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Abstract

During cancer initiation, normal cells acquire mutations disrupting standard cellular pro-
cesses, activating oncogenes and inactivating tumor suppressor genes, acquiring the well-
described hallmarks of cancer on the path to malignancy. This process is influenced by a
combination of physiological and metabolic pathways, as well as environmental cues, and
leads to abnormal cell cycle, increased cell motility, and invasive characteristics. Cancer
cell organelles also present some distinct differences from those of normal cells. Cancer
progression requires certain tumorigenic biochemical pathways to be activated. However,
mechanical cues are also important, as they have an effect on cell differentiation and fate.
A continuous biochemical–biomechanical interaction exists, which affects the mechanical
properties of the cells, as well as their behavior. This review aims to focus on the math-
ematical relationships governing cancer mechanobiology and examine how the altered
mechanical properties of a cancer cell may affect malignant progression.

Keywords: cell biomechanics; cancer biomechanics; DNA mechanics; cell organelles
mechanical properties; cancer initiation; cancer progression; mathematical modeling

1. Introduction
Cancer represents a disease with extreme heterogeneity. Malignant tumors in different

tissues display strikingly dissimilar behaviors, response to therapeutic interventions, and
prognoses. It is well-known that tumors arising in certain organs, e.g., the pancreas, are
extremely aggressive and have a poor prognosis, while others, such as those found in the
bladder (non-muscle invasive bladder cancer), have a 96% 5-year survival rate [1,2].

It is well recognized that cancer initiation and progression involves many tumor-
promoting genes, many of which are also tissue-dependent [3]. The catalog of somatic
mutations in cancer (COSMIC) pioneered a high-quality gene census resource which
provides information on millions of mutations across thousands of cancer types [4]. This
research has indicated that mutations in more than 1% of the human genes contribute to
tumorigenesis. Until the beginning of the 21st century, only 291 cancer genes had been
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identified [5]. Genes that are commonly mutated are associated with cell proliferation,
apoptosis, chromatin regulation, genome stability, immune evasion, RNA processing, and
protein homeostasis [6].

Research in cancer specimens has also demonstrated thousands of upregulated or
downregulated genes [7–9]. However, it is not known yet which are the specific tran-
scriptionally deregulated genes that play an instrumental role in cancer initiation and
progression, and which genes are the bystanders [3].

Although tumorigenic biochemical pathways are essential in cancer initiation and
progression, studies have shown that mechanical cues are also important, as they have
an effect on cell differentiation and fate [10,11]. It has been demonstrated in the past that
there is a continuous biochemical–biomechanical interaction, which directly affects cell
behavior [12–15]. There are multiple stimuli that contribute to generating those changes
that then result in the neoplastic cell. Among the initial stimuli implicated in neoplastic
transformation, inflammation is considered fundamental, as it can induce biochemical
alterations that trigger tumor-promoting processes. As mutations and cancer initiation
deregulate the mechanobiochemical homeostatic equilibrium, the mechanical properties
of the cells and the tissues involved change [16]. Moreover, biomechanical factors, such
as stiffness, ECM composition, or mechanical stress, are involved in tumor progression,
as cancer cells interact with neighboring cells and the extracellular matrix (ECM). There
is scarce information in the literature on mathematical modeling and the biomechanical
response of cancer cell organelles. The purpose of this review is to focus mainly on
the mathematical modeling of cancer mechanobiology and investigate how the altered
mechanical properties of a cancer cell may affect disease progression. However, it is
important to acknowledge that research in cancer mechanobiological modeling is still
novel, presenting numerous unresolved challenges and limitations, especially concerning
the comparative analysis of diverse modeling approaches.

2. Genetic Alteration of Cell
It is generally accepted that a tumor arises from one genetically altered cell, which

accumulates several mutations over a prolonged period [17,18]. This cell does not conform
to the growth-controlling mechanisms that normal cells obey. It grows fast and changes its
microenvironment by developing gradients of key metabolites such as glucose, oxygen,
and growth factors. These gradients are a result of the tumor’s rapid growth and ineffi-
cient vasculature, leading to regions of hypoxia and nutrient deprivation. This metabolic
reprogramming, including the preference for glycolysis even in the presence of oxygen
(Warburg effect), supports cancer cell survival and proliferation in a challenging microenvi-
ronment [19,20]. These biochemical changes affect both the survival and the development
of cancer cells [21]. Moreover, it has been shown that cancer cell growth is also influenced
by differentiated signaling pathways, which have resulted from mutations and are activated
during the process. In a hypoxic environment, common in rapidly growing tumors, cell
metabolism changes and overridden apoptotic pathways also seem to be essential for both
the survival and proliferation of cancer cells [22,23]. When a cancerous parent cell becomes
mature and reaches a proliferative size, it may split into two cells through the process of
mitosis. It is known that tumor progression is characterized by abnormal cell proliferation,
due to the altered expression of proteins related to the cell cycle. A mathematical modeling
of the contractile forces applied to the cancer cell during the metaphase, as well as the
minimum length between the opposing walls of the plasma membrane for the division to
occur, is given by the following [19] (Figure 1):

Fdiv(l, t) = Fdiv
∥P1(t)− P2(t)∥ − Ldiv

∥P1(t)− P2(t)∥
(P1(t)− P2(t)) (1)
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and
∥P2(t)− P1(t)∥ ≥ Lmin

div (2)

where Fdiv are the contractile forces applied on diametrically opposed points P1 and P2,
Fdiv represents the constant spring stiffness, Ldiv is the spring’s constant resting length,
and Lmin

div represents the minimum length between the opposing walls of the plasma walls
for cell division. When Lmin

div is reached, then the opposing contractile forces applied to
points P1 and P2 cease, and the cancer cell divides into two daughter cells. The latter have
certain features that warrant survival beyond a normal cell’s life cycle, as well as different
morphological characteristics from those of normal cells. Following the mitosis, the two
daughter cells start growing until they reach the proliferative size, and the whole process is
usually replicated.

