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Abstract
Nuclear deformability plays a critical role in cell migration. During this process, the remodeling of internal components 
of the nucleus has a direct impact on DNA damage and cell behavior; however, how persistent migration promotes nuclear 
changes leading to phenotypical and functional consequences remains poorly understood. Here, we described that the per-
sistent migration through physical barriers was sufficient to promote permanent modifications in migratory-altered cells. We 
found that derived cells from confined migration showed changes in lamin B1 localization, cell morphology and transcrip-
tion. Further analysis confirmed that migratory-altered cells showed functional differences in DNA repair, cell response to 
chemotherapy and cell migration in vivo homing experiments. Experimental modulation of actin polymerization affected 
the redistribution of lamin B1, and the basal levels of DNA damage in migratory-altered cells. Finally, since major nuclear 
changes were present in migratory-altered cells, we applied a multidisciplinary biochemical and biophysical approach to 
identify that confined conditions promoted a different biomechanical response of the nucleus in migratory-altered cells. Our 
observations suggest that mechanical compression during persistent cell migration has a role in stable nuclear and genomic 
alterations that might handle the genetic instability and cellular heterogeneity in aging diseases and cancer.
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Introduction

Cell migration is a fundamental process involved in physi-
ological and pathological conditions such as development, 
immune response, inflammation, and cancer invasion [1]. 
Migrating cells have to cross through different tissue envi-
ronments, including the extracellular matrix and endothelial 
barriers, which provide multiple biochemical and mecha-
nobiological signals for an active and effective cell migra-
tion [2, 3]. The nucleus is a highly dynamic organelle com-
posed of the nuclear envelope, the lamina network, and the 
chromatin structure [4], which contribute and define the 
nuclear deformability to allow cell migration across physi-
cal barriers [5]. It has been reported that the nuclear changes 
induced by external stimuli have to be transmitted through 
the cytoskeleton and other intracellular pathways [6, 7]; 
and this nuclear deformation induced by mechanical stress 
regulates chromatin changes, DNA damage response, and 
cell stemness [8–12]. Likely, several human pathologies are 
associated with defects in the response of the nucleus to 

Cellular and Molecular Life Sciences

Ana de Lope-Planelles, Raquel González-Novo have contributed 
equally to this work.

 *	 Javier Redondo‑Muñoz 
	 Javier.redondo@cib.csic.es

1	 Department of Molecular Medicine, Centro de 
Investigaciones Biológicas Margarita Salas (CIB Margarita 
Salas-CSIC), Madrid, Spain

2	 Department of Immunology, School of Medicine, University 
Complutense de Madrid and 12 de Octubre Health Research 
Institute (Imas12) Madrid, Madrid, Spain

3	 Department of Biochemistry and Molecular Biology, 
University of the Basque Country, Leioa, Spain

4	 Department of Physical Chemistry, Complutense University, 
Madrid, Spain

5	 Translational Biophysics, Hospital Doce de Octubre Health 
Research Institute (imas12), Madrid, Spain

http://orcid.org/0000-0003-0607-2171
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-023-04968-5&domain=pdf


	 A. de Lope‑Planelles et al.

1 3

316  Page 2 of 20

mechanical stimuli, including progeria, cardiomyopathies, 
and cancer [13, 14]. However, it is not yet clear how persis-
tent migration controls stable and consistent nuclear changes 
that might contribute to genomic alterations with functional 
consequences in homeostasis and pathological situations.

In our study, we investigated two cell migration settings, 
one-round migration (ORM) cells, and migratory-altered 
(MA) cells, which were derived from passage through three 
sequential rounds of confined migration and kept consistent 
nuclear changes. We demonstrated that cell migration across 
restrictive pore size triggered morphological and phenotypi-
cal changes, including an aberrant distribution of lamin B1. 
Furthermore, these changes in MA cells were stable in the 
absence of further mechanical stress. Our results indicate 
that MA cells altered their transcriptional profile, their basal 
levels of DNA damage and a range of mechanical and func-
tional responses, including their in vivo migration and their 
sensitivity to chemotherapy. We combined DNA sensitivity 
assays, confined compression, atomic force microscopy and 
optical tweezers, to demonstrate that the chromatin confor-
mation and the biophysical response of the nuclei from MA 
cells showed a different behavior than control cells, sug-
gesting a mechanical adaptation of the chromatin and the 
nucleus induced by persistent migration. Noticeably, we 
observed that latrunculin treatment rescued the normal phe-
notype and localization of lamin B1 at the nuclear periphery 
and chromatin compaction, indicating that actin polymeri-
zation might influence these changes. Overall, our findings 
show that nuclear deformability induced by cell migration 
might contribute to genomic alterations that could lead to 
functional changes, such as tumor progression and hetero-
geneity of cancer cells.

Results

Mechanical constriction promotes morphological 
changes in the nucleus of migrating cells.

To determine how the mechanical stress induced by confined 
migration might alter the nuclear morphology of migrating 
cells, we first seeded leukemia cells on rigid filter mem-
branes and allowed their migration (one-round migration, 
ORM) through 3 μm pores. It has been previously reported 
that for leukocytes 3 μm is the pore size that requires an 
active nuclear deformability during cell migration, whilst 
5 μm pore size showed a much less restrictive space for lym-
phocyte migration [15, 16]. After 24 h, we collected these 
cells and compared them with their non-migrating counter-
parts to characterize how cell migration through physical 
barriers might influence the nucleus of leukemia cells. We 
observed that ORM cells increased their nuclear area in com-
parison to non-migrating cells (Fig. 1A, B, Supplementary 

Fig. S1A, B). It has been shown that changes in the vol-
ume of isolated nuclei can be determined by flow cytom-
etry [17], and we verified that isolated nuclei from ORM 
cells showed bigger volume than nuclei from non-migrating 
cells (Supplementary Fig. S1C). To investigate the long-
term consequences of a consistent migratory stimulus, we 
derived stable MA cells by allowing cells to undergo three 
sequential rounds of confined migration. Cells that migrated 
successfully after the three rounds were collected and kept in 
suspension without any further mechanical stimuli (Fig. 1C). 
It has been reported that tumor cells migrating across numer-
ous constrictions might promote stable changes in the chro-
matin disposition and cellular morphology [18]. In the 
attempt to identify whether repeated migratory stress might 
induce changes in the nuclear morphology of MA cells, we 
visualized their nuclei and confirmed an increment in the 
nuclear area of MA cells compared to control cells (Fig. 1D, 
E, Supplementary Fig. S1D, E). These results were in line 
with our findings that ORM cells presented bigger nuclei 
compared to control cells. Having observed differences in 
the size of the nuclei, we next focused on the nuclear mor-
phology of MA cells. Transmission electron microscopy 
(TEM) images revealed a remarkable aberrant morphology 
of the nucleus of MA cells compared to those from control 
cells (Fig. 1F, and Supplementary Fig. S1F); although we 
did not observe differences in the nuclear morphology of 
ORM cells (Supplementary Fig. S1G, H). Together, these 
data indicate that cell squeezing during migration induces 
changes in the nuclear size of moving cells, whilst altering 
nuclear morphology might be characteristic of cells under-
going persistent migration.

