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Abstract: Cell nuclei are paramount for both cellular function and mechanical stability. These two
roles of nuclei are intertwined as altered mechanical properties of nuclei are associated with altered
cell behavior and disease. To further understand the mechanical properties of cell nuclei and guide
future experiments, many investigators have turned to mechanical modeling. Here, we provide
a comprehensive review of mechanical modeling of cell nuclei with an emphasis on the role of
the nuclear lamina in hopes of spurring future growth of this field. The goal of this review is to
provide an introduction to mechanical modeling techniques, highlight current applications to nuclear
mechanics, and give insight into future directions of mechanical modeling. There are three main
classes of mechanical models—schematic, continuum mechanics, and molecular dynamics—which
provide unique advantages and limitations. Current experimental understanding of the roles of
the cytoskeleton, the nuclear lamina, and the chromatin in nuclear mechanics provide the basis
for how each component is subsequently treated in mechanical models. Modeling allows us to
interpret assay-specific experimental results for key parameters and quantitatively predict emergent
behaviors. This is specifically powerful when emergent phenomena, such as lamin-based strain
stiffening, can be deduced from complimentary experimental techniques. Modeling differences in
force application, geometry, or composition can additionally clarify seemingly conflicting experimental
results. Using these approaches, mechanical models have informed our understanding of relevant
biological processes such as migration, nuclear blebbing, nuclear rupture, and cell spreading and
detachment. There remain many aspects of nuclear mechanics for which additional mechanical
modeling could provide immediate insight. Although mechanical modeling of cell nuclei has been
employed for over a decade, there are still relatively few models for any given biological phenomenon.
This implies that an influx of research into this realm of the field has the potential to dramatically shape
both future experiments and our current understanding of nuclear mechanics, function, and disease.
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1. Introduction

The cell nucleus is not only the site of transcriptional activity and DNA replication in eukaryotic
cells, but its mechanical properties additionally serve to both protect the genome and transfer mechanical
signals from the extracellular environment to the chromatin. The nuclear lamina, which forms a
protein meshwork along the underside of the nuclear envelope, is one of the primary mechanical
constituents of the nucleus. A variety of disease states ranging from heart disease [1] to premature
aging called progeria [2] are associated with defects in the nuclear lamina. These and many other
diseases, such as cancer [3–6], are known to be associated with both altered nuclear morphology
and mechanical properties, which are then known to increase nuclear blebbing, nuclear rupture,
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DNA damage, and cellular invasiveness. Mechanical modelling of cell nuclei has become a growing
area of research for the last decade because of the physical nature of these processes. The purpose
of this article is to introduce mechanical modeling to a broad audience as well as discuss a variety
of current and future applications of mechanical modeling regarding cell nuclei. In this review,
we outline the primary classes of mechanical models along with their advantages and limitations.
Additionally, we detail the current experimental understanding of the mechanical constituents of
the nucleus, including the cytoskeleton, lamins, and chromatin, as well as the ways in which they
have been modeled. Subsequently, we discuss the importance of mechanical models in interpreting
experimental data across different assays. Finally, we detail how mechanical models have been used
to further our collective understanding of biologically relevant processes such as nuclear blebbing
and rupture, as well as lay out areas of nuclear mechanics in need of additional modeling. Given the
extensive role of the nucleus in cellular function and the association of mutations in the genes that
encode the nuclear lamins with disease, mechanical modeling has and will continue to serve a vital
role in interpreting current results and providing predictions to guide new experiments.

2. Classifications of Mechanical Models

Broadly speaking, mechanical models of nuclei can be broken down into three categories:
(i) schematic models, (ii) continuum mechanics (CM) models, and (iii) molecular dynamics (MD)
simulations (Figure 1). Schematic models are not necessarily specific to nuclei as they are often unable
to account for geometry and separate components, whereas CM and MD models are designed to be
nucleus-specific with accurate geometries and separate roles of nuclear constituents. Other approaches
and techniques exist, but a majority of the mechanical models of cell nuclei fall into the aforementioned
three categories. Each of these classes have a unique set of advantages and limitations, as reviewed below
and summarized in Table 1. One model type is not necessarily better than another, but rather different.
The level of specificity and type of a model should be dictated by the phenomena being studied.
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(B) A continuum mechanics (CM) model of atomic force microscopy where the nucleus is treated as 
an elastic solid surrounded by a thin, elastic shell. The axes represent distance in μm. Force versus 
indentation data show strain stiffening during compression where the small indentation regime is 
dictated by the elastic solid and the large indentation regime is dominated by stretching of the elastic 
shell. Reprinted with permission from Hobson et al. (2020) [7]. (C) A molecular dynamics (MD) 
simulation of micromanipulation of an isolated nucleus. The nucleus is modeled to have a crosslinked 
polymeric interior that is linked to a polymeric shell. The presence of the polymer interior dictates the 
initial force response while the shell results in a strain-stiffening response during long extension. 
Reprinted with permission from Stephens et al. (2017) [8]. 

Figure 1. (A) Common components for 1D viscoelastic schematic models where F is the force across
a given element, k is the spring constant, η is the viscosity, x is displacement, and v is velocity. (B) A
continuum mechanics (CM) model of atomic force microscopy where the nucleus is treated as an
elastic solid surrounded by a thin, elastic shell. The axes represent distance in µm. Force versus
indentation data show strain stiffening during compression where the small indentation regime is
dictated by the elastic solid and the large indentation regime is dominated by stretching of the elastic
shell. Reprinted with permission from Hobson et al. (2020) [7]. (C) A molecular dynamics (MD)
simulation of micromanipulation of an isolated nucleus. The nucleus is modeled to have a crosslinked
polymeric interior that is linked to a polymeric shell. The presence of the polymer interior dictates
the initial force response while the shell results in a strain-stiffening response during long extension.
Reprinted with permission from Stephens et al. (2017) [8].
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Table 1. A summary of the primary advantages and limitations of the three classes of models.

Model Type Advantages Limitations

Schematic

Easily solved analytically
Provides a simple equation or set of equations to fit to a
given dataset
Effective at detecting global changes in mechanical
properties
Effective at studying limiting cases where certain structures
dominate the system’s response

Not specific to nuclei, but rather applied to nuclear mechanics data
Require unrealistic assumptions regarding homogeneity,
dimensionality, and geometry (1D)
Limited in their ability to separate contributions of specific
nuclear structures

Continuum Mechanics (CM)

Can be solved either computationally or analytically
Allow for realistic nuclear geometries
Ability to prescribe different mechanical properties to each
structure being modeled
Successful at studying assay-specific nuclear deformations

Assume each material to be continuous, thus limiting the ability to
model polymeric structures or variations in protein concentration
Mechanical properties for each material are prescribed a priori as
opposed to being emergent

Molecular Dynamics (MD)

Quasi molecular-scale modeling of nuclear constituents gives
a more accurate representation of the polymeric structures
Ability to prescribe strength and number of bonds in a given
material and between materials
Global material properties are emergent from local,
molecular interactions

Computationally intensive due to quasi molecular-scale modeling
Accurate knowledge of interactions between monomers is
required
Prescribing complex geometries is more difficult than in
CM models

2.1. Schematic Models

Schematic models are those which use simple combinations of springs and dashpots to provide
one-dimensional relationships between stress, strain, and time. A spring has a force response that is
proportional to extension or compression while a dashpot has a force response that is proportional
to the rate of extension or compression (Figure 1A). The primary benefit of schematic models is that,
once solved, they provide a set of exact equations to be fit to a given dataset. Because of their inherent
simplicity, schematic models are extremely successful in detecting changes in mechanical properties
due to biological intervention. A classic example is the Jeffreys model which features a spring and a
dashpot in parallel, together in series with a second dashpot. This model, when applied to micropipette
aspiration data collected on MEFs, has been used to show how lamin A/C-deficient nuclei have reduced
viscosity and elasticity [9]. Similarly, a standard linear solid model which features a spring and dashpot
in series together in parallel with a second spring has been used to show isolated chondrocyte nuclei
are stiffer and more viscous than intact chondrocytes [10]. Schematic models are also quite successful
at studying limiting cases: that is, cases where certain structures or phenomena dominate the entire
system, allowing for the system’s response to be distilled into simple elements such as springs and
dashpots. The primary advantages of schematic models are then their ease of use and accessibility,
their ability to detect changes in mechanical properties under different conditions, and their success in
studying limiting cases.

Schematic models also have a suite of limitations when applied to nuclear mechanics.
Exact solutions to physical problems characteristic of these models typically require idealized
conditions and sweeping assumptions that almost certainly do not hold true for biophysical problems.
Cell nuclei have been shown to be anisotropic [11], heterogeneous [12], and strain stiffening in both
compression [7] and extension [8]; this directly invalidates these key assumptions. One must then
be cautious in interpreting the absolute magnitude of the mechanical properties determined by such
schematic models as their assumptions are often not met. Other common assumptions surround
nuclear geometry and structure, where in schematic models the nucleus is often assumed to be a
one-dimensional object that glosses over the intricacies of the chromatin, lamins, and their connections.
Revisiting the aforementioned example of the Jeffreys model, the investigators showed a significant
decrease in all parameters associated with the model when comparing lamin A/C-deficient MEFs to
healthy MEFs. This means the model was not successful in distinguishing the specific role of lamin
A/C in nuclear mechanics as it could not be associated with a specific element of the model being
applied. Simply put, schematic models make it difficult to determine differential contributions of
nuclear components. Along these lines, schematic models are generally not specific to cell nuclei;
that is, each element in the model is not necessarily equated to a mechanical constituent of the nucleus.
Schematic models are rather just applied to data taken on cell nuclei. Schematic models provide an
approachable and easy-to-use means of characterizing changes in mechanical properties and studying
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limiting cases or dominant phenomena. However, users must be wary of the assumptions made in
their derivation when considering their results.

2.2. Continuum Mechanics (CM) Models

CM models are those which assume that the materials being modeled are continuous as
opposed to sets of discretized particles (Figure 1B). These models can either be solved analytically or
computationally. The former generally requires more stringent assumptions while the latter allows
for additional flexibility and specificity. A classic example of an analytically solved CM model is the
Hertz contact mechanics model which presumes contact between two linearly elastic, homogeneous,
isotropic solids under small indentations [13], which is an idealistic approximation of a nucleus under
compression. The Hertz model has been used extensively and successfully in atomic force microscopy
(AFM) studies to highlight the importance of chromatin compaction and lamin A/C in the mechanical
integrity of nuclei [14,15]. However, computationally solving CM models through means such as finite
element analysis (FEA) allows investigators to circumvent some of assumptions of analytically-solved
CM models at the cost of computational intensity. For example, computationally solved CM models
of AFM have allowed investigators to move beyond the Hertz model and study the separate roles of
lamins and chromatin, more accurate nuclear geometries, and viscous contributions [7,16–18]. The first
benefit of this approach is in the flexibility of the geometry of the system. The investigator can not
only set up the model to more accurately describe the geometry of the nucleus being studied, but also
vary this geometry to understand the dependence of the mechanical response on the geometry itself.
An example is one of the foundation studies of nuclear mechanics which modeled plate compression
of spread, rounded, and isolated nuclei [19]. Furthermore, an additional advantage is the ability to
prescribe layers to a system, each with different mechanical properties. This is a simple way to model,
for example, the inner and outer nuclear membranes as well as the nuclear lamina separately with little
added complexity for the user [16,20]. Additionally, each of these layers can be prescribed a separate
constitutive law based on the current understanding of the literature. Finally, CM models are quite
advantageous for modeling specific assays because of their ability to quickly and precisely set up the
geometry of a system.

There are limitations, however, to using CM models. The first of these is that CM models assume
that each material and layer is continuous. More specifically, CM models do not model polymeric
systems or motion of individual proteins, but instead smooth over the complex filamentous nature of,
for example, the nuclear lamina and treats it as a continuous solid shell. This is an inherent limitation
in that CM models do not account for the true physical structure of the constituents of the nucleus,
such as the meshwork nature of the nuclear lamina [21–23]. Furthermore, CM models require that
you know and prescribe the mechanical properties of each material a priori. This is in contrast to a
simulation for which the mechanical properties are emergent. CM models are then advantageous for
prescribing realistic geometries and easily modeling multiple layers with different material properties.
However, they are limited in that they require a priori assumptions of the material properties of the
system and cannot model non-continuous materials.

