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Nuclear envelope proteins,
mechanotransduction, and their
contribution to breast cancer progression

Check for updates
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Breast cancer cells frequently exhibit changes in theexpressionof nuclear envelope (NE) proteins such
as lamins and emerin that determine the physical properties of the nucleus and contribute to cellular
mechanotransduction. This review explores the emerging interplay betweenNE proteins, the physical
challenges incurred duringmetastatic progression, andmechanotransduction. Improved insights into
the underlyingmechanismsmay ultimately lead to better prognostic tools and treatment strategies for
metastatic breast cancer.

Breast cancer is themost commonmalignancy for women in the developed
world1 and is estimated to result inover 300,000newcases and40,000deaths
in the United States in 20242. Metastasis is a well-established hallmark of
breast cancer3, accounting for over 90% of breast cancer related deaths4.
Breast cancer metastasis occurs when cancer cells disseminate from a pri-
mary tumor and successfully complete the individual steps of themetastatic
cascade: acquisition of an invasive phenotype, local invasion, intravasation,
survival in circulation, extravasation, and secondary tumor formation5,6.
Recent studies suggest that fewer than 0.1% of tumor cells successfully
complete the metastatic cascade and form secondary tumors7–9, hinting at
the existence of a subpopulation of tumor cells more fit to metastasize10.
Effective treatments for metastatic cancer remain elusive in part due to the
severe inter- and intra-tumorheterogeneity found inbreast cancer patients1.
This heterogeneity is a result of varying molecular subtypes, which reflect
the cell type of origin and the acquired mutations, physiological
characteristics1, and tumor microenvironment (TME) interactions4.

Cancer progression from the initial tumor formation to the
emergence of distant metastases is a complex process driven by a series
of genetic and cellular alterations that lead to sustained cell proliferation
(sometimes interspersed with extended dormancy) and immune
evasion3,7,11. Although much research has focused on the associated
genetic and cellular alterations in cancer cells, these changes alone
cannot fully explain cancer progression. It is now widely accepted that
additional factors in the TME, such as interaction of cancer cells with
stromal cells and their physical environment, must be considered12,13.
Here, we primarily focus on physical factors, such as mechanical forces
and confinement imposed by other cells and the extracellular matrix
(ECM), which are increasingly being recognized as playing important
roles during all stages of cancer progression14,15. In the primary tumor,
solid stress and increased hydrostatic pressure act on the cells within the
TME of the primary tumor (see Box 1 for helpful definitions)14. During

invasion, intravasation, and extravasation, cells experience extensive
mechanical stress as they migrate through constrictions often much
smaller than the size of the unconfined cells14,16–18; in the vascular sys-
tem, circulating tumor cells (CTCs) experience substantial fluid shear
stress within the vasculature. To successfully complete metastasis,
cancer cells must withstand and adapt to these physical challenges.

Cells sense mechanical stimuli through mechanotransduction
processes19,20, in which mechanical forces are converted into biochemical
signals that lead to mechanoresponses such as increased contractility or
changes in gene expression that enable cells to adapt to their physical
environment21. To date, significant progress has been made in under-
standing howmechanosensors at the cell surface and within the cytoplasm,
such as integrins and focal adhesion proteins, contribute to mechan-
otransduction and mechanoresponses during breast cancer progression. In
contrast, the role of the nucleus in this process, and particularly the function
of specific NE proteins such as lamins, emerin, SUN proteins, and nesprins,
whichhave all been implicated in cellularmechanotransduction22, remain to
be fully elucidated.

The nucleus plays a pivotal role in mediating the cellular response to
mechanical forces; additionally, as the largest and typically stiffest organelle
in the cell, the physical properties of the nucleus directly affect the ability
of cells to complete several steps of the metastatic cascade23,24. For example,
the nucleus undergoes substantial deformation as cancer cells pass through
narrow spaces during invasion, intravasation, and extravasation23–26. Thus,
changes in the expression of lamins and emerin, which control nuclear
deformability and stability27–34, could either promote or impair the ability of
cells to pass through such confined spaces. Furthermore, extensive nuclear
deformation can lead to transient NE rupture, DNA damage, and genomic
instability26,35, which could be detrimental to individual tumor cells,
but collectively promote cancer progression by increasing cancer cell
heterogeneity.
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Further supporting a crucial role of NE proteins in breast cancer
progression, abnormal nuclear morphology, as well as altered
expression of lamin A/C, emerin, nesprins, and SUN proteins often
correlate with breast cancer progression and patient outcomes23,25,36–42.

Although the precise contribution of these NE proteins to metastatic
progression in breast cancer and the underlying mechanism of action
remain unclear, increasing evidence suggests that these proteins can
modulate cancer progression both through their mechanoresponsive
roles and by modulating the physical properties of the cell nucleus. In
this review, we will discuss the interwoven relationship between
mechanical stress, NE proteins, and their role in mechanosensing and
mechanoresponses at the various stages of metastatic progression. We
will primarily focus on NE proteins known to be dysregulated in breast
cancer, particularly lamins, emerin, nesprins, and SUN proteins, and
discuss their interaction with other pathways known to be perturbed in
breast cancer.

Nuclear envelope proteins in breast cancer
The nuclear envelope
The NE separates the nuclear interior from the cytoplasm (Fig. 1) and has
essential structural and regulatory functions. TheNE includes the inner and
outer nuclear membranes (INM and ONM, respectively), the nuclear
lamina, and nuclear pores, along with a large number of nuclearmembrane
proteins. The nuclear lamina is primarily comprised of filamentous lamin
proteins and provides resistance to nuclear deformation. It also contributes
to the regular spacing of nuclear pores and the organization of peripheral
chromatin17,43. Lamin A and lamin C are splice variants encoded by the
LMNA gene and are often referred to together as lamin A/C, despite having
some unique biological roles44. Lamins A/C are major components of the
nuclear lamina and regulate nuclear mechanics and stability31, but also
interact with chromatin and numerous transcriptional regulators32. The
Linker of Nucleoskeleton and Cytoskeleton (LINC) complex consists of
nesprin proteins at the ONM and SUNdomain proteins at the INM (Fig. 1,
inset) and is crucial to transmit forces between the cytoskeleton and nuclear
interior45,46. Nesprins interact with actin filaments, microtubules, and
intermediate filaments, either directly or via other proteins, and bind across
the nuclear lumen to SUN domain proteins that interact with lamins,
emerin, and the nuclear interior. The mechanisms by which cells regulate
the interaction of SUN proteins and nesprins, and thus the force transmis-
sion across the NE, remains incompletely understood47,48. In addition to
providing a physical connection between the cytoplasm and nuclear inter-
ior, nesprins and SUN domain proteins can also directly interact with
important signaling molecules, such as α- and β-catenins49. Emerin is a
nuclear membrane protein that is retained at the INM through its inter-
actionwith laminsA/Cbut canalsobe foundat theONM50. Lamins, emerin,
and LINC complex components are important for maintaining the struc-
ture, shape, and function of the nucleus, as well as in transmitting both
physical forces and biochemical signals between the cytoplasm and the
nuclear interior (Table 1)22,51. Importantly, force transmission and

Box 1 | Useful definitions in cellular
mechanobiology

Fluid shear stress: The force exerted by fluid flowing parallel to a
surface. In tumors, this occurs when interstitial fluid or blood flows over
cell layers, acting parallel to the cell surface, and in CTCs suspended
within the blood and exposed to fluid shear stress.
Force transmission: The propagation of forces through the cell or
ECM. Force transmission requires physically connected structures and
is extremely rapid, i.e., occurs nearly instantaneously.
Hydrostatic pressure: The fluid pressure exerted by fluids at rest. In
tumors, hydrostatic pressure arises from the accumulation of fluid in the
TME, primarily due to leaky vasculature and impaired lymphatic
drainage.
Mechanoresponse: Physical, biochemical, or molecular changes in a
cell in response to mechanical stimuli. The mechanoresponse includes
the immediate result of the mechanotransduction process and
downstream consequences.
Mechanosensors: Cellular structures, such as proteins, ion channels,
or organelles, that respond to mechanical stimuli (e.g., pressure,
tension, shear stress). These structures transduce mechanical inputs
such as forces or deformations into biochemical signals to downstream
signaling cascades, leading to a mechanoresponse.
Mechanotransduction: The process by which mechanosensors
convert mechanical inputs into biochemical signals.
Mechanotransduction processes can include opening of stretch-
activated ion channels or mechanically induced conformational
changes that alter the interaction of proteins or lipid membranes with
bindingpartners, thereby initiating downstreamsignaling pathways.
Solid stresses: Mechanical force per unit area imposed by solid (as
opposed to fluid) components of a material. In tumors, solid stress can
result from confinement of the proliferating tumor by the surrounding
tissue, or from direct interaction of cells exerting forces on each other
and the ECM. This stress can manifest in several forms: tensile stress
(e.g., pulling forces that stretch cells); compressive stress (e.g. pushing
forces and compression of cells and their nuclei); and shear stress (e.g.,
forces tangential to a surface).

Fig. 1 | Schematic overview of the NE, including
the inner nuclearmembrane (INM), outer nuclear
membrane (ONM), nuclear pore complexes
(NPC), and nuclear lamina. The inset on the right
shows the LINC complex, comprised of nesprins,
SUN domain proteins, lamin A/C and lamin B, and
emerin. The LINC complex physically connects the
cytoskeleton, including intermediate filaments,
microtubules, and F-actin, to the nuclear lamina and
the nuclear interior. Together, these components
facilitate force transmission between the cytoskele-
ton and the nucleus and contribute to nuclear
mechanotransduction processes.
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dysregulation of NE proteins such as lamins can alter chromatin organi-
zation, including lamin-associated domains (LADs), chromatin accessi-
bility, and epigeneticmodifications, along with gene expression and various
cellular functions52–55. We refer the reader to excellent recent reviews by
Dupont et al.56, Hoskins et al.54, andDeng et al.57 on the topic ofNEproteins,
nuclear force transmission, and chromatin organization and function.