Persistent migration alters permanently the lamin 
B1 distribution within the nucleus

In contrast to adherent tumor cells, which express high levels 
of lamin A that might be altered upon mechanical compres-
sion [18, 19], the major component of the nuclear lamina 
in leukemia cells is B-type lamin [20]. We next sought to 
elucidate whether confined migration promoted alterations 
in the lamina network and found that constricted migration 
altered the distribution of lamin B1 in ORM cells (Fig. 2A, 
and Supplementary Fig. S2A). While non-migrating cells 
showed two characteristic peaks for lamin B1 signal in the 
transversal section of the nucleus (corresponding to the 
nuclear periphery), ORM cells presented an aberrant dis-
tribution of lamin B1 (Fig. 2B, Supplementary Fig. S2B, 
and Supplementary Movies S1, S2). Temporal changes in 
internal components might critically regulate the morphol-
ogy of the nucleus in moving cells; therefore, changes in the 
nuclear volume and lamin B1 redistribution of ORM cells 
would be recovered once the migratory effect disappears. We 
demonstrated that ORM cells cultured in suspension for an 
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Fig. 1   Cell migration through constrictions governs nuclear changes 
in leukemia cells. A Jurkat cells were allowed to migrate across 3 μm 
transwell inserts for 24  h. Non-migrating and one-round migrated 
(ORM) cells were collected from the upper and bottom chambers, 
respectively, sedimented on poly-L-lysine coated coverslips, fixed and 
stained with DAPI (blue) for their analysis by confocal microscopy. 
Right panels indicate in black the area of the nuclei. Bar 10 μm. B 
Graph shows changes in the nuclear area of Jurkat cells upon one-
round of migration through constrictions. Mean n = 157 cells ± SD 
(3 replicates). C Jurkat and CCRF-CEM cells were forced to migrate 
three repeated rounds through 3 μm transwell inserts. Then, migrated 

cells were collected as migratory-altered (MA) cells, expanded and 
kept in culture conditions. D Control and MA Jurkat cells were sedi-
mented on poly-L-lysine coated coverslips, fixed and stained with 
DAPI. Right panels indicate in black the area of the nuclei. Bar 
10  μm. E Graph shows changes in the nuclear area of control and 
MA cells. Mean n = 216 cells ± SD (5 replicates). F Control and MA 
Jurkat cells were collected and processed for thin section electron 
microscopy to visualize the nuclear morphology. Plot shows changes 
in the nuclear circularity of control and MA Jurkat cells (n = 6 repre-
sentative cells). (***) P < 0.001
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additional 24 h reduced their nuclear size to levels compa-
rable to those from non-migrating cells (Fig. 2C, D, Supple-
mentary Fig. S2C, and S2D). Furthermore, these cells also 
recovered the normal localization of lamin B1 at the nuclear 
periphery (Fig. 2E, and Supplementary Fig. S2E). Notably, 
these results indicated that nuclear changes observed in 
ORM cells were temporal and remained only for a short 
period of time. On the contrary, MA cells showed stable 
differences in the morphology and size of the nucleus com-
pared to control cells (see above, Fig. 1); and we found that 
MA cells also presented an aberrant distribution of lamin B1 
(Fig. 2F, G, Supplementary Fig. S3A, B, and Supplemen-
tary Movies S3, S4). Aberrant nuclear morphology might be 
characterized by the accumulation of nuclear lobes enriched 
in nuclear envelope proteins. Therefore, we stained ORM 
cells with emerin (a nuclear envelope marker) and found that 
the nucleus of ORM cells also presented a remarkable sig-
nal of emerin in the nuclear invaginations, (Supplementary 
Fig. S3C, and Movie S5). Then, we stained MA cells with 
emerin and an additional nuclear envelope protein (sun2) 
and found a similar distribution of both proteins, suggest-
ing that the nucleus of MA cells was displayed in multiple 
nuclear lobes (Supplementary Fig. S3D, and Movies S6, S7). 
Altogether, these results indicate that confined migration 
promotes lamin B1 distribution in nuclear lobes, which is 
stable within time after persistent repeated migration, whilst 
transient migration (ORM) shows only a temporary effect 
on the nucleus.

Persistent migration induces enduring changes 
in the transcriptional profile of migrating cells

It has been previously described that nuclear shape regu-
lates the transcriptional activity of cells [21]. As MA cells 
showed a different and sustained phenotype compared to 
control cells, we hypothesized that persistent cell migra-
tion might produce enduring changes in the transcriptional 

landscape of MA cells. We evaluated the expression levels 
of transcripts of control or MA cells and found a significant 
differential expression of 1.8-fold change in 621 genes (283 
up- and 338 down-regulated) in MA cells compared with 
control cells (Fig. 3A, Supplementary Fig. S4A, and Sup-
plementary Table S1). We next extended our observation to 
KEGG (Kyoto Encyclopedia of Genes and Genomes) and 
GO (Gene Ontology) enrichment analyses, which revealed 
that most of the altered genes were connected to cell divi-
sion, survival, DNA damage checkpoints, and protein 
modification (Supplementary Fig. S4B). We validated our 
microarray analysis by confirming the mRNA downregula-
tion of two genes related to leukemia (EZH2 and JAK2), as 
well as the expression levels of 5 randomly selected proteins 
(Supplementary Fig. S4C–E). Once validated these observa-
tions for MA cells, we analyzed whether one single round of 
cell migration might be sufficient to induce transcriptional 
changes in moving cells, and found that ORM cells altered 
only the transcription of 147 genes (90 up- and 57 down-
regulated) compared to control cells (Fig. 3B, and Supple-
mentary Table S2). When we compared the transcriptional 
changes of ORM and MA cells with respect to controls, 
we found that both cell types only shared 10 altered genes 
in common (Fig. 3C). Previous reports showed that con-
fined conditions regulate cell proliferation and cell cycle 
progression [22, 23]; and our pathway analysis indicated an 
upregulation of genes related to G2/M progression, mitotic 
spindle, and chromosome segregation in MA cells (Fig. 3D, 
and Supplementary Table S3). However, we observed no dif-
ferences in the proliferative properties of MA cells compared 
to control cells (Fig. 3E, F and Supplementary Fig. S4E, 
F), nor in the cell cycle progression of MA cells (Supple-
mentary Fig. S4G). To further determine whether cell cycle 
progression might be affected in MA cells, we treated con-
trol or MA cells with nocodazole (a chemical inhibitor that 
disrupts microtubules and arrests cells before mitosis) and 
followed cell cycle progression. We observed that MA cells 
were less sensitive to nocodaloze arrest (Fig. 3G), suggest-
ing that under external stimuli, or specific conditions the 
cell proliferation of MA cells might be affected. Overall, our 
results indicate that confined migration through constric-
tions might contribute to alter the transcriptional profile of 
moving cells.