2.3. Molecular Dynamics (MD)

The final class of models are MD simulations (Figure 1C). In these MD simulations, nuclei are
discretized on a quasi-microscopic level. Individual molecules can be linked together through specified
interactions—such as a spring-like force—to form polymeric chains with motion subject to Newton’s
laws. The polymers can then be organized to form structures such as chromatin fibers or the nuclear
lamina, and subsequently be subjected to external forces. The first advantage of MD simulations is that
they can provide a more accurate structural representation as both chromatin and the nuclear lamina are
effectively polymer networks [21,23–25]. Furthermore, these models allow the investigator to prescribe
both the location and strength of the bonds between nuclear substructures. For example, one recent
study has investigated the role of the bond strength between the cytoskeleton and the nucleus in
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regulating nuclear shape fluctuations [26]. A third unique advantage of MD simulations is that the
mechanical response is often emergent and not prescribed. That is, the investigator will define the
specific interactions between monomers to form polymers as well as the number of polymers and the
interactions between them, but the simulation will then reveal the mechanical response of this polymer
meshwork. This has been used to show that nuclei exhibit strain stiffening in micromanipulation
experiments without needing to prescribe any strain-stiffening phenomena directly into the model
itself [8,27]. Similar to CM models, MD simulations allow investigators to easily prescribe multiple
materials with varied interactions.

As with the previous techniques, MD simulations also have a set of limitations. First,
MD simulations are limited in their accessibility to the broader biological community. They often
require extensive computational power and expertise to design effective and realistic MD simulations.
An additional limitation is that they are often coarse-grained simulations. That is, there is often a
loss of structural detail in both the chromatin and lamin networks. Coarse-graining the model then
means that tuning the strength and number of interactions between monomers is non-trivial and not
necessarily indicative of the true molecular-scale interactions. They are also limited in their ability
to study how varying the material properties of a specific nuclear substructure alters the mechanical
response. In an MD simulation, one can alter that interactions between monomers, but not specifically
change the overall material properties as easily as in CM models. MD simulations then provide a
means of modeling the polymeric nature of the nuclear substructures as well as allow for emergent
phenomena to be discovered, but they are limited in overall accessibility and the need for precise
knowledge of quasi-molecular-scale interactions.

3. Nuclear Mechanical Constituents and How They Are Modeled

While the cell nucleus is a beautifully complex system, its mechanical response is in general
dependent on three things: the cytoskeleton, the nuclear lamina, and the chromatin (Figure 2).
These structures are themselves composed of multiple constituents, each of which are dynamic
with intricate molecular-scale interactions [28–30]. Additionally, these structures are not independent.
They form a mechanical and biochemical pathway from integrin receptors to the nuclear interior, capable of
propagating forces on the cell surface to the DNA and subsequently altering transcription [31–33].
Mechanical modeling, however, has not yet reached this full level of detail and often takes a coarse-grained
approach to studying their respective roles. Here, we review the current understanding of the mechanical
roles of these three structures based on experimental data and how they have subsequently been treated
in nucleus-specific CM models and MD simulations (Table 2) [34].
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Table 2. Summary of nucleus-specific mechanical models. Column 1 additionally provides the class of model. CM-A: analytically-solved continuum mechanics model.
CM-C: computationally-solved continuum mechanics model. MD: molecular dynamics model.

Assay or Phenomenon Cytoskeletal Component Lamin Component Chromatin Component Simulation Conclusions Reference

AFM (CM-C) N/A Elastic Shell Elastic Solid
Nuclei exhibit strain stiffening in AFM

Chromatin resists volume changes at small indentations
Lamin A/C resists surface area changes causing strain stiffening at large indentations

[7]

AFM (CM-C) N/A Elastic Shell Viscoelastic Solid

Including the nuclear envelope is necessary to recapitulate the magnitude and shape of experimental force versus
indentation curves on cells

Force response is sensitive to elasticity of “nucleoplasm”
Force response is highly dependent on probe angle

[16]

AFM (CM-C) N/A N/A Poroelastic Nuclei exhibit depth-dependent relaxation rates, consistent with poroelastic materials [17]

AFM (CM-C) N/A Elastic Shell Elastic Solid (radially
decaying Elastic Modulus)

A radially decaying elastic modulus recapitulates experimentally determined depth-dependent elastic moduli
Presence of nuclear lamina adds an overall increase in stiffness [18]

Micropipette Aspiration
(CM-C) N/A Elastic Shell Viscoelastic Solid Micropipette aspiration measurements are highly sensitive to the stiffness of the nuclear lamina [20]

Micromanipulation (MD) N/A Polymer Shell Confined Polymer

Nuclear lamina buckles with lack of chromatin
Chromatin provides the short extension force response

Lamin determines strain stiffening due to the geometry of the nucleus during long extension
Two regime force response requires both chromatin–chromatin and chromatin–lamin tethers

[27]
[8]

Plate Compression
(CM-C) N/A Elastic Shell Viscoelastoplastic Lower stiffness of the nuclear lamina increases nuclear plasticity

Increased stiffness of the “nucleoplasm” increases nuclear plasticity [35]

Plate Compression
(CM-C) Hyperelastic N/A Hyperelastic Force response is dependent on cell and nuclear geometry, with spread cells appearing stiffer than round cells, both of

which appear stiffer than isolated nuclei [19]

Actin Compression
(CM-A)

Uniform compressive
plate Elastic Shell N/A Provide equations linking nuclear shape to applied force and elastic modulus [36]

Substrate Stretching and
the Actin Cap (CM-C) Shear deformable beams N/A Elastic Solid Stress concentrates along the edges of the nucleus in absence of actin cap

Absence of actin cap increases nuclear stress [37]

Constricted Migration
(CM-A) N/A

(i) Elastic Shell
(ii) N/A

(i) Inviscid Fluid
(ii) Elastic Solid

Provide relationship between mechanical properties and active processes for migration
There exists a critical pore radius for which a cell can enter based upon nucleus stiffness and the ability to

form adhesions
[38]

Constricted Migration
(CM-C)

Driving force for
migration Hyperelastic Shell Poroelastic

Resistance to transmigration is dependent on extracellular matrix (ECM) stiffness, pore size, and lamin A/C stiffness
Lower lamin A/C stiffness results in increased nuclear plastic damage

Model predicts buckling of the lamina, nuclear rupture, and volume loss
[39]

Constricted Migration
(CM-C) N/A N/A Hyperelastic Solid

There exists a critical force a cell must overcome to enter a constricted pore
The critical force increases as the pore size decreases and/or the stiffness of the environment increases

Decreases in the stiffness of the nucleus decrease the critical force
[40]

Constricted Migration
(CM-C)

Driving force for
migration, viscoelastic Viscoelastic Shell Elastoplastic

Nuclear softening increases invasiveness
Nuclear stiffening increases plastic damage of the nucleus

Constricted migration leads to kinking of the nuclear membrane
[41]

Nuclear Blebbing (MD) N/A Two-Polymer Shell N/A
Retraction of blebs with only A-type lamins follow a double-exponential decay

Retraction of blebs with A- and B-type lamins follow an exponential decay
One-component blebs can stabilize in the blebbed state

[42]

Shape Fluctuations and
Nuclear Blebbing (MD)

Point particles connected
to lamina via springs Polymer Shell Confined Polymer Tethering between chromatin and nuclear lamina is necessary for bleb formation

Stiffness of connection between the nucleus and cytoskeleton correlates with nuclear shape fluctuations [26]

Nuclear Blebbing (CM-C) N/A Two-Material Elastic Shell N/A Larger mesh size of A-type lamins relative to B-type lamins is required to form nuclear blebs [43]
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Table 2. Cont.

Assay or Phenomenon Cytoskeletal Component Lamin Component Chromatin Component Simulation Conclusions Reference

Nuclear Rupture and
Chromatin Herniation

(CM-A)
N/A Viscoelastic Shell Semi-Flexible Polymer

Rupture site radius increases exponentially to a critical value before closing linearly in time
Increased viscosity of the nuclear lamina minimizes rupture radius
Chromatin herniations are exponentially sensitive to rupture radius

[44]

Nuclear Rupture (CM-A) N/A
Elastic layer with and
without nuclear pore

complexes
N/A

Develops scaling laws between hole nucleation rate and strain on the lamina for homogenous and heterogeneous
lamina layers

Predicts that increased lamin density correlates with a transition from homogenous to heterogeneous
nucleation mechanisms

[45]

Nuclear Rupture (CM-C) Fluid N/A Fluid Rate of outflow of nuclear contents correlates with the diameter of the rupture site [46]

DNA Damage (CM-A) N/A N/A Elastic-Fluid Separation of repair proteins from the chromatin resulting in delayed repair is sufficient to recapitulate experimental
observation of increased DNA damage in constricted migration [47]

Cell Detachment and
Attachment (CM-C) Compressive plate Hyperelastic Shell N/A Higher pressure and thinner nuclear lamina increase wrinkling of detached nuclei

Nuclear volume decreases upon detachment [48]

Cell Spreading, Geometric
Constraints * (CM-C)

Provide compressive
stress

Stiffening filamentous
network Elastic Solid

Cell geometry alters local stresses which regulate nuclear architecture and mechanics
A 3-way feedback mechanism between the nucleus, the cytoskeleton, and adhesions recapitulates experimental

results regarding cell geometric constraints and can predict implications of cytoskeletal disruptions
[49]

Cell Spreading (CM-C) Compressive contractile
network Elastic Shell Elastic Solid Cell spreading is necessary and sufficient to drive nuclear flattening [50]

* This work features several different models for which a full description is outside the scope of this table.
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3.1. Cytoskeleton

The cytoskeleton primarily consists of actin, microtubules, and intermediate filaments.
Arguably the most important of these constituents for nuclear integrity and mechanics are actin
and vimentin intermediate filaments. In spread cells, actin has been experimentally shown to form
a perinuclear cap that is important for mechanosensation, cell migration, and nuclear shape [50–53].
Additionally, Arp2/3-driven actin polymerization has been shown to disrupt the nuclear lamina and
facilitate constricted migration [54]. The cytoskeleton also serves an antagonistic rule as both actin and
microtubules can deform the nucleus [55–57]. The literature regarding actin and the actual mechanical
properties of the nucleus are seemingly conflicting, likely due to extension- versus compression-based
force measurements and the aforementioned antagonistic behavior. Single and dual micromanipulation
extension studies have concluded that actin is not critical for protecting against nuclear shape change
under external force [58] or in vivo or ex vivo single nucleus force measurements [8]. AFM studies with
sharp probes compressing nuclei, however, concluded actin depolymerization reduces nuclear elasticity
and viscosity [59]. Vimentin—an intermediate filament shown to be itself strain stiffening [60,61]—forms
a perinuclear cage [62]. This cage has been experimentally shown to maintain nuclear positioning
and deformation in the cell through single micromanipulation studies [58], AFM [63], and constricted
migration assays [64].

Despite these significant contributions of the cytoskeleton to nuclear integrity, a majority of
mechanical models consider only isolated nuclei, in which vimentin does not contribute to nuclear
mechanics [8]. The models that consider the cytoskeleton often seek to model its role as either a
compressive element in nuclear flattening [36,37,49,50] or a mechanism of facilitating constricted
migration [39,41]. Only one mechanical model has studied the role of vimentin in AFM simulation;
vimentin was modeled as a cage-like structure and simply shown to resist nuclear deformations [49].
There is then a need in the current literature surrounding mechanical models that include the
cytoskeleton as a relevant structure to elucidate its specific role in either inducing or protecting nuclear
strain and deformation.

3.2. Lamins

The second mechanical constituent of the nucleus is the nuclear lamina. Here, we provide a
review of the nuclear lamina as well as the ways it has been mechanically modeled. The nuclear
lamina forms a thin protein meshwork along the inside of the nuclear envelope and consists of
two primary types: A- and B-type lamins [65]. A-type lamins consist of lamin A and C; B-type
lamins consist of lamin B1 and B2. The nuclear lamina is of particular interest in nuclear modeling
because it is a major mechanical component of the nucleus [66] and thus has roles in nuclear
morphology [37], bleb formation [65], and nuclear rupture [67], especially during migration [68–70].
Early micropipette aspiration experiments showed the relevance of the nuclear lamina to the elastic
response of nuclei [71]. Lamins’ storied role in nuclear mechanics has led to its inclusion in most
mechanical models. Most commonly (and simply), the nuclear lamina has been modeled as a linear
elastic shell, either infinitely thin [7] or with some finite thickness [16,18,20,35,36,38]. This serves
primarily to capture the mechanical resistance from stretching of the nuclear lamina, but may
oversimplify key experimental findings. Lamin B1 has itself been experimentally shown to be
strain stiffening [72]. Along these lines, lamin A/C and B1/B2 have been shown to have a low
persistence length suggesting they are easy to bend but hard to stretch like idealized worm like chain
models [23]. Simulations using a hyperelastic shell model for the nuclear lamina employed by some
investigators [39,48] are then more applicable for modeling this behavior as it captures the nonlinear
force response at high strains. There is further experimental evidence that the nuclear lamina has a
viscous response on relevant timescales [73–75]; various groups have sought to model this by treating
the nuclear lamina as a viscoelastic material as opposed to purely elastic [41,44]. Outside of continuum
theory, the lamina has been modeled as a meshwork of polymers [8,26,27,42,49], providing a more
physical representation of the true structure visualized and detailed by super-resolution microscopy
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studies [21,22] and cryo-electron tomography [23]. Such modeling allows for studying the implications
of altered mesh sizes, fiber stiffness, and bond strengths, which are parameters not easily accessible
through experimentation or continuum modeling. Because of its clearly demonstrated importance in
nuclear integrity, the nuclear lamina is an essential component of any nuclear mechanical model.

