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Abstract 

Physiological structure and function of cells are maintained by ongoing complex dynamic adaptive processes in 
the intracellular molecular pathways controlling the overall profile of gene expression, and by genes in cellular 
gene regulatory circuits. Cytogenetic mutations and non-genetic factors such as chronic inflammation or repetitive 
trauma, intrinsic mechanical stresses within extracellular matrix may induce redirection of gene regulatory circuits 
with abnormal reactivation of embryonic developmental programmes which can now drive cell transformation and 
cancer initiation, and later cancer progression and metastasis. Some of the non-genetic factors that may also favour 
cancerization are dysregulation in epithelial-mesenchymal interactions, in cell-to-cell communication, in extracellular 
matrix turnover, in extracellular matrix-to-cell interactions and in mechanotransduction pathways. Persistent increase 
in extracellular matrix stiffness, for whatever reason, has been shown to play an important role in cell transformation, 
and later in cancer cell invasion. In this article we review certain cell regulatory networks driving carcinogenesis, focus-
sing on the role of mechanical stresses modulating structure and function of cells and their extracellular matrices.
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Background
Oral squamous cell carcinoma is a malignancy of oral 
epithelial cells (keratinocytes) characterized by uncon-
trolled cell proliferation, increased cell survival and 
disruption of local tissue structure, with malignant 
keratinocytes invading the underlying connective tissue 
through the basement membrane. The acquisition of a 
malignant phenotype is accompanied by several changes 
in cellular properties including alterations in cell shape, 
rearrangement of the cytoskeleton, dysregulation in cell-
to-cell communication and adherence, and loss of ten-
sional homeostasis. These changes in the function and 
structure of cells are caused by major reprogramming 
of gene-expression profiles, by genetic mutations and by 
non-genetic microevironmental factors including chronic 
inflammation and trauma, and by altered mechanical 
properties of extracellular matrix (ECM) [1–3].

The biomechanical characteristics of cancer cells and 
their immediate microenvironment, and the physical 
interactions between these cells and their extracellular 
matrices play important roles in cancer initiation and 
progression [1, 4, 5]. The ECM of the cancer cells is stiffer 
than normal owing to increased production of collagen 
type 1 by tumour associated fibroblasts and to lysyl-oxi-
dase mediated cross-linking of collagen fibers [6–8]. In 
turn, in response to stresses within the ECM there will 
be isometric tension in the cancer cells with alterations 
in the cytoskeletal structural architecture [9, 10]. This 
results in abnormal activation of certain transcription 
factors that regulate the expression of genes involved in 
cell attachment, proliferation, differentiation, migration 
and apoptosis, thus promoting cancer progression [1, 6, 
8–10].

Reciprocally, tension and contractile forces generated 
by the intracellular actin filaments of the cytoskeleton 
in response to external biomechanical stimulation are 
transferred to the ECM, with abnormal remodelling of 
its three dimensional organization [10]. In the context of 
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cancer, the altered ECM can dysregulate integrin expres-
sion and activation, the assembly of focal adhesion 
proteins, cytoskeletal structure and cell-to-cell and cell-
to-ECM adhesions, thus disturbing tensional homeosta-
sis, further promoting cancerization [5, 7, 8, 10, 11].

In this article we review certain cell regulatory net-
works driving carcinogenesis, focusing on the role 
of mechanical stresses that modulate normal func-
tion and structure of cells and their ECM, and promote 
carcinogenesis.

Complex adaptive systems in the context of gene 
regulatory network
The dynamic cross-talk between numerous genes, and 
their organization within the gene regulatory network 
will determine cell structure and function [2]. In turn, 
normal structure and function of cells are maintained 
by ongoing complex adaptive processes in the intra-cel-
lular molecular pathways, controlling the overall profile 
of gene expression. The function of each intracellular 
molecular pathway is influenced by other such pathways, 
and the aggregate of the integrated activity of the several 
interacting pathways determines the biological proper-
ties of the cell. The aggregate of this integrated activity is 
not linear and cannot be derived from summation of the 
activity of the singular pathways [9, 12, 13].

The intracellular molecular pathways form a network, 
and each pathway in the network may be activated by 
one or more biological agents in the microenvironment 
[2, 9]. This complex dynamic adaptive system that main-
tains the normal biological properties of the cell is robust 
and can self-reorganize in response to external stimuli, so 
that the cells adapt to microenvironmental changes with-
out losing functional integrity [2, 9, 12, 13]. The adaptive 
system uses a built-in ‘set of rules’ that directs the behav-
iour of the system almost predictably [12, 13].

The larger system of the gene regulatory network com-
prises many regulatory circuits, each circuit having a 
particular profile of gene expression. The configuration 
of the specific circuit and interactions between the genes 
within the circuit determine whether a regulatory cir-
cuit remains stable, or is driven to adapt to one of multi-
ple accessible stable attractor states in the network, each 
of which has a distinct profile of gene expression and is 
associated with an orderly biological behaviour [2, 9].