Altered expression of nuclear envelope proteins in breast cancer
Characteristic changes in the nuclear morphology of breast cancer cells,
such as size, roundness, presence of invaginations, NE smoothness, and
chromatin distribution, are routinely used by clinicians for diagnostic and
prognostic purposes, as the increased prevalence of nuclear aberrations in
breast cancer cells correlates to worse patient outcomes36,40,41. It remains
unclear, however, to what extent the observed changes in nuclear mor-
phology result directly from altered expression or function of NE proteins,
and if or how such changes mechanistically contribute to breast cancer
progression. Supporting a functional involvement, increasing reports indi-
cate that breast cancer tissues exhibit substantial changes in the expression
of many NE proteins, and that these changes are associated with disease
progression22. For example, changes in the expression of nesprin-1/2 have
been reported in many cancers, including breast cancer58,59. Clinically, the
loss of nesprin-2 expression is associated with tumorous tissue regions and
correlates to breast cancer invasiveness and intrinsic subtype39. Decreased
SUN1 and SUN2 expression is observed in tumorous tissue regions, how-
ever, their clinical implications are unclear39. Invasive breast cancer subtypes
have reduced emerin levels and smaller nuclei29, and overexpression of

emerin increases nuclear size, suppresses tumor growth, and reduces lung
metastasis in mouse models29. Lamin A/C modulate nuclear structure,
genomic stability, cell cycle regulation, and response toDNAdamage, so it is
unsurprising that alterations in lamin A/C lead to aberrations in nuclear
morphology17,33,60, a well-established hallmark to aggressive cancers3.
Decreased levels of lamin A/C generally correlate with more metastatic
cancer cells and worse prognosis in breast cancer patients, whereas higher
expression levels are associatedwith an early clinical stage and better patient
outcomes33,39–42,60,61.

The causes of altered nuclear envelope protein expression in
breast cancer
The altered expression levels of NE proteins could arise through multiple
mechanisms. The changes are typically not the result of alterations in the
copy number of the corresponding gene(s), but are linked to altered tran-
scriptional and epigenetic regulation62. For example, hyperactivation of the
PI3K/AKT pathway, which is frequently altered in breast cancer, can affect
both lamin A/C expression and turnover61,63,64. For other NE proteins, the
underlying mechanism remains to be determined. It is intriguing to spec-
ulate, though, that the altered expression of NE proteins is not only a
downstream consequence of oncogenic and tumor suppressor pathways
altered in breast cancer cells but might also result from the adaptation of
cancer cells to the physical challenges experienced during the metastatic
cascade, and/or selection for specific function. In this scenario, the
mechanical microenvironment could either activate mechanoresponsive
signaling pathways that in turn alter NE protein expression, thereby

Table 1 | Overview of key NE proteins discussed in this review

Protein Family Nesprins SUN proteins Emerin Lamins

Protein Name Nesprin-1, -2, -3, -4, KASH5
KASH648

SUN1, SUN2, SUN3, SUN4
(only SUN1/2 are expressed in
somatic cells)

Emerin Lamin A, Lamin C, Lamin B1,
Lamin B2

Gene Name SYNE 1-4151

CCDC155
Jaw1/LRMP48

SUN1-3, SPAG4152 EMD30 LMNA, LMNB1-2153,154

Location ONM155, although smaller
nesprin isoforms can also be
found at the INM

INM152,155 INM, but also found in the
ONM30,156

Nuclear lamina, below the
INM154, and nucleoplasm

Background Mammalian KASH (Klarsicht,
ANC-1,SyneHomology) -domain
proteins were originally identified
as SYNE-1 and -2, but are now
commonly referred to as part of
the nesprin (Nuclear Envelope
SpectRIN repeat proteins151)
protein family151,155,157. Some
KASH-domain proteins do not
contain spectrin isoforms. Many
nesprins have multiple isoforms.

The term “SUN (Sad1 and
UNC-84) domain” was
introduced following the
discovery of a ~ 120-residue
motif in the C-terminus of the
Caenorhabditis elegans UNC-
84 protein. Genome database
searches revealed that UNC-84
is evolutionarily conserved, with
an increasing number of SUN-
domain proteins identified
across species152.

Located on the X-chromosome,
consists of six exons, five
introns, and encodes a 254
amino acid protein30

The nuclear lamina is a dense
network of intermediate
filaments: A-type lamins,
encoded by the LMNA gene,
and B-type lamins, encoded by
the LMNB1 and LMNB2 genes,
are themain constituents of the
nuclear lamina153,154. Alternative
splicing of the LMNA gene
results in lamin A and lamin C
(lamin A/C)154.

Common
interaction
partners at
the NE

N-terminal of SUN-domain
proteins to form the connection
between the cytoskeleton and
nucleoskeleton (i.e. the LINC
complex)151,155

Nesprins-1/2 to form the LINC
complex.
Nuclear lamina and chromatin
to transmit mechanical forces
through the LINC complex51.

Lamin A/C and barrier to
autointegration factor
(BAF)30,156.

Emerin, SUN proteins, actin,
NUP153, lamina-associated
polypeptide 2 isoform alpha
(LAP2α)154, DNA, and various
transcriptional regulators.

Function Nesprins-1/2*:
Nuclear positioning151, nuclear
size, shape, and structure158,
chromatin organization151, and
cell migration158. Nesprins are
important in mechanosignaling
through the LINC complex151,157

and are crucial for transmitting
forces from the cytoplasm to the
nucleoplasm by interacting with
actin filaments,microtubules (via
dynein and kinesin), and
intermediate filaments (via
plectin)45,151.

SUN1 and SUN2**: Bind to
lamins, emerin, nuclear pores,
chromatin, and other proteins at
the nuclear periphery while
directly interacting with KASH
domain proteins across the
luminal space to connect the
nucleus to the cytoskeleton for
nucleo-cytoskeletal force
transmission and
mechanotransduction152,155,159.

Regulates nuclear signaling,
structure, and gene
expression156

Lamin A/C***: Regulates the
structure and mechanics, gene
expression, chromatin
organization, and DNA
replication and repair within the
nucleus154.

*Nesprins-3/4 and KASH5-6 are outside the scope of this review. **SUN3 and SPAG4 are outside the scope of this review. ***B-type lamins are outside the scope of this review
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enabling cancer cells to adapt and enhance their metastatic potential, or the
mechanical environment could selectively favor cancer cells with pre-
existing elevated or reduced NE protein levels, facilitating their survival
through the mechanically challenging environment. Supporting the
hypothesis that cells adapt to their microenvironment by altering their NE
protein expression,mechanical stimuli can induce numerous changes in the
nucleus, affecting nuclear shape, chromatin organization, and expression
levels of various NE proteins (reviewed in65 and66). For example, lamin A
levels scale with the degree of tissue stiffness67, and mechanical stress can
lead to reduced levels of the SUN domain protein SUN268. Furthermore,
mechanical force application promotes phosphorylation of NE proteins,
such as emerin69 and lamin A/C67,70, affecting their interaction with binding
partners and turnover. In the following sections, wewill discuss the physical
challenges encountered at each stage of the metastatic cascade and explore
how changes in the levels of lamins A/C, emerin, and LINC complex
components might facilitate cancer cell progression through these stages.

The interplay of nuclear envelope proteins and the
mechanical microenvironment during metastatic
progression
During tumorigenesis and metastasis, cell behaviors and decision-making
processes, such as key cancer hallmarks like migration, proliferation,
and apoptosis evasion3, are modulated by the cell’s physical
microenvironment15. In each step of the metastatic cascade, including pri-
mary tumor formation, acquisition of an invasive phenotype, local invasion,
intravasation, circulation, extravasation, and colonization, cancer cells are
subject to an array of physical forces (Fig. 2). These forces induce
mechanoresponses, mediated in part by the nucleus, which enable further
cancer progression, and impose selection pressure on the heterogeneous
tumor cell population that results in the emergence of cancer cell sub-
populations with specific molecular and physical features.

Tumorigenesis
Primary tumor formation is associated with increased cell proliferation and
inflammation, as well as growth suppressor evasion and extensive ECM
remodeling3,11. As a result, cancer cells are subjected to various forces,
including compressive and tensile forces, dependingon their locationwithin
the tumor and the tumor stage14,20. Increased solid pressure, from cell pro-
liferation and physical constraints imposed by surrounding cells’ ECM, and
increased hydrostatic pressure lead to compressive forces. At the same time,

cell-cell and cell-ECM interactions are often associated with tensile forces,
particularly during the transition to tumor invasion, when cancer associated
fibroblasts and immune cells might aid the process by pulling on tumor
cells71,72. These physical stimuli could promote changes in the expression of
NE proteins or conversely lead to selection of cells with altered expression.
For example, loss of laminA/C, and otherNEproteins, including nesprin-2,
SUN1/2, and emerin, are a signature of tumorous tissue regions39. However,
severe lamin A/C depletion impairs breast cancer cell spheroid formation
in vitro, potentially due to a reduction in transcription levels of the
growth regulator Yap173. Taken together, these data indicate that laminA/C
expression may be required for tumor initiation and formation, but lamin
A/C depletionmay be favorable to tumor progression – suggesting a change
in protein expression of the cell population, whether it be through adap-
tation tomechanical or biochemical cues, survival bias, or a combination of
both. Interestingly, lamin A overexpression decreases breast cancer cell
proliferation on two dimensional substrates61, indicating possible compet-
ing effects of altered lamin levels during tumorigenesis.