Migrating cells through confined conditions show 
altered basal levels of DNA damage markers 
and resistance to apoptosis

To further elucidate the functional consequences of nuclear 
changes induced by persistent cell migration, we explored 
how MA cells might present differences in their survival 
and response to apoptosis. Cell migration is also known to 
favor DNA damage upon extreme nuclear deformability 

Fig. 2   Confined migration alters the lamin B1 distribution of mov-
ing cells. A Non-migrating and ORM Jurkat cells were seeded on 
poly-L-lysine-coated glasses and stained with DAPI (blue) and anti-
lamin B1 antibody (red) for their analysis by confocal microscopy. 
Bar 10  μm. B Line plots show the signal profile of lamin B1 from 
15 representative nuclei. Red line indicates the mean intensity of the 
profiles analyzed. C Control, fresh ORM, and ORM Jurkat cells col-
lected and cultured in suspension for an additional 24 h were seeded 
on poly-L-lysine-coated glasses and analyzed by confocal micros-
copy. Bar 10 μm. D Graph shows changes in the nuclear area of the 
cells from (C). Mean n = 25–92 cells ± SD (2 independent replicates). 
E Line plots show the signal profile of lamin B1 from 15 representa-
tive nuclei of the cells from (C). F Control and MA Jurkat cells were 
seeded on poly-L-lysine-coated glasses and analyzed by confocal 
microscopy. Bar 10 μm. G Line plots show the signal profile of lamin 
B1 from 15 representative nuclei of control and MA Jurkat cells. 
The red line indicates the mean intensity of the profiles analyzed. (*) 
P < 0.05, (***) P < 0.001

◂
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[24, 25], and we found that most of the non-migrating cells 
showed low levels of γH2AX (a well-known DNA damage 
marker), in contrast to fresh ORM cells (Fig. 4A). Likewise, 
we studied the levels of γH2AX and phospho-ATM (another 
DNA damage marker) in MA cells and found higher lev-
els of both proteins in MA cells compared to control cells 
(Fig. 4B, and Supplementary Fig. S5A–C), indicating that 

cells undergoing transient and persistent migration increased 
the basal levels of DNA damage. To further confirm this 
hypothesis, we performed a comet assay of control, ORM, 
and MA cells to measure the basal DNA damage level. We 
quantified the length and intensity of the comet tail and 
found that comet descriptors were higher for ORM and MA 
cells compared to controls (Fig. 4C, D). These observations 
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prompted the hypothesis that the mechanical stress during 
cell migration would presumably have an impact on how 
leukemia cells respond to therapy. Interestingly, our pathway 
analysis showed that MA cells might downregulate genes 
involved in endoplasmic reticulum stress and unfolded pro-
tein response (Fig. 4E and Supplementary Table S4), which 
might be relevant for drug resistance in cancer [26]. To 
assess how persistent migration might affect cell viability, 
we treated control and MA cells with methotrexate, a DNA 
biosynthesis inhibitor used in clinics against multiple human 
pathologies [27]. Notably, we found that MA cells showed 
higher resistance to apoptosis than control cells (Fig. 4F, 
G). A similar tendency was observed using lower or higher 
concentrations of methotrexate (Supplementary Fig. S5D). 
To further confirm these results, we treated cells with bleo-
mycin to induce DNA damage and found that control cells 
were more sensitive to DNA damage and presented a bigger 
tail moment than ORM and MA cells, consistent with our 
previous observation using methotrexate (Supplementary 
Fig. S5E, F). Overall, these observations suggest that per-
sistent migration would facilitate the resistance to apopto-
sis and the adaptation to conventional therapies of invasive 
moving cells.

Persistent migration promotes changes 
in the chemotactic response of moving cells 
and their capacity to infiltrate tissues in vivo

Given that actomyosin contractility controls the nuclear size 
and cell migration [28, 29], we first tested whether the levels 
of phospho-myosin might be altered in MA cells. We did not 
observe remarkable differences in the activation of myosin in 
control or MA cells (Suppl Fig. S6A). Moreover, we treated 
MA cells with blebbistatin (a myosin contractility inhibitor) 

and evaluated whether myosin inhibition might alter the 
aberrant lamin B1 redistribution of MA cells. Our results 
indicate that lamin B1 remained in its aberrant redistribu-
tion in MA cells treated with blebbistatin (Fig. 5A), whilst 
the nuclear area was reduced (Fig. 5B). As confined migra-
tion has been linked to invasive phenotypes of cancer cells, 
we interrogated whether MA cells might acquire a differ-
ent migratory capacity and found that they showed a higher 
chemotactic response compared to control cells in vitro 
(Fig. 5C). We also observed that MA cells overexpressed 
the subunit β1 of integrin, which is involved in cell adhe-
sion and leukemia infiltration (Supplementary Fig. S6B). 
Interestingly, MA cells showed a slight increment in their 
capacity to penetrate into a 3D collagen matrix, even in the 
absence of FBS (Fig. 5D, and Supplementary Fig. S6C). To 
advance on these in vitro results and determine the ability 
of MA cells to infiltrate into the bone marrow and spleen of 
immunodeficient mice [30], we injected an equal number 
of control and MA cells labeled with vital dyes into the tail 
vein of recipient mice and found a reduction of MA cells 
reaching these tissues related to harboring metastatic leu-
kemia cells (Fig. 5E, and Supplementary Fig. S6D). These 
results indicate that persistent confined migration alters the 
distribution of lamin B1 independent of myosin contractil-
ity and has a dual impact on the migratory capacity of MA 
cells, increasing their chemotactic response and reducing 
their invasiveness in vivo.

Aberrant lamin B1 redistribution and basal DNA 
damaged induced by persistent migration are 
dependent on actin polymerization

An additional actor involved in cell migration and nuclear 
changes is the actin cytoskeleton, which reorganizes around 
the nucleus regulating the nuclear morphology and chro-
matin upon mechanical stress [31, 32]. We stained control, 
ORM and MA cells with phalloidin to determine how cells 
attached onto 2D surface and whether perinuclear actin 
might reorganize around or over the nucleus. We did not 
see any significant difference in perinuclear filaments and 
the F-actin disposition (Supplementary Fig. S7A); however, 
we observed differences in the cell spreading of ORM and 
MA cells compared to control cells (Supplementary S7B). 
Interestingly, when we analyzed the levels of F-actin in the 
nucleus, we observed an increment of F-actin in MA cells 
compared to controls, whilst isolated nuclei from ORM cells 
showed a slight reduction in the levels of F-actin (Fig. 6A). 
As we found that lamin B1 redistributed in MA cells, we 
used specific drugs to depolymerize or stabilize actin fila-
ments and found that latrunculin B (an inhibitor against 
actin polymerization) treatment was sufficient to rescue the 
localization of lamin B1 at the nuclear periphery in MA 
cells (Fig. 6B, C, Supplementary Fig. S7C, D). Likewise, 

