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Abstract The dissemination of cancer cells is one of the main reasons for treatment failure. During the
process of establishing distant metastases, cancer cells must migrate through narrow environments, such
as intercellular junctions, extracellular matrix, and basement membranes. The deformability of the cell
nucleus is a limiting factor for migration through narrow environments; therefore, as the largest and
hardest organelle, the nucleus is a key factor in crossing restrictive spaces. Nesprin-1/2 provides mechanical
linkage between the nucleus and the cytoskeleton, but the specific mechanism by Nesprin-1/2 regulating
tumor cell nuclear deformation is unclear. Our study found that knocking down Nesprin-1/2 significantly
weakens cell migration ability, and knocking down Nesprin-1/2 makes the nucleus becoming more easily
deformed. Meanwhile, the knockdown of Nesprin-1/2 leads to a decrease in Lamin A/C levels. To explore
whether Lamin A/C protein undergoes degradation, we treated cells with caspase-6 inhibitor Z-VEID-
FMK, autophagy inhibitor 3-methyladenine (3-MA), or broad-spectrum proteasome inhibitor MG132,
and found that knockdown of Nesprin-1/2 led to the degradation of Lamin A/C via the proteasome
pathway. Through immunofluorescence experiments, we observed F-actin distribution in the process of
pore migration, and found that knockdown of Nesprin-1/2 weakened the pushing force of the nuclear tail,
making it unable to propel the nucleus forward. In conclusion, this study demonstrates that Nesprin-1/2
regulates nuclear deformation and reorganizes the cytoskeleton, which together affects cell pore migration
and provides a theoretical reference for the study of nuclear deformation mechanisms.

1 Introduction

Cell migration is a complex physicochemical process
that results in the displacement of cells in a two-
dimensional surface or three-dimensional environment
[1–3]. Cell migration in the body requires crossing com-
plex extracellular matrix (ECM). The main way for
migrating cells to overcome these restrictions is through
hydrolyzing ECM to widen gaps or altering the cell’s
elastic properties [4]. The nucleus is the largest and
hardest organelle in cells, composed of stable structural
proteins, enabling it to resist significant shape changes
[5]. For migration through small pores or 3D scaffolds,
the nucleus can become a rate-limiting organelle [6].
The shape and size of nuclei vary greatly between dif-
ferent cell types and even within cells. Nevertheless,
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most cells imaged in situ or cultured in 3D matrices
have oval or spherical nuclei with diameters of 5–15 µm
[7]. In 2D culture, nuclear distribution is often obvious,
with diameters of 10–20 µm and heights of around 10
microns. However, in a few cell types that frequently
move at high speeds, including myeloid and cancer
cells, the nucleus can be bean-shaped, lobulated, or
segmented, potentially forming larger deformations [8].
Whether protein hydrolysis or non-protein migration
through 3D tissue, the ability of the nucleus to deform
is closely associated with the cell’s ability to traverse
restrictive spaces.

Cells can adapt to the structure of the extracellular
tissue, which is necessary for establishing and maintain-
ing tissue function. During the process of cell migra-
tion through basement membrane or 3D interstitial
tissues, external signals may cause significant changes
in the cell nucleus. Nuclear deformation is caused by
several parallel parameters, including tissue porosity,
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tissue shape discontinuity, traction force generated by
moving cells, and matrix degradation. In loose tissues,
the nucleus maintains its original ellipsoidal shape dur-
ing displacement but may still cause local compression
when crossing narrow areas of dense tissue. In this pro-
cess, the changes in nuclear shape are transient. How-
ever, nuclear deformation in extreme spaces has a sig-
nificant impact on cell viability. Nuclear deformation
may result in the conformational changes of related
genes or chromatin [9], the accessibility of transcription
mechanisms [10], the conformation of nuclear skeleton
proteins [11], and the contractibility of cells [12, 13].
The mechanisms underlying cell deformability are still
poorly understood, but one accepted way to explain
mechanical force transduction is force-induced confor-
mational change [14]. Recent studies had shown that
the stretching of endoplasmic reticulum can be driven
by nucleus stretch and unfolding of the inner nuclear
membrane. This allows calcium from the endoplas-
mic reticulum to be released into the cytoplasm, and
the unfolded nuclear membrane provides more protein-
binding sites than the folded nuclear membrane. This
activates the production of cytosolic phospholipase A2
(cPLA2) and arachidonic acid (AA), a metabolite that
regulates myosin II activity, thus improving the cell’s
ability to pass through confined pores [12]. Therefore,
nucleus deformation and cell contractility are partic-
ularly important when tumor cells invade the com-
plex tumor microenvironment. Nuclear deformation is
also associated with self-structural molecules, such as
nuclear lamina proteins and chromatin, which affect the
nucleus’s ability to deform.

