumor niche. Mol Cell Oncol. 2019; 6: 1592945.

48.	 Liu Q-P, Luo Q, Deng B, Ju Y, Song G-B. Stiffer matrix accelerates 

migration of hepatocellular carcinoma cells through enhanced 

aerobic glycolysis via the MAPK-YAP signaling. Cancers. 2020; 12: 

490.

49.	 Nagelkerke A, Bussink J, Rowan AE, Span PN. The mechanical 

microenvironment in cancer: how physics affects tumours. Semin 

Cancer Biol. 2015; 35: 62-70.

50.	 Przybyla L, Muncie JM, Weaver VM. Mechanical control of 

epithelial-to-mesenchymal transitions in development and cancer. 

Annu Rev Cell Dev Biol. 2016; 32: 527-54.

51.	 Ahmadzai M, Small M, Sehmi R, Gauvreau G, Janssen LJ. Integrins 

are mechanosensors that modulate human eosinophil activation. 

Front Immunol. 2015; 6: 525.

52.	 le Duc Q, Shi Q, Blonk I, Sonnenberg A, Wang N, Leckband D, et al. 

Vinculin potentiates E-cadherin mechanosensing and is recruited 

to actin-anchored sites within adherens junctions in a myosin 

II-dependent manner. J Cell Biol. 2010; 189: 1107-15.

53.	 Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: 

the role of physical interactions and mechanical forces in 

metastasis. Nat Rev Cancer. 2011; 11: 512-22.



Cancer Biol Med Vol 17, No 2 May 2020� 291

54.	 Luo CW, Wu CC, Ch’ang HJ. Radiation sensitization of tumor cells 

induced by shear stress: the roles of integrins and FAK. Biochim 

Biophys Acta. 2014; 1843: 2129-37.

55.	 Kawai Y, Kaidoh M, Yokoyama Y, Ohhashi T. Pivotal roles of 

shear stress in the microenvironmental changes that occur within 

sentinel lymph nodes. Cancer Sci. 2012; 103: 1245-52.

56.	 Avraham-Chakim L, Elad D, Zaretsky U, Kloog Y, Jaffa A, Grisaru 

D. Fluid-flow induced wall shear stress and epithelial ovarian 

cancer peritoneal spreading. PLoS One. 2013; 8: e60965.

57.	 Plotnikov SV, Pasapera AM, Sabass B, Waterman CM. Force 

fluctuations within focal adhesions mediate ECM-rigidity 

sensing to guide directed cell migration. Cell. 2012; 151:  

1513-27.

58.	 Jerrell RJ, Parekh A. Matrix rigidity differentially regulates 

invadopodia activity through ROCK1 and ROCK2. Biomaterials. 

2016; 84: 119-29.

59.	 Rice AJ, Cortes E, Lachowski D, Cheung BCH, Karim SA, Morton 

JP, et al. Matrix stiffness induces epithelial-mesenchymal transition 

and promotes chemoresistance in pancreatic cancer cells. 

Oncogenesis. 2017; 6: e352.

60.	 Wei SC, Fattet L, Tsai JH, Guo Y, Pai VH, Majeski HE, et al. Matrix 

stiffness drives epithelial-mesenchymal transition and tumour 

metastasis through a TWIST1-G3BP2 mechanotransduction 

pathway. Nat Cell Biol. 2015; 17: 678-88.

61.	 Umesh V, Rape AD, Ulrich TA, Kumar S. Microenvironmental 

stiffness enhances glioma cell proliferation by stimulating 

epidermal growth factor receptor signaling. PLoS One. 2014; 9: 

e101771.

62.	 Wang P, Chen SH, Hung WC, Paul C, Zhu F, Guan PP, et al. Fluid 

shear promotes chondrosarcoma cell invasion by activating matrix 

metalloproteinase 12 via IGF-2 and VEGF signaling pathways. 

Oncogene. 2015; 27: 4558-69.

