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Abstract
Tumor metastases and epithelial to mesenchymal transition (EMT) involve tumor cell invasion
and migration through the dense collagen-rich extracellular matrix surrounding the tumor. Little is
known about the mechanobiological mechanisms involved in this process, nor the role of the
mechanical forces generated by the cells in their effort to invade and migrate through the stroma.
In this paper we propose a new fundamental mechanobiological mechanism involved in cancer
growth and metastasis, which can be both protective or destructive depending on the magnitude of
the forces generated by the cells. This new mechanobiological mechanism directly challenges
current paradigms that are focused mainly on biological and biochemical mechanisms associated
with tumor metastasis. Our new mechanobiological mechanism describes how tumor expansion
generates mechanical forces within the stroma to not only resist tumor expansion but also inhibit
or enhance tumor invasion by, respectively, inhibiting or enhancing matrix metalloproteinase
(MMP) degradation of the tensed interstitial collagen. While this mechanobiological mechanism
has not been previously applied to the study of tumor metastasis and EMT, it may have the
potential to broaden our understanding of the tumor invasive process and assist in developing new
strategies for preventing or treating cancer metastasis.
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Introduction
Breast cancer is the most commonly diagnosed malignancy and leading cause of cancer
mortality among women in the United States [1]. Ninety percent of all cancer deaths arise
from tumor metastases, the process in which abnormal tumor cells proliferate, expand,
reorganize, degrade and migrate through the surrounding stroma’s microenvironment
(extracellular matrix (ECM)) into the circulation to invade other tissues. Triple negative
breast cancer (TNBC), an aggressive subtype of invasive breast cancer that responds less
well to current chemotherapeutic agents, is associated with an increased risk of tumor
relapse, metastasis, and a poorer overall patient prognosis [2]. A better understanding of the
tumor invasive process is essential to developing more effective and targeted therapies to
both treat and prevent metastatic breast cancer, specifically the TNBC subtype.

The delamination and spread of tumor cells are prerequisites for metastatic disease. To
develop new strategies for the prevention and treatment of cancer metastasis, including
TNBC, it is important to understand the basic molecular mechanisms that control how cells
from a primary tumor leave their neighboring cells, break into the vascular bed, migrate into
the blood or lymph stream, reattach to a distant site and develop into a metastatic tumor. The
early steps of the metastatic process are characterized by migration and invasion of the
tumor cells into and through the stroma to enter the circulation through a process known as
epithelial to mesenchymal transition (EMT) [3]. An ever expanding literature is now
evolving to describe the mechanisms controlling this process [4]. During EMT, cells acquire
a more spindle-like fibroblastic morphology, lose their adhesive properties, gain enhanced
motility, increase their stroma interactions and invasive behavior in a process that involves
increased cell traction forces to reorganize and degrade the extracellular matrix [4-7]. To
increase their traction force on the ECM, the epithelial cells must incorporate α-smooth
muscle actin (α-SMA) into stress fibers by synthesizing TGFβ-1 or activating it from the
surrounding ECM [5]. As the cells increase their traction force on the ECM in response to
increasing ECM stiffness as the tumor expands, the epithelial cells will transition from a
more fibroblastic phenotype to a differentiated mesenchymal/myofibroblastic phenotype.
Degradation of the ECM is a necessity for invasion and dispersion of cells and has been
thoroughly studied during the last decade. Matrix metalloproteinases (MMPs) have been
identified as key enzymes in this process as they are capable of degrading the ECM
components, specifically proteoglycan, basement membrane, fibronectin and collagen [8, 9].

The importance and role of biomechanical forces within the tumor and stroma in the EMT
process have not been extensively studied. We introduce a new paradigm for how
biomechanical forces can modify the ECM’s molecular conformation during tumor growth
and how these forces can be both protective and destructive depending on the stage of tumor
growth. We describe how tumor expansion generates mechanical forces (tensile and
compressive) within the stroma to resist tumor expansion and how these same forces can
inhibit or enhance tumor invasion of the stroma. We also propose a possible biomechanical
trigger for EMT based on the magnitude of traction force exerted by the tumor and stroma
cells to deform and unwind the collagen molecule for enzyme cleavage. These conceptual
force-based mechanisms have not been previously described, and we believe they will have
application to the study of the tumor invasive process. In this paper we focused on breast
cancer and the cells and tissues involved in the metastatic process. Our paradigm was
developed in the context of breast cancer because the mechanics of tumor expansion, ECM
deformation, and cellular traction forces were easiest to conceptualize. However the
proposed biomechanical force mechanism is intrinsic to the collagen molecule itself, as well
as other ECM components, and as such is applicable to many different cell types, tissues and
disease processes. In the broader sense, we are proposing a new biomechanical mechanism
for ECM degradation based on previous literature and our own research, with the hope that
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this will provide new and useful insights into not only cancer biology but many other disease
processes.