The nuclear lamina protein (Lamins), as part of
the nuclear membrane, further participates in anchor-
ing and positioning of the nucleus, and nuclear size
and shape [15–17]. Lamins include Lamin A/C and
Lamin B, which form different but overlapping net-
works at the nuclear membrane, with a unique impact
on nuclear shape and rigidity. Fibroblast nuclei lack-
ing Lamin B1 exhibit chromatin protrusions (nuclear
blebs), while cells lacking Lamin A and/or Lamin C
have irregular nuclei [18]. Besides their structural func-
tions, Lamins also interact with transcription factors,
including retinoblastoma protein (RB), SREBP-1, and
c-Fos. In healthy tissue cells, the presence of Lamin A
is primarily associated with cell quiescence or differen-
tiation, and de-differentiation can induce a reduction
in Lamin A/C levels. Reduced expression of nuclear
lamina proteins has been reported to be associated
with tumor invasiveness [19]. However, in colorectal and
prostate cancers, levels of Lamin A/C are elevated and
cell invasion capability increases. Changes in Lamin A
levels are closely linked to the occurrence and develop-
ment of cancer cells. Therefore, changes in Lamins are
closely related to cancer, and Lamin expression may be
associated with malignant ability of tumor cells through
the nucleus.

The LINC complex is a nuclear membrane protein
that includes Nesprins and SUN proteins, acting as a
bridge between the nuclear and cytoskeletal skeletons.
The Nesprin family has four known isoforms: Nesprin-1

and -2 bind to actin, Nesprin-3 binds to intermediate
filaments (via Plectin) and Nesprin-4 binds to micro-
tubules [20]. Nesprin-1 and -2 were first identified in
the screening of novel smooth muscle cell differentia-
tion markers. The typical structure of Nesprin-1 and
-2 consists of three main domains: a C-terminal KASH
domain targeting the nuclear membrane, an N-terminal
Calponin homology (CH) domain binding to the actin
cytoskeleton, and a rod-like structure composed of mul-
tiple spectrin repeat (SR) sequences [21]. Nesprin-1 and
-2 provide mechanical connections from the cytoplasm
to the nucleus, and are closely associated with Lamins
[22, 23]. The LINC complex has been found to main-
tain the position of the nucleus and movement dur-
ing cell migration and differentiation [24–26]. Studies
have shown that myosin causes significant deformation
of the cell nucleus and affects cell migration efficiency
in breast cancer cells under restricted space conditions
[27]. Nesprins are associated with nuclear movement
and positioning during development of fibroblasts and
muscle cells, outer hair cells, as well as retina and neu-
ron cells [28, 29]. Fascin provides additional connec-
tions between actin and Nesprin-2, regulating nuclear
displacement and deformation in a narrow environment
[30, 31]. Thus, nuclear deformation is closely related to
the LINC complex and Nesprins may further regulate
the motility of tumor cells through Lamins.

Overall, the deformation of the cell nucleus is closely
related to the environment and the composition of its
own molecules, such as nuclear Lamins. Nesprin-1/2
provides mechanical connection between the nucleus
and the cytoskeleton, playing a significant role in reg-
ulating cell movement, nuclear positioning and defor-
mation in narrow environments. However, the spe-
cific mechanism by which Nesprin-1/2 regulates nuclear
deformation in cancer cells is unclear. This study
mainly investigates the mechanisms of Nesprin-1/2 reg-
ulates breast cancer cell migration via nuclear deforma-
tion and mechanical transmission.