The majority of the previously mentioned techniques of modeling the nuclear lamina treat it as a
single-material system; this is not the case. As previously noted, the nuclear lamina consists of both A-
and B-type lamins, which serve distinct roles both in nuclear mechanics and nuclear function. It was
originally thought that only lamin A/C was relevant for nuclear mechanics [76], and that lamin B1
was more so associated with proper orientation of the nucleus relative to the cell body [77]. However,
it was later shown in micropipette aspiration experiments that the ratio of A-type to B-type lamins was
positively correlated with nuclear stiffness [74]. Additional work has shown that when nuclei with
already low levels of lamin A/C are experimentally depleted of lamin B1, nuclei become stiffer in both
micropipette aspiration [78] and micromanipulation experiments [8]. Furthermore, viscoelastic studies
have suggested that lamin A/C could be the primary viscous contribution and lamin B1/B2 could be
the primary elastic contribution to mechanical response [74,79]. Although, there is no mechanical
modeling to back these conclusions. Recent work has also shown that lamin B2 mimics the role of
lamin A/C in that decreasing levels of lamin B2 induces nuclear softening and increases migration [80].
The distinctions between lamin A and C as well as lamin B1 and B2 provide an additional level of
depth to be researched. Not only do they serve separate mechanical purposes, but they also are
post-translationally modified differentially and spatially separated as well. While both lamin A and
B1/B2 are post-translationally farnesylated, lamin A is further processed to lose the farnesyl group
and lamin B1/B2 maintains it [81]. This differential farnesylation is believed to underlie the reason
lamin B1/B2 resides approximately 10–20 nm closer to the nuclear periphery as determined by super
resolution microscopy methods [82]. To date, few models have sought to account for the different
types of lamins. A polymer-based model [42] and a CM model [43] have worked to capture this by
treating lamin A/C and lamin B1/B2 as distinct materials to study bleb formation. However, there are
little-to-no mechanical models that treat lamin A/C and lamin B1/B2 as separate materials with different
viscoelastic properties in the common assays such as AFM and micropipette aspiration. For a complete
model of the complexity of the nuclear lamina, one would need to account for each trait detailed
here—elasticity, strain stiffening, viscosity, polymeric structure, separation of lamin A/C and lamin
B1/B2—as well as the variation in density of lamin A/C and lamin B1/B2 around the nuclear surface.

3.3. Chromatin

Chromatin is the final mechanical constituent of the nucleus. Initial micropipette aspiration
studies of isolated Xenopus oocyte nuclei concluded that chromatin had little role in the mechanical
properties of nuclei [71]. Later research, however, has concluded otherwise, specifically showing
that the compaction levels of chromatin are directly related to nuclear stiffness and dominate small
deformations [7,8,15,75,83–85]. Early models of nuclear mechanics consistently refer to the nuclear
interior as the “nucleoplasm” [16,20]; this term inaccurately portrays the nuclear interior as purely
fluid-like. Experimentally, the chromatin has been observed to have an elastic response which is
inconsistent with pure fluid-like behavior. The simplest model of the chromatin is then a purely
elastic solid, which captures only the elastic response and ignores the viscous contribution from the
surrounding fluid [7,49]. An improved approach is taken by other groups where the chromatin and the
surrounding fluid are more appropriately modeled as viscoelastic [16,20,35,41], which is consistent with
experimental observations in intranuclear protein mobility [86] and micropipette aspiration [9,10,87].
A further alternative approach is the poroelastic model of chromatin [17,39]. A poroelastic material
accounts for viscous flow through defined pore sizes, similar to flow of the surrounding medium
through the chromatin. Such materials are characterized by a strain-dependent viscous response,
which has been observed in AFM studies [17]. This builds on purely viscoelastic treatments as it can
inform how the compaction state of chromatin, and the subsequently altered pore size could have an
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influence on the viscous response as well as the elastic response. Increased viscosity has also been
shown to be a signature of high-risk leukemia cells [88]. These viscous contributions from bulk nuclear
deformation must be carefully considered as they may not be present for physiologically relevant
timescales of approximately 10 s of nm/s [89,90]. Outside of continuum theory, the chromatin has been
modeled as a confined polymeric system tethered to itself and the nuclear surface [26,27]. With the
recent developments regarding the mechanical role of chromatin, it is crucial that it be accurately
modeled in studies of nuclear mechanics moving forward.

4. Modeling of Assays for Studying Nuclear Mechanics

One purpose of mechanical modelling is informing how changes in nuclear mechanics can
be measured by experimental techniques. Most experimental studies use a simple schematic
model to extract material properties from a given dataset. This approach can be quite useful in
understanding the dominant response in a given system, yet it glosses over the intricacies of each assay.
Additional computational modeling provides this added insight of the assays used to probe nuclear
mechanical properties. Such modeling has been done for almost all experimental techniques, including
AFM [7,16,91], micropipette aspiration [20], micromanipulation [8,27], constricted migration [38,39,41],
substrate stretching [37], plate compression [19,35], and magnetic bead twisting [92]. A majority of
these computational models are CM models because of the ease of defining a geometry consistent
with the assay. Results of these models often show discrepancies from their schematic counterparts,
generally providing a more accurate representation of the experimental data.

4.1. Modeling Resolves Contrasting Experimental Results Across Assays

Each assay mechanically probes the nucleus in different ways; mechanical models are especially
useful in determining how a given assay may be more or less sensitive to specific nuclear structures, time
scales, or length scales. For example, one group developed nearly identical CM models of micropipette
aspiration and AFM with conical tips, both modeling an isolated nucleus consisting of the outer
and inner nuclear membranes, the nuclear lamina, and the “nucleoplasm” [16,20]. Their simulations
showed that micropipette aspiration is highly sensitive to changes in the stiffness of the nuclear
lamina relative to the “nucleoplasm” [20]. Their AFM simulations, however, were quite sensitive
to changes in the elasticity of the “nucleoplasm” [16], or more appropriately the chromatin filling
the nucleus. This provides insight into why early micropipette aspiration measurements did not see
chromatin as a relevant mechanical constituent [71] until the chromatin was condensed drastically
via divalent ions [75], whereas AFM studies have clearly shown the relevance of chromatin to the
elastic response of nuclei [7,15]. These simulations showed that the intranuclear strain is dependent
on the geometry by which the nucleus is deformed, which subsequently leads to more specified
probing of the lamina in micropipette aspiration. Similar geometry dependence has been shown for
simulated micromanipulation [27]. This highlights further how and specifically why conclusions
made with one assay may not necessarily transpire directly to another assay. Such comparative
modelling of assays could help clarify the seemingly conflicting experimental results of the mechanical
role of actin previously noted where clear differences are seen between extensional and compressive
measurements [8,58,59]. Mechanical models are paramount for providing more informed conclusions
about one’s experimental data and are likely to clarify the origin of conflicting results as different
perspectives rather than right versus wrong.

4.2. Emergent Mechanical Phenomena from Complementary Experimental Assays—Strain Stiffening

Models of nuclear mechanics assays have also been useful in explaining emergent experimental
findings. A specific example regards the relative contributions of the nuclear lamina and chromatin.
We previously described how both the nuclear lamina and chromatin contribute to the mechanical
response of nuclei. Micromanipulation experiments of isolated nuclei were able to separate their
respective roles. They showed the existence of a two-regime force response where the low-strain
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regime (<3 µm) is dominated by chromatin and the high-strain regime (>3 µm), specifically strain
stiffening, was dominated by the nuclear lamina. The investigators developed an MD simulation of a
polymer shell (lamina) filled with a cross-linked polymeric interior (chromatin) that recapitulated the
experimental results of both strain stiffening as well as predicted buckling of the lamina in the absence
of chromatin [8,27]. This work was built upon by a recent study showing similar strain-stiffening
results in AFM compression which was validated by an CM model of an elastic solid surround by
an elastic shell under AFM indentation [7]. In both instances, the mechanical models explained
that geometry alone is sufficient to induce strain stiffening; non-linear material properties are not
necessary. They additionally provided a means of simulating the effects of knocking down lamin A/C
as well as decompacting chromatin, providing support to the conclusions that chromatin dominates
small nuclear strains while the lamina provides strain stiffening at large nuclear strains. Finally,
lamin strain-stiffening is supported by many experiments including in vitro filament stretching [72],
short persistence length measurements [23], nuclear morphology during cell seeding [50], nuclear stress
stiffening [75], and non-linear nuclear osmotic properties [93]. Observing emergent phenomena in
nuclear mechanics must be solidified and backed by accurate mechanical models that validate the
source of these phenomena. Here, lamin-based nuclear strain stiffening has been supported both by
complementary experimental techniques of extension (micromanipulation) and compression (AFM),
but also by complementary MD simulations and CM modeling, respectively.

5. Applications of Mechanical Models to Biologically Relevant Processes

Mechanical models have historically been useful in informing our collective understanding of
a variety of biological processes. Here, we review the major topics for which these models have
proven useful for understanding key biological processes. These topics include cellular migration,
nuclear blebbing, nuclear rupture, and cell spreading and detachment. Specifically, we detail the major
experimental observations and conclusions as well as how mechanical models have been used to
explain these conclusions and predict phenomena to be observed in future experiments.

5.1. Constricted Cellular Migration

During processes such as cancer metastasis and immune response, cells migrate through tight
constrictions resulting in extreme levels of strain, where lamin mechanics dominate. The cell
nucleus—and more specifically the nuclear lamina stiffness—was experimentally shown to provide the
rate-limiting step in such migration [79,94]. Softer nuclei, due to lower levels of lamin A/C, have been
previously correlated to increased migration efficiency, potentially providing a connection because
successful metastasis and altered mechanical properties [79]. Alternatively, recent experimental work
has shown also that nuclei treated with trichostatin A (TSA) to decondense chromatin and subsequently
induce nuclear softening leads to slower migration rates [95] but increased successful constricted
migration [40]. This is not immediately intuitive as we traditionally understand migration speed to
correlate with successful migration. However, decreased compaction could limit the ability of the
nucleus to propagate the force necessary to traverse a constriction [96]. It is additionally known that
active processes condense chromatin at the induction of cell migration [97]. Finally, the significant
external stress on the nucleus during migration has experimentally been shown to cause nuclear
rupture and subsequent DNA damage [68–70] as well as plastic deformation [39,79]. The physiological
relevance of constricted migration combined with the role of mechanical properties in its efficiency
make it well suited to be studied by mechanical modeling.

Both mechanical [38,41] and chemomechanical [39] models have been developed to better
understand constricted migration. A crucial result shown in simulation is that decreasing the stiffness
of the nuclear lamina allows for increased migration rates, which is consistent with the previously
mentioned experimental data. While this does not appear immediately profound, this modeling result
highlights that it is actually the mechanical properties of the nuclear lamina that limit migration.
While this does not preclude a role for a downstream active response to lowered levels of lamin A/C,
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this shows that the mechanical properties alone are sufficient to explain the experimental observations.
Similarly, modeling concludes that lower nuclear lamina stiffness is sufficient to increase nuclear
plasticity [39,41]. Recent modeling work has begun to study the role of chromatin’s material properties
on migration, showing through simulation that reducing the stiffness of chromatin decreases the
amount of force the cell must generate to enter a constriction [40]. No modeling, however, has studied
why chromatin decompaction serves to slow constricted migration speed. Some modeling has been
done to understand the feedback mechanisms that regulate nuclear morphology and chromatin
condensation levels [49]; however, no such modeling has been applied to constricted migration.
Additionally, these models allow for predictions to be made; one such example is that nuclei undergo
volume loss during constricted migration [39], which could have significant implications regarding
chromosome territories and transcription as nuclear volume loss has been experimentally shown to
lead the nucleus into a transcriptionally quiescent state [98]. While this has yet to be observed in
migration assays, nuclear volume loss has recently been shown for similar magnitudes of compression
in AFM experiments [7] and plate-compression assays [98]. Mechanical modeling of constricted
migration has been crucial for confirming that nuclear mechanical properties in part govern successful
migration, but further simulations could inform additional subtleties regarding the role of chromatin.