Cell migration: invasion, intravasation, extravasation
A crucial first step in cancer invasion is the acquisition of a migratory
phenotype, which can be mediated by an increase in ECM stiffness74. Cell
migration, both confined and unconfined, is not driven by a single factor,
but rather by a complex interplay of both mechanical and biochemical
signals. During the subsequent steps, including invasion through the
basement membrane and tissues, intravasation, and extravasation, cancer
cells must navigate through interstitial spaces and openings in the endo-
thelial cell lining of blood vessels as small as ≈1 µm in size, which is sub-
stantially smaller than the 3–15 µmdiameter of the nucleus14,15,22,23,26,61. Such
confined migration involves various intra- and extracellular forces,
including actomyosin-mediated traction forces on the ECM and sur-
rounding cells, increased intracellular hydrostatic pressure from cell cortex
contraction, cytoskeletal forces pulling on the nucleus, and forces exerted by
endothelial cells17,75–80. Passing through these small openings places severe
mechanical stress on the nucleus, which is approximately 2–10 times stiffer
than the cytoplasm23,26. As a consequence, the nucleus undergoes large
deformation that can lead to transient NE rupture, DNA damage, and
increased cell death34,37,81,82. Additionally, in vitro studies using microfluidic
devices and porous membranes that mimic tight interstitial spaces revealed
that confinedmigration results in altered chromatin organization, including
perturbed 3D configuration, chromatin compartmentalization, and

Fig. 2 | Mechanical stress imposed on breast cancer cells from their micro-
environment during specific steps of the metastatic cascade. Cells within the
primary tumor experience solid and hydrostatic pressure, as well as compressive,
tensile and shear stress, imposed by the complex TME. As cell invade the

surrounding tissue, they experience compressive and tensile stress. During confined
migration events, such as intravasation, and extravasation, cells experience increased
compressive stress. In circulation, cell experience increased fluid shear stress
imposed by the blood flow.
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epigenetic modifications53,83,84. Even very transient nuclear deformation
during perfusion through tight spaces can alter chromatin organization,
gene expression, and cell fate85. However, it remains unclear whether such
changes also occur during transendothelialmigration or interstitial invasion
in vivo.

It is now well recognized that the deformability of the nucleus con-
stitutes a rate-limiting physical factor in the ability of cells to migrate
through confined spaces17,24,34,86. Since the deformability of the nucleus is
determined by the chromatin in the interior and the composition of theNE,
particularly the levels of lamin A/C and emerin27,28,31,87, changes in the
expression of theseNEproteins can substantially alter the invasive potential
of cancer cells. For example, lower lamin A/C levels result in more
deformable nuclei and an enhanced ability of breast cancer cells to migrate
through confined spaces61. Severe reduction of lamin A/C levels, however,
reduces the mechanical stability of the nucleus, resulting in increased NE
rupture and cell death in cells migrating through tight spaces34,37,60,81. Sup-
porting this multifaceted role of lamins A/C in cancer progression, a recent
study found that nearly complete depletion of lamin A/C enhanced cell
migration through small rigid pores in vitro, but did not improve trans-
endothelial migration in vivo, and impaired metastasis to the lungs73.
Reduced emerin levels, which have been reported in various breast
cancers29,88, can similarly increase nuclear deformability and reduce nuclear
size, thereby enhancing the invasive potential of breast and prostate cancer
cells and promoting metastasis in multiple breast cancer models29,88,89.
Lastly, NE rupture is determined by nuclear membrane tension90. The
endoplasmic reticulum (ER) plays a crucial role in regulating and absorbing
nuclearmembrane tension91, suggesting that proteins in the ERandNE that
control the flow of lipid membrane from the ER to the outer nuclear
membrane under tension are key determinants for NE rupture and
mechanotransduction.

Besides lamin A/C and emerin, other NE proteins can also contribute
to nuclear deformability and changes in invasive potential. For example,
depletion of nesprin-1/2 in breast cancer cells results in increased nuclear
deformation and degradation of lamin A/C92. However, despite the
increased nuclear deformability, the cells exhibit a reduced migratory
capacity through small pores92. Since nesprin-1/2 is an essential component
of the LINC complex, nesprin-1/2 depletion might impair force transmis-
sion from the cytoskeleton to the nuclei, which could limit the ability of cells
to apply sufficient force to the nucleus to move it through confined
spaces76,80. However, nesprins also play important roles in mechanosensing
and in signaling, in part through the WNT/catenin pathway93–96, which
could contribute to the detrimental effects of nesprin-depletion. Further
highlighting the often unexpected effects ofmanipulatingNEprotein levels,
depletion of SUN1 and SUN2 in breast cancer cells, characteristic of the
lower SUN1/2 levels foundmany breast cancer tumors39,97, increased cancer
cell migration along fibers, without affecting migration on 2-D substrates97.
The effect was mediated by the MKL1-SRF pathway, a key mechan-
oresponsive signaling pathway that responds to changes in actin
polymerization97. Another study found that depletion of SUN1, but not
SUN2 decreased cell migration through transwell plates with 8-µm-pore
filters98. The apparent discrepancy between these two studies suggests that
the effect of reduced SUN1/2 levels on breast cancer cell motility is context-
dependent, with SUN1/2 depletion enhancing movement along fibrous
structures but inhibiting migration through three dimensional barriers.
Further studies are needed to gain a full understanding of the role of SUN
proteins in the migration of cancer cells through physiological environ-
ments, and whether these effects are regulated through altered LINC
complex mediated force transmission or through other functions of SUN1/
2. A recent study onmetastatic melanoma cells, which have a high ability to
migrate through confined spaces, suggest that cells can use additional
strategies to withstand the high physical stress associated with large nuclear
deformation incurred during confined migration99. The authors found that
increased levels of the NE protein lamin-associated polypeptide 1 C
(LAP1C) facilitate NE blebbing, which could help reduce stress on the NE
and thus avoid damage to the cells during confined migration.

Survival in circulation
In the bloodstream,CTCsexperience extreme shear forces fromthebloodas
they traverse thebodyandanchor to the vessel for extravasation14,15,20. Lamin
A/C-deficient breast cancer cells, which have more fragile nuclei, show
increased cell death under conditions that mimic physiological shear stress
levels100, indicating that adequate levels of laminA/C are required to protect
andmaintain the structural integrity of the nucleus in CTCs. These findings
align with a recent study showing that shear stress promotes lamin A/C
protein accumulation, which modulates the YAP pathway101. Given that
laminA/C is amajor determinant of nuclear stiffness31, the accumulation of
lamin A/C under shear stress may lead to mechanically more stable nuclei,
enabling them to better withstand the shear stress in circulation100.

Notably, fluid shear stress increases the proliferation, migration,
invasive potential, and chemoresistance of cancer cells, including
CTCs101–103, as well as the fraction of cells with a cancer stem cell-like
phenotype104. These results suggest that cells either adapt and transition into
a more invasive phenotype in response to fluid shear stress, or that fluid
shear stress acts as a selection pressure, allowing only themost invasive cells
to survive. If vulnerabilities in CTCs to survive fluid shear stress can be
identified, like a dependence on lamin A/C for survival or the activation of
specific pathways, such as YAP, to promote adaptation to shear stress,
targeted therapies could be developed to attack these vulnerabilities, hin-
dering CTCs’ survival in circulation and preventing cancer cells from
reaching secondary sites.

The complexity and dynamics of nuclear envelope
dysregulation in breast cancer metastasis
Reduced lamin A/C levels have been shown to both enhance and inhibit
metastasis33,39–42,60,61,73,101,105. This seemingly paradoxical effect of lamin A/C
on breast cancer progressionmay be explained not only by variations in the
location of the tumor samples (e.g., the primary tumor core, the invasive
front, or metastatic sites), but also by the diverse functions of lamins, dif-
ferent requirements at each step of the metastatic cascade, and potentially
dynamic regulation of lamin levels by metastasizing cancer cells. For
example, whereas low lamin A/C levels increase nuclear deformability,
which could facilitate invasion, intravasation, and extravasation, complete
loss of lamin A/C results in more fragile nuclei that are prone to damage.
Additionally, (complete) loss of lamin A/C is expected to also affect other
cellular functions modulated by lamins A/C, such as chromatin organiza-
tion, gene regulation, proliferation etc., which could cause detrimental
effects. Thus, cancer cells with an intermediate amount of lamin expression
might be best suited to achieve sufficient nuclear deformability to dis-
seminate through the body while ensuring that other functions of lamins
critical for metastasis are preserved61,100.

Furthermore, it is likely that specific stages of cancer progression
demand different levels of lamin expression, and by extension, of other NE
proteins. For instance, higher laminA/C levelsmay be required tomaintain
nuclear integrity when cell are within the primary tumor, where cells are
exposed to compressive stress, or during circulation100,101,105, whereas inva-
sion, intravasation, and extravasationmay favor lower laminA/C levels and
the associated greater nuclear deformability. Yet different lamin A/C levels
might be required at metastatic sites to promote metastatic outgrowth and
immune invasion.