2 Materials and methods

2.1 Antibodies and reagents

Cell culture medium of L-15, penicillin, streptomycin,
and newborn calf serum (NCS) was purchased from
Gibco (USA). Antibodies against Lamin A/C and
GAPDH were from Abcam (UK). DAPI was purchased
from MedChemExpree (CN). Phalloidin 555 was from
ATTbio (CN). 3-MA, Z-VEID-FMK, and MG132 were
purchased from Selleck (USA). All other reagents were
used as received without additional purification unless
otherwise noted.

2.2 Cell culture

The triple-negative human breast cancer cell MDA-
MB-231 was obtained from the American Type Culture

123



Eur. Phys. J. Spec. Top. (2023) 232:2739–2749 2741

Collection (ATCC, Manassas, VA, USA). Cells were
cultured in L-15 medium composed of 10% newborn
calf serum and 1% penicillin and streptomycin. For cul-
turing, we used a 37°C humidified incubator.

2.3 Transwell assay

After resuscitation, the human breast cancer cell
line MDA-MB-231 were incubated with 10% fetal
bovine serum, penicillin (100 µg/mL), and strepto-
mycin (100 µg/mL) in L-15 medium. When the cells
grew to 70% of the culture bottle area, they were
subcultured. After three times of subculture, the cells
were used for experiments. Inoculate cells at a density
of 1 × 105/cm2 in a transwell chamber and migrate
under normal culture conditions for 24 h using serum
induction. Intracellular F-actin were imaged by Z-stack
(0.3 µm/step) stack scan with a confocal microscope
(Zeiss, LSM800, 63/1.4-NA objective).

2.4 Plasmids and transfection

The plasmids for Nesprin-1/2 shRNA were ampli-
fied by primers as follows: Nesprin-1 shRNA: 5´-
CAGAAGTGCTGGTAGCATAAG-3´, Nesprin-2
shRNA: 5´-GATGGAAACAATCAATCATA-3´, Sc
RNA: 5´-TTCTCCGAACGTGTCACGT- 3´. The
PCR product was first cloned and the insertion was
recombined into PCDNA3.1(+) vector. Cells were
transfected with Lipofetamine® LTX (Invitrogen,
USA) according to the manufacturer’s protocol. Trans-
fer MDA-MB-231 cells (1.5 × 105) overnight in a 6-well
plate and add 2.5 µg DNA and 500 µL volume dilution
medium. Then add 5 µL Plus Reagent in a 2 mL EP
tube and incubate at 37 °C for 10 min. Continue with
5 µL Lipofetamine® LTX Reagent was added to the
above mixed liquid and incubated at 37 °C for 30 min.
Finally, the transfection reagent and culture medium
with serum but without double antibodies were added
to the well plate for co-incubation.

2.5 Immunofluorescence staining

Transwell membrane was fixed in 4% formaldehyde for
15 min, permeated with 0.25% Triton-X for 10 min,
sealed with 5% BSA, and incubated overnight in various
primary antibodies: Lamin A/C, and 555 Phalloidin.
Finally, label the first antibody with the corresponding
second antibody for 1.5 h. For F-actin staining, after
adding of phalloidin, the samples were incubated at
room temperature for 2 h. Stain DNA with DAPI for
15 min. The images were collected by the use of con-
focal Zeiss 800 system. Various image quantization and
processing are completed using Image J software.