Figure 1. The 4 different phases of cancer cell mitosis. Note the contractile forces at points P1 and P2

in the metaphase, as well as the minimum distance required for splitting into two cells, which occurs
in the anaphase.

However, cancer progression is largely affected by biophysical processes and biochem-
ical interactions, including the availability of nutrients. This is fundamental, because it
guarantees tumor growth and simultaneously impoverishes the organism, which gradually
progresses from a state of malnutrition to sarcopenia and ultimately to cachexia [24,25].
An important finding is that cancer cells have a hypoxic phenotype, which makes them
able to progress in low-oxygen conditions [26]. This progression takes place because cancer
cells adjust to anaerobic metabolism. Moreover, other properties associated with hypoxia
include resistance to apoptosis, epithelial–mesenchymal transition, anti-cancer treatment
persistence, inflammation, genomic instability, and Vascular Endothelial Growth Factor
(VEGF) release, which promotes tumor angiogenesis [22,26].

As a cancer cell divides and the process repeats itself, forces are generated. Mathemat-
ically, a single tumor cell can be thought to be a spheroid elastic body surrounded by an in-
compressible viscous fluid, which can be either a non-tumor tissue or the ECM [19,24,27,28].
In most of the current models, this fluid has a viscosity of µ = 100 g/(cm·s). The cytoplasm
is also modeled as fluid. However, as the cytoskeleton and the extracellular fibers are
usually omitted, a fluid of higher viscosity is modeled, for compensation reasons [27]. The
motion of the fluid in this model is governed by the Navier-Stokes equations, describing the
balance of momentum and that of mass in an incompressible viscous fluid, with distributed
sources [29,30]:

ρ

(
∂u
∂t

+ (u·∇)u
)
= −∇p + µ∆u +

µ

3ρ
∇+ f (3)

p∇·u = s (4)

where ρ represents the constant fluid density, u is the fluid velocity, t is the time, p is the
fluid pressure, µ is the constant fluid viscosity, f is the external force density, ∇·u represents
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the local rate of fluid expansion, and s is the fluid source distribution. In this model, the
fluid is generally considered to be incompressible everywhere, with the exception of some
discrete points, at which the cell growth occurs. Rejniak has postulated that, in general, ∇·u
and s equal zero on the examined fluid domain, except for the isolated points previously
mentioned. This model requires the preservation of mass in the fluid domain Ω at all
times [27]:

ρ
∫

Ω(∇·u)dx = 0 (5)

As the parent cell divides into two daughter cells and the process evolves, cancer cells
start experiencing forces both from the surrounding extracellular matrix or non-cancerous
tissue, as well as from neighboring cancer cells. The exerted force density at any time is
given by the following [27]:

f (x, t) =
∫

Γ
F(l, t)δ(x − X(l, t))dl (6)

where Γ represents a finite collection of all cells’ immersed boundaries, F(l, t) are the bound-
ary forces, δ is the Dirac delta function, and X(l, t) represents the curvilinear coordinates
defining the elastic cell boundaries, with l being a position on the cell boundary. The latter
can be any position on the cell boundary, or a finite arclength in the initial configuration.

In addition to the extracellular and the intracellular fluids, modeling of a cancer cell
requires the incorporation of several cell elements, starting with deoxyribonucleic acid
(DNA) and also including the nucleus, mitochondria, cytoskeleton, cytoplasm, plasma
membrane, membrane receptors, and adherens junctions.

3. DNA
As already mentioned, normal cells acquire many mutations, which may accumulate

over several years or even decades, before transformation into malignancy, a process
that is influenced by a combination of physiological and metabolic pathways, as well as
environmental cues. Onset changes in DNA typically occur during the initiation stage of
carcinogenesis. These lesions give rise to crucial genetic mutations that disrupt normal
cellular processes, leading to the activation of oncogenes or the inactivation of tumor
suppressor genes, influencing both cancer development and progression (Figure 2, Table 1).

Figure 2. Epigenetic changes, like DNA methylation and histone modifications, affect the expression
of cytokines associated with these processes, which impact carcinogenesis and tumor progression.
Research has shown that DNA mechanics can affect certain DNA actions like binding and looping,
packaging, and bending.
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Among the most common epigenetic alterations observed in malignant cells are
histone modifications, DNA methylation, and cytosine hydroxymethylation. These mod-
ifications play a critical role in regulating gene expression, where their deregulation can
lead to abnormal cell proliferation, silencing of tumor suppressor genes, or activation of
oncogenes, all contributing to cancer progression. These regulate apoptosis, autophagy,
and microRNA expression [31]. Although DNA mutations are confined to the molecu-
lar level, they are either directly impacting DNA structure (e.g., histone modifications,
DNA methylation, and chromosomal mutations) [32] or affecting downstream cellular
biomechanics (point mutations, gain of oncogenes, etc.) [33,34]. Therefore, apart from
changes to genetic pathways, DNA lesions may affect cell biomechanics, contributing to
changes in the cellular space and extracellular matrix. Histone modifications, for instance,
can lead to changes in chromatin compaction, altering DNA’s accessibility for critical
processes such as transcription, replication, and repair. In cancer, reduced chromatin com-
paction can increase accessibility to transcription factors, potentially driving the expression
of oncogenes or silencing tumor suppressor genes, thereby promoting uncontrolled cell
growth and proliferation [35]. Methylation modulates the mechanical properties of DNA
in a similar way, by indirectly affecting chromatin structure. DNA methylation involves
the addition of a methyl group to cytosine residues in DNA, typically occurring at CpG
dinucleotides, thereby influencing DNA accessibility to transcription factors and other reg-
ulatory proteins [36]. Cytosine hydroxymethylation instead affects DNA strand separation
propensity, thus modulating the response of DNA to mechanical stress. This can impact
gene expression and chromatin accessibility, highlighting the intricate relationship between
hydroxymethylation and the mechanical properties of DNA [37]. Research has shown that
DNA’s response to mechanical loads depends on the magnitude of the exerted force. If this
is below 35 pN, the response of the DNA will be fully described by the extensible worm-
like chain model, which considers DNA as an extensible and homogeneous rod [38–41]
(Figure 3).