5.2. Nuclear Blebbing and Rupture

Nuclear blebs are defined to be abnormal protrusions from the nuclear surface. Formation of
such blebs has been a prominent topic of recent research as they are often associated with a variety
of disease states such as leukemia [99], prostate cancer [3], cervical cancer [4], breast cancer [5,6],
progeria/advanced aging, and muscular dystrophy [2]. Depletion or mutation of lamins were the
first and most prominent experimental changes that cause nuclear blebbing and ruptures. There is
conflicting research regarding the composition of the nuclear lamina within nuclear blebs. Early work
had defined blebs to be enriched only with lamin A/C and lacking of lamin B1/B2 [65]. However,
a recent study has shown the existence of a bimodal distribution wherein approximately half of
the blebbed population lacks lamin B1/B2 in the bleb, while the other half has lamin B1/B2 in
the bleb [100]. The rate of bleb formation has been experimentally shown to increase with lamin
B1 deficiencies [101]; recent research has also shown that nuclear blebs can proceed solely from
chromatin decompaction and weakened chromatin-based nuclear mechanics, independent of changes
to lamins [84,100,102]. Further experimental work has shown that the increase in entropic pressure
from chromatin decompaction is sufficient not only to induce blebs, but to rupture nuclei [103,104].
Little is known, however, on the exact mechanism by which blebs form. Given their association
with disease and nuclear rupture, bleb formation and stability are relevant phenomena to investigate
through mechanical modeling.

To study nuclear blebs through mechanical models, investigators have modeled the nuclear
lamina as a two-material system, allowing them to separate the roles of A- and B-type lamins in bleb
formation [42,43]. In the earlier study, A- and B-type lamins were treated as separate polymeric systems
tethered together by a series of connectors. The investigators were more interested in understanding
dynamics of blebs as opposed to mechanisms of formation. Blebs consisting of either both A- and
B-type lamins or just A-type lamins were artificially induced with no physiological mechanisms
prescribed. It was shown that blebs enriched in just A-type lamins were more mechanically stable,
suggesting that the physical separation of A- and B-type lamins and the strength of their connections
govern the stability of blebs. This model is also consistent with the reduction in αII-spectrin causing
nuclear blebs of only one component [105]. The latter model used a CM approach wherein they
modeled the nuclear lamina as a shell with each spatial location corresponding to a location of enriched
in either A- or B-type lamins [43]. They modeled bleb formation by considering the preferred nuclear
shape due to minimization of bending and stretching energy as a function of the relative amount of
A-type lamins to B-type lamins as well as the mesh sizes of each structure. It was assumed in the
model that A- and B-type lamins have different preferred curvatures and mesh sizes. Their model
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showed that a difference in mesh sizes between A- and B-type lamins was necessary for forming a
blebbed system. Both of these models of nuclear blebs predated the recent research regarding the role
of chromatin in bleb formation; neither model considered chromatin in their simulations. While these
models have provided solid initial steps in understanding the mechanics of blebs, they do not exactly
recapitulate experimental findings. A recent model, however, has considered chromatin’s role in bleb
formation [26]. They showed specifically through simulation that tethering of the chromatin to the
nuclear lamina at lamin-associated domains was necessary to induce blebbing. However, this model
does not separate A- and B-type lamins and therefore cannot shed light on their roles in bleb formation.
There is then room to build upon these works to further understand the mechanisms by which blebs
form and their mechanical properties.

The formation of blebs can often lead to nuclear rupture, which is believed to be associated
with nuclear dysfunction. Such rupture events are often associated with cellular migration [68–70],
but it also is known to occur as a result of actin-based confinement [55]. Furthermore, recent work
has shown that local tensile [46] and compressive forces [106] are sufficient to rupture nuclei as well.
Such rupture events provide a chance for cytoplasmic contents to mislocalize into the nucleus, and vice
versa [107]. With flow across the nuclear envelope no longer regulated by the generally selective
nuclear pore complex [108], a variety of groups have observed an increase in double-stand DNA
breaks [68–70,109]. This has obvious implications for proper nuclear and cellular function, and is
worthy of deeper mechanical analysis and simulations to understand the basis.

Nuclear rupture itself has also been the subject of recent mechanical models [44–46]. One analytical
approach considers two limiting cases where the nuclear interior is treated either as a semi-flexible
polymer that forms a channel to the rupture site or as a simple viscous fluid. Interestingly,
their conclusions regarding the dynamics of the rupture hole were qualitatively similar for both
cases. Their model showed that upon rupture, the size of the hole increases exponentially to
a maximal radius before closing linearly in time. Furthermore, their model concluded both that
chromatin herniations are exponentially sensitive to the radius of the rupture site, and that increased
viscosity of the nuclear lamina reduces this rupture radius thus minimizing chromatin herniation [44].
This highlights that the material properties of the nuclear lamina are relevant for limiting the size
of the rupture site and subsequently the magnitude of the chromatin herniation. Building on this
earlier work, a second analytically solved CM model was developed to study nucleation mechanisms
of blebs in the nuclear lamina. They used an energetics approach to study how the inclusion of nuclear
pore complexes (NPCs) alters the scaling relationships between hole nucleation rate and strain in
the lamina. They were able to predict that increasing the density of the lamina induces a transition
from homogeneous nucleation (no NPCs) to heterogeneous nucleation (with NPCs), which could be
validated with further experiments. A separate CM model of diffusion of EGFP-NLS at local nuclear
rupture sites has helped in demonstrating that the magnitude of a local nuclear stress is directly related
to the size of the rupture size [46], which subsequently governs the rate of mislocalization of nuclear
contents to the cytoplasm. Finally, a recent model sought to distinguish whether the DNA damage
associated with nuclear rupture and specifically constricted migration is due to mechanical stress or
could be explained by separation of repair proteins from the chromatin. Through treating the nucleus
as an elastic-fluid system wherein the fluid surrounding the chromatin can be squeezed out of the
nucleus, their model showed that outflow of mobile repair proteins due to the constricted migration
was sufficient to explain the experimental data on increased damage sites [47]. Recent experimental
work has shown similarly that nuclear deformation alone can cause increased DNA damage [110].
In their model, nuclear rupture was assumed to merely delay the ability of the repair factors to return
to their original locations. This profound result infers that mechanically induced separation of repair
factors from damage sites could be more important for increases in DNA damage than the actual
mechanical stresses themselves. It is clear then that mechanical models have shaped the collective
understanding of the dynamics and causes of nuclear rupture and DNA damage, specifically that the
scale of the rupture site is dependent on the material properties of the lamina which has consequences
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for the amount outflow of nuclear contents into the cytoplasm. Although, chromatin and its mechanical
properties also influence nuclear rupture and DNA damage [111]. Additional mechanical modeling is
needed along with experiments to fully understand how nuclear rupture occurs and effects nuclear
functions and leads to DNA damage.

5.3. Cell Spreading and Detachment

As cells adhere to substrates, they begin to spread and subsequently flatten nuclei; the stiffness of
the underlying substrate regulates how much cells are able to spread [112]. Experimental data shows
both that nuclear height and surface roughness are reduced in spread cells; lamin A/C deficiencies
subsequently re-introduce nuclear surface roughness in spread cells [37]. This nuclear flattening
has also been shown to be dependent on the geometry upon which cells can spread [98], and recent
experimental work suggests that the movement of cell boundaries is sufficient to shape the nucleus
during this process [113,114]. Additionally, it was observed that upon removal from the cell body,
nuclear shape was unchanged [114]. Such permanent changes to cell geometry ultimately alter
chromatin organization and subsequently cellular function [115].

Several mechanical models have been constructed to understand how nuclear morphology
changes as cell adhere or detach from substrates [48,50] and how cell geometric constraints alter
nuclear morphology as well [49]. In an analytical model presuming the nucleus to be a pressurized
sphere with an elastic shell under uniform plate compression representative of the actin cap [37],
investigators derived equations linking nuclear volume and surface area to the magnitude of external
force and the elastic modulus [36]. Although, this model clearly neglects the previously detailed role
of the chromatin in this process. In one simulation, the nuclear lamina is treated as a neo-Hookean
(hyperelastic) material of finite thickness and there existed a pressure differences across the nuclear
envelope. Their model showed that nuclei undergo significant volume loss and wrinkling after
detachment consistent with experimentation. Both the volume loss and wrinkling were dependent
on the thickness of the nuclear lamina and the magnitude of the pressure gradient. This highlights
the role of the nuclear lamina and pressure in regulating nuclear shape. A separate study focused
more on nuclear morphology during cell spreading [50]. It was shown that in general, nuclei extend
their surface area during spreading up until it begins to stretch; the volume remained mostly constant
during the spreading process. This is consistent with a strain-stiffening response that results from
the lamina becoming taut and stretching [7,8]. Their simulations showed how nuclear flattening
could occur without actomyosin activity or bundles, microtubules, the linker of the nucleoskeleton
and cytoskeleton (LINC) complex, or intermediate filaments; this is consistent with the experimental
observations claiming that the movement of cell boundaries is sufficient to shape the nucleus. Finally,
a recent model has sought to study the feedback mechanisms between cell adhesions, the cytoskeleton,
and the nucleus [49]. Their model was able to show that this three-way feedback system recapitulated
the experimental results of the dependence of nuclear flattening on cell geometry. Cell spreading is a
phenomenon often studied purely through observation; mechanical modeling has been fundamental
in explaining the roles of cell boundaries and pressure in the manner by which the nucleus is shaped
during this process.

6. Outlook on Mechanical Models

Although investigators have been mechanically modeling cell nuclei for over fifteen years, there are
still several open areas of research where models could be useful. In this concluding section, we outline
several facets of nuclear mechanics where sufficient mechanical models are lacking. These topics include
the roles of tethers between chromatin and the nuclear lamina, the role of links between the cytoskeleton
and the nucleus, and the separation of A- and B-type lamins. A myriad of intricate connections exists
between the chromatin, lamina, and the cytoskeleton; we have focused our description on a subset
of these connections we feel to be of particular biophysical relevance. Additional problems warrant
further studies and modeling, specifically how cell type and mechanosensation of the environment may
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modulate nuclear mechanical properties. However, we have chosen to focus this section on connections
between the nuclear mechanical constituents as opposed the aforementioned additional considerations.
Each of these areas of research prove to be relevant for understanding laminopathies and cellular
function; mechanical modeling then can inform a more complete understanding of these intricacies.

6.1. Lamin–Chromatin Connections

As previously described, the nuclear lamina and the chromatin are the two dominant nuclear
structures regarding mechanical stability. The chromatin and nuclear periphery are mechanically
tethered together; this tethering has been experimentally shown to be relevant for nuclear stability [116].
In mechanical modeling, such tethering could be presented as a boundary condition between the
chromatin and nuclear lamina in CM models or as a physical link in MD simulations. A majority of
CM models assume this boundary condition to be a no-slip condition, meaning relative motion of the
chromatin and lamina at the boundary is not allowed. It is unclear, however, how valid this assumption
is as laminopathies and lamin deficiencies disrupt lamin-associated domains (LADs) [117,118] and
potentially invalidate such assumptions. One recent study has begun to investigate such questions
with mechanical modeling [26]. Their mechanical model required that lamin–chromatin tethers are
localized along lamin domain boundaries to form nuclear blebs and abnormal nuclear morphologies.
Additionally, these connections are necessary for modeling strain stiffening in micromanipulation [27].
There is little-to-no work, however, on how such variations in the boundary conditions may present
itself in common assays such as AFM or micropipette aspiration. For example, an experimental
micropipette aspiration study observed an increase in chromatin mobility when lamin A/C was
knocked down in human A549 cells [75]; distinguishing whether this is, in part, due to a reduction in
tethering of the chromatin to the nuclear lamina could be achieved through mechanical modeling with
varied boundary conditions. Mechanical models with tunable chromatin–lamin tethering could then
prove highly useful for furthering our understanding of laminopathies.

6.2. Lamin–Cytoskeleton Connections

The second subsection of nuclear mechanics that is lacking sufficient modeling is in the role of
mechanical links between the cytoskeleton and the nuclear lamina. Numerous proteins exist amongst
these connections. One subset of these proteins is known formally as the linker of the nucleoskeleton
and cytoskeleton (LINC) complex, and consists primarily of nesprins and SUN proteins that link
that cytoskeleton to the outer nuclear membrane and the inner nuclear membrane to the nuclear
lamina, respectively [119]. Experiments have demonstrated the importance of the LINC complex
for transferring mechanical signals from the cell surface to chromatin [31,120], which subsequently
can lead to altered transcriptional activity due to chromatin stretching [32]. Laminopathies have
been shown to disrupt this connection [121,122], which subsequently alters a cell’s ability to process
mechanical signals. Models of the cytoskeleton have predominantly focused on the cytoskeleton
as a means of facilitating cellular migration [39,41]; little work, however, has sought to model the
mechanical implications of disrupting these connections. Effective models could then inform how
laminopathies alter nuclear mechanics and mechanotransduction.