63.	 Shah AD, Bouchard MJ, Shieh AC. Interstitial fluid flow increases 

hepatocellular carcinoma cell invasion through CXCR4/CXCL12 

and MEK/ERK signaling. PLoS One. 2015; 10: e0142337.

64.	 Xiong N, Li S, Tang K, Bai H, Peng Y, Yang H, et al. Involvement of 

caveolin-1 in low shear stress-induced breast cancer cell motility 

and adhesion: roles of FAK/Src and ROCK/p-MLC pathways. 

Biochim Biophys Acta Mol Cell Res. 2017; 1864: 12-22.

65.	 Choi HY, Yang G-M, Dayem AA, Saha SK, Kim K, Yoo Y, et al. 

Hydrodynamic shear stress promotes epithelial-mesenchymal 

transition by downregulating ERK and GSK3β activities. Breast 

Cancer Res. 2019; 21: 6.

66.	 Kalli M, Minia A, Pliaka V, Fotis C, Alexopoulos LG, Stylianopoulos 

T. Solid stress-induced migration is mediated by GDF15 through 

Akt pathway activation in pancreatic cancer cells. Sci Rep. 2019; 9: 

978.

67.	 Marturano-Kruik A, Villasante A, Yaeger K, Ambati SR, Chramiec 

A, Raimondi MT, et al. Biomechanical regulation of drug sensitivity 

in an engineered model of human tumor. Biomaterials. 2018; 150: 

150-61.

68.	 Delarue M, Montel F, Vignjevic D, Prost J, Joanny J-F, Cappello 

G. Compressive stress inhibits proliferation in tumor spheroids 

through a volume limitation. Biophys J. 2014; 107: 1821-8.

69.	 Sharma S, Goswami R, Zhang DX, Rahaman SO. TRPV4 regulates 

matrix stiffness and TGFbeta1-induced epithelial-mesenchymal 

transition. J Cell Mol Med. 2018; 23: 761-74.

70.	 Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, 

et al. Role of YAP/TAZ in mechanotransduction. Nature. 2011; 474: 

179-84.

71.	 Alam SG, Zhang Q, Prasad N, Li Y, Chamala S, Kuchibhotla R, et al. 

The mammalian LINC complex regulates genome transcriptional 

responses to substrate rigidity. Sci Rep. 2016; 6: 38063.

72.	 Majeski HE, Yang J. The 2016 John J. Abel Award Lecture: targeting 

the mechanical microenvironment in cancer. Mol Pharmacol. 2016; 

90: 744-54.

73.	 Northey JJ, Przybyla L, Weaver VM. Tissue force programs cell fate 

and tumor aggression. Cancer Discov. 2017; 7: 1224-37.

74.	 Baglieri J, Brenner DA, Kisseleva T. The role of fibrosis and 

liver-associated fibroblasts in the pathogenesis of hepatocellular 

carcinoma. Int J Mol Sci. 2019; 20; 1723.

75.	 Wang D, Zhang X, Lu Y, Wang X, Zhu L. Hypoxia inducible factor 

1alpha in hepatocellular carcinoma with cirrhosis: association with 

prognosis. Pathol Res Pract. 2018; 214: 1987-92.

76.	 Li T-J, Jiang Y-M, Hu Y-F, Huang L, Yu J, Zhao L-Y, et al. 

Interleukin-17-producing neutrophils link inflammatory stimuli to 

disease progression by promoting angiogenesis in Gastric cancer. 

Clin Cancer Res. 2017; 23: 1575-85.

77.	 Kuang D-M, Zhao Q, Wu Y, Peng C, Wang J, Xu Z, et al. 

Peritumoral neutrophils link inflammatory response to disease 

progression by fostering angiogenesis in hepatocellular carcinoma. 

J Hepatol. 2011; 54: 948-55.

78.	 Zanotelli MR, Reinhart-King CA. Mechanical forces in tumor 

angiogenesis. Adv Exp Med Biol. 2018; 1092: 91-112.