 
Figure 3. The four ends of the DNA strands are connected to optically trapped beads. When the
applied stretching force is smaller than 35 pN, DNA conforms to the worm-like chain (WLC) model.
When the exerted force reaches 60 pN, DNA overstretches and unpeels, and a distinct saw-tooth
pattern is observed.
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According to Gross et al. (2011), the relation between the applied force and DNA
extension is given by the following [42]:

l = Lc

(
1 − 1

2

√
kBT
FLp

+
C

−g(F)2 + SC
F

)
(7)

where l is the extension of the DNA, Lc is the contour length, kB is the Boltzmann constant,
T is the absolute temperature, F is the exerted force, Lp represents the persistence length,
C is the modulus of stretching, while g(F) is the twist–stretch coupling. It should be
mentioned that g(F) changes sign at forces close to 35 pN, as the DNA starts unwinding [43].
When the applied force is above 60 pN, the DNA will overstretch, following a clear saw-
tooth configuration [42].

Previous research has shown that DNA mechanics can affect certain DNA actions like
binding and looping, packaging, and bending. It has also been recognized that the flexibility
that DNA presents is important for repair proteins to identify and bind to lesions [44–47].
It has not, however, been demonstrated until today how DNA alterations may affect DNA
mechanics and the impact that this may have on cancer progression. On the contrary, it
has been demonstrated in the past that epigenetic changes, like DNA methylation and
histone modifications, affect the expression of cytokines associated with these processes,
which impact carcinogenesis and tumor progression as cytokines have been shown to play
a crucial role in angiogenesis, metastasis, and chemoresistance in gastric cancer [48].

DNA point mutations, i.e., changes in the nucleotide sequence, occur in important
driver genes like BRCA2, TP53, KRAS, and BRAF [49]. Mutations in these genes not only
disrupt crucial cellular processes like DNA repair and apoptosis but can also influence cellular
mechanics. For example, mutations in TP53 can alter cytoskeletal organization, leading to
changes in cell stiffness and deformability, both of which are critical for cancer cell migration
and invasion. These mutations can also alter DNA properties in various ways, e.g., as drivers
of silent mutations, where the amino acid remains the same [50], missense mutations that result
in functionally different amino acids affecting protein function [51], or nonsense mutations
causing the premature termination of protein synthesis and loss of function [52].

Table 1. DNA changes leading to alteration in its mechanical properties.

DNA Change Mechanism Effect on Cellular Processes Impact on Cancer Biology

DNA Point
Mutations

Point mutations in
driver genes (e.g.,

BRCA2, TP53, KRAS)
[49]

Disruption of crucial processes
like DNA repair, apoptosis, and

cell division, as well as
alterations in cytoskeletal

organization, leading to changes
in cell stiffness and
deformability [50]

Mutations can lead to abnormal cell
proliferation, migration, and
invasion and impact cancer

progression and therapy [50]

Histone
Modifications

Chemical modifications
of histones [35]

Alters chromatin structure,
affecting gene expression [35]

Modulates chromatin compaction,
influencing oncogene expression,
tumor suppressor silencing, and

uncontrolled cell growth and
proliferation [35]

DNA
Methylation

Addition of methyl
groups to DNA at CpG

dinucleotides [36]

Affects DNA accessibility to
transcription factors and other

regulatory proteins [36]

Modulates gene expression,
influencing oncogene activation or
tumor suppressor silencing [35,36]

Cytosine
Hydrox-

ymethylation

Addition of a
hydroxymethyl group

to cytosine residues [37]

Affects DNA strand separation
propensity, thus modulating

mechanical stress response [37]

Affects chromatin accessibility, gene
expression, and DNA mechanics,

influencing cancer cell behavior [37]
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4. Nucleus
The nucleus in cancer cells presents distinct differences from that observed in normal

cells, with nuclear size, shape, and chromatin organization being among the key differences
commonly used to diagnose malignancy. Nevertheless, not all cancer cell nuclei share
the same characteristics. These depend on the type of cancer and can be used to inform
diagnosis [53]. Cancer cell nuclei are usually enlarged and possess an irregular and folded
shape, presenting coarse heterochromatin aggregates [54]. It has been argued that these
nucleus morphological alterations in malignant cells assist in metastasis and proliferation
through nuclear deformation and remodeling of the cytoskeleton.

The latter is less important, as the nucleus is much stiffer than the cytoskeleton, and
its deformability is the rate-limiting step in the whole process of cell migration. Wolf
et al. postulated that migration occurs through an amoeboid cell deformation, where cells
squeeze through narrow spaces without relying on strong cell–matrix adhesion, and thus,
the ratio of the nucleus cross-sectional area to the size of the matrix pores is important in
metastasis [55]. During cancer cell migration through confined spaces, the nucleus deforms
from the application of significant forces [56,57]. Previous research has demonstrated that
the nucleus presents a significantly greater elastic response to mechanical loading than the
cytoplasm [58,59]. However, other studies using atomic force microscopy present some
contradictory findings, showing that the nucleus is stiffer than the cytoplasm [60].

These conflicting findings may result from variations in measurement techniques or
differences in cell types and experimental conditions.