Tumor Metastasis and Biomechanical Forces
Biomechanical forces within the microenvironment at the tumor-stroma interface may be a
key mechanism driving EMT, and ultimately lead to metastatic spread to target organs. In
this section we will explore the role and importance of mechanobiological (cell-matrix) and
mechanochemical (cell-enzyme) mechanisms for eliciting EMT and subsequent degradation
of the surrounding stroma. We will discuss possible biomechanical triggers that may be
involved in tumor expansion in the early stages of the metastatic process, such as tumor and
stroma cell responses to collagen conformational changes and increased tension and
compression in the ECM of the stroma. We take a multiscale approach to describe possible
mechanisms present at the tumor-stroma interface, ranging from the atomic level (molecule
conformation) through the molecular level (collagen, enzymes), cellular level (tumor and
stroma cells), and finally to the structural level (ECM) [10]]. Key players in this multiscale
approach are the tumor and stroma cells, the surrounding stroma composed primarily of
collagen, specific enzymes secreted by these cells which cleave collagen (MMPs such as
collagenases) [7-9], and the role of transforming growth factor beta (TGFβ) in transforming
benign epithelial cell morphology (cuboidal-shape) to an invasive myofibroblastic/
mesenchymal cell morphology (spindle-shaped) [5], the later capable of reorganizing,
degrading and migrating through the stroma [11].

It is now well recognized that cells can exert high and continuous tensile traction forces on
their ECM via the cell’s integrin attachments (for instance, smooth muscle cells attached to
fibronectin-coated posts exerted ~50-60 nN for 20 minutes) [12]. Likewise the ECM can
transmit mechanical forces to the cell through these same integrin attachments [13-15]. The
mechanotransduction of signals (forces) between the cell and its surrounding ECM are
fundamental mechanisms during tissue and organ embryonic development, maturation,
aging and in response to disease and injury, such as occurs during wound healing and tumor
growth and metastasis [16-19]. The biomechanical forces exerted within the ECM and
sensed by both the tumor and stroma cells will change as the tumor cells proliferate and
increase the tumor’s size, concomitantly pressing on, expanding and compacting the ECM in
the surrounding stroma [4, 16, 20, 21]. Tumor and most other cells have been shown to
respond differentially to the biomechanical properties of their microenvironment, such as
happens when cells are in contact with a soft or hard ECM [5, 22-25]. The cell’s ability to
apply and vary the traction force it can apply to the ECM is generated by the cell’s internal
contractile actin cytoskeleton through external focal adhesions (integrin clusters) attached to
the ECM [5, 26]. Fibroblasts within the microenvironment of the stroma are normally unable
to generate sufficiently large forces to deform and reorganize the collagen in the ECM.
However, in the presence of cancerous/transformed epithelial cells or with the addition of
the cytokine TGF-β1, the fibroblasts transition into myofibroblasts by the expression α-
smooth muscle actin (α-SMA) [5, 27, 28], and thus are able to deform, contract and
reorganize the ECM [4, 6, 20]. The ability of tumor and stroma cells to exert tensile traction
forces to deform the ECM, in particular the collagen, is a key mechanism for tumor invasion
into the surrounding stroma, not only to reorient the collagen for cell migration but possibly
also to unwind the collagen for the degradation by enzymes. We will explore this new
paradigm after describing the basic concepts associated with mechanical forces and material
properties.
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Mechanical Forces and Properties of Soft Tissues
Loads or forces are commonly exerted and sensed by cells attached to the ECM (Fig. 1).
External cellular forces are generated by the extracellular matrix at the cell’s ECM contact
sites (focal adhesions) between the cell’s integrins and their ECM ligands (e.g., α2β1 and
α5β1 and collagen and fibronectin, respectively). On the other hand, internal cellular forces
are intracellularly generated, through cytoskeletal proteins or filaments (e.g., actin filaments,
microtubles). These forces act as mechanical signals to stimulate the cell’s metabolism
(outside-in transduction) and allow the cell to apply traction forces to deform the ECM
(inside-out transduction), respectively. A delicate balance exists between the external and
internal forces which is necessary for cell-ECM stability (maintenance and repair).

The study of how these forces affect cellular function is termed mechanobiology while how
the forces affect ECM function is termed biomechanics. Both are based on the principles of
engineering mechanics, the study of how forces affect stability and motion. When cell-ECM
forces are balanced the cell and ECM will be in static equilibrium or at rest, but when the
forces are unbalanced there will be cell and ECM dynamic movement. In addition the study
of how the external and internal forces can change the shape or deform the cell and ECM is
termed mechanics of materials or biomaterials. In mechanics the study of the mechanical
behavior of an ideal elastic material is termed the theory of elasticity, where the deformation
of the material is proportional to the applied load and the deformation will persist (remain
constant) until the load is removed. For man-made materials this proportionality holds for
deformations of ~15%, while for biological materials it can be as high as 25-30%. If the
deformation of the material depends on the rate of loading, the material is described as being
deformation or strain-rate dependent, and the mechanical behavior termed viscoelastic.
Finally, if the material flows, such as with viscous liquids, the mechanical behavior is more
complex as it must describe both the deformation and flow of the material. This behavior is
characterized by material’s rheological properties.

The fields of mechanobiology, biomechanics, mechanics of materials, viscoelasticity and
rheology are too broad to cover adequately in this review. Only the basic concepts of
elasticity will be described in order to provide a consistent biomechanical and biophysical-
based terminology in which to discuss cell-ECM interactions. The reader is referred to other
papers which will provide a broader and more comprehensive description of these different
mechanical theories as applied to biological cells and tissues (see for instance [29-31].