Fig. 3   Persistent migration induces changes in the transcriptional pro-
file of migrating cells. A mRNA from control and MA Jurkat cells 
was isolated and the number of differentially expressed genes was 
analyzed by microarray. Volcano plot shows significant changes of 
gene transcripts in control and MA cells. B Control and ORM Jurkat 
cells were lysed, and the number of differentially expressed genes was 
analyzed by microarray. Volcano plot shows significant changes of 
gene transcripts in control and ORM cells. C Venn diagram represen-
tation of common transcriptional changes (10 transcripts, labeled in 
red) between ORM and MA cells compared to control cells. D Path-
way enrichment analysis based on differentially upregulated genes 
in MA Jurkat cells. E Control and MA Jurkat cells were incubated 
with BrdU for 4 and 18  h. Then, cells were fixed and BrdU incor-
poration quantified. Mean n = 6 replicates ± SD. F Control (dark line) 
and MA (dashed line) Jurkat cells were cultured at indicated times 
and cell proliferation was quantified by MTT assay. Mean n = 3 repli-
cates ± SD. G Control and MA cells were cultured in the presence or 
not of nocodazole (100 ng/ml) for 16 h. Then, cells were washed and 
the cell cycle was determined at indicated times. Bar graph shows the 
cell cycle profile analysis of control and MA cells following release 
from nocodazole inhibition. Mean n = 3 replicates ± SD
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MA cells treated with latrunculin B showed a reduction in 
the nuclear area, whilst the pharmacological stabilization of 
polymerized actin with jasplakinolide did not promote any 
effect (Fig. 6D). In addition to actin polymerization, several 
kinases trigger lamin B1 redistribution, such as Cdk1 (cyc-
lin-dependent kinase 1) and protein kinase C (PKC) [33]. To 
determine whether these kinases might affect the phenotype 
observed in MA cells, we incubated these cells with spe-
cific inhibitors and observed that none of them rescued the 
normal lamin B1 redistribution (Supplementary Fig. S7E). 
Moreover, we did not see any reduction in the nuclear area 
of MA cells upon these treatments, and even roscovitine, 
a Cdk1 inhibitor, seemed to increase it (Supplementary 
Fig. S7F). Finally, several reports show that actin cytoskel-
eton is required during DNA damage response [34, 35]. 
Notably, we found that actin polymerization also affected 
the levels of γH2AX in MA cells, as latrunculin B treatment 
reduced the basal levels of γH2AX, whereas jasplakinolide 
treatment exhibited a more similar phenotype to untreated 
MA cells (Fig. 6E, F). Taken together, our results indicate 
that actin polymerization might mediate the nuclear changes 
induced by persistent cell migration in MA cells.

Migrating cells through confined conditions alter 
their global chromatin compaction state

As a first approach to characterize the mechanical behav-
ior of the nucleus, we addressed its response under osmotic 
stress. The balance of ions regulates the osmotic pressure 
and the chromatin compaction in the nucleus [36]. We 
observed that isolated nuclei from MA cells responded bet-
ter to an increase of the concentration of cations (42% of 
shrinking compared to 10% of nuclei from control cells), 

whilst the cation depletion caused by the addition of EDTA 
promoted higher swelling in isolated nuclei from control 
cells rather than from MA cells (60% and 30% of increment 
in the nuclear area, respectively; Fig. 7A, B). To further 
demonstrate that MA cells might present differences in the 
chromatin compaction state, we treated MA cells with chae-
tocin (a histone methyltransferase inhibitor) and found that 
it increased the nuclear area of MA cells (Supplementary 
Fig. S8A), suggesting that the chromatin compaction of MA 
cells was different to control cells and sensitive to histone 
modifiers activity. We interrogated whether the disposition 
of lamin B1 might be also affected by osmotic stress. First, 
we observed that the nuclear isolation process reduced the 
aberrant lamin B1-stained lobs we described in intact ORM 
and MA cells (Fig. S8B). We also observed that swelling or 
shrinking conditions did not alter significantly the localiza-
tion of lamin B1 (Fig. S8B). Similarly to the response of 
isolated nuclei from MA cells to osmotic stress, we isolated 
the nuclei from ORM cells and found that a similar incre-
ment of the nuclear area in untreated conditions and a bigger 
shrinking capacity upon cation addition (Fig. S8C).

The global chromatin compaction might be determined by 
the genomic sensitivity to enzymatic digestion of DNAses, 
and by treating control and MA cells with DNAse I, we 
found that MA cells showed a chromatin conformation more 
resistant to DNA digestion (Fig. 7C). Furthermore, as actin 
might control also the chromatin compaction [28], we next 
investigated whether actin polymerization might regulate the 
global chromatin conformation in MA cells. We found that 
latrunculin B treatment reverted the chromatin state of MA 
cells, showing a DNA digestion profile more similar to con-
trol cells (Fig. 7C, D, Supplementary Fig. S8D, E). Consist-
ent with this point, we performed in situ DNA digestion and 
verified that control cells were more sensitive to DNA diges-
tion (visualized as a reduction in the nuclear area by DNAse 
activity) than MA cells (Supplementary Fig. S8F, G). To 
further characterize the global chromatin state of ORM cells, 
we performed a similar DNAse digestion assay and found 
that these cells presented a highly sensitive chromatin to 
DNA digestion, suggesting a more relaxed-chromatin con-
formation than control cells (Fig. 7E, F). Altogether, our 
results indicate that the nuclear response to osmotic shock 
and the chromatin compaction might be altered in cells that 
underwent confined migration.

Confined migration promotes changes 
in the biomechanical landscape of the nucleus

As we described changes in lamin B1 and the chromatin 
state, both of which contribute to the mechanical properties 
and size of the nucleus [37], we exerted mechanical pres-
sure forces onto isolated nuclei from control and MA cells 
and observed that the nuclear area of MA cells increased 

Fig. 4   Confined migration leads to aberrant DNA damage response 
of moving cells. A Non-migrating and ORM Jurkat cells were seeded 
on poly-L-lysine-coated glasses and stained with DAPI (blue) and 
anti-γH2AX antibody (red) for their analysis by confocal microscopy. 
Bar 10  μm. Graph shows the percentage of cells with more than 2 
visible foci for γH2AX (dark grey, as high γH2AX signal). Mean 
n = 116–118 ± SD (3 replicates). B Control and MA Jurkat cells were 
seeded on poly-L-lysine-coated glasses, stained, and analyzed by con-
focal microscopy. Bar 10 μm. Graph shows the percentage of control 
and MA Jurkat cells with more than 2 visible foci for γH2AX. Mean 
n = 28–35 cells ± SD (2 replicates). C Control, ORM, and MA Jurkat 
cells were embedded in agarose and lysed. Alkaline comet assay by 
electrophoresis was performed to visualize the DNA by fluorescence 
microscopy. D Graph shows the tail moment analysis of the comet 
assay in (C). Mean n = 32–60 cells ± SD (3 replicates). E Pathway 
enrichment analysis based on differentially downregulated genes in 
MA Jurkat cells. F Control and MA Jurkat cells were cultured in the 
presence or not of methotrexate (1 μM) for 24 h. Then, cells were col-
lected and stained with annexin V-FITC and propidium iodide for 
their flow cytometry analysis. (G) Graph shows the survival ratio of 
control and MA Jurkat cells upon normalization to their untreated 
conditions. Mean n = 3 ± SD. (*) P < 0.05, (**) P < 0.001, (***) 
P < 0.001
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2.5-fold under external pressure, whilst control cells showed 
only 1.77-fold (Fig. 8A, B,  Supplementary Fig. S9A, and 
S9B). This indicates that MA cells showed a higher nuclear 
deformability compared to control cells. Furthermore, we 
observed a similar behavior upon mechanical compres-
sion for isolated nuclei from ORM cells that increased their 

