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ABSTRACT

The extracellular matrix is a vital component of a cellular system. It is responsible for several metabolic pro-
cesses within cells and its properties can have major effects on cellular activity. Recent research has begun to
understand the role of physical interactions between the matrix and the cell on cellular growth and repair. In
this work, we review the role of the stiffness of the extracellular matrix in determining cellular activity. We first
review the effect on stem cell differentiation through the influence of cytoskeletal feedback loops and induced
traction stresses. We then discuss the effects of metabolic reprogramming in tumor progression via molecular
upregulation of YAP/TAZ and genetic expression. Finally, we highlight the effects of the stiffness gradient
dictated by durotaxis and induced hypoxia on the rate of tumor progression. We hope this review sheds light
on the major impact that the extracellular matrix has on various biological activities.

Introduction

The extracellular matrix (ECM) is a connective tissue that plays a key role in tissue development. It maintains
the physical elements and morphology of the muscle and the physiological functions in cellular control. The
ECM is composed of multifunctional gel-like fibrous structures scattered throughout the tissue. It contains var-
ious proteins which interact with the cell to regulate processes along the lines of cellular activity. Many com-
ponents of the ECM affect cellular behavior. For instance, the ECM can directly bind different types of cell
surface receptors or co-receptors to mediate cell anchorage and pathways involved in intracellular signaling and
mechanotransduction(Gattazzo et al., 2014). Moreover, it promotes organogenesis and development of a devel-
oping fetus(Urbancyzk et al., 2019). The most employed method to investigate such effects involves in vitro
testing through cell culturation in different mediums. For example, Halliday and Tomasek(Halliday et al., 1995)
conducted experiments in vitro to examine mechanical factors affecting fibronectin fibril assembly. In efforts
to manipulate the cellular matrix and environment of culutration, the researchers used two collagen gels subject
to different environments. A stabilized collagen gel was used to induce stress within the cell culture and a stress-
free, relaxed gel was used as a control. Collagen was chosen because it is a key component in cell scaffolding.
Alternate manipulations of in vitro conditions can be seen through Beta 1 integrin binding to regulate cellular
traction(Gershlak et al., 2015); using photocleavable hydrogels to fabricate the network’s structure under cy-
tompatable conditions(Kloxin et al., 2009) or using 3D matrices to recapitulate key elements of a tumor micro-
environment(Gu et al., 2015).

The focus of this investigation is to understand the impact that varying stiffness of the Extracellular
matrix has on cell activity. The internal environment of the ECM is very complex - involving a multitude of
proteins both fibrous and glycosaminoglycan. The cross-linking of these compounds and their quantities heavily
contribute to the manipulation of the stiffness of the cell(Huang et al., 2021). The paper will review other pub-
lished materials that have cited impacts of stiffness as manipulated in vitro on stem cell differentiation, meta-
bolic reprogramming and tumor progression.
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Figure 1. A summary of the effects of extracellular matrix stiffness on cellular activity

Cell-Cell Matrix Interactions

The impact of mechanical forces on a cellular level has been a subject of increasing interest(Wells, 2008) Every
cell and its matrix interact through the formation of multi-protein adhesion structures, focal adhesions, fibrillar
adhesions and podosomes that link the ECM to the cytoskeleton of the cell. ECM components are linked to
each other through diverse protein and carbohydrate-binding domains (“What are cell-matrix adhesions?,” n.d).

Within the body there exists a wide range of cellular stiffnesses, from brain to skeletal muscle tissues.
Each region of the body creates a microenvironment, or a niche, to allow for physical manipulation of the cell
strain and type for optimal functioning. Aside from growth, stiffness of the extracellular matrix has an impact
on the enzyme-catalyzed reactions or on the progression of tumor cells.

Effect on Stem Cell Differentiation

Stem cells are unspecialized cells that possess the ability of self-renewal and potency allowing for differentia-
tion into several cell types. Stem cells are classified based on their ability to divide and their source. Adult stem
cells are very specific to their source, requiring a particular niche constructed by cell-specific cues. These cues
are incredibly complex but broadly categorized into three types: cell-cell, cell-matrix, and cell-biochemical
factor. Understanding the various cell interactions is crucial in fields of research development and therapeutic
applications.