79.	 Xuan B, Ghosh D, Cheney EM, Clifton EM, Dawson MR. 

Dysregulation in actin cytoskeletal organization drives increased 

stiffness and migratory persistence in polyploidal giant cancer cells. 

Sci Rep. 2018; 8: 11935.

80.	 Nwabo Kamdje AH, Takam Kamga P, Tagne Simo R, Vecchio L, 

Seke Etet PF, Muller JM, et al. Developmental pathways associated 

with cancer metastasis: Notch, Wnt, and Hedgehog. Cancer Biol 

Med. 2017; 14: 109-20.

81.	 Tse JM, Cheng G, Tyrrell JA, Wilcox-Adelman SA, Boucher 

Y, Jain RK, et al. Mechanical compression drives cancer cells 

toward invasive phenotype. Proc Natl Acad Sci USA. 2012; 109: 

911-6. 

82.	 Helmlinger G, Netti PA, Lichtenbeld HC, Melder RJ, Jain RK. Solid 

stress inhibits the growth of multicellular tumor spheroids. Nat 

Biotechnol. 1997; 15: 778-83.

83.	 McKenzie AJ, Hicks SR, Svec KV, Naughton H, Edmunds ZL, Howe 

AK. The mechanical microenvironment regulates ovarian cancer 

cell morphology, migration, and spheroid disaggregation. Sci Rep. 

2018; 8: 7228.

84.	 Bomo J, Ezan F, Tiaho F, Bellamri M, Langouet S, Theret N,  

et al. Increasing 3D matrix rigidity strengthens proliferation  

and spheroid development of human liver cells in a constant 

growth factor environment. J Cell Biochem. 2016; 117:  

708-20.



292� Liu et al. Mechanical microenvironment regulates cancer development and progression

85.	 Ghosh D, Dawson MR. Microenvironment influences cancer cell 

mechanics from tumor growth to metastasis. Adv Exp Med Biol. 

2018; 1092: 69-90.

86.	 Bauer J, Emon MAB, Staudacher JJ, Thomas AL, Zessner-

Spitzenberg J, Mancinelli G, et al. Increased stiffness of the tumor 

microenvironment in colon cancer stimulates cancer associated 

fibroblast-mediated prometastatic activin A signaling. Sci Rep. 

2020; 10: 50.

87.	 Chen J, Kumar S. Biophysical regulation of cancer stem/initiating 

cells: implications for disease mechanisms and translation. Curr 

Opin Biomed Eng. 2017; 1: 87-95.

88.	 Agliano A, Calvo A, Box C. The challenge of targeting cancer stem 

cells to halt metastasis. Semin Cancer Biol. 2017; 44: 25-42.

89.	 Wang N, Wang S, Li M-Y, Hu B-G, Liu L-P, Yang S-L, et al. Cancer 

stem cells in hepatocellular carcinoma: an overview and promising 

therapeutic strategies. Ther Adv Med Oncol. 2018; 10: 1-25.

90.	 Liu Q, Sun J, Luo Q, Ju Y, Song G. Salinomycin suppresses 

tumorigenicity of liver cancer stem cells and Wnt/beta-catenin 

signaling. Curr Stem Cell Res Ther. 2020; doi: 10.2174/1574888X15

666200123121225. [In press]

91.		 Zheng YW, Tsuchida T, Shimao T, Li B, Takebe T, Zhang RR, et al. 

The CD133+CD44+ precancerous subpopulation of oval cells is 

a therapeutic target for hepatocellular carcinoma. Stem Cells Dev. 

2014; 23: 2237-49.

92.	 Jin ZH, Sogawa C, Furukawa T, Saito Y, Aung W, Fujibayashi Y, 

et al. Basic studies on radioimmunotargeting of CD133-positive 

HCT116 cancer stem cells. Mol Imaging. 2012; 11: 445-50.

93.	 Bae D, Mondragon-Teran P, Hernandez D, Ruban L, Mason C, 

Bhattacharya SS, et al. Hypoxia enhances the generation of retinal 

progenitor cells from human induced pluripotent and embryonic 

stem cells. Stem Cells Dev. 2012; 21: 1344-55.