The basic units of mechanics are length (L), mass (M), and time (t). Force is defined as the
action of one object or body on another body, which can be generated with direct or indirect
contact, for example, magnetic, electrostatic, and gravitational actions. Force is a vector
quantity, and to correctly define a force four properties must be reported - its magnitude, line
of action, direction or sense, and point of application (Fig. 2). The magnitude describes the
amount of force, the line of action defines its orientation, the direction defines its effect,
such as tensile or compressive, and the location is the point where the force is applied.
Changing any one of these four properties will change the definition of the force. Since a
force can be applied to the cell and ECM in any orientation and direction, it can deform the
cell and ECM in pure tension, compression and shear, or any combination of these
deformations (Fig. 3). When the force acts on a known surface area of an object, the
distribution of the force over that area is termed a stress and equal to the force per unit area,
or stress = force/area. Likewise, the deformation of the object resulting from the force can be
normalized to the initial shape of the object, which is termed the strain and usually equal to
the change in shape (length, area or volume) per initial shape (length, area or volume). This
is illustrated in Figure 4 for a tensile force applied to a typical cylindrical or rectangular
shaped specimen (e.g., a beam or tendon). As the magnitude of the tensile force increases
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the specimen will be stretched (elongated), and concomitantly the cross-sectional area will
contract or “neck down” (A<Ao). In compression the cross-sectional area will expand or
“bulge” (A>Ao). The contraction or expansion in the plane transverse to the applied force
direction (axial) is termed the Poisson effect, and the ratio of the transverse to axial
deformations is termed the Poisson’s ratio.

Most isotropic and homogeneous materials have a linear force-deformation (stress-strain)
response as shown in Figure 4, which may or may not be the same if the specimen is loaded
in tension, compression or shear. The slope of the force-deformation response is a measure
of the mechanical property of a structure, termed the stiffness, while the slope of the stress-
strain response is a measure of the mechanical property of the material making up the
structure, termed the modulus. An important distinction between the stiffness and modulus
is that the stiffness is a function of both the geometry and composition (material) of the
structure, for example a whole bone (femur), while the modulus is a function of only the
material itself, such as for cortical or trabecula regions of the bone. However, most
biological materials are composed of several different components, are inhomogeneous and
anisotropic, and exhibit unique spatial morphology, such that at different length scales
(macro, micro, nano and atomic) they can be considered as a structure with different
stiffness and modulus when loaded in different directions and locations within the tissue.

While most engineered materials (e.g., rubber, aluminum, steel) have a linear mechanical
response, almost all biological tissues have a nonlinear mechanical response (Fig. 5). In
addition, most engineered materials and biological tissues are elastic, in that they will regain
or recover their original shape once the deforming force is removed, providing the force has
not caused any internal permanent damage to the tissue. The recovery may take seconds or
even days. If the material does not regain its original shape, it is termed an inelastic material,
which is an intrinsic property of the material and not a result of internal damage (e.g., cross-
link rupture). The nonlinear mechanical response of most biological tissues (see Fig. 6) is
characterized by an initial nonlinear, low-load and high-deformation response (concave
curve), termed the toe region, where the tissue’s internal structure begins to reorient,
straighten, bend or unwind (e.g., collagen crimp). This is followed by a linear region where
the linear stiffness or modulus can be determined from the slope. As the load and
deformation increase the response again becomes nonlinear (convex), where internal
permanent damage begins, termed the yield point. Thereafter the tissue continues to deform
until it eventually fails (failure point). Each of these regions and points represent a unique
mechanical property of the structure and material response.

Listed in Table 1 is the elastic modulus, E, for various biological and synthetic materials
having a reversible (elastic) mechanical response (note: the elastic modulus is often referred
to as the Young’s modulus). These are representative values for the linear region of the
mechanical response, keeping in mind that there is wide variability within and between
different tissue types and species. For instance, the mechanical tensile response for whole
bovine Achilles tendon is nonlinear, with an elastic modulus of ~400 MPa (Fig. 7). However
on the macro scale, the collagen fibril’s tensile response is almost linear with a modulus of
~430 MPa, while on the nano scale the collagen molecule (monomer triple helix) is linear
with a modulus ~750 MPa.

Limited information exists on the mechanical properties of breast tissues (mammary gland
and stroma) and cells (epithelial, myoepithelial, fibroblast and adipocytes). Because the
breast tissues and cells are difficult to test in tension due to size limitations, mechanical tests
are most often performed in compression using a small custom built indentation apparatus or
an atomic force microscope. The measured elastic compressive modulus for normal breast
tissue ranges between 2.2 kPa and 0.1 MPa [17, 32]. The compressive mechanical response
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for breast adipose and tumor tissues are both nonlinear elastic (Fig. 8), with elastic
compressive modulus of approximately 1.9 kPa and 12.0 kPa, respectively [17, 33]. The
compressive mechanical response of a fibroblast is also nonlinear elastic. However the cell’s
stiffness and modulus will depend on the elastic stiffness and modulus of the substrate to
which the cell is attached [22]. For fibroblasts the average compressive modulus ranges
from 1kPa to 8 kPa as the cell’s surface area increases threefold, and the substrate’s modulus
increases from 0.8 kPa to 4 kPa, the cell’s modulus being slightly lower then the substrate
modulus.