nuclear deformability compared to control cells (Supple-
mentary Fig. S9C). To assess the local mechanical response 
of isolated nuclei from control and migrating cells, we 
employed an approach based on the poroelastic behavior of 
the nucleus when subjected to chromatin deepening inden-
tations using optical tweezers. By indenting at increasing 
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depths across the nuclear periphery (~ 50–1200 nm), we 
obtained force-relaxation curves to estimate the stiffness (E), 
and the poroelastic diffusion coefficient (Dp), both assumed 
inhomogeneous under exploring nuclear deepness. Whereas 
the former measures the local rigidity of the chromatin as 
a function of its molecular compaction, the second is a 
dynamic magnitude that accounts for the ability of water to 
permeate the nuclear porous structure upon compression. 
The results obtained for isolated nuclei from control, ORM, 
and MA cells revealed that ORM cells display a significant 
increase of both E and Dp. These alterations of the nuclear 
mechanical properties were not detected in MA cells, whose 
response to optical tweezer indentation was similar to that 
observed for control cells (Fig. 8C, D). To further validate 
this observation, we performed atomic force microscopy 
(AFM) indentation of isolated nuclei from control, ORM, 
and MA cells and calculated the mean stiffness for the three 
populations. Our results revealed that isolated nuclei from 
ORM cells showed a heterogeneous population with an 
increased average value of E than their counterparts from 
control or MA cells (Fig. 8E and Supplementary Fig. S9D). 
Together, our results demonstrate that cells might modify 
the nuclear deformability upon mechanical forces and its 
biophysical landscape depending on transient or persistent 
migration.

Discussion

In this work, we pointed out a connection between cell 
migration and permanent changes in the nucleus that lead 
to functional consequences in cell biology. The nucleus is 
a mechanosensory organelle that has to alter its mechani-
cal and morphological characteristics for multiple cellular 
functions, including migration, development, and tumor 

invasiveness [38, 39]. To undergo migration, cells have to 
sense their physiological environment to control their integ-
rity and functions [40, 41]. This is particularly important 
as extracellular migratory and mechanical signals regulate 
the adaptability of cells, their stemness, differentiation and 
genomic instability, and are linked to many human diseases 
[42–44].

Despite previous evidence showing that cell migration 
through confined spaces promotes nuclear ruptures, protein 
redistribution, and DNA damage in nuclear alterations [25, 
45, 46], their long-term consequences remain still unclear. 
In contrast to the one-round of cell migration through 3 μm 
of pore size (where transient nuclear changes and lamin B1 
distribution recovered their normal phenotype after 24 h), 
our persistent cell migration approach shows that MA cells 
adapted to three repeated rounds of cell migration by alter-
ing their nuclear morphology and lamin B1 distribution in 
a permanent manner. This transition highlights how cells 
might respond depending on the migratory stimulus and 
whether this is occasional or repeated. Furthermore, the 
aberrant redistribution of lamin B1 and other nuclear enve-
lope components suggests that ORM and MA cells showed 
more nuclear lobs than control cells. A similar approach 
to study stable nuclear changes has been used in other cell 
types [19, 25, 47]; nonetheless, most of these changes were 
focused on lamin A and genomic alterations [47, 48], rather 
than on other nuclear components and the biomechanical 
aspect of these phenomena. Lamin A, and not lamin B, is the 
major contributor to the mechanical response of the nucleus 
[49]; and recently changes in nuclear adaptation depend-
ing on LAP1 and lamin A has been described, whilst the 
silencing of lamin B does not alter LAP1 adaptation [50]. 
Our observations related to lamin B1 redistribution differ 
from previous reports and might be of particular interest for 
hematological malignancies and immune cells, where lamin 
A expression is more restricted [20].

It has been reported the impact of cell confinement in 
stem cell reprogramming and cell rejuvenation [51–53]. 
Likewise, a broad range of changes related to transcrip-
tion, chromatin compaction, and metastatic progression 
has been described upon mechanical constraints; nonethe-
less, these changes diverge depending on the mechanical 
stress in microfluidic devices, 3D conditions or specific cell 
culture confinement [54]. Our results suggest that confined 
migration promotes transcriptional changes in ORM and 
MA cells. Interestingly, minimal changes were observed 
in ORM cells compared to major transcriptional changes 
found in MA cells. Furthermore, only 10 altered genes were 
shared between ORM and MA cells, which might highlight 
how transient or persistent migration might have different 
impact on the genomic state of migrating cells. We identified 
changes in MA cells related to several biological processes, 
such as cell division and proliferation, in agreement with 

Fig. 5   Confined migration has a dual impact on the chemotactic 
response and in vivo invasiveness of moving cells. A MA Jurkat cells 
were cultured in the presence or absence of blebbistatin (1  μg/mL) 
for 1  h at 37 ºC. Then, cells were seeded on poly-L-lysine coated 
coverslips, fixed and analyzed by confocal microscopy. Bar 10 μm. B 
Graph shows the nuclear area from cells in (A). Mean n = 132–158 
isolated nuclei ± SD. C Control and MA Jurkat and CCRF-CEM cells 
were seeded on the top of Transwell chambers and allowed to migrate 
in response to serum (FBS). Cells were collected from the bot-
tom chamber after 24  h and quantified. Mean n = 3 replicates ± SD. 
D Control and MA Jurkat cells were seeded on the top of a colla-
gen matrix and allowed to penetrate into the collagen in response to 
serum (FBS, fetal bovine serum) for 24 h. Cells were fixed, stained 
with propidium iodide and serial confocal sections were captured. 
Images show the cell penetrability into the collagen. E Control (Cell 
Tracker Far Red +) and MA (CFSE +) Jurkat cells were mixed and 
injected into the tail vein of 10 NSG mice. After 24 h, labeled cells 
in spleen, liver and bone marrow were determined by flow cytometry. 
Graph shows the percentage of control and the MA cells analyzed in 
each animal. Mean n = 10. (*) P < 0.05,(**) P < 0.001, (***) P < 0.001
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previous studies showing how biophysical stimuli control 
cell fate and differentiation [55, 56]. Indeed, there are evi-
dences showing that mechanical stress regulates cell cycle 
progression and genomic instability that leads hyperploidy 
[57, 58]. Although we did not see significant changes in 
cell proliferation, we cannot discard that under physiologi-
cal conditions or external stimuli, these changes might have 
potential implications in promoting cell state alterations and 
genomic instability and heterogeneity in cancer cells. In line 
with this idea, we observed that MA cells were more resist-
ant to arrest in the G2/M phase compared to control cells 
when we forced their blocking with nocodazole.

This genomic instability observed in migrating cells 
might be linked not only to the cell cycle but also to DNA 
damage response, as recent studies have described the 
localization and upregulation of several markers of DNA 
damage in migratory cells under high nuclear deformation 
[59]. So far, nuclear lamins and deformability seemed to be 
involved in cell growth, DNA damage response, and cellular 
stress [60]. MA cells showed high basal levels of γH2AX 
and p-ATM but resisted apoptosis better than control cells. 
This chemoresistance to antimetabolites might be due to 
differences in cell proliferation or the metabolic activity of 
tumor cells [61]. Interestingly, our data indicated a down-
regulation in MA cells of genes related to unfolded protein 
response and endoplasmic reticulum stress, fundamental in 
chemoresistance [62]. While this is a simple model to induce 
apoptosis, a plausible explanation is that under specific cir-
cumstances, aberrant nuclear changes and high basal levels 
of DNA damage markers would be protective for MA cells 
against specific conventional therapies. This agrees with the 
idea that the steady state of γH2AX is critical for cell cycle 
regulation and the maintenance of genomic integrity [63, 
64].