This raises the question whether cancer cells dynamically regulate
lamin expression in response to mechanical cues from their environment,
consistent with the concept that the most aggressive cancer cells are highly
plastic and adaptable106–109. Lamin A/C levels and phosphorylation, which
regulates lamin solubility and turnover, respond directly to the mechanical
microenvironment67,70. Other NE proteins, such as emerin and LINC
complex components, are also responsive to mechanical stimuli68,69,110,
raising the intriguing possibility that cancer cells adapt to specific needs
duringmetastatic progression, rather than simply being selected for specific
capabilities based on pre-existing properties. In this scenario, mechanical
changes of the microenvironment resulting from the uncontrolled cell
proliferation within the primary tumor and its interaction with the TME,

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 5

www.nature.com/npjbiolphysmech


which lead to increased solid stress, ECM remodeling, and increased stiff-
ness of the TME3,14, could further promote cancer progression and invasion,
in part through mechanotransduction pathways in the tumor cells and
stromal cells. At subsequent steps in the metastatic cascades, the local
mechanicalmicroenvironment and the variousmechanical forces acting on
the cancer cells could trigger additional mechanoresponsive changes that
further promote cancer progression. Alternatively, metastatic progression
might create a selection pressure, favoring cells with lamin A/C levels low
enough to facilitatemigration but high enough towithstand themechanical
stress associated with the various steps of metastatic progression. Although
currently no experimental data is available to support or refute this
hypothesis, such ‘mechanical selection’ could contribute to the observed low
success rate of metastasis7. Likely, both adaptation and selection contribute
to cancer metastasis, and additional research will be needed to elucidate the
specific contributions and the underlying pathways, which could then be
explored for therapeutic interventions.

Nuclear mechanoresponse pathways in cancer
The altered expression ofNEproteins during breast cancer progressionmay
be driven not only by transcriptional and epigenetic dysregulation but also
by mechanoresponses to the physical TME. Several pathways that are
known regulators of cancer progression, including PI3K/AKT, TGF-β,
ERK/MAPK, YAP/TAZ, have also been implicated in cellular mechan-
oresponses. Moreover, DNA damage response (DDR) pathways are
increasingly being recognizedas beingpart of the cellularmechanoresponse,
either following mechanically induced DNA damage or being directly
modulated by mechanical stress35,111,112. Additionally, activation of these
pathways can alter the expression of NE proteins and the mechanical
properties of the nucleus113–117 which could further promoted cancer
progression.

PI3K/AKT
One commondriver of tumorigenesis and hallmark of invasive cancer is the
activation of the PI3K/AKT pathway, typically through oncogenic
mutations118,119. However, mechanical regulation of the PI3K pathway has
become an intriguing focus of research, especially in the context of cancer
progression and metastasis. Both increased matrix stiffness and uniaxial
compression lead to PI3K/AKT pathway activation in cancer cells, pro-
moting migration, proliferation, and enhanced survival118,119, and support-
ing the presence of a mechanoresponsive component to this pathway. NE
proteins, particularly lamins, exhibit a bidirectional regulatory relation to
the PI3K/AKT pathway120. Lamin A overexpression or depletion alters
several proteins associatedwith thePI3Kpathway in cancer cells, identifying
it as a potential downstream target of laminA61,121,122. Conversely, inhibition
of the PI3K/AKT pathway elevates lamin A levels in breast cancer cells, and
AKT-positive tumors show reduced lamin A expression61, suggesting an
upstream regulatory role on lamin A expression consistent with previous
findings in other cell types120,123 and underscoring the connection between
NE regulation and mechanoresponsive signaling pathways.

TGF-β
TGF-β plays a multifaceted role in breast cancer progression, functioning
not only as a cytokine involved in growth, differentiation, and apoptosis but
also as a mechanoresponsive signal. TGF-β is upregulated in environments
with increasedmatrix stiffness, inducing epithelial-mesenchymal transition
(EMT) via the PI3K/AKT pathway124,125. Furthermore, TGF-β-induced
EMT is dependent on the spatial distribution of mechanical stress, with
more mesenchymal cell phenotypes correlating to regions of increased
cytoskeletal tension126. Growing evidence suggests that the outcomes of
TGF-β stimulation may impact and be impacted by NE proteins – speci-
fically lamin A62,127. Treatment with TGF-β increases lamin A phosphor-
ylation in breast cancer cells127, whereas elevated lamin A expression
decreases TGF-β secretion in sarcoma cells62. Deletion of SUN2 results in
elevated AKT and MAPK signaling, but show a downregulation or
unperturbed expression of TGF-β target genes, likely by altered retention of

the NE protein MAN1 at the NE, which is a negative regulator of TGF-β
signaling128. Together, these findings suggest that TGF-β may function in
concert with NE proteins and cellular mechanotransduction processes, but
the precise role of NE proteins in the TGF-β-mediated mechanoresponse
remains to be fully elucidated.

Although TGF-β signaling changes in response to mechanical cues,
TGF-β itself might not function as a mechanosensor, and alternative
explanations exist. For example, PI3K/AKT might act as the primary
mechanoresponse pathway, with TGF-β activation arising from a feedback
loop involving PI3K/AKT signaling. Alternatively, the mechanoresponsive
effects of matrix stiffness could be mediated through other pathways,
independent of TGF-β, resulting in cells becoming more responsive to
EMT-inducing signals. Supporting this idea, mechanically activated Piezo2
channels trigger calcium influx, leading to AKT activation and nuclear
translocation of the key EMT transcription factor SNAIL129. Additionally,
inhibition of the NF-κB mechanoresponse pathway suppresses the
expression of multiple EMT related transcription factors130. Nonetheless,
these findings do not rule out the possibility that TGF-β itself is mechan-
oresponsive. For a detailed discussion of the interplay between TGF-β and
NE proteins, we refer the reader to a previous review (Bell et al.62).

ERK/MAPK
The ERK/MAPK pathway is a critical signaling cascade involved in cell
proliferation, differentiation, migration, stress responses, and survival, with
several connections to NE proteins and mechanotransduction processes.
LaminA directly interacts with ERK1/2 in vivo and in vitro131 and depletion
or mutation of lamin A/C leads to perturbed MAPK signaling cascade by
hyperactivating the ERK, JNK, and p38α MAPK pathway components62.
Furthermore, somenesprin-2 isoforms act as scaffoldingproteins forERK1/
2, tethering it to the NE132, and nesprin-1 mutations can increase ERK
pathway activation in vitro and in vivo133. These findings provide a strong
link between the ERK/MAPK pathway and NE proteins. The ERK/MAPK
pathway is canonically activated by cytokine and biochemical cues134, but
can also be rapidly activated bymechanical stimulation135. Increasedmatrix
stiffness induces an invasive phenotype in breast cancer cells, likely through
a mechanoresponsive FAK-Rho-ERK signaling network136. Additionally,
shear stress induces breast cancer cell proliferation through ERK phos-
phorylation and nuclear translocation, along with activation of an ERK-
YAP signaling cascade137, although the individual mechanosensitive con-
tributions of ERK versus YAP has not been elucidated.

YAP/TAZ
The YAP/TAZ pathway is a critical mechanoresponsive signaling pathway
that integrates cues from substrate stiffness, actin dynamics, and various
mechanical stimuli138,139. AlteredYAP/TAZ signaling has been implicated in
many diseases139–141, including breast cancer139,141. In breast cancer cells,
shear stress facilitates YAP nuclear translocation101,137, which promotes
laminA/C protein accumulation101. Nuclear compression alone is sufficient
to induce nuclear YAP accumulation, in part by opening nuclear pores and
facilitating nuclear transport139,142. Since lower lamin A/C levels result in
more deformable nuclei, reduced lamin A/C expression could also lead to
increased YAP nuclear localization in cells subjected to compressive forces.
Accordingly, previous studies in Ewing Sarcoma found that lower levels of
lamin A levels are associated with increased YAP nuclear localization,
enhanced cancer cell migration, and more aggressive disease143, whereas
overexpression of lamin A reduces YAP nuclear recruitment and cell
invasiveness143. However, whereas lamin A/C increases alongside YAP
nuclear translocation in breast cancer cells experiencing shear stress101,
Ewing Sarcoma cells show an inverse relationship, with lower laminA levels
correlating with increased YAP nuclear translocation143. These dis-
crepancies may reflect the differentmechanical stress applications, cell-type
specific differences, or variations in disease-specific mechanisms. A con-
nection between the YAP/TAZ signaling pathway and lamin A/C is sup-
ported furtherbyfindings indiseases resulting frommutations in theLMNA
or related genes. For example, muscle stem cells with LMNA or nesprin-1
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mutations that cause increased nuclear deformability show increased YAP
nuclear localization144, althoughanother study found thatmuscle cellswith a
different LMNA mutation had impaired nuclear translocation of YAP140.
Collectively, these findings emphasize the interplay between YAP/TAZ
mechanoresponse pathways, NE protein expression, and disease progres-
sions, including breast cancer progression.

DNA damage response pathways
The nuclear lamina plays a crucial role in protecting the contents of the
nucleus, maintaining genomic stability, and regulating DDR145. Nuclear
deformation and NE rupture associated with confined migration or cell
compression can cause DNA damage by allowing influx of cytoplasmic
nucleases, efflux or exclusion of DNA repair factors, and increasing repli-
cation stress35,146,147, which can be ameliorated at least in part by increased
lamin A expression147,148. Conversely, DNA damage can trigger NE rupture
via ATR kinase pathway activation, leading to lamin A/C phosphorylation,
disruption of lamina assembly, and NE rupture115. These findings suggest a
potential positive feedback loop between low lamin A/C levels and DNA
damage, where DNA damage destabilizes the nuclear lamina, exacerbating
NE rupture and further reducing lamin A expression. Since lamin A is
involved in multiple DNA damage repair pathways, including non-
homologous end joining (NHEJ) and homologous recombination (HR), by
recruiting repair factors like 53BP1 and BRCA1 to damaged sites145, loss of
laminA/Cmight not only increase the risk ofDNAdamage, but also impair
DNA damage repair, which could further drive genomic instability in
cancer cells.