2.6 Western blot analysis

MDA-MB-231 was trypsinized and washed in cold PBS,
and then cleaved in RIPA lysis buffer containing a cock-
tail of protease and phosphatase inhibitors. The sam-
ple was run on 8–12% SDS-PAGE and transferred to a
PVDF membrane. The membrane was blocked in TBST
buffer (10 mM Tris HCl, 100 mM NaCl, 0.1% Tween-
20) at room temperature for 1 h in 5% skimmed milk,
and then detected with the primary antibodies of Lamin
A/C and GAPDH. After placing at 4 °C, gently shake
and incubate with the corresponding secondary anti-
body (1:500) at room temperature for 2 h. Visualize
and capture protein bands using Western blot reagent
in chemiluminescence imaging system.

2.7 Statistical analysis

To eliminate errors, each experiment was repeated at
least three times. Data were collected as means ± SDs.
A t test was used to analyze the data with two distri-
bution tails. A value of p > 0.05 (ns) was considered
that there was no significant differences, a value of p <
0.01(**) was used to determine statistically significant
differences, and a value of p < 0.001(****) was con-
sidered to be remarkably statistically significant. The
results were analyzed with GraphPad Prism software
6.0.

3 Results

3.1 Knocking down Nesprin-1/2 inhibits pore
migration of breast cancer cells

During the process of tumor cell migration, especially
through narrow environments such as cell–cell junc-
tions, extracellular matrix, and basement membranes,
the nucleus of the cell needs to undergo deformation
to adapt to confined spaces. Nesprin-1/2 serves as a
bridge molecule between the nucleus and the cytoskele-
ton, providing mechanical connections from the cyto-
plasm to the interior of the nucleus. Nesprin-1/2 may be
involved in tumor cell migration and nuclear deforma-
tion. To investigate whether Nesprin-1/2 regulates cell
migration in restrictive environments, we constructed
Nesprin-1/2 (knockdown group) and Scramble (control
group) plasmids, and evaluated the migration of the
three groups of cells in a Transwell chamber with 3 µm
pore size (Fig. 1A–C). Crystal violet staining showed
that the number of migrating cells in the Sc shRNA
group was significantly higher than that in the Nesprin-
1/2 shRNA group (Fig. 1D, E), indicating that knock-
ing down Nesprin-1/2 significantly reduces pore migra-
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Fig. 1 Knocking down
Nesprin-1/2 significantly
reduces transcellular
migration capacity of breast
cancer cells. A, B
Detection of Nesprin-1/2
expression levels in cells
transfected with ShRNA
using protein
immunoblotting. C
Transwell schematic
diagram of pore migration.
D Transwell experiment
measuring cell migration
after 24 h. Scale bar is
100 µm. E Statistical
analysis of cell migration
ability in (D) using Image J
software. **p < 0.01;
****p < 0.001

tion capacity and suggesting that Nesprin-1/2 is an
important regulatory molecule for this process.

3.2 Knocking down Nesprin-1/2 makes breast
cancer cell nuclei more deformable

To explore whether Nesprin-1/2 regulates tumor cell
nuclear deformation, we conducted experiments using
cells transfected with shRNA (scramble group) or
Nesprin-1/2 knockdown plasmids. We used immunoflu-
orescence imaging to quantify nuclear area, height, and
volume (Fig. 2A–D) to characterize nuclear deforma-
tion. The results showed that knocking down Nesprin-
1/2 significantly reduced nuclear area compared to the
scramble group, but nuclei displayed a higher degree of
height advantage, while total nuclear volume did not
change. Therefore, we concluded that knocking down
Nesprin-1/2 makes nuclei more prone to deformation
and that Nesprin-1/2 plays an important role in regu-
lating nuclear deformation.

3.3 Knockdown of Nesprin-1/2 downregulates
the expression of Lamin A/C

The nuclear lamina, as a supporting network of the
nucleus structure, is closely related to stabilize the
nuclear membrane, and maintain the position of nuclear
pores and spatial structure during interphase. Lamin
A/C, as the main component of the nuclear lamina,
plays an important role in maintaining the shape of the
nucleus. To investigate whether the nuclear deformation
regulated by Nesprin-1/2 is related to the expression of
Lamin A/C, we detected the expression level of Lamin

A/C by immunofluorescence (Fig. 3A, B). Compared
with the control group, the expression level of Lamin
A/C in the nucleus was significantly reduced after
knocking down Nesprin-1/2. However, there was no sig-
nificant change in Lamin A/C mRNA levels (Fig. 3C),
which may suggest that Lamin A/C underwent degra-
dation at the protein level.