It has been postulated that nuclear lamina is responsible for the elastic response of the
nucleus [61,62]. It consists of type V intermediate filament proteins (lamins), which create
a network, having a thickness of 100 nm [17]. Recent evidence suggests that chromatin
contributes also to the mechanical properties of the nucleus, and it is responsible for the
elastic response of the nucleus at small deformations, while lamins A and C dictate the
response at large deformations [63,64].

Following previously published research, Estabrook et al. treated the nucleus as an
elastic object and provided the constitutive equations for a continuum elastic solid, to
which the deformation of the nucleus should obey the following [65–68]:

σij =
E

1 + v

(
εij +

v
1 − 2v

εkkδij

)
(8)

and for isotropic elastic materials, stress is related to strain as follows [69,70]:

σij = λδijεkk + 2µεij (9)

where σij represents the stress tensor, E is the modulus of elasticity, v is Poisson’s ratio, εij

is the strain tensor, δij represents the Kronecker delta function, and λ and µ are Lamé’s first
and second parameters, respectively.

The strain tensor, εij, is given by the following:

εij =
1
2

(
ϑui
ϑxj

+
ϑuj

ϑxi
+

1
2

ϑuk
ϑxi

ϑuk
ϑxj

)
(10)

where xi represents the position vector and ui is the deformation. These equations focus
on the sequential deformations among different points of time, and the reference is the
previous point of time. In this manner, the forces and the energy associated with the cell
deformation due to passing through constricted sites are supplied, while the nucleus is
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assumed to be under no applied force. In contrast, the nucleus is studied as a pre-stressed
elastic material due to confinement.

The relation of the stress ( σij
)

and strain tensors ( εij
)

to free energy (ƒ) is given by the
following [71]:

f =
1
2

σijεij (11)

while the traction force of an elastic object is supplied by the following [71]:

ti = σijnj (12)

where ni represent the components of the normal to the surface.
During invasion, cancer cells need to pass through multiple confinements, which

are sometimes smaller than the cells’ original size. Therefore, nucleus deformation dur-
ing cancer cell migration is very important, as the nucleus represents the largest cell
organelle [72–74]. In addition to deformation, the position of the nucleus seems to be
significant. During the migration process, cytoskeleton and organelles are re-arranged. The
nucleus is positioned on the opposite side of that of the migration [75–77] (Figure 4).

Figure 4. During invasion, cancer cells pass through multiple confinements, which can be smaller
than the cell’s original size. During this process, the cytoskeleton and the organelles are re-arranged.
The nucleus is positioned on the opposite side of that of the migration to allow the cancer cell’s
passage through minute spaces. This is an essential step, as it allows for cell polarity in the migration
direction, and it is propelled by an actin retrograde flow, which is facilitated by Cdc42 and myosin.
Proteins SUN2 and Nesprin-2 form linear arrays in the nuclear envelope, facilitating connection with
actin filaments and developing TAN lines.

This is an essential step, as it allows for cell polarity in the migration direction, and it
is propelled by an actin retrograde flow, which is facilitated by Cdc42 and myosin [75,77].
Actin is attached to the nuclear envelope by the Linker of Nucleoskeleton and Cytoskeleton
(LINC) complex, which is the primary connection between the cytoskeleton and the nucleus.
LINC complexes are composed of two protein domains, the SUN (Sad1p, UNC-84), which
spans the inner nuclear membrane, and the NE nesprins (nuclear envelope spectrin-repeat
proteins), which span the outer nuclear membrane [78–80]. The primary purpose of the
LINC complexes is to transfer mechanical cues from the plasma membrane to the nucleus,
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resulting in biochemical reactions and activation of some sets of genes, which present
mechanosensitivity [81,82].

5. Mitochondria
Mitochondria are tubular organelles, with a size ranging from 0.5 µm to 5 µm [17]. In

healthy eukaryotic cells, these organelles control vital cellular processes, including prolif-
eration, death, Ca2+ homeostasis, and metabolic adaptation. In mitochondria, important
reactions also take place, including the generation of adenosine triphosphate (ATP) through
oxidative phosphorylation (OXPHOS) [83]. The latter represents a complex process in
which electron carriers are utilized to transfer electrons from NADH and FADH2 to O2,
involving the electron transport chain (ETC). Other important processes taking place in
mitochondria include the biosynthesis of amino acids, nucleotides, and lipids. They also
regulate caspase activation and cell death, through the release of cytochrome c [84]. More-
over, mitochondria produce reactive oxygen species (ROS), a biochemical process which
underlies oxidative damage in disease and is involved in retrograde redox signaling from
the organelle to the nucleus and cytosol [85].

These normal processes are altered in cancer, where the cells are characterized by the
Warburg effect in which glycolysis is upregulated, even if O2 is present [86]. Through this
path, biosynthetic demands are supported, resulting in rapid tumor growth [87]. Other
distinct differences from normal cells include elevated ROS production, which can be pro-
duced both in the tricarboxylic acid (TCA) cycle and in the ETC [88]. ROS is considered one
of the most important stimuli for cancer initiation, as it promotes DNA damage, mutations,
and cancer progression through matrix metalloproteinase (MMP) activation, which breaks
down the extracellular matrix (ECM) [89]. Moreover, mitochondria in cancer cells present
different dynamics which involve increased fission rates. It has been demonstrated that
fission is a process requiring specific proteins, some of which are enzymes modifying
mitochondrial membranes [90]. Fission is initiated by actin and endoplasmic reticulum
(ER) tubules which delineate the area of division on the outer mitochondrial membrane
(OMM) [91,92]. It has been shown that the ER releases Ca2+ into the mitochondrion to
activate the polymerization of actin at the constriction area [93]. Involved proteins include
dynamin-related protein 1 (DRP1) to the OMM by fission 1 homolog protein (FIS1), mi-
tochondrial dynamics proteins of 49 kDa (MID49) and 51 kDa/mitochondrial elongation
factor 1 (MID51/MIEF1), and the mitochondrial fission factor (MFF) [94].