Finally, the term pressure is often used (incorrectly) to describe stress. Pressure is defined as
the force per unit area acting perpendicular to the area’s surface. However pressure is a
scalar quantity, magnitude (Pa), whereas stress is a vector (tensor) quantity. Pressure is
normally used to describe the stress exerted by fluids and gases within a confining container,
such as with fluid hydrostatic pressure which always acts perpendicular to a container’s
surfaces. However when a fluid flows obliquely to a surface, it can generate shear,
compressive and tensile stresses depending on the friction between the fluid and surface. In
the tumor-stroma microenvironment, tumor cell proliferation and growth can exert these
different stress types on the surrounding stroma, including interstitial fluid pressure (IFP)
[21]. Interstitial fluid pressures (hydrostatic) have been measured in breast tumors. In
patients with invasive ductal carcinomas the IFP was 3.87±0.40 kPa, significantly higher
than in individuals with normal breast parenchyma (-0.04±0.01 kPa), benign tumors
(0.48±0.11 kPa), noninvasive carcinomas (0.04±0.03 kPa), and other benign breast
conditions (0.05±0.05 kPa) [34]. In patients having high-grade osteosacoma tumors, the IFP
was 4.5±2.3 kPa, significantly higher compared to normal tissue IFP of 0.39±0.76 kPa [35].
Interstitial fluid pressures in tumors have also been found to increase with tumor size and
vascularity [34, 35].

Tumor Invasion and Migration through the ECM
Degradation of the ECM by tumor and stroma cells is necessary for tumor invasion of the
stroma, and the interaction between both cell types and with their surrounding ECM are
recognized as primary factors in the EMT process [9]. The most significant ECM
components that inhibit cell motility through the ECM are collagen, fibronectin (FN) and
proteoglycan (PG). Two primary cellular mechanisms exist for tumor invasion and
migration through the ECM, cellular catabolism of the ECM by enzymatic cleavage of
collagen, FN and PG [7, 36-39], and cellular physical rearrangement or reorientation of the
collagen by traction forces generated by the cells [4, 6, 14, 15, 20]. How the cells do this,
and whether both the tumor and stroma cells are involved, is as yet not fully understood.

It is well known that mechanically collagen resists tensile forces while the FN and PG resist
compressive forces. These later two components are rather easily digested by most MMPs
[40] [41]. However, the collagen component is the largest, strongest, and most difficult to
penetrate by the tumor or stroma cells. This is due to the collagen’s limited degradation by
only a few MMPs, specifically the collagenases (MMPs-1, 8 and 13) and membrane type1-
MMP (MT1-MMP or MMP-14), and the ability of the tumor cells to exert sufficient traction
forces to reorient the collagen fibrils, especially when they are tensed due to tumor
expansion. Cleavage of the collagen triple helix occurs at the 3/4-1/4 site, known as the
“hinge region,” where the MMP squeezes into the “hole” between the α-chains to cleave the
molecule [42, 43]. It has also shown that MMP-2 (gelatinase A) can aid in the cleavage
process by a mechanism termed triple helicase activity, in which MMP-2 attaches to and
unwinds (opens) the collagen α-chains at the hinge region for easier MMP access (Fig. 9).
This mechanism may also be present at the tumor invasion front where MMP-2 has been
shown to be expressed at high level and involved in cell migration through the ECM by its
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interaction with the collagen [41]. What is still unknown is how the increased tension in the
collagen from the expanding ECM will affect the ability of MMPs to open, unwind and
enter the hinge region for helices cleavage, and how the increased tension affects the tumor
and stroma cells’ ability to apply sufficient traction forces on the collagen triple helix to
rearrange the collagen for migration.

We have previously demonstrated that when collagen is stretched in tension it becomes
resistant to enzyme cleavage [44]. The mechanism responsible for this was hypothesized to
arise from changes in the collagen’s molecular conformation induced by the mechanical
tensile force, such that the enzyme no longer had access to the cleavage site on the collagen
molecule. We term this phenomena an Enzyme MechanoKinetic or EMK effect (Fig. 9).
There is ample scientific evidence that in the microenvironment the collagen in the stroma is
stretched by the expanding tumor [4, 16, 18, 20, 21]. Thus, as the tumor expands, the
collagen in the stroma will realign and stretch perpendicular to the expanding tumor to resist
the tumor expansion and enzymatic degradation. The tumor cells must now overcome the
increased collagen alignment, density and tension before the cells can invade the stroma. An
important question arises as to whether the cells are capable of exerting sufficiently high
traction forces to reorient the tensed collagen to allow cell invasion and migration through
the stroma? While it has already been shown that the cells are capable of significantly
increasing their traction force in response to the increasing ECM stiffness (1 kPa to 100 kPa)
as they transition to a differentiated myofibroblastic phenotype [5, 22, 32], it is doubtful that
this is enough in itself, without ECM degradation, to allow cell invasion and migration
through the ECM. Thus, the cells must also degrade the ECM through synthesis of MMPs
specific to collagen, PG and fibronectin [36, 37, 41]. However MMP synthesis alone may
not be sufficient in itself to overcome the EMK effect as the tumor expands. Thus it appears
that a combination of cell traction forces and ECM degradation is required. An important
question, however, and one not previously discussed, is what role the cell’s traction forces
may have in assisting the MMPs in their ability to open, unwind and cleave the collagen?