Further linking DNA damage and nuclear mechanobiology, several
key DDR pathways were recently shown to be responsive to mechanical
cues. Ataxia-telangiectasiamutated (ATM) is activated bymechanical stress
and directly binds to the cytoskeleton to regulate cell stiffness andmigration
potential149. ATM inhibition leads to stress fiber accumulation, disrupting
the normal interplay between the nucleus and cytoskeleton149. Interestingly,
ATM inhibition also reduces lamin A expression113, thereby increasing
nuclear deformability, suggesting that mutations in the ATM pathways
could promote cancer cell invasion by increasing nuclear deformability.
Besides ATM, Ataxia-telangiectasia and Rad3-related protein (ATR) also
responds to mechanical stress, resulting in ATR recruitment to the NE,
independent of DNA damage, to modulate NE plasticity and peripheral
chromatin association112.

Perspectives
As described in the preceding sections, a growing body of evidence indicates
an extensive interplay between the physicalmicroenvironment encountered
by cancer cells duringmetastatic progression, cellularmechanotransduction
responses, and altered expression of NE proteins that determines the fate of
breast cancer cells. However, several key questions remain.

Foremost, it remains unclear whether changes in the expression of NE
proteins are driven by adaptation of cells to the physical environment via
mechanoresponses65,66, or if the physical challenges encountered during the
individual steps of the metastatic cascade select for a subpopulation of cells
from the heterogeneous tumor population that can withstand the increased
stress. These possibilities are notmutually exclusive, and it is plausible that a
subpopulation of cells is more adaptable to the TME, exhibiting greater
plasticity as they traverse the body. These “super-adaptable” cells may
further modify their physical and molecular characteristics—such as
expression of specific NE protein—in response to the demands of their
environment to enhance survival. Alternatively, a subpopulation of tumor
cellsmight exist that is inherentlymore resistant tomechanical stress within
the TME. This “super-fit” population could be selected for as metastasis
progresses due to a survival bias based on their NE protein expression. The
“super-adaptable” and “super-fit” subpopulations may overlap, forming a
subset of cancer cell with the greatest metastatic potential and possibly
representing the small fraction of tumor cells that successfully metastasize.
Moreover, this “super-adaptable” and “super-fit” subpopulation may
overlapwith the stem cell-like population frequently associatedwith disease

progression and poor survival. Identifying the specific characteristic sig-
natures of these cells would be highly valuable for prognosis and ultimately
for targeting these cells as a therapeutic strategy.

Given the diverse function of NE proteins, it also remains unclear
whether the effect of their dysregulation on cancer outcomes is primarily
due to their role in cellularmechanosensing and in determining the physical
properties of the nucleus, or through more traditional biochemical func-
tions, such as their role in cell signaling or DDR. Similarly, the contribution
of genomic alterations versus alteredmechanoresponses in driving changes
in the expression of NE proteins remains to be fully elucidated, along with
the crosstalk between these mechanisms. For example, mechanical stress
modulates activation of several mechanoresponse pathways such as YAP
and PI3K/AKT101,137, as well as NE protein expression patterns101. Whether
these responses are independent of each other or share common upstream
pathways will require further investigation. Additionally, when considering
perturbed mechanoresponses in cancer cells, it is important to recognize
that these changes can arise from at least two separate factors. First, changes
in the physical microenvironment, such as stiffening of the stromal envir-
onment, can drive pathogenic mechanoresponses that promote a pro-
invasive cellular phenotype, even in normal mammary epithelial cells, as
demonstrated in a landmark study two decades ago74. Second, oncogenic
mutations such as thePTENmutation in thePI3Kpathway, and subsequent
changes in the expression of other proteins, including NE proteins, can
further modulate key mechanotransduction pathways, thereby altering
mechanoresponses in cells. Additionally, changes in the physical environ-
ment trigger not only acute mechanoresponses but can also influence cel-
lular behavior even after the mechanical perturbation has been removed.
This “mechanicalmemory” is being increasingly recognized as an important
factor in metastasis150, but the precise mechanisms and molecular details
underlying mechanical memory formation and retention, which likely
involve both epigenetic changes and altered cellular structural organization,
remain incompletely understood.

Addressing these questions will require a combination of experimental
tools and models to dissect the reciprocal role of mechanical challenges,
cellular functions, and NE proteins at each step of the metastatic cascade,
going beyond the often still correlative findings shaping our current
knowledge. Determining the distinct contributions of cellular adaptation
and selection requires time-resolved measurements of specific cellular
properties at single-cell resolution, motivating the development of fluor-
escent reporters for gene expression, chromatin organization, and live-cell
biophysical measurements that can be applied in in vivo or ex vivo models
mimicking physiological conditions. These experiments should be further
aided by more advanced in vitro models that reflect multiple steps of
metastatic progression. Current in vitro models typically focus on recapi-
tulating individual steps such as invasion, survival in circulation, or extra-
vasation.Consequently, cells thathavebeen identified asmost successful in a
particular step, such as confined migration, may ultimately fail in other
steps, such as circulation, immune evasion, or metastatic outgrowth.
Therefore, developing integrated metastasis models that capture the full
metastatic process while preserving the precision and control of in vitro
systems could help identify key factors required for successful cancer
metastasis. Such models might resolve contradictory findings in the field,
such as discrepancies in the contribution of lamin A to breast cancer pro-
gression, ultimately providing amore cohesive understandingofNEprotein
dysregulation in metastasis. Since even the best in vitro models cannot
capture all the nuances and complexities of human cancer, it will be crucial
to supplement these models with (humanized) in vivo models and analysis
of patient tissues, ideally comparing samples from the primary tumor and
metastatic sites. These analyses will benefit from spatially resolved -omics
approaches to link observed changes to particular physical conditions or
subpopulations of cells. Insights gained from these experiments have the
potential to improve our understanding of fundamental biological pro-
cesses, shed light onto the many ways cancer cells adapt to successfully
metastasize, and to ultimately uncover novel therapeutic targets to lead to
more effective treatment strategies.

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 7

www.nature.com/npjbiolphysmech


Data Availability
No datasets were generated or analysed during the current study.

Received: 24 November 2024; Accepted: 18 March 2025;

References
1. Dai, X., Xiang, L., Li, T. & Bai, Z. Cancer Hallmarks, Biomarkers

and Breast Cancer Molecular Subtypes. J. Cancer 7, 1281–1294
(2016).

2. Siegel, R. L., Giaquinto, A.N. & Jemal, A. Cancer statistics, 2024.Ca.
Cancer J. Clin. 74, 12–49 (2024).

3. Hanahan, D. & Weinberg, R. A. The Hallmarks of Cancer. Cell 100,
57–70 (2000).

4. Ibragimova, M. K., Tsyganov, M. M., Kravtsova, E. A., Tsydenova, I.
A. & Litviakov, N. V. Organ-Specificity of Breast Cancer Metastasis.
Int. J. Mol. Sci. 24, 15625 (2023).

5. Riggio, A. I., Varley, K. E. & Welm, A. L. The lingering mysteries of
metastatic recurrence in breast cancer. Br. J. Cancer 124, 13–26
(2021).

6. Fares, J., Fares, M. Y., Khachfe, H. H., Salhab, H. A. & Fares, Y.
Molecular principles of metastasis: a hallmark of cancer revisited.
Signal Transduct. Target. Ther. 5, 1–17 (2020).

7. Luzzi, K. J. et al. Multistep Nature of Metastatic Inefficiency:
Dormancy of Solitary Cells after Successful Extravasation and
Limited Survival of Early Micrometastases. Am. J. Pathol. 153,
865–873 (1998).

8. Mack, G. S. & Marshall, A. Lost in migration. Nat. Biotechnol. 28,
214–229 (2010).

9. Fidler, I. J. Metastasis: Quantitative Analysis of Distribution and Fate
of Tumor Emboli Labeled With 125I-5-Iodo-2′ -deoxyuridine23.
JNCI J. Natl. Cancer Inst. 45, 773–782 (1970).

10. Weigelt, B., Peterse, J. L. & van’t Veer, L. J. Breast cancer
metastasis: markers and models. Nat. Rev. Cancer 5, 591–602
(2005).

11. Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next
Generation. Cell 144, 646–674 (2011).

12. Hayward, M. -K., Muncie, J. M. &Weaver, V. M. Tissuemechanics in
stem cell fate, development, and cancer. Dev. Cell 56, 1833–1847
(2021).

13. Beeghly, G. F., Amofa, K., Fischbach, C. & Kumar, S. Regulation
of tumor invasion by the physical microenvironment: Lessons
from breast and brain cancer. Annu. Rev. Biomed. Eng. 24, 29
(2022).

14. Nia, H. T., Munn, L. L. & Jain, R. K. Physical traits of cancer. Science
370, eaaz0868 (2020).

15. Wirtz, D., Konstantopoulos, K. & Searson, P. C. The physics of
cancer: the role of physical interactions and mechanical forces in
metastasis. Nat. Rev. Cancer 11, 512–522 (2011).

16. Friedl, P., Sahai, E., Weiss, S. & Yamada, K. M. New dimensions in
cell migration. Nat. Rev. Mol. Cell Biol. 13, 743–747 (2012).

17. Kalukula, Y., Stephens, A. D., Lammerding, J. & Gabriele, S.
Mechanics and functional consequences of nuclear deformations.
Nat. Rev. Mol. Cell Biol. 23, 583–602 (2022).

18. Chang, J. & Chaudhuri, O. Beyond proteases: Basementmembrane
mechanics and cancer invasion. J. Cell Biol. 218, 2456 (2019).