A key factor influencing stem cell behavior is stiffness. The impact of stiffness on stem cell differen-
tiation can be linked to the initial traction stress. The initial traction stress is balanced out by the microtubules
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resisting compression forces. The cell senses this through the activation of integrin-mediated signal transduction
pathways. Through cytoskeleton-based feedback loops, a cell changes its maximal mechanosensitivity close to
the microtubule compression determined by matrix stiffness, ultimately directing cell differentiation(Lv et al.,
2015). The effect of matrix stiffness has also been investigated in vitro. For instance, a study was conducted to
identify the optimal elastic modulus in a hydrogel for neural stem/progenitor cell (NSPC) differentiation and
proliferation (Leipzig et al., 2009). An NSPC cell was chosen because adult stem cells in the Central Nervous
System(CNS) can propagate and differentiate into the primary cell types of the CNS. Native brain tissue is a
soft tissue with a lower elastic modulus compared to skeletal tissue. The study found a correlation between the
preference of cell culture and growth and stiffness of the surface. For example, neurons prefer compliant hy-
drogel surfaces whereas astrocytes prefer slightly stiffer hydrogel surfaces. Thus, when resting on a very soft
substrate, hippocampus-derived NSPC differentiate into neurons, but form astrocytes on stiffer surfaces.

Extracellular Matrix
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Figure 2. Stem cell differentiation by traction stresses and cytoskeleton feedback loops

Effect on Cellular Metabolism and Reprogramming

Metabolism is the collective referencing of the many enzyme-catalyzed reactions that take place in the body. It
serves as a source of energy and biomass for cellular activity by regulating protein, lipid and carbohydrate
expenditure(Ge et al., 2021). Cellular reprogramming refers to an activity by cancer cells during tumor for-
mation whereby an increased uptake of energy is used to promote uncontrolled proliferation. Cancer cells can
only achieve proliferation when granted access to sufficient energy for DNA, RNA, complex carbohydrates,
proteins and lipids for mitosis. The ECM also can regulate cellular metabolism and reprogramming. For in-
stance, inhibition of tumor growth and proliferation in in vivo and in vitro cultures can be manipulated through
variable ECM stiffness(Ge et al., 2021).

Emerging evidence indicates that metabolism change occurs downstream of mechanotransduction sig-
naling pathways that are activated by mechanical stimuli. A key molecule involved in the manipulation of
glucose metabolism is YAP/TAZ. The molecule plays a key role in embryo and tumor development through
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cell proliferation and survival. Through the upregulation of YAP/TAZ, glucose metabolism takes place. The
upregulation is impacted by the stiffness of the ECM through various mechanisms, one of which is through
influencing receptors.

Firstly, YAP/TAZ affects glucose metabolism through increased glucose transport protein expres-
sions, which are regulated by cellular receptors. This is a direct result of increased genetic transcriptions pro-
moting glucose uptake. For instance, it has been shown that the stiffer the extracellular matrix, the increase in
Y AP promoting aerobic glycolysis(Liu et al., 2020).

Secondly, increased stiffness of the matrix is linked to subsequent expressions of various enzymes
involved in glycolysis. These enzymes include several kinases, lactate dehydrogenase, and fructose-2,6-biphos-
phatase. This was shown in a study on the migration of hepatocellular carcinoma cells(HCC), whereby the
absence of YAP/TAZ in cultured HCC cell lines resulted in the downregulation of related enzymes. Another
study done in pulmonary hypertension revealed that ECM stiffening resulted in sustained cell growth and mi-
gration and cascade signaling(Bertero et al., 2016).

Thirdly, is the impact YAP/TAZ has on gluconeogenic genes and their expressions.YAP inhibits the
transcriptional coactivator PGCla’s ability to bind to and activate transcription from the promoters of its glu-
coneogenic targets, and the effects of YAP are blunted upon its knockdown. In vivo, constitutively active YAP
lowers plasma glucose levels and increases liver size(Hu et al., 2017).