3.4 Knockdown of Nesprin-1/2 promotes
the degradation of Lamin A/C through
the proteasome pathway

In previous experiments, we confirmed that knocking
down Nesprin-1/2 led to degradation of Lamin A/C.
We treated cells with translation inhibitor cyclohex-
imide (CHX) and found that the expression level of
Lamin A/C gradually decreased in the Sc RNA group.
As the drug treatment time increased, the protein
expression level of Lamin A/C in the knockdown group
remained consistently low (Fig. 4A). This experiment
confirmed that after knocking down Nesprin-1/2, the
unstable Lamin A/C underwent degradation, result-
ing in downregulation of its protein expression level.
We treated experimental group cells with Caspase-
6 inhibitor Z-VEID-FMK or autophagy inhibitor 3-
methyladenine (3-MA) and compared them with con-
trol group cells without drug treatment. The treat-
ment with both inhibitors did not result in upregula-
tion of Lamin A/C protein levels (Fig. 4B). This phe-
nomenon indicates that the degradation of Lamin A/C
is not mediated by the caspase-6 or autophagy path-
ways. Next, we investigated whether the proteasome
pathway regulates the degradation of Lamin A/C. We
treated experimental group cells with broad-spectrum
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Fig. 2 Knockdown of Nesprin-1/2 leads to nuclear deformation. A Immunofluorescence image of cell nuclei. Cell nucleus
images obtained through layer scanning by confocal microscopy were processed by ZEN software to obtain YZ and XZ
projections of the cell nucleus. Blue represents the nucleus. Scale bar is 10 µm. B–D Twenty cells were randomly selected
in each group, and the height, area, and volume of the cell nucleus were statistically analyzed using confocal software and
image J (ns no significant difference, ****p < 0.001)

Fig. 3 Knockdown of Nesprin-1/2 leads to downregulation of Lamin A/C protein expression. A Immunofluorescence confo-
cal image of Lamin A/C. Green represents Lamin A/C, and blue represents the cell nucleus. Scale bar is 5 µm. B Statistical
analysis of Lamin A/C expression intensity in 20 randomly selected cells in each group. C Statistical analysis of Lamin
A/C mRNA expression (ns no significant difference, ****p < 0.001
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Fig. 4 Knockdown of
Nesprin-1/2 leads to the
degradation of Lamin A/C.
A Cells were treated with
cycloheximide (50 µg/mL),
and the protein expression
level of Lamin A/C in
transfected cell lines was
detected by Western blot.
B, C Detection of Lamin
A/C degradation pathways
in transfected cell lines
treated with Z-VEID-FMK
(20 µM, 2 h), 3-MA (5 mM,
2 h), and MG132 (20 µM,
6 h). The protein levels of
Lamin A/C were detected
by western blot

proteasome inhibitor MG132 and compared them with
control group cells without drug treatment. The protein
level of Lamin A/C was upregulated (Fig. 4C), confirm-
ing that knocking down Nesprin-1/2 leads to degrada-
tion of Lamin A/C through the proteasome pathway.

3.5 Nuclear migration requires the propelling force
of nuclear envelope actomyosin contraction

As a bridge molecule between the nuclear skeleton
and the cytoskeleton, it is unclear whether the knock-
down of Nesprin-1/2 affects the distribution of the
cytoskeleton and the mechanism by which Nesprin-
1/2 transmits force to the nucleus. To further inves-
tigate whether Nesprin-1/2 regulates the cytoskeleton,
we used immunofluorescence to detect the distribution
of F-actin (Fig. 5A–E). The results showed that knock-
ing down Nesprin-1/2 led to a decrease in the degree of
F-actin accumulation at the nuclear tail, due to the lack
of actomyosin contractile force to propel its movement,
ultimately resulting in decreased migration ability. In
conclusion, nuclear migration requires the propelling
force of nuclear envelope actomyosin contraction.