The probability of mitochondria fission (Pfission) is increased as their length is increased,
and it is given by the following [95]:

Pf ission = 1 − exp
(
−Etension + Ebend

kBT

)
(13)

where Etension is the energy from the membrane tension, Ebend is the bending energy from
DPR1 constriction, kB is the Boltzmann constant, and T represents the absolute temperature.

The total energy required for mitochondria fission is given by the following [96]:

Etotal = Etension + Ebending = σ·A +
1
2

k
∫
(C1+C2 − C0)

2dA (14)

where σ represents the membrane tension, A is the area under tension, k is the bending
rigidity, C1 and C2 are principal curvatures, and C0 is the spontaneous curvature, which is
induced by DRP1 (Figure 5).
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Figure 5. The process of mitochondrial fission requires the synergetic action of multiple proteins,
changing the shape of the mitochondrion. In the middle, there is a constriction site, due to the action
of DRP1, while DNM1 contributes to the increased membrane curvature, observed everywhere except
the middle portion of the mitochondrion.

Fission affects actin dynamics through depolymerization or reorganization of the actin
network at mitochondria constriction sites by relieving mechanical tension after fission
is completed. Through this process, the cell’s cytoskeleton is also affected, and there is a
decrease in cancer cells stiffness, making their migration through narrow passages during
invasion and metastasis easier [97].

6. Cytoskeleton
The cytoskeleton provides structural integrity to the cell and is involved in several

important cell functions, including adhesion, mechanotransduction, migration, and mitosis.
The eukaryotic cytoskeleton consists of actin microfilaments (MFs) (≈7–9 nm diameter),
microtubules (MTs) (≈25 nm diameter), and intermediate filaments (IFs) (≈10 nm diameter).
These primary structures are interconnected and form a complex network, which is in a
state of continuous flux, particularly when cellular dynamic processes take place [98]. A
characteristic property of the cytoskeleton is the presence of several proteins, which form a
cross-linked bundle and lattice networks, which provide elasticity to the cytoskeleton.

It has been argued in the past that the cytoskeleton contributes to tumorigenesis by
inducing cell proliferation and oncogene activation [99]. Kimura et al. demonstrated
that CKAP4 (cytoskeleton-associated protein 4)—which is also known as CLIMP-63—is a
Dickkopf1 receptor and is associated with lung and pancreatic cancer through its role in
signaling pathways that promote tumor growth [100]. Additionally, recent findings suggest
the involvement of Zyxin, which is a cytoskeletal LIM-domain protein regulating actin
assembly and generating traction force, in tumorigenesis, if it is non-functional [101,102].

Actin-bundling proteins and intermediate filaments are also associated with cancer
progression. F-actin is organized into parallel bundles by fascin proteins, which are nec-
essary for the development of cellular protrusions. It has been demonstrated that fascin
protein suppression interferes with filopodia formation and inhibits cancer invasion and
metastasis [103]. Regarding intermediate filaments, it has been argued that their decreased
number can alter the cell’s shape [104]. Research has also shown that reorganization of the
cytoskeleton plays an important role in metastasis and in epithelial–mesenchymal transi-
tion [105,106]. It has been demonstrated that during this transition, there is a diffusion of
beta-actin distribution, as well as a reduction in the number of beta-actin fibers. Moreover,
it has been observed that there is a rearrangement of intermediate filaments and a change
in network proteins, from cytokeratin-rich to vimentin-rich [107].

Given the cytoskeleton’s key role in cell shape, migration, and mechanotransduction,
it has become an important target for cancer therapies. Drugs that disrupt cytoskeletal
components, such as actin or microtubules, can inhibit cancer cell division and migration.
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For example, microtubule-targeting agents like paclitaxel prevent cell division, while actin-
targeting agents like cytochalasin D reduce cancer cell movement by disrupting actin
polymerization [108,109]. Understanding the biomechanical properties of the cytoskeleton
is critical for developing therapies that limit cancer invasion and metastasis.

From a biomechanical point of view, the cytoskeletal filaments are considered as very
thin homogeneous elastic fibers. The axial stress ( σii) is given by the following [98]:

σii = E f εii (15)

where E f represents Young’s modulus and εii is the axial strain.
The bending moment (M) of the fibers is given by the following:

M = E f I
(

d2w
dx2

)
(16)

where I is the moment of inertia, w represents the deflection of the fiber, and x is the distance
along the fiber axis.

The modulus of elasticity of the entire cytoskeletal network is given by the follow-
ing [110]:

E∗ = EsC1

(
ρ∗

ρs

)2
(17)

where Es is the Young’s modulus of each individual cytoskeletal fiber, C1 is a constant of
proportionality, ρ∗ is the average density of the whole network, and ρs is the density of the
fibers. The ratio ρ∗

ρs
represents the relative density.

Previous research on cervical cancer (HeLa) cells has demonstrated that the modulus
of elasticity of the cytoskeleton is significantly decreased if cytochalasin B is administered.
This cell-permeable mycotoxin is an actin polymerization inhibitor that does not affect
intermediate filaments or microfilament structure [111,112]. Similarly, when cytochalasin
D was used for the treatment of bladder cancer, cell deformability and reduced modulus
of elasticity were observed [113,114]. These changes affect cancer cell shape changes and
make migration easier through tight spaces.