Steered Molecular Dynamics Suggests Cell-Assisted Collagen Unwinding
Collagen is one of the most abundant matrix proteins in the body and at the cellular level
(nano and microscales) collagen and fibronectin are the primary ECM components that
physically connect the cell to the surrounding matrix through attachments such as integrins.
Therefore these matrix proteins serve as key structural elements through which intracellular
systems physically attach to and connect with the extracellular environment.

Based on the ECM structure, basic mechanics principles imply that as a tumor expands the
collagen immediately adjacent to the tumor experiences increasing tension. Experimental
data previously suggested that tension dramatically inhibits the rate (kinetics) of enzymatic
degradation of the collagen proteins in the matrix [44-48]. Of interest, this phenomenon
likely has a natural containment effect as tumor cell proliferation and expansion is likely
simultaneously increasing matrix resistance to MMPs and preserving the very ECM
encapsulating the tumor. At some point however, the MMPs begin to degrade the collagen
and the tumor cells are now able to pass through the surrounding stroma.

In order to simulate the effects of mechanical forces on protein conformation a number of
groups, including our own, have utilized steered molecular dynamics (SMD) to model
collagen mechanical loading at the molecular level (nanoscale) [49-52]. Molecular dynamics
simulations integrate many physical variables such as thermal and bond energies over
femtosecond (1×10-15 second) time steps to predict atomic movements of the protein as a
function of time. By adding an external steering force vector to the molecular dynamics
simulation, SMD can predict the system’s conformation in response to external force [53].
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Our laboratory has recently described how mechanical forces are transmitted from the
microscale down to the nanoscale and atomic regimes, based on the multi-scale structure
commonly observed within the collagen triple helix. We developed novel SMD analytical
approaches to characterize and quantify changes in the collagen’s protein conformation from
forces acting parallel to (tensile, Fig. 10) and perpendicular to (Fig. 11) the long axis of the
triple helix [49]. Previous SMD simulations indicated that during tensile loading collagen
unwinds and changes its conformation [50, 52]. However many of these conformational
changes in the collagen are likely undetectable using traditional force spectroscopy methods,
and require atomistic resolution techniques to be distinguished. An example of this is
provided in Figure 10, where a tensile force applied to a single α-chain results in both α-
chain slippage (~400 pN) and triple helix chain unwinding (~800 pN), with nearly
undetectable landmarks in the force – displacement curves.

Our SMD simulations of the non-axial loading directions are of particular interest as they
represent some of the first attempts to simulate force transmission between adjacent collagen
molecules (across cross-links), collagen and other ECM components (e.g., decorin), and
forces applied to collagen through cellular attachment sites (integrins). Previously,
disruption of the collagen triple helices by an applied force was predicted to occur in the
range from 4,000 to 11,500 pN [54, 55 [56]. A major finding from our collagen model was
that local helix disruption, referred to as microunfolding, was predicted to occur below
1,000 pN of applied force (Fig. 11) [49]. This force is well below previously described
mechanical failure mechanisms, and suggests that mechanical perturbations such as cellular
traction forces may actually cause local microunfolding of the collagen, possibly sensitizing
the collagen triple helix to MMP degradation. Of great interest, this molecular model
provides a framework for the EMT process whereby the cellular traction forces exerted on
the ECM during invasion and migration are a molecular-based mechanism which might
enable increased enzymatic degradation of the collagen. That is, we hypothesize that the cell
can exert sufficiently large traction forces to the collagen to assist in the unwinding of the
collagen to enhance the enzymes (MMPs) ability to cleave the collagen.

A New Paradigm Based on Cellular Assisted Enzyme MechanoKinetics
Our SMD results clearly showed that the collagen triple helix could easily be unwound at a
force well below what a cell can exert, thus suggesting that cells can physically assist in the
enzymatic cleavage of collagen. Based on our SMD and EMK findings, we can now
postulate a new paradigm for tumor cell invasion and migration through the collagen-dense
stroma, shown schematically in Fig. 12. We term this new cell-matrix interaction a Cellular
Assisted Enzyme MechanoKinetic (CAEMK) effect or mechanism. In this model the
expanding tumor generates an increased mechanical tensile force in the collagen which
inhibits an MMP’s ability to cleave the collagen molecule. As the tumor and/or stroma
cell(s) attempt to reorient the collagen fibrils the cells can “sense” the increased tension
(stiffness) in the collagen and respond by increasing the magnitude of the cell-generated
traction force, thus unwinding the collagen molecule (single α-chain) and opening the
“hole” for MMP entrance and cleavage. Still to be determined is whether the mechanical
force deforms the hinge region, thus closing the “hole” through which the MMPs enter to
cleave the collagen molecule, changes the MMP’s attachment site on the collagen to inhibit
MMP attachment, or possibly changing the distance between the MMP’s attachment and
cleavage sites, thus modifying the MMP’s ability to reach the hinge region.