4 Discussion

During the process of migration and invasion in vivo,
cells need to pass through complex and narrow microen-
vironments, including extracellular matrix (ECM) net-
works and neighboring cells. Cell migration requires
passage through pores ranging in size from 0.1 to
30 µm, some of which are significantly smaller than
the size of the cell or nucleus. To better simulate the
restrictive environment of cell migration in vivo, we
used Transwell chambers with pore sizes of 3 µm to
observe cell migration. Other studies have also explored
cell migration in other restrictive environments, such
as using microfluidic devices with 2, 3, 5 µm width
restrictive channels and 15 µm width non-restrictive
channels [32]. These microfluidic devices can measure
important parameters such as cell migration rate and
distance, and can be improved in the future. Nesprin-
1/2 acts as a cytoskeletal and nuclear physical link;
it plays an important role in transmitting mechani-
cal signals to the cell nucleus. Recent studies have
shown a significant correlation between Nesprin-2 and

123



Eur. Phys. J. Spec. Top. (2023) 232:2739–2749 2745

Fig. 5 The thrust provided by F-actin is needed during the cell passing through the pore. A–C Fluorescence images of
intracellular F-actin on both sides of the membrane in transwell chamber. The XZ (below the XY image) and YZ (right
side of XY image) side views show the position which dashed crossed line in the XY images. Scale bar is 50 µm. D, E
The distribution and mean intensity of actin on both sides of the membrane in XZ and YZ image in Sc shRNA, Nesprin-1
shRNA, and Nesprin-2 shRNA

the transport of the nucleus during cellular movement
[33]. Knockdown or incomplete structure of Nesprin-
1/2 leads to a lack of force transmission, resulting in
decreased nucleus transport and cell migration abilities.
Knockdown of Nesprin-1 has been found to increase the
number of focal adhesions and matrix traction, leading
to a decrease in cell migration speed without changes
in non-muscle myosin II activity [34]. Therefore, the
impact of Nesprin-1/2 on cell migration in a restricted
environment (3 µm pores) was explored and the results
showed that knockdown of Nesprin-1/2 decreased cell
migration ability, potentially due to defects in nuclear
localization and cell migration caused by the inability
of the cytoskeleton to act on the nucleus.

The migration environment determines cell adapt-
ability and affects migration efficiency. The process of

ECM remodeling in tumors has been extensively stud-
ied, but the mechanism of nuclear deformation, espe-
cially in adapting to small usable tissue space during
migration, remains an unresolved issue. The cell nucleus
is a major mechanical sensing and integrating factor.
Therefore, future goals may involve exploring in-depth
the roles of the nuclear membrane and actin struc-
tures that help facilitate nuclear movement and defor-
mation to reduce resistance during migration in three-
dimensional structures. Compared to other organelles,
the large volume and high stiffness of the cell nucleus
pose a significant physical challenge for cells moving
in narrow three-dimensional environments. Rac1 and
actin organization have a promoting effect on nuclear
deformation and invasive abilities. When ROCK or
myosin II is suppressed, phenotypes of nuclear deforma-
tion and dendritic cells moving forward through dense
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collagen matrices disappear as tumor and immune cells
move forward in 3D confined spaces [35]. This suggests
that myosin plays an important role in nuclear defor-
mation. Changes in nuclear morphology and mechan-
ical plasticity during cell differentiation, tumor trans-
formation, pathological invasion, and recirculation may
be determining factors for cell migration. As a bridg-
ing molecule between nuclear and cytoskeletal frame-
works, Nesprin-1/2 can regulate nuclear deformation
and transport.