94.	 Saito S, Lin YC, Tsai MH, Lin CS, Murayama Y, Sato R, et al. 

Emerging roles of hypoxia-inducible factors and reactive oxygen 

species in cancer and pluripotent stem cells. Kaohsiung J Med Sci. 

2015; 31: 279-86.

95.	 Colwell N, Larion M, Giles AJ, Seldomridge AN, Sizdahkhani S, 

Gilbert MR, et al. Hypoxia in the glioblastoma microenvironment: 

shaping the phenotype of cancer stem-like cells. Neuro Oncol. 

2017; 19: 887-96.

96.	 Qin H, Zhao A, Fu X. Chemical modulation of cell fates: in situ 

regeneration. Sci China Life Sci. 2018; 61: 1137-50.

97.	 Qin H, Zhao A, Fu X. Small molecules for reprogramming and 

transdifferentiation. Cell Mol Life Sci. 2017; 74: 3553-75.

98.	 Mouw JK, Yui Y, Damiano L, Bainer RO, Lakins JN, Acerbi I, et al. 

Tissue mechanics modulate microRNA-dependent PTEN expression 

to regulate malignant progression. Nat Med. 2014; 20: 360-7.

99.	 Tan Y, Tajik A, Chen J, Jia Q, Chowdhury F, Wang L, et al. Matrix 

softness regulates plasticity of tumour-repopulating cells via H3K9 

demethylation and Sox2 expression. Nat Commun. 2014; 5: 4619.

100.	 Tian B, Luo Q, Ju Y, Song G. A soft matrix enhances the cancer stem 

cell phenotype of HCC cells. Int J Mol Sci. 2019; 20: 2831.

101.	 Pang MF, Siedlik MJ, Han S, Stallings-Mann M, Radisky DC, 

Nelson CM. Tissue stiffness and hypoxia modulate the integrin-

linked kinase ILK to control breast cancer stem-like cells. Cancer 

Res. 2016; 76: 5277-87.

102.	 Pickup MW, Mouw JK, Weaver VM. The extracellular matrix 

modulates the hallmarks of cancer. EMBO Rep. 2014; 15: 1243-53.

103.	 Lien EC, Lyssiotis CA, Cantley LC. Metabolic reprogramming by 

the PI3K-Akt-mTOR pathway in cancer. Recent results cancer Res. 

2016; 207: 39-72.

104.	 Hong SY, Yu F-X, Luo Y, Hagen T. Oncogenic activation of 

the PI3K/Akt pathway promotes cellular glucose uptake by 

downregulating the expression of thioredoxin-interacting protein. 

Cell Signal. 2016; 28: 377-83.

105.	 Bertero T, Oldham WM, Grasset EM, Bourget I, Boulter E, 

Pisano S, et al. Tumor-stroma mechanics coordinate amino acid 

availability to sustain tumor growth and malignancy. Cell Metab. 

2019; 29: 124-40.e10.

106.	 Guo Y, Steele HE, Li B-Y, Na S. Fluid flow-induced activation of 

subcellular AMPK and its interaction with FAK and Src. Arch 

Biochem Biophys. 2020; 679: 108208.

107.	 Bays JL, Campbell HK, Heidema C, Sebbagh M, DeMali KA. Linking 

E-cadherin mechanotransduction to cell metabolism through force-

mediated activation of AMPK. Nat Cell Biol. 2017; 19: 724-31.

108.	 Jia Q, Dong Q, Qin L. CCN: core regulatory proteins in the 

microenvironment that affect the metastasis of hepatocellular 

carcinoma? Oncotarget. 2016; 7: 1203-14.

Cite this article as: Liu Q, Luo Q, Ju Y, Song G. Role of the mechanical 

microenvironment in cancer development and progression. Cancer Biol Med. 

2020; 17: 282-292. doi: 10.20892/j.issn.2095-3941.2019.0437