19. Eyckmans, J., Boudou, T., Yu, X. & Chen, C. S. A Hitchhiker’s Guide
to Mechanobiology. Dev. Cell 21, 35–47 (2011).

20. Chai, X. -X. et al. Recent progress of mechanosensitive mechanism
on breast cancer. Prog. Biophys. Mol. Biol. 185, 1–16 (2023).

21. Montagner, M. & Dupont, S. Mechanical Forces as Determinants of
Disseminated Metastatic Cell Fate. Cells 9, 250 (2020).

22. Isermann, P. & Lammerding, J. Nuclear Mechanics and
Mechanotransduction in Health and Disease. Curr. Biol. 23,
R1113–R1121 (2013).

23. Denais, C. & Lammerding, J. Nuclear Mechanics in Cancer. in
Cancer Biology and the Nuclear Envelope: Recent Advances May
Elucidate Past Paradoxes (eds. Schirmer, E. C. & de las Heras, J. I.)
435–470 (Springer, New York, NY, 2014).

24. 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. 7, 293–306 (2014).

25. Lammerding, J. Mechanics of the Nucleus. Compr. Physiol. 1,
783–807 (2011).

26. McGregor, A. L., Hsia, C. -R. & Lammerding, J. Squish and
squeeze — the nucleus as a physical barrier during migration in
confined environments. Curr. Opin. Cell Biol. 40, 32–40 (2016).

27. Lammerding, J. et al. Abnormal nuclear shape and impaired
mechanotransduction in emerin-deficient cells. J. Cell Biol. 170, 781
(2005).

28. Rowat, A. C., Lammerding, J. & Ipsen, J. H.Mechanical properties of
the cell nucleus and the effect of emerin deficiency. Biophys. J. 91,
4649–4664 (2006).

29. Liddane, A. G., McNamara, C. A., Campbell, M. C., Mercier, I. &
Holaska, J. M. Defects in Emerin-nucleoskeleton binding disrupt
nuclear structure and promote breast cancer cell motility and
metastasis. Mol. Cancer Res. MCR 19, 1196–1207 (2021).

30. Liddane, A. G. & Holaska, J. M. The Role of Emerin in Cancer
Progression and Metastasis. Int. J. Mol. Sci. 22, 11289 (2021).

31. Lammerding, J. et al. Lamins A and C but Not Lamin B1 Regulate
Nuclear Mechanics *. J. Biol. Chem. 281, 25768–25780 (2006).

32. Sobo, J. M., Alagna, N. S., Sun, S. X., Wilson, K. L. & Reddy, K. L.
Lamins: The backbone of the nucleocytoskeleton interface. Curr.
Opin. Cell Biol. 86, 102313 (2024).

33. Ovsiannikova, N. L. et al. Lamin A as a Determinant of Mechanical
Properties of the Cell Nucleus in Health and Disease. Biochem.
Biokhimiia 86, 1288–1300 (2021).

34. Harada, T. et al. Nuclear lamin stiffness is a barrier to 3D
migration, but softness can limit survival. J. Cell Biol. 204,
669–682 (2014).

35. Shah, P. et al. Nuclear Deformation Causes DNA Damage by
Increasing Replication Stress. Curr. Biol. 31, 753–765.e6 (2021).

36. de las Heras, J. I. & Schirmer, E. C. The Nuclear Envelope and
Cancer: A Diagnostic Perspective and Historical Overview. in
Cancer Biology and the Nuclear Envelope: Recent Advances May
Elucidate Past Paradoxes (eds. Schirmer, E. C. & de las Heras, J. I.)
5–26 (Springer, New York, NY, 2014).

37. Denais, C. M. et al. Nuclear envelope rupture and repair during
cancer cell migration. Science 352, 353–358 (2016).

38. Méjat, A. & Misteli, T. LINC complexes in health and disease.
Nucleus 1, 40–52 (2010).

39. Matsumoto, A. et al. Global loss of a nuclear lamina component,
lamin A/C, and LINC complex components SUN1, SUN2, and
nesprin-2 in breast cancer. Cancer Med 4, 1547–1557 (2015).

40. Alhudiri, I. M. et al. Expression of Lamin A/C in early-stage breast
cancer and its prognostic value. Breast Cancer Res. Treat. 174,
661–668 (2019).

41. Wu, Z. et al. Reduced expression of lamin A/C correlates with poor
histological differentiation and prognosis in primary gastric
carcinoma. J. Exp. Clin. Cancer Res. 28, 8 (2009).

42. Wazir, U. et al. The clinicopathological significance of lamin A/C,
lamin B1 and lamin B receptor mRNA expression in human breast
cancer. Cell. Mol. Biol. Lett. 18, 595–611 (2013).

43. Stephens, R. K. & Miroshnikova, Y. A. Nuclear periphery and its
mechanical regulation in cell fate transitions.Curr. Opin. Struct. Biol.
87, 102867 (2024).

44. Al-Saaidi, R. & Bross, P. Do lamin A and lamin C have unique roles?.
Chromosoma 124, 1–12 (2015).

45. Lombardi, M. L. et al. The Interaction between Nesprins and Sun
Proteins at the Nuclear Envelope Is Critical for Force Transmission

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 8

www.nature.com/npjbiolphysmech


between the Nucleus and Cytoskeleton*. J. Biol. Chem. 286,
26743–26753 (2011).

46. Crisp, M. et al. Coupling of the nucleus and cytoplasm: role of the
LINC complex. J. Cell Biol. 172, 41–53 (2006).

47. King, M. C. Dynamic regulation of LINC complex composition and
function across tissues and contexts. FEBS Lett. 597, 2823–2832
(2023).

48. McGillivary, R. M., Starr, D. A. & Luxton, G. W. G. Building and
breaking mechanical bridges between the nucleus and
cytoskeleton: Regulation of LINC complex assembly and
disassembly. Curr. Opin. Cell Biol. 85, 102260 (2023).

49. Chang, W., Worman, H. J. & Gundersen, G. G. Accessorizing and
anchoring the LINC complex for multifunctionality. J. Cell Biol. 208,
11–22 (2015).

50. Le, H. Q. et al. Mechanical regulation of transcription controls
Polycomb-mediated gene silencing during lineage commitment.
Nat. Cell Biol. 18, 864–875 (2016).

51. Lombardi, M. L. & Lammerding, J. Keeping the LINC: the
importance of nucleocytoskeletal coupling in intracellular force
transmission and cellular function. Biochem. Soc. Trans. 39,
1729–1734 (2011).

52. Fischer, T.,Hayn,A. &Mierke,C. T. Effect ofNuclearStiffnessonCell
Mechanics andMigration of Human Breast Cancer Cells. Front. Cell
Dev. Biol. 8, 393 (2020).

53. Hsia, C.-R. et al. Confined migration induces heterochromatin
formation and alters chromatin accessibility. iScience 25, 104978.
(2022).

54. Hoskins, V. E., Smith, K. & Reddy, K. L. The shifting shape of
genomes: dynamics of heterochromatin interactions at the nuclear
lamina. Curr. Opin. Genet. Dev. 67, 163–173 (2021).

55. Bellanger, A., Madsen-Østerbye, J., Galigniana, N. M. & Collas, P.
Restructuring of Lamina-Associated Domains in Senescence and
Cancer. Cells 11, 1846 (2022).

56. Dupont, S. & Wickström, S. A. Mechanical regulation of chromatin
and transcription. Nat. Rev. Genet. 23, 624–643 (2022).

57. Deng, S., Feng, Y. & Pauklin, S. 3D chromatin architecture and
transcription regulation in cancer. 15, 49 (2022)

58. Cartwright, S. & Karakesisoglou, I. Nesprins in health and disease.
Semin. Cell Dev. Biol. 29, 169–179 (2014).

59. Antmen, E., Demirci, U. & Hasirci, V. Polymeric Micropatterned
Substrates: A Tool for Imaging and Study of Breast Cancer Cell
Morphology. Adv. Biol. 5, e2000048 (2021).

60. Capo-chichi, C. D. et al. Loss of A-type lamin expression
compromises nuclear envelope integrity in breast cancer. Chin. J.
Cancer 30, 415–425 (2011).

61. Bell, E. S. et al. Low lamin A levels enhance confined cell migration
andmetastatic capacity in breast cancer.Oncogene 41, 4211–4230
(2022).

62. Bell, E. S. & Lammerding, J. Causes and consequences of nuclear
envelope alterations in tumour progression. Eur. J. Cell Biol. 95,
449–464 (2016).

63. Bertacchini, J. et al. The protein kinase Akt/PKB regulates both
prelamin A degradation and Lmna gene expression. FASEB J. Publ.
Fed. Am. Soc. Exp. Biol. 27, 2145–2155 (2013).

64. Naeem,A. S., Zhu, Y., Di,W. L.,Marmiroli, S. &O’Shaughnessy, R. F.
L. AKT1-mediated Lamin A/C degradation is required for nuclear
degradation and normal epidermal terminal differentiation. Cell
Death Differ. 22, 2123–2132 (2015).

65. Goelzer, M., Goelzer, J., Ferguson, M. L., Neu, C. P. & Uzer, G.
Nuclear envelopemechanobiology: linking the nuclear structure and
function. Nucleus 12, 90–114 (2021).

66. Miroshnikova, Y. A. & Wickström, S. A. Mechanical Forces in
Nuclear Organization. Cold Spring Harb. Perspect. Biol. 14,
a039685 (2022).

67. Swift, J. et al. Nuclear Lamin-A Scales with Tissue Stiffness and
Enhances Matrix-Directed Differentiation. Science 341, 1240104
(2013).

68. Gilbert, H. T. J. et al. Nuclear decoupling is part of a rapid protein-
level cellular response to high-intensity mechanical loading. Nat.
Commun. 10, 4149 (2019).