7. Cytoplasm
The cytoplasm consists of the cytosol, which is an aqueous solution, and all cellular

organelles. It is surrounded by the plasma membrane, and it represents the site where
the majority of biochemical activities take place [115]. The cytoplasm comprises macro-
molecules, such as lipids, nucleic acids, proteins, etc., and it occupies 10–40% of the volume
of the cell [116,117]. Cytoplasm density may vary as a result of cell cycle, aging, nutritional
stress, or disease [118]. These density variations affect both the physical properties of the
cytoplasm and the biological processes within the cell. The latter include protein–protein
associations, different phase transitions, and enzymatic fluxes [119]. Research has also
shown that there is a macromolecular crowding in the cytoplasm. Therefore, cytoplasm is
very densely occupied by the cell’s organelles and macromolecules, and it has been shown
that it behaves as a viscoelastic porous material [120,121]. This viscoelasticity allows the
cytoplasm to deform under mechanical forces, which is crucial for cellular migration and
shape changes, particularly in cancer cells.

As the cytoplasm constitutes a large part of the cell, its biomechanical contribution
is very important and has been taken into account in many previous studies. Although,
as stated earlier, the nucleus is the largest organelle and needs to be deformed during the
cell’s passage through multiple confinements, the cytoplasm also needs to be compressed,
as it represents a significant portion of total cellular volume.
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Copos and Guy have described a two-phase flow model, trying to describe the inter-
action between cytoskeleton and cytoplasmic fluid dynamics [122]. In a healthy state, the
cytoskeletal network represents a small volume fraction when compared to the cytoplasmic
fluid phase. In cancer, a disorganization of the actin cytoskeleton is observed, leading to a
further elastic/fluid ratio reduction [123]. Therefore, the elastic network can be considered
as negligible, and Biot’s poroelastic standard model can be used [124]. In this model, a
spherical cancer cell, with its cytoskeleton contained within the cytoplasm, is considered in
a domain Ω. Independent force balance equations apply to the internal elastic stresses of
the cytoskeleton and to the viscous fluid, where the solid structure is. The viscous fluid and
the solid structure move with their own rate fields, and these two materials are connected
through drag forces. Then, the Stokes equations apply [123]:

µ∆u −∇p + fd f d = 0 (18)

∇·u = 0 (19)

where µ represents fluid’s dynamic viscosity, u the velocity of the fluid, p the pressure, and
fd f d is the drag force density on the viscous fluid caused by the cytoskeleton’s relative motion.

The cytoskeleton movement is given by the following:

∂X
∂t

= U =
1
ξ

Fe f d + u (20)

where Fe f d represents the elastic force density in the structure.

8. Plasma Membrane
The plasma membrane is not only a barrier isolating the cell from its environment,

but an organelle as well, consisting of lipids in a bilayer arrangement, including numerous
specialized proteins (Figure 6), which play an active role in sensing and responding to
environmental cues, a function that becomes crucial in the altered microenvironment of
cancer [94]. This membrane is involved in several important cellular functions, includ-
ing structural support, transportation of nutrients inside the cell, transportation of toxic
substances out of the cell, biomechanical and biochemical signaling, and motion [125,126].
Furthermore, the plasma membrane is also involved in several disease processes, including
cancer [127].

Published evidence has shown that the phospholipid content of plasma membrane in
cancer is altered, which affects membrane fluidity and stiffness. Specifically, it has been
demonstrated that sphingomyelin levels are reduced, while monounsaturated and saturated
phospholipids are higher in cancer cells, when compared to normal cells [128]. These changes
are also associated with changes in the biomechanical behavior of plasma membranes.

Previous research has demonstrated that Fourier analysis can be used to detect al-
terations in the bending rigidity between normal and malignant cells [129–131]. It has
been advocated in the past that plasma membrane plays a significant role in metastasis, as
in cancer cells the cytoskeleton decouples locally from the membrane, affecting its rigid-
ity [132,133]. Other researchers have speculated that there is a correlation among phenotype,
cell signaling, cell membrane alterations, and cellular motion. The epithelial–mesenchymal
transition (EMT) summarizes these ideas [57,90]. Cellular changes in elasticity have been
studied with a microfluidic optical stretcher [134].
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Figure 6. Plasma membrane, with the double phospholipid layer. In cancer cells, the phospholipid
content of the plasma membrane is altered. Sphingomyelin levels are reduced, and monounsatu-
rated and saturated phospholipids increase. These changes affect the biomechanical behavior of
the membrane.

Giant plasma membrane vesicles (GPMVs) have been used in the past to determine
the rigidity of plasma membranes, without the contribution of the cytoskeleton, which, in
cancer, decouples from the membrane and does not contribute to its mechanical properties.
GPMVs are produced from cells by employing the vesiculation process during which the
plasma membrane disconnects from the cytoskeleton. GPMVs are basically spheres of 1 to
100 µm, consisting of two layers [135]. The rigidity (κ) of the plasma membrane in GPMVs
is given by the following [136]:

κ =

〈
|ulm|2

〉
(l + 2)(l − 1)[l(l + 1) + σ]

kBT
(21)

σ = σe f f
R2

κ
(22)

where ulm represents the mean square amplitudes of the spherical harmonics, l is the
azimuthal length, σe f f is the effective tension, R is the average radius, kB is the Boltzmann
constant, and T is the temperature.

According to Goetz et al., in the absence of numerical data, the plasma membrane
bending stiffness can be calculated by the following [136]:

κ =
Kah2

γ
(23)

where Ka is the modulus of stretching elasticity, h is the thickness of the plasma membrane,
and γ represents a numerical constant, which, according to molecular dynamics simulations
and in agreement with classical elasticity theory, leads to γ ∼= 48 [137].

Experimental results suggest that the mechanical properties of plasma membranes are
greatly affected by their lipid components. Gracia et al. argued that cholesterol influences
the mechanical properties of the membrane and its bending stiffness, by modifying the acyl
chain order and the interfacial membrane region [136].
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9. Membrane Receptors—Adherens Junctions
As each cancer cell is in contact with adjacent malignant or healthy cells, its plasma

membrane has been modeled as a group of points [19,27]. These points refer to transmem-
brane adhesion proteins, mediating cell-to-cell interactions and mechanical communication
between cells. The most important of these proteins include integrins, cadherins, and
selectins. These have been modeled as linear springs, satisfying Hooke’s law (Figure 7).