Both processes of promoting glycolysis and inhibiting gluconeogenesis support the growth of the can-
cer cell, which has an increased demand for nutrients. These processes allow for a greater supply of glucose to
the tissue but result in nutrient starvation of surrounding healthy tissue and other structures.

Effect on Tumor Progression

The key element of cancer that makes it so deadly is its uncontrolled growth and ability to move and spread
across the body. The spreading of tumors is particularly dangerous because when cancer grows it impairs the
functions of surrounding organs. Unsurprisingly, in the progression of cancer cells, the microenvironment of
the cell, especially its stiffness, affects the growth and movement of the cell.

Cell proliferation refers to the process by which a cancer cell replicates its genetic information and
manages to create a duplicate cell. As another form of cell growth, proliferation is dependent on the availability
of nutrients and their supply to the cell. The impact of ECM stiffness is reflected through induced tension on
the cytoskeleton. Cytoskeleton tension can inhibit or activate multiple signaling pathways of growth factors.
Moreover, it can block or facilitate mitogenic activity in response to stimulations by ECM physical factors(Deng
et al., 2022). The stiffness of the extracellular matrix impacts the motility of cells. For cancer cells, this would
directly impact the rate of metastasis. Cells have been shown to show preferential directional motility, tending
to migrate along 2D substrates from softer to stiffer environments in a process termed durotaxis(Zaman et al.,
2006). Research suggests that as tumor microenvironments get progressively stiffer from cell growth, results in
the activation of specific channels and increased malignancy(DuChez et al., 2019). Cancer cells, during metas-
tasis, find easier movement through durotaxis. In special cases, the phenomenon of ‘reverse durotaxis’ was
observed as well. The dual characteristic among cell movements allows for adaptability for cancerous cells for
increased ability to move as dependent on stiffness gradients.

A secondary impact research involves the condition of Hypoxia. Hypoxia is a biological condition that
refers to an oxygen-deficient state that the body is subjected to. The formation of a primary cancer tumor results
in regions on tissues that receive a lower supply of oxygen as a result of increased distance from a blood vessel,
and therefore, requires a greater diffusion pathway for oxygen(Gilkez et al., 2014). Hypoxia has been shown to
stimulate the epithelial-mesenchymal transition(EMT). An EMT is a biological process that allows a polarized
epithelial cell, to undergo multiple biochemical changes to form a mesenchymal cell phenotype, this results in
enhanced migratory capacity, invasiveness, elevated resistance to apoptosis, and greatly increased production
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of ECM components(Kalluri et al., 2009). Studies show that increased alignment of ECM might more readily
establish a chemoattractive gradient that potentiates hypoxic signaling. Ready alignment of ECM is a function
of stiffness, where increased stiffness suggests larger alignment. Increased ease of motility allows for a greater
rate of metastasis.

Conclusion

In this work, we have reviewed the effects of the ECM on various cellular activities. We have shown how the
ECM can affect stem cell differentiation through cytoskeletal feedback loops and induced traction stresses. We
have also reviewed the various ways in which metabolic reprogramming during tumor progression can be af-
fected by the ECM. Finally, we discuss the effect of the ECM on rates of metastasis. While many recent ad-
vances have been made in understanding the role of the ECM, the author believes several areas of research
warrant further investigation. For example, the effect of cellular reprogramming in the formation and movement
of cancer cells as influenced by mechanical forces is still elusive and requires more experimental data.

Acknowledgments

I would like to thank my advisor for the valuable insight provided to me on this topic.

References

1. Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix: a dynamic microenvironment for stem
cell niche. Biochim Biophys Acta. 2014 Aug;1840(8):2506-19.
https://doi.org/10.1016/j.bbagen.2014.01.010.

2.  Max Urbanczyk, Shannon L. Layland, Katja Schenke-Layland, The role of extracellular matrix in
biomechanics and its impact on bioengineering of cells and 3D tissues, Matrix Biology, Volumes 85-86,
2020, Pages 1-14, ISSN 0945-053X, https://doi.org/10.1016/j.matbio.2019.11.005.