6.3. Separate But Interacting A-type vs. B-type lamin Meshworks

The final area well-suited for additional modeling is the distinction of A- and B-type lamins in
the mechanical response of cell nuclei. As discussed previously, A- and B-type lamins serve distinct
mechanical roles. More specifically, it has been experimentally shown that decreasing expression of
lamin B1 and increasing expression of lamin A/C both result in nuclear stiffening; this implies the
ratio of lamin A/C to lamin B1 to be a proper metric of nuclear stiffness [8,78], in agreement with
landmark initial findings [74]. Additionally, experiments suggest that lamin A may govern the viscous
response, while lamin B could dictate the elastic response [74,79]. However, only mechanical models
of nuclear blebbing have sought to distinguish A- and B-type lamins [42,43]. There are no detailed
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mechanical models to date that explicitly explore these separate roles for common force measurement
assays such as AFM, micromanipulation, or micropipette aspiration. Such models would inform
our understanding of why the experimental results detailed above have been observed. Given the
myriad of diseases associated with mutations in the nuclear lamina and the clearly made experimental
distinctions between the isoforms, to not begin distinguishing between A- and B-type lamins in
mechanical models would be to place fundamental limitation on the intersection between mechanics
and disease.

7. Conclusions

The role of the cell nucleus is multi-faceted; it both houses the entire genome and regulates cellular
activity as well as provides mechanical support to the cell. These roles, however, are inherently coupled
as the mechanical properties and integrity of the nucleus facilitate how the nucleus interprets mechanical
stimuli, which can subsequently alter a cell’s response to its environment. Laminopathies and other
disease states disrupt the mechanical integrity of the nucleus, causing nuclear softening, increased
nuclear blebbing and rupture, spikes in DNA damage, and broken mechanotransduction pathways.
Because of the role of mechanical properties in these disease-associated phenomena, mechanical
modeling serves a vital role in cultivating our understanding of these phenomena. Models generally
fall into being schematic or nucleus-specific: the former consists mainly of a spring–dashpot system
used to fit experimental data, while the latter is dominated by analytically or computationally solved
CM models and MD simulations. These models have proven useful for studying not only assays aimed
to measure mechanical properties of nuclei, but also for explaining emergent phenomena such as
nuclear strain stiffening. Models have the capacity to not only explain results, but also make predictions
about behaviors that are yet to be observed. This aspect of modeling is currently under-utilized in
the field and could serve a vital role in guiding experimentation. Additionally, biologically relevant
phenomena ranging from constricted migration to cell spreading are well informed by sufficient
modeling. Despite the fact that mechanical modeling of cell nuclei has been underway for over 15 years,
the field remains relatively young. Each biologically relevant process discussed in this review features,
at maximum, a handful of models; there are then a myriad of open questions that can be investigated
through proper modeling. We specifically outlined three areas of research—namely connections
between chromatin and lamins, connections between lamins and the cytoskeleton, and distinctions
between A- and B-type lamins—for which mechanical modeling is desperately needed. Effective
models that account for the role of chromatin and its connections to lamins, distinctions between A-
and B-type lamins, the LINC complex, and the protective and antagonistic role of the cytoskeleton
would serve to dramatically improve our collective understanding of the role of the nucleus in disease.

Author Contributions: C.M.H. and A.D.S. contributed equally to the development and writing of this manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: C.M.H. is supported by the NSF GRFP (DGE-1650116), the Caroline H. and Thomas Royster Fellowship,
NIH and NSF (NSF/NIGMS 1361375), and NIH (NIBIB P41-EB002025). A.D.S. is supported by Pathway to
Independence Award NIHGMS K99 GM123195.

Acknowledgments: We thank Edward J. Banigan (MIT) for critical feedback on the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Holaska, J.M. Emerin and the nuclear lamina in muscle and cardiac disease. Circ. Res. 2008, 103, 16–23.
[CrossRef] [PubMed]

2. Butin-Israeli, V.; Adam, S.A.; Goldman, A.E.; Goldman, R.D. Nuclear lamin functions and disease. Trends Genet.
2012, 28, 464–471. [CrossRef] [PubMed]

3. Helfand, B.T.; Wang, Y.; Pfleghaar, K.; Shimi, T.; Taimen, P.; Shumaker, D.K. Chromosomal regions associated
with prostate cancer risk localize to lamin B-deficient microdomains and exhibit reduced gene transcription.
J. Pathol. 2012, 226, 735–745. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/CIRCRESAHA.108.172197
http://www.ncbi.nlm.nih.gov/pubmed/18596264
http://dx.doi.org/10.1016/j.tig.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22795640
http://dx.doi.org/10.1002/path.3033
http://www.ncbi.nlm.nih.gov/pubmed/22025297


Cells 2020, 9, 1623 17 of 22

4. Papanicolaou, G.N.; Traut, H.F. The diagnostic value of vaginal smears in carcinoma of the uterus. 1941.
Arch. Pathol. Lab. Med. 1997, 121, 211–224. [PubMed]

5. Lu, C.; Romo-Bucheli, D.; Wang, X.; Janowczyk, A.; Ganesan, S.; Gilmore, H.; Rimm, D.; Madabhushi, A.
Nuclear shape and orientation features from H&E images predict survival in early-stage estrogen
receptor-positive breast cancers. Lab. Invest. 2018, 98, 1438–1448. [CrossRef] [PubMed]

6. Radhakrishnan, A.; Damodaran, K.; Soylemezoglu, A.C.; Uhler, C.; Shivashankar, G.V. Machine Learning
for Nuclear Mechano-Morphometric Biomarkers in Cancer Diagnosis. Sci. Rep. 2017, 7, 17946. [CrossRef]
[PubMed]

7. Hobson, C.M.; Kern, M.; O’Brien, E.T.; Stephens, A.D.; Falvo, M.R.; Superfine, R. Correlating nuclear
morphology and external force with combined atomic force microscopy and light sheet imaging separates
roles of chromatin and lamin A/C in nuclear mechanics. Mol. Biol. Cell 2020. [CrossRef]

8. Stephens, A.D.; Banigan, E.J.; Adam, S.A.; Goldman, R.D.; Marko, J.F. Chromatin and lamin A determine
two different mechanical response regimes of the cell nucleus. Mol. Biol. Cell 2017, 28, 1984–1996. [CrossRef]
[PubMed]

9. Davidson, P.M.; Fedorchak, G.R.; Mondesert-Deveraux, S.; Bell, E.S.; Isermann, P.; Aubry, D.; Allena, R.;
Lammerding, J. High-throughput microfluidic micropipette aspiration device to probe time-scale dependent
nuclear mechanics in intact cells. Lab Chip 2019, 19, 3652–3663. [CrossRef]

10. Guilak, F.; Tedrow, J.R.; Burgkart, R. Viscoelastic properties of the cell nucleus. Biochem. Biophys. Res.
Commun. 2000, 269, 781–786. [CrossRef] [PubMed]

11. Haase, K.; Macadangdang, J.K.L.; Edrington, C.H.; Cuerrier, C.M.; Hadjiantoniou, S.; Harden, J.L.;
Skerjanc, I.S.; Pelling, A.E. Extracellular Forces Cause the Nucleus to Deform in a Highly Controlled
Anisotropic Manner. Sci. Rep-Uk 2016, 6, 21300. [CrossRef] [PubMed]

12. Ou, H.D.; Phan, S.; Deerinck, T.J.; Thor, A.; Ellisman, M.H.; O’Shea, C.C. ChromEMT: Visualizing 3D
chromatin structure and compaction in interphase and mitotic cells. Science 2017, 357. [CrossRef] [PubMed]

13. Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge Cambridgeshire, UK; New York,
NY, USA, 1985.

14. Rauschert, I.; Aldunate, F.; Preussner, J.; Arocena-Sutz, M.; Peraza, V.; Looso, M.; Benech, J.C.; Agrelo, R.
Promoter hypermethylation as a mechanism for Lamin A/C silencing in a subset of neuroblastoma cells.
PLoS ONE 2017, 12, e0175953. [CrossRef] [PubMed]

15. Krause, M.; te Riet, J.; Wolf, K. Probing the compressibility of tumor cell nuclei by combined atomic
force-confocal microscopy. Phys. Biol. 2013, 10, 065002. [CrossRef]

16. Vaziri, A.; Lee, H.; Mofrad, M.R.K. Deformation of the cell nucleus under indentation: Mechanics and
mechanisms. J. Mater. Res. 2006, 21, 2126–2135. [CrossRef]

17. Wei, F.; Lan, F.; Liu, B.; Liu, L.; Li, G. Poroelasticity of cell nuclei revealed through atomic force microscopy
characterization. Appl. Phys. Lett. 2016, 109, 213701–213705. [CrossRef]

18. Lherbette, M.; dos Santos, A.; Hari-Gupta, Y.; Fili, N.; Toseland, C.P.; Schaap, I.A.T. Atomic Force Microscopy
microrheology reveals large structural inhomogeneities in single cellnuclei. Sci. Rep. 2017, 7, 8116. [CrossRef]
[PubMed]

19. Caille, N.; Thoumine, O.; Tardy, Y.; Meister, J.J. Contribution of the nucleus to the mechanical properties of
endothelial cells. J. Biomech. 2002, 35, 177–187. [CrossRef]

20. Vaziri, A.; Mofrad, M.R.K. Mechanics and deformation of the nucleus in micropipette aspiration experiment.
J. Biomech. 2007, 40, 2053–2062. [CrossRef]

21. Shimi, T.; Kittisopikul, M.; Tran, J.; Goldman, A.E.; Adam, S.A.; Zheng, Y.; Jaqaman, K.; Goldman, R.D.
Structural organization of nuclear lamins A, C, B1, and B2 revealed by superresolution microscopy.
Mol. Biol. Cell 2015, 26, 4075–4086. [CrossRef]

22. Kittisopikul, M.; Virtanen, L.; Taimen, P.; Goldman, R.D. Quantitative Analysis of Nuclear Lamins Imaged
by Super-Resolution Light Microscopy. Cells 2019, 8, 361. [CrossRef] [PubMed]

23. Turgay, Y.; Eibauer, M.; Goldman, A.E.; Shimi, T.; Khayat, M.; Ben-Harush, K.; Dubrovsky-Gaupp, A.;
Sapra, K.T.; Goldman, R.D.; Medalia, O. The molecular architecture of lamins in somatic cells. Nature 2017,
543, 261–264. [CrossRef]

24. Woodcock, C.L.; Ghosh, R.P. Chromatin Higher-order Structure and Dynamics. Cold Spring Harb. Perspect. Biol.
2010, 2, a000596. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/9111103
http://dx.doi.org/10.1038/s41374-018-0095-7
http://www.ncbi.nlm.nih.gov/pubmed/29959421
http://dx.doi.org/10.1038/s41598-017-17858-1
http://www.ncbi.nlm.nih.gov/pubmed/29263424
http://dx.doi.org/10.1091/mbc.e20-01-0073
http://dx.doi.org/10.1091/mbc.e16-09-0653
http://www.ncbi.nlm.nih.gov/pubmed/28057760
http://dx.doi.org/10.1039/C9LC00444K
http://dx.doi.org/10.1006/bbrc.2000.2360
http://www.ncbi.nlm.nih.gov/pubmed/10720492
http://dx.doi.org/10.1038/srep21300
http://www.ncbi.nlm.nih.gov/pubmed/26892269
http://dx.doi.org/10.1126/science.aag0025
http://www.ncbi.nlm.nih.gov/pubmed/28751582
http://dx.doi.org/10.1371/journal.pone.0175953
http://www.ncbi.nlm.nih.gov/pubmed/28422997
http://dx.doi.org/10.1088/1478-3975/10/6/065002
http://dx.doi.org/10.1557/jmr.2006.0262
http://dx.doi.org/10.1063/1.4968191
http://dx.doi.org/10.1038/s41598-017-08517-6
http://www.ncbi.nlm.nih.gov/pubmed/28808261
http://dx.doi.org/10.1016/S0021-9290(01)00201-9
http://dx.doi.org/10.1016/j.jbiomech.2006.09.023
http://dx.doi.org/10.1091/mbc.E15-07-0461
http://dx.doi.org/10.3390/cells8040361
http://www.ncbi.nlm.nih.gov/pubmed/31003483
http://dx.doi.org/10.1038/nature21382
http://dx.doi.org/10.1101/cshperspect.a000596
http://www.ncbi.nlm.nih.gov/pubmed/20452954


Cells 2020, 9, 1623 18 of 22

25. Aebi, U.; Cohn, J.; Buhle, L.; Gerace, L. The nuclear lamina is a meshwork of intermediate-type filaments.
Nature 1986, 323, 560–564. [CrossRef] [PubMed]

26. Lionetti, M.C.; Bonfanti, S.; Fumagalli, M.R.; Budrikis, Z.; Font-Clos, F.; Costantini, G.; Chepizhko, O.;
Zapperi, S.; La Porta, C.A.M. Chromatin and Cytoskeletal Tethering Determine Nuclear Morphology in
Progerin-Expressing Cells. Biophys. J. 2020, 118, 2319–2332. [CrossRef]

27. Banigan, E.J.; Stephens, A.D.; Marko, J.F. Mechanics and Buckling of Biopolymeric Shells and Cell Nuclei.
Biophys. J. 2017, 113, 1654–1663. [CrossRef] [PubMed]

28. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485–492. [CrossRef]
29. Kornberg, R.D. Chromatin structure: a repeating unit of histones and DNA. Science 1974, 184, 868–871.