 
Figure 7. (A) The main adhesion proteins providing connection between cancer cells or between can-
cer cells and normal cells are the integrins, cadherins, and selectins. (B) In the model of Rejniak [19,27],
these proteins are modeled as linear springs, satisfying Hooke’s law.

Therefore, the force applied to every point on the plasma membrane is as fol-
lows [19,27] (Figure 8):

Fadh(l, t) = Fadh
∥P(k, t)− P(l, t)∥ − Ladh

∥P(k, t)− P(l, t)∥ (P(k, t)− P(l, t)) (24)

where P(l, t) is the point to which the force is applied by a neighboring point P(k, t), and
Ladh represents a constant resting length of the membrane protein, which is modeled as
a spring. These points have receptors, which are used for communication purposes and
enable adhesion to adjacent cells. However, the forces between neighboring cells can
also be repulsive if the cells approach too much. Then, Frep will take over in order to
deter cell interpenetration, and when the distance becomes sufficient, Fadh will prevent
cell detachment. In between these two distances, there is a distance of equilibrium, at
which Frep and Fadh vanish [138]. Different approaches have been used to explain the bonds
between neighboring cells. Van Liedekerke et al. assumed that permanent adhesive bonds
exist, while Sanderius and Newman adopted a model in which a Morse potential exists on
the connection points of the membranes of the cells [139,140].

Previous research has shown that cell-to-cell communication is very important in can-
cer expansion and disease progression. This process starts in the tumor microenvironment
ΘΓ, and then progresses at more distant sites [141]:

ΘΓ =
⋃

xk∈Γ
{x :∥ x − Xk ∥< ε} (25)

where xk ∈ Γ is the cell boundary, and ε is the radius of the microenvironment.
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Figure 8. A cluster of cancer cells interconnected with transmembrane adhesion proteins (adhesion
links), which exert adhesive forces (Fadh). The forces can also be repulsive, if the cells approach too
much. Then, Frep will take over in order to deter cell interpenetration, and when the distance becomes
sufficient, Fadh will prevent cell detachment.

Cellular communication in cancer happens with direct intercellular communication,
involving the exchange of different molecules, ions, and electrical impulses between cells
through gap junction channels formed by connexons [142]. Other ways of intercellular
communication include ligand (L)-receptor (R) interactions [142]. It has been recognized
that L-R communication between two adjacent cells may present some restrictions, due
to paired L-R expression intensity/specificity. Zhang et al. presented the communication
score (Sk) between two neighboring cells [13]:

Sk =

∥∥∥∥→LRk

∥∥∥∥
2
× TFk (26)

where →
LRk

is a two-dimensional vector associated with the mean expression value of ligand

(L) in the first cancer cell and with that of the receptor (R) in the second cancer cell, while TFk

represents the activity score of the transcription factors (TFs) downstream of the interaction
(k) between L and R.

The continuous biochemical–biomechanical interactions taking place within the cancer
cell have an effect on the organelles, altering their physical and mechanical properties,
affecting normal biological processes and assisting in cancer progression and metastasis
(Table 2).

Table 2. Contribution of each cell’s organelle to cancer initiation and evolution.

Organelle Effect Mechanism Molecules Involved

Nucleus

Assists in metastasis
and proliferation

[55]
Guides the cell

migration direction
[75,76]

i. Nuclear deformation and
remodeling of the
cytoskeleton [56,57]

ii. Nucleus is positioned on the
opposite side of that of the
migration [75,76]

i. Chromatin (small
deformations) and lamins A
and C (large deformations)
[63,64]

ii. Actin retrograde flow, which
is facilitated by Cdc42 and
myosin [75]
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Table 2. Cont.

Organelle Effect Mechanism Molecules Involved

Cytoskeleton

Adhesion, mechan-
otransduction,
migration and

mitosis, probably
induces cell

proliferation and
oncogene activation

[84]

i. Development of cellular
protrusions [88]

ii. Generation of traction force
[86,87]

iii. Rearrangement of
intermediate filaments [92]

i. F-actin is organized into
parallel bundles [88]

ii. Actin assembly regulation by
Zyxix (a cytoskeletal
LIM-domain protein) [86,87]

iii. Diffusion of beta-actin
distribution and reduction in
the number of beta-actin
fibers [90,91]

Cytoplasm

Density variations
affect both the

physical properties
of cytoplasm and

the biological
processes [103]

Cytoplasm compression and
disorganization of the actin
cytoskeleton lead to reduction in the
elastic/fluid ratio [107]

Protein–protein associations,
enzymatic fluxes [103]

Plasma
membrane

Involved in the
cancer process [111]

i. Phospholipid content of
plasma membrane in cancer
is altered [112]

ii. Cytoskeleton decouples
locally from the membrane,
affecting its rigidity [116,117]

i. Sphingomyelin levels are
reduced, while
monounsaturated and
saturated phospholipids are
higher in cancer cells [112]

ii. Disconnection of GPMV
plasma membrane from the
cytoskeleton [119]

Receptors/
adherens

Cancer expansion
and disease progress

[125]

Malignant cell-to-cell communication
and adhesion [125]

i. Gap junction channels
formed by connexons [126]

ii. Ligand (L)–receptor (R)
interactions [127]

10. Discussion
Biochemical pathways are crucial in tumorigenesis and disease progression. Never-

theless, research has demonstrated that mechanical signals have an equally important role,
as they contribute to cell differentiation and fate. Understanding the mechanical behavior
of cancer cells at the organelle level is essential for offering insight into how they invade,
survive, and adapt to challenging microenvironments. Mathematical models in this review
provide a framework for quantifying these biomechanical properties and linking them to
cellular function and pathology.