69. Guilluy, C. et al. Isolated nuclei adapt to force and reveal a
mechanotransduction pathway in the nucleus. Nat. Cell Biol. 16,
376–381 (2014).

70. Buxboim, A. et al. Matrix Elasticity Regulates Lamin-A,C
Phosphorylation and Turnover with Feedback to Actomyosin. Curr.
Biol. 24, 1909–1917 (2014).

71. Prakash, J. & Shaked, Y. The Interplay between Extracellular Matrix
Remodeling and Cancer Therapeutics. Cancer Discov. 14,
1375–1388 (2024).

72. Mierke, C. T. Extracellular Matrix Cues Regulate Mechanosensing
and Mechanotransduction of Cancer Cells. Cells 13, 96 (2024).

73. Roncato, F. et al. Reduced Lamin A/C Does Not Facilitate Cancer
Cell Transendothelial Migration but Compromises LungMetastasis.
Cancers 13, 2383 (2021).

74. Paszek, M. J. et al. Tensional homeostasis and the malignant
phenotype. Cancer Cell 8, 241–254 (2005).

75. Cao, X. et al. A Chemomechanical Model for Nuclear Morphology
and Stresses during Cell Transendothelial Migration. Biophys. J.
111, 1541–1552 (2016).

76. Keys, J., Cheung, B. C. H., Elpers, M. A., Wu, M. & Lammerding, J.
Rear cortex contraction aids in nuclear transit during confined
migration by increasing pressure in the cell posterior. J. Cell Sci.
jcs.260623. (2024).

77. Escribano, J. et al. Balance of mechanical forces drives endothelial
gap formation and may facilitate cancer and immune-cell
extravasation. PLoS Comput. Biol. 15, e1006395 (2019).

78. Offeddu, G. S. et al. The cancer glycocalyx mediates intravascular
adhesion and extravasation during metastatic dissemination.
Commun. Biol. 4, 255 (2021).

79. Chen, M. B. et al. On-chip human microvasculature assay for
visualization and quantification of tumor cell extravasation
dynamics. Nat. Protoc. 12, 865–880 (2017).

80. Davidson, P.M. et al. Nesprin-2 accumulates at the front of the nucleus
during confined cell migration. EMBO Rep. 21, e49910 (2020).

81. Raab, M. et al. ESCRT III repairs nuclear envelope ruptures during
cell migration to limit DNA damage and cell death. Science 352,
359–362 (2016).

82. Irianto, J. et al. DNA Damage Follows Repair Factor Depletion and
Portends Genome Variation in Cancer Cells after Pore Migration.
Curr. Biol. CB 27, 210–223 (2017).

83. Golloshi, R. et al. Constrictedmigration is associated with stable 3D
genome structure differences in cancer cells. EMBO Rep. 23,
e52149 (2022).

84. Jacobson, E. C. et al. Migration through a small pore disrupts
inactive chromatin organization in neutrophil-like cells. BMC Biol.
16, 142 (2018).

85. Song, Y. et al. Transient nuclear deformation primes epigenetic state
and promotes cell reprogramming. Nat. Mater. 21, 1191–1199
(2022).

86. Wolf, K. et al. Physical limits of cell migration: Control by ECMspace
and nuclear deformation and tuning by proteolysis and traction
force. J. Cell Biol. 201, 1069 (2013).

87. 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 28, 1984 (2017).

88. Hansen, E., Rolling, C.,Wang,M. &Holaska, J. M. Emerin deficiency
drives MCF7 cells to an invasive phenotype. Sci. Rep. 14, 19998
(2024).

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 9

www.nature.com/npjbiolphysmech


89. Reis-Sobreiro, M. et al. Emerin Deregulation Links Nuclear Shape
Instability to Metastatic Potential. Cancer Res. 78, 6086–6097
(2018).

90. Zhang, Q. et al. Local, transient tensile stress on the nuclear
membrane causes membrane rupture.Mol. Biol. Cell 30, 899–906
(2019).

91. Shen, Z., Gelashvili, Z. & Niethammer, P. Buffering of nuclear
membrane tension and mechanotransduction by the endoplasmic
reticulum revealed by quantitative ALPIN imaging. Res. Sq. rs.3.rs-
5530637. (2024)

92. Qin, X. et al. Nesprin-1/2 facilitates breast cancer cell poremigration
via nucleus deformation. Eur. Phys. J. Spec. Top. 232, 2739–2749
(2023).

93. Déjardin, T. et al. Nesprins are mechanotransducers that
discriminate epithelial–mesenchymal transition programs. J. Cell
Biol. 219, e201908036 (2020).

94. Gottardi, C. J. & Luxton, G. G. Nesprin-2G tension fine-tunes Wnt/
β-catenin signaling. J. Cell Biol. 219, e202009042 (2020).

95. Zhang, Q. et al. N-terminal nesprin-2 variants regulate β-catenin
signalling. Exp. Cell Res. 345, 168 (2016).

96. Neumann, S. et al. Nesprin-2 Interactswith α-Catenin andRegulates
Wnt Signaling at the Nuclear Envelope. J. Biol. Chem. 285, 34932
(2010).

97. Sharma, V. P. et al. SUN-MKL1 Crosstalk Regulates Nuclear
Deformation and Fast Motility of Breast Carcinoma Cells in Fibrillar
ECM Microenvironment. Cells 10, 1549 (2021).

98. Nishioka, Y. et al. SUN1 splice variants, SUN1_888, SUN1_785, and
predominant SUN1_916, variably function in directional cell
migration. Nucleus 7, 572–584 (2016).

99. Jung-Garcia, Y. et al. LAP1 supports nuclear adaptability during
constrainedmelanomacellmigration and invasion.Nat.Cell Biol.25,
108–119 (2023).

100. Mitchell, M. J. et al. Lamin A/C deficiency reduces circulating tumor
cell resistance to fluid shear stress.Am. J. Physiol. -Cell Physiol.309,
C736–C746 (2015).

101. Zhao, B., Tang, M. & Lv, Y. Shear stress regulates the migration of
suspended breast cancer cells by nuclear lamina protein A/C and
large tumor suppressor through yes-associated protein. Hum. Cell
35, 583–598 (2022).

102. Triantafillu, U. L., Park, S. & Kim, Y. Fluid Shear Stress Induces Drug
Resistance to Doxorubicin and Paclitaxel in the Breast Cancer Cell
Line MCF7. Adv. Ther. 2, 1800112 (2019).

103. Novak, C. M., Horst, E. N., Taylor, C. C., Liu, C. Z. & Mehta, G.
Fluid shear stress stimulates breast cancer cells to display
invasive and chemoresistant phenotypes while upregulating
PLAU in a 3D bioreactor. Biotechnol. Bioeng. 116, 3084–3097
(2019).

104. Triantafillu, U. L., Park, S., Klaassen, N. L., Raddatz, A. D. & Kim, Y.
Fluid shear stress induces cancer stem cell-like phenotype in MCF7
breast cancer cell line without inducing epithelial to mesenchymal
transition. Int. J. Oncol. 50, 993–1001 (2017).

105. Zhang, X. & Lv, Y. Suspension state increases reattachment of
breast cancer cells by up-regulating lamin A/C. Biochim. Biophys.
Acta Mol. Cell Res. 1864, 2272–2282 (2017).

106. Yuan, S., Norgard, R. J. & Stanger, B. Z. Cellular Plasticity in Cancer.
Cancer Discov. 9, 837–851 (2019).

107. Lu, W. & Kang, Y. Epithelial-Mesenchymal Plasticity in Cancer
Progression and Metastasis. Dev. Cell 49, 361–374 (2019).

108. Taddei, M. L., Giannoni, E., Comito, G. & Chiarugi, P.
Microenvironment and tumor cell plasticity: An easywayout.Cancer
Lett. 341, 80–96 (2013).

109. Pérez-González, A., Bévant, K. & Blanpain, C. Cancer cell plasticity
during tumor progression, metastasis and response to therapy.Nat.
Cancer 4, 1063 (2023).

110. Belaadi, N., et al. SUN2 regulates mitotic duration in response to
extracellular matrix rigidity. Proc. Natl. Acad. Sci. Usa. 119,
e2116167119 (2022).

111. Zheng, L., Ji, M., Zhang, H. & Chang, L. Regulatory mechanisms of
mechanotransduction in genome instability. Genome Instab. Dis. 3,
311–316 (2022).

112. Kumar, A. et al. ATR mediates a checkpoint at the nuclear
envelope in response to mechanical stress. Cell 158, 633–646
(2014).

113. P.S., et al. ATMModulates Nuclear Mechanics by Regulating Lamin
A Levels. Front. Cell Dev. Biol. 10, 875132. (2022).

114. dosSantos, A., et al. DNAdamage alters nuclearmechanics through
chromatin reorganization. Nucleic Acids Res. 49, 340–353 (2021).

115. Kovacs, M. T. et al. DNA damage induces nuclear envelope rupture
through ATR-mediated phosphorylation of lamin A/C.Mol. Cell 83,
3659–3668.e10 (2023).

116. Kidiyoor, G. R., et al. ATR is essential for preservation of cell
mechanics and nuclear integrity during interstitial migration. Nat.
Commun. 11, 4828 (2020).

117. Liu, L. et al. Changes in intra-nuclear mechanics in response to DNA
damaging agents revealed by time-domain Brillouin micro-
spectroscopy. Photoacoustics 27, 100385 (2022).

118. Levental, K. R. et al. Matrix Crosslinking Forces Tumor Progression
by Enhancing Integrin Signaling. Cell 139, 891–906 (2009).

119. Di-Luoffo, M., Ben-Meriem, Z., Lefebvre, P., Delarue, M. &
Guillermet-Guibert, J. PI3K functions as a hub in
mechanotransduction. Trends Biochem. Sci. 46, 878–888 (2021).