[CrossRef]
30. Donnaloja, F.; Carnevali, F.; Jacchetti, E.; Raimondi, M.T. Lamin A/C Mechanotransduction in Laminopathies.

Cells 2020, 9, 1306. [CrossRef]
31. Maniotis, A.J.; Chen, C.S.; Ingber, D.E. Demonstration of mechanical connections between integrins,

cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure. Proc. Natl. Acad. Sci. USA 1997, 94,
849–854. [CrossRef]

32. Tajik, A.; Zhang, Y.; Wei, F.; Sun, J.; Jia, Q.; Zhou, W.; Singh, R.; Khanna, N.; Belmont, A.S.; Wang, N.
Transcription upregulation via force-induced direct stretching of chromatin. Nat. Mater. 2016, 15, 1287–1296.
[CrossRef]

33. Hu, S.; Chen, J.; Butler, J.P.; Wang, N. Prestress mediates force propagation into the nucleus. Biochem. Biophys.
Res. Commun. 2005, 329, 423–428. [CrossRef]

34. Stephens, A.D.; Banigan, E.J.; Marko, J.F. Chromatin’s physical properties shape the nucleus and its functions.
Curr. Opin. Cell. Biol. 2019, 58, 76–84. [CrossRef] [PubMed]

35. Deveraux, S.; Allena, R.; Aubry, D. A numerical model suggests the interplay between nuclear plasticity and
stiffness during a perfusion assay. J. Theor. Biol. 2017, 435, 62–77. [CrossRef] [PubMed]

36. Balakrishnan, S.; Mathad, S.S.; Sharma, G.; Raju, S.R.; Reddy, U.B.; Das, S.; Ananthasuresh, G.K.
A Nondimensional Model Reveals Alterations in Nuclear Mechanics upon Hepatitis C Virus Replication.
Biophys. J. 2019, 116, 1328–1339. [CrossRef] [PubMed]

37. Kim, J.K.; Louhghalam, A.; Lee, G.; Schafer, B.W.; Wirtz, D.; Kim, D.H. Nuclear lamin A/C harnesses the
perinuclear apical actin cables to protect nuclear morphology (vol 8, 2017). Nat. Commun. 2017, 8, 2123.
[CrossRef] [PubMed]

38. Giverso, C.; Grillo, A.; Preziosi, L. Influence of nucleus deformability on cell entry into cylindrical structures.
Biomech. Model Mechanobiol. 2014, 13, 481–502. [CrossRef]

39. Cao, X.; Moeendarbary, E.; Isermann, P.; Davidson, P.M.; Wang, X.; Chen, M.B.; Burkart, A.K.; Lammerding, J.;
Kamm, R.D.; Shenoy, V.B. A Chemomechanical Model for Nuclear Morphology and Stresses during Cell
Transendothelial Migration. Biophys. J. 2016, 111, 1541–1552. [CrossRef] [PubMed]

40. Heo, S.-J.; Song, K.H.; Thakur, S.; Miller, L.M.; Cao, X.; Peredo, A.P.; Seiber, B.N.; Qu, F.; Driscoll, T.P.;
Shenoy, V.B.; et al. Nuclear softening expedites interstitial cell migration in fibrous networks and dense
connective tissues. Sci. Adv. 2020, 6, eaax5083. [CrossRef]

41. Mukherjee, A.; Barai, A.; Singh, R.K.; Yan, W.; Sen, S. Nuclear Plasticity Increases Susceptibility to Damage
During Confined Migration. bioRxiv 2020. [CrossRef]

42. Wren, N.S.; Zhong, Z.; Schwartz, R.S.; Dahl, K.N. Modeling nuclear blebs in a nucleoskeleton of independent
filament networks. Cell. Mol. Bioeng. 2012, 5, 73–81. [CrossRef] [PubMed]

43. Funkhouser, C.M.; Sknepnek, R.; Shimi, T.; Goldman, A.E.; Goldman, R.D.; Olvera de la Cruz, M. Mechanical
model of blebbing in nuclear lamin meshworks. Proc. Natl. Acad. Sci. USA 2013, 110, 3248–3253. [CrossRef]
[PubMed]

44. Deviri, D.; Discher, D.E.; Safran, S.A. Rupture Dynamics and Chromatin Herniation in Deformed Nuclei.
Biophys. J. 2017, 113, 1060–1071. [CrossRef] [PubMed]

45. Deviri, D.; Pfeifer, C.R.; Dooling, L.J.; Ivanovska, I.L.; Discher, D.E.; Safran, S.A. Scaling laws indicate distinct
nucleation mechanisms of holes in the nuclear lamina. Nature Phys. 2019, 15, 823–829. [CrossRef]

46. Zhang, Q.; Tamashunas, A.C.; Agrawal, A.; Torbati, M.; Katiyar, A.; Dickinson, R.B.; Lammerding, J.; Lele, T.P.
Local, transient tensile stress on the nuclear membrane causes membrane rupture. Mol. Biol. Cell. 2019, 30,
899–906. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/323560a0
http://www.ncbi.nlm.nih.gov/pubmed/3762708
http://dx.doi.org/10.1016/j.bpj.2020.04.001
http://dx.doi.org/10.1016/j.bpj.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/29045860
http://dx.doi.org/10.1038/nature08908
http://dx.doi.org/10.1126/science.184.4139.868
http://dx.doi.org/10.3390/cells9051306
http://dx.doi.org/10.1073/pnas.94.3.849
http://dx.doi.org/10.1038/nmat4729
http://dx.doi.org/10.1016/j.bbrc.2005.02.026
http://dx.doi.org/10.1016/j.ceb.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30889417
http://dx.doi.org/10.1016/j.jtbi.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28919399
http://dx.doi.org/10.1016/j.bpj.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30879645
http://dx.doi.org/10.1038/s41467-017-02217-5
http://www.ncbi.nlm.nih.gov/pubmed/29242553
http://dx.doi.org/10.1007/s10237-013-0510-3
http://dx.doi.org/10.1016/j.bpj.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27705776
http://dx.doi.org/10.1126/sciadv.aax5083
http://dx.doi.org/10.1101/2020.01.18.911529
http://dx.doi.org/10.1007/s12195-011-0196-5
http://www.ncbi.nlm.nih.gov/pubmed/22523521
http://dx.doi.org/10.1073/pnas.1300215110
http://www.ncbi.nlm.nih.gov/pubmed/23401537
http://dx.doi.org/10.1016/j.bpj.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28877489
http://dx.doi.org/10.1038/s41567-019-0506-8
http://dx.doi.org/10.1091/mbc.E18-09-0604
http://www.ncbi.nlm.nih.gov/pubmed/30566037


Cells 2020, 9, 1623 19 of 22

47. Bennett, R.R.; Pfeifer, C.R.; Irianto, J.; Xia, Y.; Discher, D.E.; Liu, A.J. Elastic-Fluid Model for DNA Damage
and Mutation from Nuclear Fluid Segregation Due to Cell Migration. Biophys. J. 2017, 112, 2271–2279.
[CrossRef]

48. Kim, D.H.; Li, B.; Si, F.W.; Phillip, J.M.; Wirtz, D.; Sun, S.X. Volume regulation and shape bifurcation in the
cell nucleus. J. Cell Sci. 2015, 128, 3375–3385. [CrossRef]

49. Alisafaei, F.; Jokhun, D.S.; Shivashankar, G.V.; Shenoy, V.B. Regulation of nuclear architecture, mechanics, and
nucleocytoplasmic shuttling of epigenetic factors by cell geometric constraints. Proc. Natl. Acad. Sci. USA
2019, 116, 13200–13209. [CrossRef]

50. Li, Y.; Lovett, D.; Zhang, Q.; Neelam, S.; Kuchibhotla, R.A.; Zhu, R.; Gundersen, G.G.; Lele, T.P.; Dickinson, R.B.
Moving Cell Boundaries Drive Nuclear Shaping during Cell Spreading. Biophys. J. 2015, 109, 670–686.
[CrossRef]

51. Kim, D.H.; Cho, S.; Wirtz, D. Tight coupling between nucleus and cell migration through the perinuclear
actin cap. J. Cell Sci. 2014, 127, 2528–2541. [CrossRef]

52. Kim, D.H.; Chambliss, A.B.; Wirtz, D. The multi-faceted role of the actin cap in cellular mechanosensation
and mechanotransduction. Soft Matter 2013, 9, 5516–5523. [CrossRef] [PubMed]

53. Khatau, S.B.; Hale, C.M.; Stewart-Hutchinson, P.J.; Patel, M.S.; Stewart, C.L.; Searson, P.C.; Hodzic, D.;
Wirtz, D. A perinuclear actin cap regulates nuclear shape. Proc. Natl. Acad. Sci. USA 2009, 106, 19017–19022.
[CrossRef] [PubMed]

54. Thiam, H.R.; Vargas, P.; Carpi, N.; Crespo, C.L.; Raab, M.; Terriac, E.; King, M.C.; Jacobelli, J.; Alberts, A.S.;
Stradal, T.; et al. Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate
cell migration through complex environments. Nat. Commun. 2016, 7, 10997. [CrossRef]

55. Hatch, E.M.; Hetzer, M.W. Nuclear envelope rupture is induced by actin-based nucleus confinement.
J. Cell Biol. 2016, 215, 27–36. [CrossRef]

56. Paonessa, F.; Evans, L.D.; Solanki, R.; Larrieu, D.; Wray, S.; Hardy, J.; Jackson, S.P.; Livesey, F.J. Microtubules
Deform the Nuclear Membrane and Disrupt Nucleocytoplasmic Transport in Tau-Mediated Frontotemporal
Dementia. Cell. Rep. 2019, 26, 582–593. [CrossRef] [PubMed]

57. Biedzinski, S.; Faivre, L.; Vianay, B.; Delord, M.; Blanchoin, L.; Larghero, J.; Théry, M.; Brunet, S. Microtubules
deform the nucleus and force chromatin reorganization during early differentiation of human hematopoietic
stem cells. bioRxiv 2019. [CrossRef]

58. Neelam, S.; Chancellor, T.J.; Li, Y.; Nickerson, J.A.; Roux, K.J.; Dickinson, R.B.; Lele, T.P. Direct force probe
reveals the mechanics of nuclear homeostasis in the mammalian cell. Proc. Natl. Acad. Sci. USA 2015, 112,
5720–5725. [CrossRef] [PubMed]

59. Wang, X.; Liu, H.J.; Zhu, M.; Cao, C.H.; Xu, Z.S.; Tsatskis, Y.; Lau, K.; Kuok, C.; Filleter, T.; McNeill, H.; et al.
Mechanical stability of the cell nucleus - roles played by the cytoskeleton in nuclear deformation and strain
recovery. J. Cell Sci. 2018, 131, jcs209627. [CrossRef]

60. Janmey, P.A.; Euteneuer, U.; Traub, P.; Schliwa, M. Viscoelastic properties of vimentin compared with other
filamentous biopolymer networks. J. Cell. Biol. 1991, 113, 155–160. [CrossRef]

61. Kreplak, L.; Bar, H.; Leterrier, J.F.; Herrmann, H.; Aebi, U. Exploring the mechanical behavior of single
intermediate filaments. J. Mol. Biol. 2005, 354, 569–577. [CrossRef]

62. Lowery, J.; Kuczmarski, E.R.; Herrmann, H.; Goldman, R.D. Intermediate Filaments Play a Pivotal Role in
Regulating Cell Architecture and Function. J. Biol. Chem. 2015, 290, 17145–17153. [CrossRef]

63. Rosso, G.; Liashkovich, I.; Shahin, V. In Situ Investigation of Interrelationships Between Morphology and
Biomechanics of Endothelial and Glial Cells and their Nuclei. Adv. Sci. 2019, 6, 1801638. [CrossRef]

64. Patteson, A.E.; Vahabikashi, A.; Pogoda, K.; Adam, S.A.; Mandal, K.; Kittisopikul, M.; Sivagurunathan, S.;
Goldman, A.; Goldman, R.D.; Janmey, P.A. Vimentin protects cells against nuclear rupture and DNA damage
during migration. J. Cell. Biol. 2019, 218, 4079–4092. [CrossRef]