The mathematical representation in Equations (1) and (2) models the cell as a de-
formable elastic entity, where mitotic spindle forces are applied at opposed points (P1,
P2) and describes the concept of a minimum threshold distance Lmin

div , which is critical for
mitosis. The model’s assumptions, while simplifying cytoskeletal and membrane com-
plexity, provide key principles of force-driven mitosis and spatial cell constraints. Minc
et al. also demonstrated that spatial confinement can influence spindle alignment and the
symmetry of cell division [143]. Additionally, the Navier–Stokes equations presented in
this review (Equations (3) and (4)) treat cancer cells as elastic spheroids embedded in an
incompressible viscous medium. This model offers understanding of how extracellular
and intracellular fluid dynamics influence tumor growth, emphasizing the relationship
between mechanical forces and the extracellular matrix (ECM) [27]. The assumption of
increased viscosity which is adopted—instead of modeling the cytoskeleton explicitly—is
a reasonable compromise for computational feasibility. However, it should be noted that
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greater accuracy could be obtained if fiber networks are incorporated into future models.
Similar models have precedent in studies like those by Drasdo and Hoehme [144].

The literature suggests that nuclear deformation is a decisive factor during the transmi-
gration of cells through narrow ECM pores [55,63,145]. The mathematical models presented
in Equations (8)–(11) treat the nucleus as an elastic solid using continuum mechanics prin-
ciples. Many studies have demonstrated that the nuclear envelope is significantly stiffer
than the cytoplasm [55,59,64,146]. Clinically, this approach turns nuclear stiffness into a
biomarker for metastatic aggressiveness and into a therapeutic target, for instance, via the
modulation of lamin A/C expression, as has been described in previous studies [147].

Models describing DNA as a worm-like chain (WLC)—as in the studies of Bustamante
et al. and that of Marko and Siggia—have been extended to incorporate torsional stress and
chromatin packing, both of which affect transcription, replication, and repair [148,149]. The
bending and looping presented in these models contribute to understanding how external
mechanical forces on DNA can activate oncogenic pathways. Equations (15) and (16) model
cytoskeletal elements, i.e., actin and microtubules, as linearly elastic rods, capturing axial
stress and bending moments. These formulations are supported by experimental research
data from atomic force microscopy (AFM) and optical tweezers, which has demonstrated
that cytoskeletal stiffness correlates with the tumor’s metastatic potential [150,151]. The
relationship of the effective modulus of the cytoskeletal network to fiber density and
arrangement, in Equation (17), has been confirmed in several studies, where changes in actin
density or architecture lead to measurable reductions in cell stiffness [152]. Nevertheless,
the model of Storm et al. incorporates nonlinear elasticity and strain stiffening, suggesting
further investigation [153].

Modeling the cytoplasm as a poroelastic material, using Biot’s framework, provides
a method for representing the interaction between cytoplasmic fluid and the elastic cy-
toskeletal matrix. This approach is supported by the work of Moeendarbary et al., which
demonstrated that poroelastic stress relaxation occurs on timescales relevant to cellular
deformation [120]. Equations (18) and (19) further incorporate Stokes flow principles,
describing viscous flow under cytoskeletal drag. This is consistent with findings from
Petrie et al., who observed that under shear stress, cytoplasmic flow modulates organelle
positioning and nuclear deformation, directly affecting gene expression and migration
capacity [154]. Equation (20), which couples elastic force density with cytoskeletal dis-
placement, captures how force generation and cytoplasmic drag affect movement. This is
supported by the work of Charras and Sahai, who have shown that cytoskeletal remodel-
ing, when decoupled from cytoplasmic viscosity, through actomyosin inhibition, leads to
diminished motility and altered intracellular stress distribution [155].

The mechanical behavior of cancer cells is shaped by the dynamic interaction among
the nucleus, mitochondria, and cytoskeleton, and these systems interact through force
transmission and biochemical signaling pathways. Understanding these interdependen-
cies is essential for advancing cancer modeling and developing therapies that target the
mechanical vulnerabilities of cancer cells during invasion and metastasis.

Future research in this field should focus on developing multiscale mathematical
models that combine intracellular mechanics with tissue-level properties, taking into
consideration tumor heterogeneity, ECM stiffness gradients, and microvascular dynamics.
These approaches may shed light on this area and establish connections between molecular
alterations, such as mutations of the KRAS oncogene and TP53 suppressor gene, with
biomechanical behaviors. This approach may prove useful in helping us understand tumor
evolution and consequently assist in developing targeted cancer therapy.
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11. Conclusions
This review has focused on the mathematical relationships governing cancer mechanobi-

ology and investigated how the altered mechanical properties of a cancer cell may affect
malignant progression. DNA mutations, which can be in the form of deletions, insertions,
substitutions, rearrangements, and genomic amplifications, play a significant role in cancer
development and in altering the mechanical properties and biomechanical behavior of
every cell organelle. A continuous biochemical–biomechanical interaction exists, ultimately
affecting cell behavior. The mechanobiochemical homeostatic equilibrium is disrupted, and
as a result, the mechanical properties of the cells and the tissues involved change. The extent to
which these changes may affect cancer progression and response to therapeutic interventions
is not yet known and needs to be further explored with in vitro and in silico studies. Despite
the valuable insights gained, cancer mechanobiological modeling remains a relatively new
research area, characterized by limited knowledge, insufficient data, and limited research,
all of which complicate comparative analysis. Therefore, future efforts should prioritize
developing standardized frameworks and analytical methodology to facilitate comparisons
and advance our understanding of carcinogenesis and tumor progression.
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