Nesprin-1/2 provides mechanical linkage between the
nucleus and the cytoskeleton by binding to the SUN
protein in the nucleus via the KASH domain. The SUN
protein passes through the nuclear membrane and binds
to Lamin inside the nucleus. Through the CH domain
linking to F-actin, Nesprin provides mechanical connec-
tion from the cytoplasm to the interior of the nucleus.
Nesprin-2 cooperates with actin/myosin IIb to regu-
late restricted collagen gel migration. We observed sig-
nificant deformation of nuclear shape, decreased area,
increased height, and no change in volume after knock-
ing down Nesprin-1/2. The nucleus is influenced by
the cytoskeleton within the cell, such as the myosin
cap on the top of the nucleus significantly affecting its
shape, such as flattening, inhibiting the formation of
the myosin cap with inhibitors weakens the force act-
ing on the top of the nucleus, increasing its height [36].
As a mechanosensor, the disappearance of Nesprin-1/2
may result in the inability of biologic forces mediated
by the cytoskeleton to be transmitted to the nucleus,
thus affecting nuclear deformation.

As part of the nuclear envelope, the nuclear lamina
protein plays an important role in maintaining nuclear
stability and shape, further participating in anchor-
ing and positioning of the nucleus, nuclear size and
shape, and nuclear hardness. The lamina includes A-
type nuclear lamina proteins (mainly Lamin A and C)
and B-type nuclear lamina proteins. We found that
the decrease in Lamin A/C protein level by Western
Blot experiments and immunofluorescence experiments
further illustrated that Nesprin-1/2 knockdown caused
a reduction in Lamin A/C expression levels, making
the nucleus more susceptible to deformation, confirm-
ing the importance of Lamin A/C in regulating nuclear
deformation. Studies have also shown that cells with

low Lamin A/C expression levels have softer nuclei,
making them more prone to deformation in narrow
environments, promoting cell migration [37, 38]. How-
ever, the nucleus cannot be too soft, as it affects cell
lifespan [39].

The deformability of the cell nucleus is a limiting
factor for cell migration through narrow environments.
It is unclear whether knocking down Nesprin-1/2, as a
bridging molecule between the nuclear and cytoskele-
tal network, disrupts the distribution of the cytoskele-
ton and the mechanism by which Nesprin-1/2 transmits
force to the nucleus, whether it is pushing or pulling.
We investigated whether Nesprin-1/2 affects the expres-
sion level of F-actin. The results showed that knock-
down of Nesprin-1/2 resulted in the disappearance of
F-actin accumulation at the tail of the nucleus, indi-
cating that Nesprin-1/2 transmits pushing forces at the
tail of the nucleus, promoting nuclear movement and
regulating cell migration. Other studies have shown
that nuclear deformation and perinuclear actomyosin
are essential for cell migration through small pores,
independent of proteolytic enzymes. Nuclear deforma-
tion and cytoskeletal mechanics are inseparable for cell
migration across confining spaces [40]. In this study,
we linked Nesprin-1/2 regulation of nuclear deforma-
tion and mechanical transmission, which has impor-
tant implications for future research on cell migration
in restricted spaces.

In summary, our study found that Nesprin-1/2 reg-
ulates cell migration by affecting nuclear deforma-
tion and cytoskeletal distribution. The specific molec-
ular mechanism is that Nesprin-1/2 can regulate the
expression of Lamin A/C. Loss of Nesprin-1/2 leads
to the ubiquitination-proteasome-dependent degrada-
tion of Lamin A/C. Stable expression of Nesprin-1/2
maintains the accumulation of F-actin at the tail of the
nucleus, thereby transmitting pushing forces at the tail
of the nucleus and promoting cell migration across con-
fining spaces (Fig. 6).
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Fig. 6 Scheme cartoon to summarize the process of cell pore migration in the presence of Nesprin-1/2 expressions. Nesprin-
1/2 regulates the expression of Lamin A/C. Loss of Nesprin-1/2 leads to the ubiquitination-proteasome-dependent degrada-
tion of Lamin A/C, resulting in nuclear deformation. Stable expression of Nesprin-1/2 maintains the accumulation of F-actin
at the tail of the nucleus, thereby transmitting pushing forces at the tail of the nucleus for the efficient pore migration
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