65. Shimi, T.; Pfleghaar, K.; Kojima, S.; Pack, C.G.; Solovei, I.; Goldman, A.E.; Adam, S.A.; Shumaker, D.K.;
Kinjo, M.; Cremer, T.; et al. The A- and B-type nuclear lamin networks: microdomains involved in chromatin
organization and transcription. Genes Dev. 2008, 22, 3409–3421. [CrossRef]

66. Lammerding, J.; Schulze, P.C.; Takahashi, T.; Kozlov, S.; Sullivan, T.; Kamm, R.D.; Stewart, C.L.; Lee, R.T.
Lamin A/C deficiency causes defective nuclear mechanics and mechanotransduction. J. Clin. Invest. 2004,
113, 370–378. [CrossRef]

http://dx.doi.org/10.1016/j.bpj.2017.04.037
http://dx.doi.org/10.1242/jcs.166330
http://dx.doi.org/10.1073/pnas.1902035116
http://dx.doi.org/10.1016/j.bpj.2015.07.006
http://dx.doi.org/10.1242/jcs.144345
http://dx.doi.org/10.1039/c3sm50798j
http://www.ncbi.nlm.nih.gov/pubmed/23930135
http://dx.doi.org/10.1073/pnas.0908686106
http://www.ncbi.nlm.nih.gov/pubmed/19850871
http://dx.doi.org/10.1038/ncomms10997
http://dx.doi.org/10.1083/jcb.201603053
http://dx.doi.org/10.1016/j.celrep.2018.12.085
http://www.ncbi.nlm.nih.gov/pubmed/30650353
http://dx.doi.org/10.1101/763326
http://dx.doi.org/10.1073/pnas.1502111112
http://www.ncbi.nlm.nih.gov/pubmed/25901323
http://dx.doi.org/10.1242/jcs.209627
http://dx.doi.org/10.1083/jcb.113.1.155
http://dx.doi.org/10.1016/j.jmb.2005.09.092
http://dx.doi.org/10.1074/jbc.R115.640359
http://dx.doi.org/10.1002/advs.201801638
http://dx.doi.org/10.1083/jcb.201902046
http://dx.doi.org/10.1101/gad.1735208
http://dx.doi.org/10.1172/JCI200419670


Cells 2020, 9, 1623 20 of 22

67. Earle, A.J.; Kirby, T.J.; Fedorchak, G.R.; Isermann, P.; Patel, J.; Iruvanti, S.; Moore, S.A.; Bonne, G.; Wallrath, L.L.;
Lammerding, J. Mutant lamins cause nuclear envelope rupture and DNA damage in skeletal muscle cells.
Nat. Mater. 2020, 19, 464–473. [CrossRef]

68. Denais, C.M.; Gilbert, R.M.; Isermann, P.; McGregor, A.L.; te Lindert, M.; Weigelin, B.; Davidson, P.M.;
Friedl, P.; Wolf, K.; Lammerding, J. Nuclear envelope rupture and repair during cancer cell migration. Science
2016, 352, 353–358. [CrossRef] [PubMed]

69. Raab, M.; Gentili, M.; de Belly, H.; Thiam, H.R.; Vargas, P.; Jimenez, A.J.; Lautenschlaeger, F.; Voituriez, R.;
Lennon-Dumenil, A.M.; Manel, N.; et al. ESCRT III repairs nuclear envelope ruptures during cell migration
to limit DNA damage and cell death. Science 2016, 352, 359–362. [CrossRef]

70. Irianto, J.; Pfeifer, C.R.; Bennett, R.R.; Xia, Y.; Ivanovska, I.L.; Liu, A.J.; Greenberg, R.A.; Discher, D.E.
Nuclear constriction segregates mobile nuclear proteins away from chromatin. Mol. Biol. Cell 2016, 27,
4011–4020. [CrossRef] [PubMed]

71. Dahl, K.N.; Kahn, S.M.; Wilson, K.L.; Discher, D.E. The nuclear envelope lamina network has elasticity and a
compressibility limit suggestive of a molecular shock absorber. J. Cell. Sci. 2004, 117, 4779–4786. [CrossRef]
[PubMed]

72. Panorchan, P.; Schafer, B.W.; Wirtz, D.; Tseng, Y. Nuclear envelope breakdown requires overcoming the
mechanical integrity of the nuclear lamina. J. Biol. Chem. 2004, 279, 43462–43467. [CrossRef] [PubMed]

73. Banerjee, A.; Rathee, V.; Krishnaswamy, R.; Bhattacharjee, P.; Ray, P.; Sood, A.K.; Sengupta, K.
Viscoelastic behavior of human lamin A proteins in the context of dilated cardiomyopathy. PLoS ONE 2013,
8, e83410. [CrossRef]

74. Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dingal, P.C.; Pinter, J.; Pajerowski, J.D.; Spinler, K.R.;
Shin, J.W.; Tewari, M.; et al. Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed
differentiation. Science 2013, 341, 1240104. [CrossRef]

75. Pajerowski, J.D.; Dahl, K.N.; Zhong, F.L.; Sammak, P.J.; Discher, D.E. Physical plasticity of the nucleus in
stem cell differentiation. Proc. Natl. Acad. Sci. USA 2007, 104, 15619–15624. [CrossRef]

76. Lammerding, J.; Fong, L.G.; Ji, J.Y.; Reue, K.; Stewart, C.L.; Young, S.G.; Lee, R.T. Lamins A and C but not
lamin B1 regulate nuclear mechanics. J. Biol. Chem. 2006, 281, 25768–25780. [CrossRef] [PubMed]

77. Ji, J.Y.; Lee, R.T.; Vergnes, L.; Fong, L.G.; Stewart, C.L.; Reue, K.; Young, S.G.; Zhang, Q.; Shanahan, C.M.;
Lammerding, J. Cell nuclei spin in the absence of lamin b1. J. Biol. Chem. 2007, 282, 20015–20026. [CrossRef]
[PubMed]

78. Shin, J.W.; Spinler, K.R.; Swift, J.; Chasis, J.A.; Mohandas, N.; Discher, D.E. Lamins regulate cell trafficking and
lineage maturation of adult human hematopoietic cells. Proc. Natl. Acad. Sci. USA 2013, 110, 18892–18897.
[CrossRef] [PubMed]

79. Harada, T.; Swift, J.; Irianto, J.; Shin, J.W.; Spinler, K.R.; Athirasala, A.; Diegmiller, R.; Dingal, P.C.;
Ivanovska, I.L.; Discher, D.E. Nuclear lamin stiffness is a barrier to 3D migration, but softness can limit
survival. J. Cell. Biol. 2014, 204, 669–682. [CrossRef]

80. Vortmeyer-Krause, M.; Lindert, M.t.; Riet, J.t.; Boekhorst, V.t.; Marke, R.; Perera, R.; Isermann, P.;
van Oorschot, T.; Zwerger, M.; Yang, F.; et al. Lamin B2 follows lamin A/C- mediated nuclear mechanics and
cancer cell invasion efficacy. bioRxiv 2020. [CrossRef]

81. Dechat, T.; Adam, S.A.; Taimen, P.; Shimi, T.; Goldman, R.D. Nuclear lamins. Cold Spring Harb. Perspect. Biol.
2010, 2, a000547. [CrossRef]

82. Nmezi, B.; Xu, J.; Fu, R.; Armiger, T.J.; Rodriguez-Bey, G.; Powell, J.S.; Ma, H.; Sullivan, M.; Tu, Y.; Chen, N.Y.;
et al. Concentric organization of A- and B-type lamins predicts their distinct roles in the spatial organization
and stability of the nuclear lamina. Proc. Natl. Acad. Sci. USA 2019, 116, 4307–4315. [CrossRef] [PubMed]

83. Shimamoto, Y.; Tamura, S.; Masumoto, H.; Maeshima, K. Nucleosome-nucleosome interactions via histone
tails and linker DNA regulate nuclear rigidity. Mol. Biol. Cell 2017, 28, 1580–1589. [CrossRef] [PubMed]

84. Furusawa, T.; Rochman, M.; Taher, L.; Dimitriadis, E.K.; Nagashima, K.; Anderson, S.; Bustin, M. Chromatin
decompaction by the nucleosomal binding protein HMGN5 impairs nuclear sturdiness. Nat. Commun. 2015,
6, 6138. [CrossRef]

85. Nava, M.M.; Miroshnikova, Y.A.; Biggs, L.C.; Whitefield, D.B.; Metge, F.; Boucas, J.; Vihinen, H.; Jokitalo, E.;
Li, X.; Garcia Arcos, J.M.; et al. Heterochromatin-Driven Nuclear Softening Protects the Genome against
Mechanical Stress-Induced Damage. Cell 2020. [CrossRef]

http://dx.doi.org/10.1038/s41563-019-0563-5
http://dx.doi.org/10.1126/science.aad7297
http://www.ncbi.nlm.nih.gov/pubmed/27013428
http://dx.doi.org/10.1126/science.aad7611
http://dx.doi.org/10.1091/mbc.E16-06-0428
http://www.ncbi.nlm.nih.gov/pubmed/27798234
http://dx.doi.org/10.1242/jcs.01357
http://www.ncbi.nlm.nih.gov/pubmed/15331638
http://dx.doi.org/10.1074/jbc.M402474200
http://www.ncbi.nlm.nih.gov/pubmed/15292200
http://dx.doi.org/10.1371/journal.pone.0083410
http://dx.doi.org/10.1126/science.1240104
http://dx.doi.org/10.1073/pnas.0702576104
http://dx.doi.org/10.1074/jbc.M513511200
http://www.ncbi.nlm.nih.gov/pubmed/16825190
http://dx.doi.org/10.1074/jbc.M611094200
http://www.ncbi.nlm.nih.gov/pubmed/17488709
http://dx.doi.org/10.1073/pnas.1304996110
http://www.ncbi.nlm.nih.gov/pubmed/24191023
http://dx.doi.org/10.1083/jcb.201308029
http://dx.doi.org/10.1101/2020.04.07.028969
http://dx.doi.org/10.1101/cshperspect.a000547
http://dx.doi.org/10.1073/pnas.1810070116
http://www.ncbi.nlm.nih.gov/pubmed/30765529
http://dx.doi.org/10.1091/mbc.e16-11-0783
http://www.ncbi.nlm.nih.gov/pubmed/28428255
http://dx.doi.org/10.1038/ncomms7138
http://dx.doi.org/10.1016/j.cell.2020.03.052


Cells 2020, 9, 1623 21 of 22

86. Erdel, F.; Baum, M.; Rippe, K. The viscoelastic properties of chromatin and the nucleoplasm revealed by
scale-dependent protein mobility. J. Phys.-Condens. Mat. 2015, 27, 064115. [CrossRef] [PubMed]

87. Dahl, K.N.; Engler, A.J.; Pajerowski, J.D.; Discher, D.E. Power-law rheology of isolated nuclei with deformation
mapping of nuclear substructures. Biophys. J. 2005, 89, 2855–2864. [CrossRef]

88. Herraez-Aguilar, D.; Madrazo, E.; Lopez-Menendez, H.; Ramirez, M.; Monroy, F.; Redondo-Munoz, J.
Multiple particle tracking analysis in isolated nuclei reveals the mechanical phenotype of leukemia cells.
Sci. Rep. 2020, 10, 6707. [CrossRef]

89. Luxton, G.W.; Gomes, E.R.; Folker, E.S.; Vintinner, E.; Gundersen, G.G. Linear arrays of nuclear envelope
proteins harness retrograde actin flow for nuclear movement. Science 2010, 329, 956–959. [CrossRef]

90. Banigan, E.J.; Harris, T.H.; Christian, D.A.; Hunter, C.A.; Liu, A.J. Heterogeneous CD8+ T cell migration in
the lymph node in the absence of inflammation revealed by quantitative migration analysis. PLoS. Comput.
Biol. 2015, 11, e1004058. [CrossRef]

91. Liu, Y.; Mollaeian, K.; Ren, J. Finite element modeling of living cells for AFM indentation-based biomechanical
characterization. Micron 2019, 116, 108–115. [CrossRef]

92. Karcher, H.; Lammerding, J.; Huang, H.; Lee, R.T.; Kamm, R.D.; Kaazempur-Mofrad, M.R.
A three-dimensional viscoelastic model for cell deformation with experimental verification. Biophys. J. 2003,
85, 3336–3349. [CrossRef]

93. Finan, J.D.; Chalut, K.J.; Wax, A.; Guilak, F. Nonlinear Osmotic Properties of the Cell Nucleus. Ann. Biomed. Eng.
2009, 37, 477–491. [CrossRef] [PubMed]

94. Davidson, P.M.; Denais, C.; Bakshi, M.C.; Lammerding, J. Nuclear deformability constitutes a rate-limiting
step during cell migration in 3-D environments. Cell. Mol. Bioeng. 2014, 7, 293–306. [CrossRef] [PubMed]