120. Marmiroli, S. et al. A-type lamins and signaling: the PI 3-kinase/Akt
pathway moves forward. J. Cell. Physiol. 220, 553–561 (2009).

121. Xin, H. et al. Knockdown of LMNA inhibits Akt/β-catenin-mediated
cell invasionandmigration in clear cell renal cell carcinomacells.Cell
Adhes. Migr. 17, 1–14 (2023).

122. Kong, L. et al. LaminA/C protein is overexpressed in tissue-invading
prostate cancer and promotes prostate cancer cell growth,
migration and invasion through the PI3K/AKT/PTEN pathway.
Carcinogenesis 33, 751–759 (2012).

123. Cenni, V. et al. LaminASer404 isanuclear targetofAktphosphorylation
in C2C12 cells. J. Proteome Res. 7, 4727–4735 (2008).

124. Wei, S. C. & Yang, J. Forcing through Tumor Metastasis: The
Interplay between Tissue Rigidity and Epithelial–Mesenchymal
Transition. Trends Cell Biol. 26, 111–120 (2016).

125. Horta, C. A., Doan, K. & Yang, J. Mechanotransduction pathways in
regulating epithelial-mesenchymal plasticity. Curr. Opin. Cell Biol.
85, 102245 (2023).

126. Gomez, E. W., Chen, Q. K., Gjorevski, N. & Nelson, C. M. Tissue
geometry patterns epithelial-mesenchymal transition via intercellular
mechanotransduction. J. Cell. Biochem. 110, 44–51 (2010).

127. Fan, J. -R., Chang, S. -N., Chu, C. -T. &Chen, H. -C. AKT2-mediated
nuclear deformation leads to genome instability during epithelial-
mesenchymal transition. iScience 26, 106992 (2023).

128. Stewart, R. M., Rodriguez, E. C. & King, M. C. Ablation of SUN2-
containing LINC complexes drives cardiac hypertrophy without
interstitial fibrosis.Mol. Biol. Cell 30, 1664–1675 (2019).

129. Katsuta, E. et al. Mechano-Sensing Channel PIEZO2 Enhances
InvasivePhenotype inTriple-NegativeBreastCancer. Int. J.Mol.Sci.
23, 9909 (2022).

130. Pires, B. R. B. et al. NF-kappaB Is Involved in the Regulation of EMT
Genes in Breast Cancer Cells. PLOS ONE 12, e0169622 (2017).

131. González, J. M., Navarro-Puche, A., Casar, B., Crespo, P. & Andrés,
V. Fast regulation of AP-1 activity through interaction of lamin A/C,
ERK1/2, and c-Fos at the nuclear envelope. J. Cell Biol. 183,
653–666 (2008).

132. Warren, D. T. et al. Novel nuclear nesprin-2 variants tether active
extracellular signal-regulated MAPK1 and MAPK2 at promyelocytic

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 10

www.nature.com/npjbiolphysmech


leukemia protein nuclear bodies and act to regulate smooth muscle
cell proliferation. J. Biol. Chem. 285, 1311–1320 (2010).

133. Zhou, C. et al. Novel nesprin-1 mutations associated with dilated
cardiomyopathy cause nuclear envelope disruption and defects in
myogenesis. Hum. Mol. Genet. 26, 2258–2276 (2017).

134. Velloso, F. J. et al. The crossroads of breast cancer progression:
insights into the modulation of major signaling pathways.
OncoTargets Ther. 10, 5491–5524 (2017).

135. Crozet, F. & Levayer, R. Emerging roles and mechanisms of ERK
pathway mechanosensing. Cell. Mol. Life Sci. 80, 355 (2023).

136. Provenzano, P. P., Inman, D. R., Eliceiri, K. W. & Keely, P. J. Matrix
density-induced mechanoregulation of breast cell phenotype,
signaling and gene expression through a FAK–ERK linkage.
Oncogene 28, 4326–4343 (2009).

137. Qin, X. et al. Low shear stress induces ERK nuclear localization and
YAP activation to control the proliferation of breast cancer cells.
Biochem. Biophys. Res. Commun. 510, 219–223 (2019).

138. Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature
474, 179–183 (2011).

139. Piccolo, S., Panciera, T., Contessotto, P. &Cordenonsi,M.YAP/TAZ
asmaster regulators in cancer:modulation, function and therapeutic
approaches. Nat. Cancer 4, 9–26 (2023).

140. Owens, D. J. et al. Lamin-Related Congenital Muscular Dystrophy
AltersMechanical Signaling and SkeletalMuscle Growth. Int. J. Mol.
Sci. 22, 306 (2020).

141. Ortega, A. et al. The YAP/TAZ Signaling Pathway in the Tumor
Microenvironment and Carcinogenesis: Current Knowledge and
Therapeutic Promises. Int. J. Mol. Sci. 23, 430 (2021).

142. Elosegui-Artola, A. et al. Force Triggers YAP Nuclear Entry by
Regulating Transport across Nuclear Pores. Cell 171,
1397–1410.e14 (2017).

143. Chiarini, F. et al. Lamin A and the LINC complex act as potential tumor
suppressors in Ewing Sarcoma. Cell Death Dis. 13, 1–13 (2022).

144. Owens, D. J. et al. Lamin Mutations Cause Increased YAP Nuclear
Entry in Muscle Stem Cells. Cells 9, 816 (2020).

145. Gonzalo, S. DNA Damage and Lamins. Adv. Exp. Med. Biol. 773,
377–399 (2014).

146. Nader de, G. P. F. et al. Compromised nuclear envelope integrity
drives TREX1-dependent DNAdamage and tumor cell invasion.Cell
184, 5230–5246.e22 (2021).

147. Xia, Y. et al. Nuclear rupture at sites of high curvature compromises
retention of DNA repair factors. J. Cell Biol. 217, 3796–3808 (2018).

148. Cho, S. et al. Mechanosensing by the Lamina Protects against
Nuclear Rupture, DNA Damage, and Cell-Cycle Arrest.Dev. Cell 49,
920–935.e5 (2019).

149. Bastianello, G. et al. Cell stretching activates an ATM mechano-
transduction pathway that remodels cytoskeleton and chromatin.
Cell Rep. 42, 113555 (2023).

150. Cambria, E. et al. Linking cell mechanical memory and cancer
metastasis. Nat. Rev. Cancer 24, 216–228 (2024).

151. Mellad, J. A., Warren, D. T. & Shanahan, C. M. Nesprins LINC the
nucleus and cytoskeleton. Curr. Opin. Cell Biol. 23, 47–54 (2011).

152. Tzur, Y. B., Wilson, K. L. & Gruenbaum, Y. SUN-domain proteins:
‘Velcro’ that links the nucleoskeleton to the cytoskeleton. Nat. Rev.
Mol. Cell Biol. 7, 782–788 (2006).

153. de Leeuw, R., Gruenbaum, Y. & Medalia, O. Nuclear Lamins: Thin
Filaments with Major Functions. Trends Cell Biol. 28, 34–45 (2018).

154. Ho, C. Y. & Lammerding, J. Lamins at a glance. J. Cell Sci. 125,
2087–2093 (2012).

155. Starr, D. A. KASH and SUN proteins. Curr. Biol. CB 21, R414–R415
(2011).

156. Koch,A. J. &Holaska, J.M.Emerin in health anddisease.Semin.Cell
Dev. Biol. 29, 95–106 (2014).

157. Rajgor, D. & Shanahan, C. M. Nesprins: from the nuclear envelope
and beyond. Expert Rev. Mol. Med. 15, e5 (2013).

158. Neumann, S. &Noegel, A. A. Nesprins in Cell Stability andMigration.
in Cancer Biology and the Nuclear Envelope: Recent Advances May
Elucidate Past Paradoxes (eds. Schirmer, E. C. & de las Heras, J. I.)
491–504 (Springer, New York, NY, 2014).

159. Hao, H. & Starr, D. A. SUN/KASH interactions facilitate force
transmission across the nuclear envelope. Nucleus 10, 73–80 (2019).

Acknowledgements
The authors apologize to all researchers whosework could not be cited due
to space considerations. This work was supported by awards from the
National Institutes of Health (R01 HL082792, R01 GM137605, R35
GM153257, R01 AR084664 to J.L.), the National Science Foundation
(URoL-2022048 to J.L.), and the Volkswagen Stiftung (A130142 to J.L.). The
content of thismanuscript is solely the responsibility of the authors anddoes
not necessarily represent the official views of the National Institutes of
Health.

Author contributions
S.H. and J.L. conceptualized the discussions in the review. S.H. wrote the
manuscript and created the figures. J.L. provided critical feedback and
editing. S.H. and J.L. have read and approved this manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Jan Lammerding.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s44341-025-00018-2 Review

npj Biological Physics and Mechanics |            (2025) 2:14 11

http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjbiolphysmech

	Nuclear envelope proteins, mechanotransduction, and their contribution to breast cancer progression
	Nuclear envelope proteins in breast cancer
	The nuclear envelope
	Altered expression of nuclear envelope proteins in breast cancer
	The causes of altered nuclear envelope protein expression in breast cancer

	The interplay of nuclear envelope proteins and the mechanical microenvironment during metastatic progression
	Tumorigenesis
	Cell migration: invasion, intravasation, extravasation
	Survival in circulation

	The complexity and dynamics of nuclear envelope dysregulation in breast cancer metastasis
	Nuclear mechanoresponse pathways in cancer
	PI3K/AKT
	TGF-β
	ERK/MAPK
	YAP/TAZ
	DNA damage response pathways

	Perspectives
	Data Availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