Our SMD simulation of collagen deformation showed that the unwinding of the collagen
monomer occurs at two distinct but different length scales (Fig. 11). We can now apply this
unwinding mechanism to describe how a cell can deform the collagen to assist the enzyme
degradation of the ECM. When the cell traction force is directed perpendicular to the long
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axis of the triple helix, as shown in Fig. 13, the collagen monomer will first bend (cellular
micro-deformation) at low forces (~100-200 pN), with small changes in triple helix spacing
(minor microunfolding, ~300 pN), followed by further bending of the monomer at higher
forces (~400-800 pN) which will cause an increase in triple helix spacing but no significant
separation of the individual α-chains (fibril destabilization). However when the cell traction
force reaches ~900 pN, the α-chains separate (cellular nano-deformation or major
microunfolding) causing loss of the triple helix conformation (α-chain destabilization). At
cell traction forces >900 pN the triple helix unwinds, allowing MMPs to cleave the α-chain
and further unravel the triple helix for further enzyme cleavage. Based on this new
mechanism (CAEMK), in which the cell has to increase its traction force on the collagen to
overcome the increased stiffness in the collagen as the tumor expands, we hypothesize that
there exists a critical magnitude of the cell-generated traction force that will act as a
biomechanical trigger for the initiation of the metastatic invasive process. This cell-
generated traction force is transmitted from the ECM to the cell through the cell’s integrins
and focal adhesion attachments, specifically to the collagen. What magnitude of force causes
the biomechanical trigger is not known. However we believe there exists a cell-specific
magnitude of traction force that acts as a mechanotransduction signal to the cell to
aggressively remodel the ECM in order to decrease the internal stresses (tension and
compression) caused by the expanding tumor on the stroma (Fig. 14). In addition to a force-
dependent biomechanical trigger, the cells may also sense the change in the conformation of
the stretched collagen, for instance through recognition of changes in the cell’s integrin
binding sites on the deformed collagen. Either or both of these mechanisms may act as a
biomechanical trigger for the initiation of tumor invasion.

Based on these new mechanisms we propose the following new paradigm for EMT (Figs.
15a-c). As the tumor grows the stroma will also expand, with a concomitant increase in
collagen density and mechanical tension in the collagen within the stroma. Both the
increased collagen density and tension will act to constrain the tumor’s expansion [4, 6, 20,
32]. Initially the increased tensile forces in the collagen will be protective and inhibit MMP
cleavage of the collagen due to mechano-conformational changes in the collagen from the
EMK effect. These mechanobiological mechanisms will act to encapsulate the expanding
tumor and inhibit tumor invasion of the stroma (Fig. 15a, right). However as the tumor
continues to expand there will be increased stroma stretching and compression, causing
increased mechanical forces (tensile and compressive) on the cells within both the tumor and
stroma microenvironment (Fig. 14). The increase in the mechanical forces will initially
cause both the tumor and stroma cells to transition from a quiescent state (Fig. 15a, left) to a
proto-fibroblast state, with the cells having little ability to exert traction forces on the ECM
(Fig. 15a, right).

However as the mechanical forces on the cells increase with further tumor expansion, rather
than being protective for ECM degradation (EMK effect), the force will become a key
biomechanical trigger signaling both the tumor and stroma cells to remodel the ECM
(reorient and cleave the collagen) to reduce the stresses on the cell (e.g., hydrostatic
pressure), and thus initiating tumor invasion of the stroma (EMT effect). The cells will now
gain the ability to exert significant traction forces on the ECM as they transition from an
epithelial state to a more mesenhymal/myofibroblastic phenotype (Fig. 15b, left). Eventually
the cells will exert sufficiently high enough traction forces to separate and bend the collagen
monomer (Fig. 15b, right), and then unwind and destabilize the collagen triple helix (Fig.
15c, left) for MMP cleavage of the collagen’s α-chains (CAEMK effect) (Fig. 15c, right).

Both these mechanobiological mechanisms (EMK and CAEMK effects) can mediate dual
roles in cancer by acting as a tumor suppressor or protective shield in early tumor
development, and paradoxically, by promoting tumor cell invasion in later stages. This is
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similar to how certain growth factors act, such as TGFβ, which can both inhibit and promote
cancer by acting at different stages in tumor progression [5, 19]. We can not specify or even
hypothesize which mechanism, cytokine, chemokine or MMP is more important in tumor
metastasis and invasion (EMT), or if they even act independently. Rather we can assume
that they do not act independently and are equally important.