95. Krause, M.; Yang, F.W.; Te Lindert, M.; Isermann, P.; Schepens, J.; Maas, R.J.A.; Venkataraman, C.;
Lammerding, J.; Madzvamuse, A.; Hendriks, W.; et al. Cell migration through three-dimensional confining
pores: speed accelerations by deformation and recoil of the nucleus. Philos. Trans. R. Soc. Lond. B. Biol. Sci.
2019, 374, 20180225. [CrossRef] [PubMed]

96. Liu, L.; Luo, Q.; Sun, J.; Song, G. Nucleus and nucleus-cytoskeleton connections in 3D cell migration.
Exp. Cell. Res. 2016, 348, 56–65. [CrossRef]

97. Gerlitz, G.; Bustin, M. Efficient cell migration requires global chromatin condensation. J. Cell. Sci. 2010, 123,
2207–2217. [CrossRef] [PubMed]

98. Damodaran, K.; Venkatachalapathy, S.; Alisafaei, F.; Radhakrishnan, A.V.; Sharma Jokhun, D.; Shenoy, V.B.;
Shivashankar, G.V. Compressive force induces reversible chromatin condensation and cell geometry
dependent transcriptional response. Mol. Biol. Cell 2018, 29, 3039–3051. [CrossRef]

99. Ahearn, M.J.; Trujillo, J.M.; Cork, A.; Fowler, A.; Hart, J.S. The association of nuclear blebs with aneuploidy
in human acute leukemia. Cancer Res. 1974, 34, 2887–2896. [PubMed]

100. Stephens, A.D.; Liu, P.Z.; Banigan, E.J.; Almassalha, L.M.; Backman, V.; Adam, S.A.; Goldman, R.D.;
Marko, J.F. Chromatin histone modifications and rigidity affect nuclear morphology independent of lamins.
Mol. Biol. Cell 2018, 29, 220–233. [CrossRef]

101. Coffinier, C.; Jung, H.J.; Nobumori, C.; Chang, S.; Tu, Y.; Barnes, R.H., 2nd; Yoshinaga, Y.; de Jong, P.J.;
Vergnes, L.; Reue, K.; et al. Deficiencies in lamin B1 and lamin B2 cause neurodevelopmental defects and
distinct nuclear shape abnormalities in neurons. Mol. Biol. Cell 2011, 22, 4683–4693. [CrossRef]

102. Tamashunas, A.C.; Tocco, V.J.; Matthews, J.; Zhang, Q.; Atanasova, K.R.; Paschall, L.; Pathak, S.; Ratnayake, R.;
Stephens, A.D.; Luesch, H.; et al. High-throughput gene screen reveals modulators of nuclear shape.
Mol. Biol. Cell 2020, 31, mbcE19090520. [CrossRef] [PubMed]

103. Neubert, E.; Meyer, D.; Rocca, F.; Gunay, G.; Kwaczala-Tessmann, A.; Grandke, J.; Senger-Sander, S.;
Geisler, C.; Egner, A.; Schon, M.P.; et al. Chromatin swelling drives neutrophil extracellular trap release.
Nat. Commun. 2018, 9, 3767. [CrossRef] [PubMed]

104. Mazumder, A.; Roopa, T.; Basu, A.; Mahadevan, L.; Shivashankar, G.V. Dynamics of chromatin decondensation
reveals the structural integrity of a mechanically prestressed nucleus. Biophys. J. 2008, 95, 3028–3035.
[CrossRef]

105. Zhong, Z.; Wilson, K.L.; Dahl, K.N. Beyond lamins other structural components of the nucleoskeleton.
Methods Cell Biol. 2010, 98, 97–119. [CrossRef]

http://dx.doi.org/10.1088/0953-8984/27/6/064115
http://www.ncbi.nlm.nih.gov/pubmed/25563347
http://dx.doi.org/10.1529/biophysj.105.062554
http://dx.doi.org/10.1038/s41598-020-63682-5
http://dx.doi.org/10.1126/science.1189072
http://dx.doi.org/10.1371/journal.pcbi.1004058
http://dx.doi.org/10.1016/j.micron.2018.10.004
http://dx.doi.org/10.1016/S0006-3495(03)74753-5
http://dx.doi.org/10.1007/s10439-008-9618-5
http://www.ncbi.nlm.nih.gov/pubmed/19107599
http://dx.doi.org/10.1007/s12195-014-0342-y
http://www.ncbi.nlm.nih.gov/pubmed/25436017
http://dx.doi.org/10.1098/rstb.2018.0225
http://www.ncbi.nlm.nih.gov/pubmed/31431171
http://dx.doi.org/10.1016/j.yexcr.2016.09.001
http://dx.doi.org/10.1242/jcs.058271
http://www.ncbi.nlm.nih.gov/pubmed/20530575
http://dx.doi.org/10.1091/mbc.E18-04-0256
http://www.ncbi.nlm.nih.gov/pubmed/4528978
http://dx.doi.org/10.1091/mbc.E17-06-0410
http://dx.doi.org/10.1091/mbc.e11-06-0504
http://dx.doi.org/10.1091/mbc.E19-09-0520
http://www.ncbi.nlm.nih.gov/pubmed/32320319
http://dx.doi.org/10.1038/s41467-018-06263-5
http://www.ncbi.nlm.nih.gov/pubmed/30218080
http://dx.doi.org/10.1529/biophysj.108.132274
http://dx.doi.org/10.1016/S0091-679X(10)98005-9


Cells 2020, 9, 1623 22 of 22

106. Xia, Y.; Ivanovska, I.L.; Zhu, K.; Smith, L.; Irianto, J.; Pfeifer, C.R.; Alvey, C.M.; Ji, J.; Liu, D.; Cho, S.; et al.
Nuclear rupture at sites of high curvature compromises retention of DNA repair factors. J. Cell. Biol. 2018,
217, 3796–3808. [CrossRef] [PubMed]

107. Vargas, J.D.; Hatch, E.M.; Anderson, D.J.; Hetzer, M.W. Transient nuclear envelope rupturing during
interphase in human cancer cells. Nucleus 2012, 3, 88–100. [CrossRef]

108. Peters, R. Translocation through the nuclear pore complex: selectivity and speed by
reduction-of-dimensionality. Traffic 2005, 6, 421–427. [CrossRef] [PubMed]

109. Stephens, A.D.; Liu, P.Z.; Kandula, V.; Chen, H.; Almassalha, L.M.; Herman, C.; Backman, V.; O’Halloran, T.;
Adam, S.A.; Goldman, R.D.; et al. Physicochemical mechanotransduction alters nuclear shape and mechanics
via heterochromatin formation. Mol. Biol. Cell 2019, 30, 2320–2330. [CrossRef]

110. Shah, P.; Cheng, S.; Hobson, C.M.; Colville, M.; Paszek, M.; Superfine, R.; Lammerding, J. Nuclear deformation
causes DNA damage by increasing replication stress. bioRxiv 2020. [CrossRef]

111. Stephens, A.D. Chromatin rigidity provides mechanical and genome protection. Mutat. Res. 2020, 821, 111712.
[CrossRef]

112. Lovett, D.B.; Shekhar, N.; Nickerson, J.A.; Roux, K.J.; Lele, T.P. Modulation of Nuclear Shape by Substrate
Rigidity. Cell Mol. Bioeng. 2013, 6, 230–238. [CrossRef] [PubMed]

113. Katiyar, A.; Tocco, V.J.; Li, Y.; Aggarwal, V.; Tamashunas, A.C.; Dickinson, R.B.; Lele, T.P. Nuclear size changes
caused by local motion of cell boundaries unfold the nuclear lamina and dilate chromatin and intranuclear
bodies. Soft Matter 2019, 15, 9310–9317. [CrossRef]

114. Tocco, V.J.; Li, Y.; Christopher, K.G.; Matthews, J.H.; Aggarwal, V.; Paschall, L.; Luesch, H.; Licht, J.D.;
Dickinson, R.B.; Lele, T.P. The nucleus is irreversibly shaped by motion of cell boundaries in cancer and
non-cancer cells. J. Cell. Physiol. 2018, 233, 1446–1454. [CrossRef] [PubMed]

115. Parada, L.; Misteli, T. Chromosome positioning in the interphase nucleus. Trends Cell. Biol. 2002, 12, 425–432.
[CrossRef]

116. Schreiner, S.M.; Koo, P.K.; Zhao, Y.; Mochrie, S.G.; King, M.C. The tethering of chromatin to the nuclear
envelope supports nuclear mechanics. Nat. Commun. 2015, 6, 7159. [CrossRef]

117. Briand, N.; Collas, P. Laminopathy-causing lamin A mutations reconfigure lamina-associated domains and
local spatial chromatin conformation. Nucleus 2018, 9, 216–226. [CrossRef]

118. McCord, R.P.; Nazario-Toole, A.; Zhang, H.; Chines, P.S.; Zhan, Y.; Erdos, M.R.; Collins, F.S.; Dekker, J.; Cao, K.
Correlated alterations in genome organization, histone methylation, and DNA-lamin A/C interactions in
Hutchinson-Gilford progeria syndrome. Genome Res. 2013, 23, 260–269. [CrossRef]

119. Crisp, M.; Liu, Q.; Roux, K.; Rattner, J.B.; Shanahan, C.; Burke, B.; Stahl, P.D.; Hodzic, D. Coupling of the
nucleus and cytoplasm: role of the LINC complex. J. Cell. Biol. 2006, 172, 41–53. [CrossRef]

120. Lombardi, M.L.; Jaalouk, D.E.; Shanahan, C.M.; Burke, B.; Roux, K.J.; Lammerding, J. The interaction between
nesprins and sun proteins at the nuclear envelope is critical for force transmission between the nucleus and
cytoskeleton. J. Biol. Chem. 2011, 286, 26743–26753. [CrossRef]

121. Hale, C.M.; Shrestha, A.L.; Khatau, S.B.; Stewart-Hutchinson, P.J.; Hernandez, L.; Stewart, C.L.; Hodzic, D.;
Wirtz, D. Dysfunctional connections between the nucleus and the actin and microtubule networks in
laminopathic models. Biophys. J. 2008, 95, 5462–5475. [CrossRef]

122. Meinke, P.; Mattioli, E.; Haque, F.; Antoku, S.; Columbaro, M.; Straatman, K.R.; Worman, H.J.; Gundersen, G.G.;
Lattanzi, G.; Wehnert, M.; et al. Muscular dystrophy-associated SUN1 and SUN2 variants disrupt
nuclear-cytoskeletal connections and myonuclear organization. PLoS Genet 2014, 10, e1004605. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1083/jcb.201711161
http://www.ncbi.nlm.nih.gov/pubmed/30171044
http://dx.doi.org/10.4161/nucl.18954
http://dx.doi.org/10.1111/j.1600-0854.2005.00287.x
http://www.ncbi.nlm.nih.gov/pubmed/15813752
http://dx.doi.org/10.1091/mbc.E19-05-0286
http://dx.doi.org/10.1101/2020.06.12.148890
http://dx.doi.org/10.1016/j.mrfmmm.2020.111712
http://dx.doi.org/10.1007/s12195-013-0270-2
http://www.ncbi.nlm.nih.gov/pubmed/23914256
http://dx.doi.org/10.1039/C9SM01666J
http://dx.doi.org/10.1002/jcp.26031
http://www.ncbi.nlm.nih.gov/pubmed/28542912
http://dx.doi.org/10.1016/S0962-8924(02)02351-6
http://dx.doi.org/10.1038/ncomms8159
http://dx.doi.org/10.1080/19491034.2018.1449498
http://dx.doi.org/10.1101/gr.138032.112
http://dx.doi.org/10.1083/jcb.200509124
http://dx.doi.org/10.1074/jbc.M111.233700
http://dx.doi.org/10.1529/biophysj.108.139428
http://dx.doi.org/10.1371/journal.pgen.1004605
http://www.ncbi.nlm.nih.gov/pubmed/25210889
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Classifications of Mechanical Models 
	Schematic Models 
	Continuum Mechanics (CM) Models 
	Molecular Dynamics (MD) 

	Nuclear Mechanical Constituents and How They Are Modeled 
	Cytoskeleton 
	Lamins 
	Chromatin 

	Modeling of Assays for Studying Nuclear Mechanics 
	Modeling Resolves Contrasting Experimental Results Across Assays 
	Emergent Mechanical Phenomena from Complementary Experimental Assays—Strain Stiffening 

	Applications of Mechanical Models to Biologically Relevant Processes 
	Constricted Cellular Migration 
	Nuclear Blebbing and Rupture 
	Cell Spreading and Detachment 

	Outlook on Mechanical Models 
	Lamin–Chromatin Connections 
	Lamin–Cytoskeleton Connections 
	Separate But Interacting A-type vs. B-type lamin Meshworks 

	Conclusions 
	References