Although we observed increased chemotactic response of 
MA cells during migration, we found defective colonization 
of MA cells into different organs in vivo. The discrepancy 
between chemotactic response and cell homing into tissues 

might be due to the multistep biology of cell migration, as 
many different proteins and factors contribute to effective 
cell migration. For instance, an increment in the cell adhe-
sion arrest might reduce the ability of cells to extravasate, 
and we have observed that MA cells increased the levels 
of β1 integrin. Moreover, when we attached cells on a 2D 
surface, we identified that ORM and MA cells showed dif-
ferences in their cell spreading area compared to control 
cells. This suggests that other molecular pathways could 
also be regulating the migration strategy used by MA cells, 
which might become less invasive than control cells in vivo. 
Another plausible explanation of the defective cell migration 
in vivo of MA cells might be the migratory exhaustion of 
these cells, which would transit from a more effective move-
ment into a more static condition. Together, our findings 
indicate that the potential adaptation of MA cells might have 
a dual effect on reducing their ability to reach other tissues, 
and on promoting other functions, such as cell survival and 
proliferation.

The cell skeleton, including actin polymerization and 
its associated proteins, is critical in many nuclear events, 
including chromatin compaction, and gene transcription 
[65, 66]. One exciting implication of our results is that actin 
depolymerization seemed to recapitulate the DNAse sensi-
tivity of the chromatin in MA cells, in parallel to their lamin 
B1 redistribution at the nuclear periphery. Although it has 
been reported that myosin contractility transmits extracel-
lular signals into mechanical changes [29], our data sup-
port the idea that the aberrant redistribution of lamin B1 
observed in MA cells depends on actin polymerization rather 
than myosin activity. We also observed that latrunculin B 
treatment recovered the sensitivity of genomic DNA in MA 
cells, aligning with other results where actin homeostasis 
drugs alter the chromatin structure [67]. In fact, it has been 
reported that the actin cytoskeleton is critical for nuclear 
integrity and DNA repair in constricted migration [68]; and, 
in agreement with this, we observed that inhibiting actin 
polymerization also reduced the levels of γH2AX in MA 
cells.

It has been reported that cell migration through con-
strictions might alter genomic regions independently of 
transcriptional regulation [19]. As the nuclear changes 
observed in ORM and MA cells might have a direct role 
to modulate the biomechanical properties of the nucleus, 
and due to its role as a mechanosensor [69], we analyzed 
the mechanical features of the nucleus upon persistent and 
transient migration by combining nuclear swelling, nuclear 
compression, and indentation by optical tweezers and atomic 
force microscopy. Previous works show nuclear swelling and 
compression as good experimental approaches to study the 
mechanical response of the nucleus [70, 71]. Our experi-
ments reveal that ORM and MA cells show significant dif-
ferences from a mechanical point of view. On one hand, the 

Fig. 6   Actin polymerization balance regulates the nuclear changes 
described for MA cells. A Flow cytometry expression of F-actin in 
the isolated nuclei of control, ORM and MA cells. B MA Jurkat cells 
were cultured in the presence or absence of latrunculin B (1 μg/mL) 
and jasplakinolide (1 μg/mL) for 1 h at 37ºC. Then, cells were seeded 
on poly-L-lysine coated coverslips, fixed and analyzed by confo-
cal microscopy. Bar 10 μm. C Line plots show the signal profile of 
lamin B1 from 15 representative nuclei. The red line indicates the 
mean intensity of the profiles analyzed. D Graph shows changes in 
the nuclear area of MA Jurkat cells under indicated treatments. Mean 
n = 145–185 nuclei ± SD (3 replicates). E Control and MA Jurkat 
cells were treated or not with latrunculin B or jasplakinolide for 1 h. 
Cells were fixed, permeabilized and stained with DAPI (blue) and 
γH2AX (red) for their analysis by confocal microscopy. Bar 10 μm. 
F Graph shows the percentage of cells with more than 2 visible foci 
for γH2AX from (E). Mean n = 53–82 nuclei ± SD (3 replicates). (*) 
P < 0.05,(**) P < 0.001, (***) P < 0.001
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global mechanical response of the isolated nuclei assessed 
by confinement assays showed that the nuclei of migrated 
cells (both ORM and MA) are more deformable. On the 
other hand, the study of the local mechanical response of 
the outer layer of the nuclei by optical tweezers and AFM 
(until ~ 1200 nm depth in optical tweezers and ~ 70 nm depth 
in AFM), exposed an increase of E and Dp in the nucleus 

of ORM cells, which was not observed in MA cells. In our 
experiments, we verified a distinct mechanical behavior of 
ORM and MA nuclei that might be due to the development 
of a sort of accommodation of the internal architecture of 
MA nuclei after three rounds of migration. This originates 
a more mechanically homogeneous MA nuclei population 
compared to that from ORM nuclei (this is reflected in the 
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trol and MA Jurkat cells were treated or not with latrunculin B or jas-
plakinolide for 1  h. Then, cells were collected, and their DNA was 

digested with DNAse for 15  min and resolved in an agarose gel. D 
Graph shows the nucleosomal releasing profile from control (dashed 
line) and MA Jurkat cells as in (C). Arrows indicate the maxima 
DNA peaks in each cell population. E Control and ORM Jurkat 
cells were collected, and their DNA was digested with DNAse for 
15  min and resolved in an agarose gel. F Graph shows the nucleo-
somal releasing profile from control (dashed line) and ORM Jurkat. 
Arrows indicate the maxima DNA peaks in each cell population. 
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dispersion of E and Dp data). In addition, while MA cells 
presented more compacted chromatin than control cells, 
ORM cells showed a less dense chromatin state, which can 
account for the larger Dp values observed for this condition.

In conclusion, our findings highlight how migratory 
cells respond in structurally regulated ways to mechanical 

compression both in the short- and long-terms. We iden-
tify several nuclear and functional changes, which provide 
novel insights into alterations in the nucleus and functions of 
the cell. Finally, we demonstrate that altered nuclei showed 
quantitative differences and heterogeneity in their mechani-
cal properties, given an integrative biophysical signature that 
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might lead to broad implications for development, aging, 
cancer, and mechanobiological processes.

Materials and methods

Cell lines and culture

The human Jurkat (CVCL_0367) and CCRF-CEM (RRID: 
CVCL_0207) cell lines were from ATCC, American Type 
Culture Collection. Both cell lines were monthly tested for 
mycoplasm contamination and maintained in culture in 
RPMI 1640 medium with L-glutamine and 125 mM HEPES 
(Sigma Aldrich, St. Louis, MO, USA) and 10% fetal bovine 
serum, FBS (Sigma-Aldrich) and maintained in 5% CO2 and 
37ºC.