3. Nancy L. Halliday, James J. Tomasek, Mechanical Properties of the Extracellular Matrix Influence
Fibronectin Fibril Assembly in Vitro, Experimental Cell Research, Volume 217, Issue 1, 1995, Pages
109-117, ISSN 0014-4827, https://doi.org/10.1006/excr.1995.1069.

4. Joshua R. Gershlak, Lauren D. Black, Beta 1 integrin binding plays a role in the constant traction
force generation in response to varying stiffness for cells grown on mature cardiac extracellular matrix,
Experimental Cell Research, Volume 330, Issue 2, 2015, Pages 311-324, ISSN 0014-4827,
https://doi.org/10.1016/j.yexcr.2014.09.007.

5. Kloxin, A.M., Tibbitt, M.W., Kasko, A.M., Fairbairn, J.A. and Anseth, K.S. (2010), Tunable

Hydrogels for External Manipulation of Cellular Microenvironments through Controlled
Photodegradation. Adv. Mater., 22: 61-66. https://doi.org/10.1002/adma.200900917

ISSN: 2167-1907 www.JSR.org/hs 5


https://doi.org/10.1016/j.bbagen.2014.01.010
https://doi.org/10.1016/j.bbagen.2014.01.010
https://doi.org/10.1016/j.bbagen.2014.01.010
https://doi.org/10.1016/j.matbio.2019.11.005
https://doi.org/10.1016/j.matbio.2019.11.005
https://doi.org/10.1006/excr.1995.1069
https://doi.org/10.1006/excr.1995.1069
https://doi.org/10.1016/j.yexcr.2014.09.007
https://doi.org/10.1016/j.yexcr.2014.09.007
https://doi.org/10.1016/j.yexcr.2014.09.007
https://doi.org/10.1002/adma.200900917

HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 2 (2024)

6. Gu, L., Mooney, D. Biomaterials and emerging anticancer therapeutics: engineering the
microenvironment. Nat Rev Cancer 16, 5666 (2016). https://doi.org/10.1038/nrc.2015.3

7.  Huang, J., Zhang, L., Wan, D. et al. Extracellular matrix and its therapeutic potential for cancer
treatment.Sig Transduct Target Ther 6, 153 (2021). https://doi.org/10.1038/s41392-021-00544-0

8.  Wells, R.G. (2008), The role of matrix stiffness in regulating cell behavior. Hepatology, 47: 1394-
1400. https://doi.org/10.1002/hep.22193

10. Nic D. Leipzig, Molly S. Shoichet, The effect of substrate stiffness on adult neural stem cell
behavior, Biomaterials, Volume 30, Issue 36, 2009, Pages 6867-6878, ISSN 0142-9612,
https://doi.org/10.1016/j.biomaterials.2009.09.002

11. Lv, H., Li, L., Sun, M. et al. Mechanism of regulation of stem cell differentiation by matrix
stiffness. Stem Cell Res Ther 6, 103 (2015). https://doi.org/10.1186/s13287-015-0083-4

12. Ge H, Tian M, Pei Q, Tan F, Pei H. Extracellular Matrix Stiffness: New Areas Affecting Cell
Metabolism. Front Oncol. 2021 Feb 24;11:631991, https://doi.org/10.3389/fonc.2021.631991

13. Liu QP, Luo Q, Deng B, Ju Y, Song GB. Stiffer Matrix Accelerates Migration of Hepatocellular
Carcinoma Cells through Enhanced Aerobic Glycolysis Via the MAPK-YAP Signaling. Cancers (Basel).
2020 Feb 19;12(2):490, https://doi.org/10.3390/cancers 12020490