Summary
So what is the influence of biomechanical forces on the invasive capacity of tumor cells in
the metastatic process? In this paper we have proposed a new and exciting paradigm about
fundamental biomechanical (force) and biophysical (molecular conformation) mechanisms
involved in cancer growth and metastasis, and how these mechanisms are interrelated to be
both protective (EMK effect) and destructive (CAEMK effect). These mechanobiological
mechanisms directly challenge current paradigms that are focused chiefly at the cellular
level on the biological and biochemical mechanisms associated with tumor metastasis,
namely the intracellular pathways of signal transduction from the ECM to the nucleus
(outside-in signaling), and the cell’s metabolic response for synthesizing proteinases to
degrade the ECM (inside-out signaling). Our new mechanobiological mechanisms are
focused not only on how tumor expansion generates mechanical forces (tensile and
compressive) within the stroma to resist tumor expansion at the tissue level, but more
important, how these same forces can inhibit or enhance tumor invasion of the stroma at the
molecular level by, respectively, inhibiting MMP degradation of the tensed interstitial
collagen (EMK effect) or triggering the invading cell to unwind the collagen for cleavage
(CAEMK effect). This approach is also different from the concept of cells sensing and
responding to changes (increases) in the ECM stiffness. We are proposing that the
biomechanical trigger is not so much the ECM stiffness (i.e., force-deformation response)
but rather the magnitude of traction force the cell must generate (i.e., peak cell-traction
force) to overcome the intrinsic ECM structural resistance to deform and unwind the
collagen triple helix for α-chain cleavage. These two new conceptual mechanobiological
mechanisms have not been previously applied to the study of tumor metastasis, and we
believe they may have the potential to open new areas of research in our understanding of
the tumor invasive process.
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Figure 1.
External mechanical forces are transmitted to the cell by the extracellular matrix through the
cell’s integrins, and the cells can apply a force to the extracellular matrix through the same
integrins. The external mechanical forces are internally transmitted or applied through the
cell’s cytoskeletal proteins or filaments. Thus mechanical forces can be transmitted in both
directions (outside-in and inside-out), while the cell’s response to cytokines, transmitted
through the cell’s receptors, are one directional (inside-out).