One-round migration (ORM) cells were collected from 
the bottom chamber of Transwell inserts (Corning Costar, 
6.5 mm diameter, 3 μm pore size) after 24 h. For recovery 
assays, collected ORM cells were used to perform experi-
ments (fresh condition); or kept in culture conditions for an 
additional 24 h and then used to perform experiments (after 
24 h condition). Migratory-altered (MA) cells were gener-
ated as follows: Jurkat or CCRF-CEM cells were allowed 
to migrate in transwells for 24 h; then, migrated cells were 
collected from the bottom chamber, counted and added 
again to the upper chamber of new inserts, under the same 
conditions. The same process was repeated 3 times. Finally, 
migrated cells from the bottom chamber were collected, 
expanded and kept in culture conditions as MA cells.

Immunofluorescence

Cells were cultured in suspension, treated or not with spe-
cific inhibitors, for 1 h at 37ºC. Cells were seeded onto poly-
L-lysine-coated glass slides for 30 min. Then, cells were 
fixed with 4% paraformaldehyde (15 min) and permeabilized 
with 0.5% Tx-100 in PBS (5 min). Samples were blocked 
in 10% FBS and 0.1% Tx-100 in PBS for 1 h at RT, and 
then incubated with appropriated primary antibodies for 
an additional hour. After washing with PBS, samples were 
incubated with secondary antibodies (1 h at RT), stained 
with DAPI 1 µg/mL (10 min at RT), washed with PBS and 
H2O, and mounted. Images were acquired on an inverted 
DMi8 microscope (Leica) using an ACS-APO 63 × NA 1.30 
glycerol immersion objective. Quantification and analysis of 
images were determined using ImageJ.

Electron microscopy

Cells were fixed for 1 h in 3% glutaraldehyde in PBS and 
then washed twice with PBS. Samples were post-fixed in 
1% osmium tetroxide and 0.8% potassium ferricyanide for 

1 h at 4ºC and washed with PBS prior to dehydration with 
an increasing gradient of ethanol (30%, 50%, 70%, 80%, 
90% and 100%) of 10 min per step. Samples were embed-
ded in LX112 resin and were polymerized for 48 h at 60ºC. 
60–80 nm sections were placed in copper grids of 75 mesh 
and stained with 5% uranyl acetate for 30 min and lead 
citrate for 4 min. Samples were viewed in a JEOL 1230 
TEM and images were taken with a CMOS TVIPS 16 Mpx 
camera.

Nuclear confinement

Cell nuclei were isolated by incubating cells in buffer A 
(10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 
0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol (DTT), 
0.1% Tx100, and Roche protease inhibitor cocktail) for 
5 min at 4 ºC and centrifuged for 5 min at 4 °C at 3500 rpm. 
Nuclei were resuspended in TKMC buffer (50 mM Tris pH 
[7.5], 25 mM KCl, 3 mM MgCl2, 3 mM CaCl2), stained with 
DAPI 1 µg/mL and sedimented onto poly-L-lysine coated 
plate for cell confinement analysis (4D cell). A glass slide 
with micropillars of 3 µm height was stuck on the silicone 
macropillar attached to the lid of the confiner. When the lid 
was closed, the pillars pushed the confining slides onto the 
culture substrate and confined the nuclei to 3 µm. Images of 
at least 20 nuclei were taken with a 63 × objective before and 
after the confinement by an inverted confocal microscope.

Flow cytometry

Isolated nuclei were resuspended in TKMC buffer and 
nuclear size was measured with a CytoFlex (Beckman 
Coulter). To analyze protein levels, cells were blocked with 
human IgG (1:1000; 30 min), incubated with specific pri-
mary antibodies of interest (1:1 to IgG), washed twice with 
PBS, followed by appropriated fluorochrome-conjugated 
secondary antibody for 30 min. For intracellular proteins 
quantification, cells were fixed with PFA 4% for 5 min at 
RT, permeabilized with PBS Tx-100 0.1% for 5 min, and 
stained as described above. To analyze the cell cycle pro-
gression, 3 × 105 cells were fixed in ice-cold 70% (v/v) etha-
nol overnight. Then, cells were centrifuged and the pellet 
was incubated in PBS with RNAse (100 μg/ml), 0.1% Triton 
X-100 and propidium iodide (50 μg/ml) for 30 min at RT. 
Cells were washed, resuspended in 600 μl of PBS-EDTA 
2 mM and analyzed by flow cytometry. In some cases, cells 
were preincubated with nocozadole (100 ng/ml) for 16 h. 
Then, cells were fixed and stained as described above. Data 
analysis was performed using the FlowJo software and the 
cell cycle distribution determined by G1, S, and G2/M cell 
populations. Flow cytometry was performed with a FacSort. 
All data were analyzed using the Flow Jo software (Flow Jo 
LLC, Ashland, OR, USA).
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Optical tweezers

Isolated cell nuclei resuspended in TKM buffer were 
mixed with polystyrene beads with a mean particle size 
of 3.0  μm (Sigma-Aldrich) at final concentrations of 
107 nuclei/ml and 0.005% (w/v), respectively. The opti-
cal tweezers device (SensoCell, Impetux Optics S.L.) is 
equipped with an ultra-stable single-frequency laser source 
(5 W, λ = 1064 nm) guided by acousto-optic deflectors and 
includes a direct force measurement platform capable of 
detecting the light scattered from the optical traps. The 
OT device is mounted on an inverted microscope (Eclipse 
Ti, Nikon) and a water immersion objective (Plan Apo VC 
60XA/1.20 WI, Nikon) employed to focus the laser on the 
sample. A short-pass dichroic mirror transmits the bright-
field illumination and reflects the IR trapping beam, and a 
short-pass filter was used to avoid IR laser radiation leak-
ing. Sample bright-field imaging was captured by a CMOS 
camera (DCC1545M-GL, ThorLabs) and the optical traps 
were operated with LightAce software (Impetux Optics 
S.L.). For each indentation experiment, a volume of 40 μL 
of the sample was placed in a custom-made glass chamber. 
This chamber was mounted on the microscope and meas-
urements were performed at 25 ºC. Only average-sized, 
round, symmetric nuclei with no alterations or major per-
turbations of their integrity were selected to perform the 
indentation routine. Indented nuclei got attached to the 
bottom surface of the glass chamber by unspecific interac-
tions, and indenter beads were placed next to the nuclear 
envelope at axial positions and approximately 2 μm above 
the bottom surface of the chamber. Indenter beads had a 
nominal diameter of 3 µm, but the exact diameter of each 
bead used for indentation was measured by image analysis 
using the Fiji software. The indentation process consisted 
of pushing the nucleus radially by generating an oscillation 
of the indenting bead with a probing amplitude allowing 
to penetrate the nuclear chromatin but avoiding the outer 
nucleus membrane from breaking. The fixed parameters of 
the oscillation are the shape (squared), frequency (0.5 Hz, 
which is enough to permit a complete relaxation between 
consecutive cycles), and offset (100%). The amplitude was 
variable, and the routine was set to sweep the 0.6–1.6 μm 
range with steps of 0.05 or 0.10 μm. Data were acquired 
during 45 s for each amplitude step. For each indenta-
tion experiment, the elasticity constant of the trap was 
calculated by using a particle scan routine included in the 
LightAce software. We wrote a specific Matlab (Math-
Works) script to analyze the data from the files obtained 
by the custom-made Labview indentation routine. This 
script analyzes each force–time curve for every indentation 
cycle and to calculate the stiffness from the indentation 
force values and the water diffusivity from the poroelastic 
relaxation times.