14. Bertero, T., Oldham, W. M., Cottrill, K. A., Pisano, S., Vanderpool, R. R., Yu, Q., Zhao, J., Tai, Y.,
Tang, Y., Zhang, Y. Y., Rehman, S., Sugahara, M., Qi, Z., Gorcsan, J., 3rd, Vargas, S. O., Saggar, R.,
Saggar, R., Wallace, W. D., Ross, D. J., Haley, K. J., ... Chan, S. Y. (2016). Vascular stiffness
mechanoactivates YAP/TAZ-dependent glutaminolysis to drive pulmonary hypertension. The Journal of
clinical investigation, 126(9), 3313-3335. https://doi.org/10.1172/JCI86387

15. Hu, Y., Shin, D. J., Pan, H., Lin, Z., Dreyfuss, J. M., Camargo, F. D., Miao, J., & Biddinger, S. B.
(2017). YAP suppresses gluconeogenic gene expression through PGCla. Hepatology (Baltimore, Md.),
66(6), 2029-2041. https://doi.org/10.1002/hep.29373

16. Deng, B., Zhao, Z., Kong, W. et al. Biological role of matrix stiffness in tumor growth and
treatment. J Transl Med 20, 540 (2022). https://doi.org/10.1186/s12967-022-03768-y

17. Zaman, M. H., Trapani, L. M., Sieminski, A. L., MacKellar, D., Gong, H., Kamm, R. D., Wells, A.,
Lauffenburger, D. A., & Matsudaira, P. (2006). Migration of tumor cells in 3D matrices is governed by
matrix stiffness along with cell-matrix adhesion and proteolysis. Proceedings of the National Academy of
Sciences, 103(29), 10889-10894. https://doi.org/10.1073/pnas.0604460103

18. DuChez, B. J., Doyle, A. D., Dimitriadis, E. K., & Yamada, K. M. (2019). Durotaxis by Human
Cancer Cells. Biophysical journal, 116(4), 670-683. https://doi.org/10.1016/j.bpj.2019.01.009

19. Gilkes, D. M., Semenza, G. L., & Wirtz, D. (2014). Hypoxia and the extracellular matrix: drivers of
tumour metastasis. Nature reviews. Cancer, 14(6), 430-439. https://doi.org/10.1038/nrc3726

ISSN: 2167-1907 www.JSR.org/hs 6


https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1038/s41392-021-00544-0
https://doi.org/10.1038/s41392-021-00544-0
https://doi.org/10.1002/hep.22193
https://doi.org/10.1016/j.biomaterials.2009.09.002
https://doi.org/10.1016/j.biomaterials.2009.09.002
https://doi.org/10.1016/j.biomaterials.2009.09.002
https://doi.org/10.1186/s13287-015-0083-4
https://doi.org/10.1186/s13287-015-0083-4
https://doi.org/10.3389/fonc.2021.631991
https://doi.org/10.3389/fonc.2021.631991
https://doi.org/10.3390/cancers12020490
https://doi.org/10.3390/cancers12020490
https://doi.org/10.1172/JCI86387
https://doi.org/10.1172/JCI86387
https://doi.org/10.1002/hep.29373
https://doi.org/10.1002/hep.29373
https://doi.org/10.1186/s12967-022-03768-y
https://doi.org/10.1186/s12967-022-03768-y
https://www.pnas.org/doi/pdf/10.1073/pnas.0604460103
https://doi.org/10.1016/j.bpj.2019.01.009
https://doi.org/10.1016/j.bpj.2019.01.009
https://doi.org/10.1038/nrc3726
https://doi.org/10.1038/nrc3726

HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 2 (2024)

20. Kalluri, R., & Weinberg, R. A. (2009). The basics of epithelial-mesenchymal transition. The Journal of
clinical investigation, 119(6), 1420-1428. https://doi.org/10.1172/JCI39104

21. What are cell-matrix adhesions?. Mbi.nus.edu.sg. (n.d.). https://www.mbi.nus.edu.sg/mbinfo/what-
are-cell-matrix-adhesions/

ISSN: 2167-1907 www.JSR.org/hs 7


https://doi.org/10.1172/JCI39104
https://doi.org/10.1172/JCI39104
https://www.mbi.nus.edu.sg/mbinfo/what-are-cell-matrix-adhesions/
https://www.mbi.nus.edu.sg/mbinfo/what-are-cell-matrix-adhesions/