Torzilli et al. Page 14

Semin Cancer Biol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Force is a vector quantity and described as having a (a) magnitude (amount of force or
length of arrow), (b) orientation or line of action (T-to-H), (c) direction or sense (arrow
head), and (d) point of application (T). The magnitude (a) describes the amount of force
(Newtons), the line of action (b) defines its orientation (xyz coordinates), the direction (c)
defines its effect on the point of application (T), such as tensile or compressive, and the
location (d) is the point (T) where the force is applied, such as to a cell’s integrin or to the
extracellular matrix.
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Figure 3.
A force applied to an undeformed object will deform the object, the final shape of the object
dependent on the characteristics of the force (magnitude, orientation, direction and point of
application) and the material composition of the object.
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Figure 4.
A tensile force applied to a specimen will increase its length (L>Lo) and decrease its cross-
sectional area (A<Ao). The ratio of the transverse to axial deformation is termed the
Poisson’s ratio. The slope of the force-deformation response is termed the specimen’s
stiffness, a structural property. When the force and deformation are normalized to the
specimen’s original length (Lo) and cross-sectional area (Ao), the slope of the stress-strain
response is termed the specimen’s modulus, a material property.
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Figure 5.
Typical mechanical responses of three different materials. (a) Elastic linear response. (b)
Nonlinear elastic response (returns to its initial shape). (c) Nonlinear inelastic response (does
not return to its initial shape).
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Figure 6.
Typical nonlinear mechanical response of most biological tissues containing collagen. (a)
The toe region is characterized by a nonlinear response at low-loads (concave curve) where
the tissue straightens or unwinds to remove any crimp or slack in the structure. (b) In the
linear region the tissue is stretched and the stiffness or modulus can be determined from the
slope. (c) At higher forces the response again becomes nonlinear (convex curve) when tissue
damage begins (yield point) until it eventually fails (failure point).
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Figure 7.
Mechanical tensile response for (a) collagen molecule (triple helix), (b) collagen fibril, and
(c) whole bovine Achilles tendon. Adapted from Sasaki and Odajima [59].
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Figure 8.
Compressive mechanical response for (a) breast adipose tissue and (b) high grade ductal
carcinoma The compressive modulus E for each tissue is approximately 1.9 kPa and 12.0
kPa, while the stiffness k is 13.8 N/m and 87.2 N/m, respectively. Modified from Samani et
al. [33].
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Figure 9.
Triple helicase unwinding and cleavage of collagen (top). Collagen cleavage by MMPs
occurs at the 3/4-1/4 site (hinge region). MMPs enter the triple helix (hole) to cleave the α-
chains. MMP-2 (gelatinase A) has been shown to aid in the cleavage process by unwinding
the α-chains at the hinge region (triple helicase activity) for easier MMP access [42, 43].
Inhibition of cleavage by enzyme mechanokinetic (EMK) mechanism (bottom). As collagen
is stretched it becomes resistant to enzyme cleavage from changes in the collagen’s
molecular conformation induced by the mechanical tensile force [44].
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Figure 10.
Force-induced α-chain slippage and helical microunwinding of the collagen molecule.
Steered molecular dynamic (SMD) simulation of helical deformation from a tensile (axial)
mechanical force applied to the end of a single α-chain (gray). The α-chain is pulled out of
the triple helix at low force (slippage ~400 pN) while at higher forces (~800 pN) the triple
helix begins to unwind. In this simulation, all three chains (gray, red, blue) are fixed at the
opposite end of the triple helix.
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Figure 11.
Force-induced microunfolding of the collagen triple helix [49]. Steered molecular dynamic
(SMD) simulation of triple helical peptide deformation from a perpendicularly (transversely)
applied mechanical force to a single α-chain (amino acid side chain, red). The triple helix
first bends with local triple helix microunfolding (~300 pN). Bending continues at higher
forces (~400-800 pN) without significant separation of the individual chains. Fundamental
mechanics principles show that tumor growth and expansion would cause increasing tension
in the surrounding collagen (see Fig. 14), suggesting that this tension likely assists in
trapping and containment at early stages of cancer cell proliferation by preventing matrix
degradation. At some point however, the enzymes begin to degrade the collagen and the
tumor cells are now able to pass through the surrounding stroma. One potential contributing
mechanism may be due to increasing cellular mechanical forces being triggered through
process such as TGFβ signaling and upregulation of α-smooth muscle actin. As cellular
forces on the matrix increase, SMD data shows that local helix disruption would be induced
thus facilitating MMP proteolytic activity against the otherwise previously protected
collagen. At forces greater then ~900 pN the α-chains separate with loss of the triple helix
conformation (α-chain destabilization). In this simulation, all three chains (gray, red, blue)
are fixed at both ends of the triple helix.
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Figure 12.
Schematic representation of proposed Cellular Assisted Enzyme MechanoKinetic (CAEMK)
mechanism. Experimental data indicates that tension dramatically inhibits the enzymatic
degradation of matrix collagen (Enzyme MechanoKinetic or EMK response, Fig. 9) [44].
However since cells can apply significant tensile traction forces to the α-chains, our SMD
model (Fig. 11) indicates that a cell can separate the α-chain from the other α-chains
(microunfolding) to deform (open) the hinge region for MMP access and cleavage.
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Figure 13.
Schematic representation of cellular unwinding and cleavage of collagen by the proposed
Cellular Assisted Enzyme MechanoKinetic (CAEMK) mechanism. The cell’s traction force
on the collagen monomer will first bend the monomer (cellular micro-deformation, left
figure) to destabilize the collagen fibril. Then the α-chain will separate (cellular nano-
deformation, middle figure) to destabilize and unwind the triple helix, allowing MMPs to
cleave the α-chain (EMK, right figure). Based on the CAEMK mechanism, there may be a
critical cell traction force magnitude that will acts as a biomechanical trigger to initiate the
metastatic invasive process.
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Figure 14.
Proposed model for cellular degradation of the extracellular matrix (ECM) in response to
tensile and compressive forces generated during tumor growth. Fundamental mechanics
principles show that tumor growth and expansion would cause increasing tension and
compression in the surrounding stroma. This suggests that the tension in the collagen within
the stroma likely assists in trapping and containment at early stages of cancer cell
proliferation by preventing matrix degradation (EMK effect). MMPs secreted by adipocytes
within the stroma are unable to cleave the collagen. In response to the increased forces
within the ECM, epithelial myofibroblasts then attach to the ECM to reorient the collagen,
sense the increased tension (stiffness) in the collagen and increase their tensile traction force
on the collagen, which results in unwinding of the triple helix, allowing MMP entrance and
cleavage of the α-chains.
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Figures 15.
a-c Shown in Figures 15a-c is a hypothesized paradigm for how tumor and stroma cells
respond to tumor growth and expansion to degrade the extracellular matrix for tumor cell
invasion and migration through the stroma.
a Transition of quiescent tumor cells (left) to proliferating cells expanding the stroma
extracellular matrix (right). As the tumor expands the surrounding increased mechanical
forces (tensile and compressive) will be generated in the cells within the tumor and stroma
microenvironment. The increase in the mechanical forces will cause tumor and stroma cells
to transition from a quiescent state (left) to a proto/mesenchymal-fibroblast state (right). In
this state the cells will have little ability to exert large traction forces on the ECM.
b As the stroma continues to expand with tumor growth, there will be increased mechanical
forces (tension and compression) on the tumor and stroma cells within the extracellular
matrix (left). When a critical magnitude of intrinsic force is reached (biomechanical trigger),
a signal will be sent to the tumor and stroma cells to remodel the extracellular matrix in
order to lower the mechanical forces. The cells will then transition to a more myofibroblastic
phenotype with the ability to exert larger traction forces on the extracellular matrix,
eventually bending the collagen monomer (right).
c Traction forces exerted by the tumor and stroma cells on the extracellular matrix will
destabilize the collagen monomer and unwind the collagen triple helix (left). Once the
collagen triple helix is destabilized it will become accessible to MMPs for cleavage of the
collagen’s α-chains, allowing the tumor cells to invade and migrate through the degraded
stroma (right).
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Table 1

Elastic Modulus for Various Materials (Pa=N/m2)

Cells 0.3-0.6 kPa

Breast tissues [32] 0.1-2

Adipose tissue [33] 1.9

Eye sclera [57] 2.9

Ductal Carcinoma [33] 12

Muscle, Lung, Liver [32] 9-25

Skin (foot) [58] 593

Skin (foot diabetic) [58] 1,147

Rubber 4 MPa

Cartilage (OA) 2

Cartilage (normal) 12

Ligament 111

Polyethylene 240

Tendon 400

Nylon fiber 700

Bone cement 2.1 GPa

Polystyrene culture dish [32] 3.6

Douglas fir (soft wood) 4.1

Hickory (hard wood) 13.8

Bone 15.0

Titanium 125

316 Stainless steel 180

Cobalt chrome 225
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