Within the genetic landscape of multiple stable attrac-
tor states, a cell can switch from one stable attractor state 
to another in response to stimuli from the microenviron-
ment, for example from a proliferative to a differentia-
tive programme. Furthermore, mutations in certain key 
regulatory genes can induce changes in the profile of the 
gene network, resulting in cell transformation and cancer 
development [2, 9]. However, if a mutation is insufficient 

to cause cell transformation, the attractor state can adapt 
through self-reorganization, preserving the normal func-
tional integrity of the cell [2].

Thus, the multiple discrete stable attractor states rep-
resent pre-existing circuits of gene expression each 
associated with a different preprogrammed biological 
behaviour, and according to the built-in rules the switch 
to a particular stable attractor state will depend on the 
accessibility of potential target attractors within the gene 
landscape [2].

The regulatory network that controls tensional home-
ostasis probably comprises several different attrac-
tor states, depending upon the structural architecture 
of the cells and their ECM. While a normal tensional 
attractor state maintains the physiological structure of 
cells and tissues, stiffer matrices with altered tensional 
homeostasis can switch from a physiological tensional 
circuit to an aberrant tensional circuit promoting a cel-
lular change to a malignant phenotype [7, 11]. Such a 
process may be driven by extraneous forces inducing 
biomechanical signals in the microenvironment such 
as repetitive trauma, with consequent alteration in the 
intracellular tension, or by alterations in genes encod-
ing proteins involved in maintaining tissue tensional 
homeostasis.

Circuits of gene expression in the context 
of cancerization
Preset circuits of gene expression (stable attractor states) 
include some developmental programs that are normally 
shut down post-developmentally; but random genetic 
mutations may induce rewiring of gene-regulatory sys-
tems, making developmental circuits re-accessible and 
re-activated, thus providing ‘cancer stem cells’ with 
renewed capacity to initiate cancer development. Chronic 
inflammation or trauma as well as other stimuli from the 
microenvironment might also promote the transition to 
a preset circuit of gene expression associated with cancer 
[2]. The cancer stem cells resulting from this process give 
rise to transient-amplifying cancer cells which can pro-
liferate, degrade extracellular matrix, invade, migrate and 
promote neoangiogenesis [2].

Acquisition of a malignant phenotype is accompanied 
by changes in cellular structure and function caused by 
reorganization of the cytogenetic regulatory network 
with the re-programming of gene-expression profiles [2]. 
Thus, such re-organization may be induced by sequen-
tial, random gene mutations [14], by natural-selective 
pressures in the local microenvironment [14], or by bio-
mechanical and biochemical signals originating in the 
stroma of the cancer [2], all influenced by dysregulated 
reciprocal interactions between the affected epithelium 
and the underlying lamina propia [14, 15].
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Biomechanics of the cytoskeleton, focal adhesions 
and extracellular matrix
The cytoskeleton is a complex of elements comprising 
actin filaments and intermediate filaments under ten-
sion, and of microtubular elements that resist compres-
sion, together maintaining the shape and mechanical 
stability of the cell and its nucleus. These interconnecting 
cytoskeletal elements are anchored to focal adhesion pro-
teins and integrins on the inner side of the cell’s plasma 
membrane, and to other specialized proteins on the 
outer side of the nuclear membrane. Nesprins, the outer 
nuclear membrane proteins connect the nucleus to the 
cytoplasmic cytoskeleton, and interact with inner nuclear 
proteins sun as sun 1, sun 2 and laminins (Fig. 1) [16–19]. 
In response to physiological biomechanical cues from 
the ECM, the cytoskeletal elements can self-rearrange, 
changing their structural configuration to preserve the 
shape and mechanical stability of the cell [3, 16, 20, 21].

The structural architecture of the cytoskeleton deter-
mines its mechanical properties, and in general, the 
cytoskeleton remodels and stiffens in response to 
externally- or internally-generated stresses, providing 
increased resistance to deformation. At the same time, 
the biomechanical signals from the ECM, transduced via 
the cytoskeletal structural network, mediate cell prolif-
eration, differentiation, survival and motility, thus ulti-
mately influencing cellular responses [3, 9, 19, 21–23]. 
In addition, cross-linking between cytoskeletal actin 
and myosin filaments occurs in response to extracel-
lular mechanical stresses, and the consequently gener-
ated intracellular contractile forces activate intracellular 
signalling pathways, regulating gene expression. These 
intracellularly generated forces can also be transmitted to 
the ECM, which consequently may become stiffer [19, 21, 
24, 25].

The physical microenvironment of all cells is a complex 
mesh-like three-dimensional scaffold within the ECM. 
The biochemical composition, the fibrous architecture 
and the mechanical properties are important factors 
determining cell anchorage, proliferation or differentia-
tion, survival, and vectors of cell migration. [5, 19, 21, 26, 
27].

A cell adheres to and communicates with its ECM by 
means of focal adhesion domains which are localized 
multifunctional dynamic protein complexes integrated 
in its cellular plasma membrane. These complexes com-
prise transmembrane integrins, and cytoplasmic proteins 
including focal adhesion kinase (FAC), talin, vinculin, 
Src, paxillin and tensin, linking the ECM to the cytoskel-
eton (Fig. 1). The extracellular component of the integrin 
interacts with ECM ligands including fibronectin, vit-
ronectin and collagen, and the intracellular component 
of the integrin interacts with the actin cytoskeleton and 

other proteins of the focal adhesion domain [3, 18, 21, 
27, 28]. The elements of the focal adhesion domain act 
as cellular mechanosensors and transduces, conveying 
biomechanical signals from mechanical stresses in the 
ECM into the intracellular microenvironment, eliciting 
biochemical signals that induce cellular responses [19, 22, 
29, 30].

The focal adhesion domains thus mediate interactions 
between cells and their matrices, with ECM stresses 
promoting integrin clustering, expression and activity, 
and assembly and maturation of focal adhesion proteins 
with their consequent stabilization [19, 22, 30]. A softer 
more flexible matrix cannot transmit the stresses neces-
sary for the development and stability of mature cell-to-
ECM adhesions [4, 19, 27, 31]. On the other hand, a stiff 
ECM transmits the strains necessary to bring about and 
to maintain stronger cell-to-ECM focal adhesions.

The strains that develop in integrins and in other mech-
anosensory molecules in the focal adhesion domains are 
generated by both intracellular and extracellular stresses 
[18, 19]. Extracellular mechanical stresses, through the 
stimulation of integrins and other focal adhesion mol-
ecules, can activate the intracellular Rho-associated 
kinase (ROCK) pathway, triggering the assembly of bun-
dles of contractile actomyosin called stress fibers that are 
attached intracellularly at focal adhesion sites [19, 32]. 
The small G-protein Rho is a member of the Rho fam-
ily of small guanosine triphosphatases (GTPase), and 
together with ROCK, they upregulate the phosphoryla-
tion of myosin light-chains [21, 26, 28, 33]. Actin polym-
erization with subsequent cross-linking between the 
cytoskeletal actin and myosin filaments will give rise to 
stress fibers, increasing the cytoskeletal tension and con-
tractility [19, 34].

Contraction of the intracellular Rho-ROCK-induced 
stress fibers further promotes clustering and strengthen-
ing of integrins and other molecules in the focal adhesion 
domain [8]. Contraction of the stress fibers can also acti-
vate the mitogen-activated protein kinase-extracellular 
signal-regulated kinase (MAPK-ERK) signalling pathway 
that mediates the activity of transcription factors regulat-
ing expression of genes involved in cell proliferation and 
differentiation [10, 16, 22, 28].

Alteration in the biochemical composition and struc-
tural architecture of the ECM together with an aberrant 
increase in its stiffness can cause dysregulation in the 
intracellular contractile forces which may disrupt cell-to-
cell and cell-to-ECM adhesion [35].

Under physiological conditions, a positive biomechani-
cal feedback loop is created, with ECM stresses induc-
ing intracellular stresses, mediating cellular function and 
biological behaviour; and reciprocally, the intracellular 
stresses inherent in the cytoskeleton and stress fibers 
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influence remodelling, function and biomechanical prop-
erties of the ECM [19].

The functional activities of the cells are thus influ-
enced by the complex adaptive network that regu-
lates the ECM and cellular mechanotransduction 
pathways. The elements of this complex system include 
the structural architectures of both the ECM and the 

cytoskeleton, which impart the inherent mechani-
cal tension and stiffness characteristic to the cells and 
their matrices. The arrangement of these elements is 
dynamic, with particular intracellular molecular sig-
nalling pathways being activated according to the 
biomechanical stimuli received from the microenviron-
ment, and as the stimuli change, so do the intracellular 

Fig. 1 The physical connection between the cell’s plasma membrane and the nuclear envelope via the actin cytoskeleton network, enables trans-
duction of extra- and intracellular mechanical stimuli to reach the nucleus and to activate transcription factors which determine gene expression 
and subsequent cellular responses. Strains derived from extracellular matrix induce configurational changes in the focal adhesion protein talin, 
resulting in the recruitment of vinculin with the establishment of a physical link between the ECM and the nuclear membrane via the integrin/talin/
vinculin—cytoskeleton—nuclear envelope proteins (Sun 1, Sun 2, Nesprins). Thus extracellular stresses, stiffness of ECM and the mechanical proper-
ties of the intracellular actin cytoskeleton influence cell shape and orientation and play a role in the regulation of cell differentiation, proliferation 
and survival [18, 19, 23]. The figure is adapted from Jaalouk and Lammerding [18] and Feller et al. [19]
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signalling pathways, in order to elicit a homeostatic bio-
logical response [9, 22].

Biomechanics and cancer
Development of cancer is associated with increased stiff-
ness of the local ECM that can then transmit a greater 
portion of any intrinsically generated or extraneous 
mechanical stress to the cells, transducing the micro-
environmental biomechanical stimuli into intracellular 
biochemical signals. These signals increase intracellular 
mechanical stresses which then modulates cellular genes 
expression, promoting cell proliferation, survival and 
migration [1, 4, 7, 19, 22, 31, 33]. Any increase in the stiff-
ness of the extracellular microenvironment is also asso-
ciated with an increase in protein concentration in the 
ECM and also with increased cross-linking and reorien-
tation of the collagen fibrils [6–8, 29, 31].

Low-grade repetitive injury is a local factor that can 
induce a long-term increase in the stiffness of the ECM, 
and in the dynamics of cell-to-cell and cell-to-matrix 
adhesion and of cytoskeletal organization with a conse-
quent increase in cell stiffness, proliferation, survival and 
migration further promoting cancerous transformation 
of cells [1, 11, 19, 22, 36].

Transformed cells have an altered profile of inter-
mediate filaments, of cytoskeletal structure and of cell 
shape compared to normal cells [7] and the abnormally 
high mechanical stresses and contractile forces gen-
erated within and around cells in response to biome-
chanical stimulation disrupt cell-to-cell junctions and 
cell-to-matrix adhesions thus facilitating cell migration 
and invasion [7, 11]. In advanced cancers, the rapidly 
growing tumour mass generates internal compressive 
stresses that cause further mechanical alterations in the 
microenvironment, further modification of the ECM 
proteins, and greater cellular transformational responses 
[7]. The abnormally stiff ECM in advanced cancers then 
induces abnormal Rho-ROCK pathway-mediated cellular 
contractility with increased isometric tension, and with 
chronic activation of the MAPK-ERK (proto) oncogenic 
pathway, all of which are necessary to maintain an inva-
sive phenotype of cancer cells [6, 8, 11].

The transmitted mechanical stresses, via the changed 
and stiffer cytoskeletal structure, can be transmitted to 
the nucleus causing nuclear deformation with configu-
rational changes in chromatin, thus influencing gene 
expression which independently of the biomechanical-
induced biochemical changes have the potential to pro-
mote cancerization (Fig. 1) [7, 19].

The mechanical properties of cancer cells change dur-
ing cancer progression, with metastatic cells having left 
the site of the primary tumour to migrate through a dif-
ferent type of extracellular microenvironment, becoming 

less stiff than they were after initial transformation, to 
allow penetration of the basement membrane and under-
lying tissue [1, 29, 37, 38].

In the context of cellular circuits of gene expression 
and cancerization, it has become evident that extracellu-
lar mechanical stresses generated by an aberrant increase 
in ECM stiffness has the capacity to induce rewiring of 
the epithelial mesenchymal transition (EMT) develop-
mental cellular circuit [39, 40]. EMT transcription factors 
including Twist 1, Twist 2, Snail, Slug, ZEB 1 and ZEB 
2 can in epithelial cells suppress E-cadherin expression 
resulting in functional loss of cell-to-cell adhesion and 
induce alterations in the actin cytoskeleton, which altera-
tions can mediate the conversion of polarized immobile 
epithelial cells to mobile cells with a mesenchymal phe-
notype [19, 23, 41].

In addition to stiff matrices and other mechanical 
stresses, TGF-β, Notch, Wnt and Hedgehog signalling 
pathways can also activate EMT transcription factors 
[19, 42]. With regard to mechanical stresses, it has been 
shown that high-matrix stiffness-driven Twist 1 mecha-
notransduction signalling pathways interact with TGF-β 
signalling pathways to promote tumour invasion and 
metastasis [39, 40].

It appears that there are different modes of cancer cell 
migration that are governed by different genetic pro-
grams, based on the specific characteristics of the cell-to-
cell junctions, cell-to-ECM adhesions, the tension of the 
cytoskeleton and the patterns of remodelling of all these 
elements. The modes of cell migration change over-time 
in response to microenvironmental biomechanical cues 
[43].

Conclusion
Cancer initiation and progression are associated with 
pathological changes in structure and function of cells 
and of their ECM, and with disruption of tensional home-
ostasis characterized by abnormal mechanical stresses 
within cells and their extracellular matrix. The aberrant 
process of mechanotransduction which converts biome-
chanical stimuli into abnormal intracellular biochemical 
signals is thought to play an important role in early cel-
lular transformation.
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