Statistics

Statistical analysis and comparisons were made with 
GraphPad Prism6. The numerical data are presented as 
mean ± SD. Differences between means were tested by 
Student's t test for two groups comparison. Where 3 or 
more groups were analyzed, one-way ANOVA was per-
formed. P-values are indicated by asterisks ((*) P < 0.05; 
(**) P < 0.01; (***) P < 0.001).

Consent for publication

All authors consent the manuscript for publication.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​023-​04968-5.

Acknowledgements  The authors thank the Microscopy Unit of Insti-
tuto de Investigación Biosanitaria Gregorio Marañón (IiSGM) for 
assistance with confocal analyses. We thank Dr. Patricia Pedraz at the 
AFM service at IMDEA Nanociencia (Madrid, Spain) for AFM meas-
urements. The authors are also grateful to the EM and Animal Facilities 
of platforms of the CIB Margarita Salas for their assistance and support 
with the EM and in vivo experiments. The UCM-Genomic CAI Unit 
for their assistance with microarray experiments.

Author contributions  AdLP, RGN, EM, GPC, MPCR conducted 
experiments. HZC, conducted experiments and contributed to data 
interpretation and discussion. VT contributed to data interpretation. 
HLM conducted experiments and contributed to data interpretation. 
FM, PRN, supervised the experiments, contributed to data interpreta-
tion and provided financing. JRM designed and supervised the experi-
ments, contributed to data interpretation, wrote the paper, and provided 
financing.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This research was supported by a 
FPI Scholarship 2018 (Ministerio de Ciencia e Innovación/MICINN, 
Agencia Estatal de Investigación/AEI y Fondo Europeo de Desarrollo 
Regional/FEDER) to R.G.N.; JAE Intro 2022 (Agencia Estatal Con-
sejo Superior de Investigaciones Científicas, Conexión CSIC Cancer, 
JAE-ICU-CC-34 and JAEINT22_EX_0263) to G.P.C. and M.P.C.R; 
grants from the Ministerio de Ciencia e Innovación (MICINN) Agencia 
Estatal de Investigación (AEI) (RTI2018-097267-B-I00), Asociación 
Española Contra el Cáncer (LAB AECC, LABAE211656TORR) and 
Beca FERO (BFERO2021.01) to V.T.; Comunidad de Madrid (Y2018/
BIO-5207) and from the Ministerio de Ciencia e Innovación (MICINN) 
Agencia Estatal de Investigación (AEI) (PID2020-115444 GB-I00) to 
P.R.N; grants from the Ministerio de Ciencia e Innovación (MICINN) 
Agencia Estatal de Investigación (AEI) (TED2021-132296B-C52, 
PID2019-108391RB-100), and Comunidad de Madrid (Y2018/BIO-
5207, S2018/NMT-4389 and REACT-EU program PR38-21–28 
ANTICIPA-CM) to F.M.; and grants from 2020 Leonardo Grant 
for Researchers and Cultural Creators (BBVA Foundation), Ayuda 
de contratación de ayudante de investigación PEJ-2020-AI/BMD-
19152 (Comunidad de Madrid), Comunidad de Madrid (Y2018/
BIO-5207) and the Ministerio de Ciencia e Innovación (MICINN) 
Agencia Estatal de Investigación (AEI)  (PID2020-118525RBI00, 
AEI/10.13039/501100011033) to J.R.M.

https://doi.org/10.1007/s00018-023-04968-5


	 A. de Lope‑Planelles et al.

1 3

316  Page 18 of 20

Availability of data and materials  The accession numbers for the tran-
scriptional microarray analyses are GSE214365 and GSE239463. All 
relevant data are available from the corresponding author upon reason-
able request.

Declarations 

Conflict of interest  Authors declare no competing interests.

Ethics approval and consent to participate  All experiments involving 
animals were approved by the OEBA (Organ for Evaluating Animal 
Wellbeing) at CIB Margarita Salas and Madrid Regional Department 
of Environment, with reference PROEX 228.4/21; and carried out in 
strict accordance with the institution guidelines and the European and 
Spanish legislations for laboratory animal care.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 changes 
were made. 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 the material. If material is not included in 
the article’s Creative Commons licence and your 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/4.0/.

References

	 1.	 te Boekhorst V, Preziosi P, Friedl P (2016) Plasticity of cell migra-
tion in vivo and in silico. Annu Rev Cell Dev Biol 32:491–526. 
https://​doi.​org/​10.​1146/​annur​ev-​cellb​io-​111315-​125201

	 2.	 Paul CD, Shea DJ, Mahoney MR, Chai A, Laney V, Hung WC, 
Konstantopoulos K (2016) Interplay of the physical microenviron-
ment, contact guidance and intracellular signaling in cell decision 
making. FASEB J 30:2161–2170. https://​doi.​org/​10.​1096/​fj.​20150​
0199R

	 3.	 Vining KH, Mooney DJ (2017) Mechanical forces direct stem cell 
behaviour in development and regeneration. Nat Rev Mol Cell Bio 
18:728–742. https://​doi.​org/​10.​1038/​nrm.​2017.​108

	 4.	 Burke B, Stewart CL (2014) Functional architecture of the cell’s 
nucleus in development, aging, disease. Curr Top Dev Biol 109:1–
52. https://​doi.​org/​10.​1016/​B978-0-​12-​397920-​9.​00006-8

	 5.	 Kirby TJ, Lammerding J (2018) Emerging views of the nucleus as 
a cellular mechanosensor. Nat Cell Biol 20:373–381. https://​doi.​
org/​10.​1038/​s41556-​018-​0038-y

	 6.	 Callan-Jones A, Voituriez R (2016) Actin flows in cell migration: 
from locomotion and polarity to trajectories. Curr Opin Cell Biol 
38:12–17. https://​doi.​org/​10.​1016/j.​ceb.​2016.​01.​003

	 7.	 Gupta M, Sarangi BR, Deschamps J, Nematbakhsh Y, Callan-
Jones A, Margadant F, Mège RM, Lim CT, Voituriez R, Ladoux 
B (2015) Adaptive rheology and ordering of cell cytoskeleton 
govern matrix rigidity sensing. Nat Commun 6:7525. https://​doi.​
org/​10.​1038/​ncomm​s8525

	 8.	 Jain N, Iyer KV, Kumar A, Shivashankar GV (2013) Cell geo-
metric constraints induce modular gene-expression patterns via 
redistribution of HDAC3 regulated by actomyosin contractility. 
Proc Natl Acad Sci USA 110:11349–11354. https://​doi.​org/​10.​
1073/​pnas.​13008​01110

	 9.	 Denais CM, Gilbert RM, Isermann P, McGregor AL, te Lindert 
M, Weigelin B, Davidson PM, Friedl P, Wolf K, Lammerding J 

(2016) Nuclear envelope rupture and repair during cancer cell 
migration. Science 352:353–358. https://​doi.​org/​10.​1126/​scien​ce.​
aad72​97

	10.	 Raab M, Gentili M, de Belly H, Thiam HR, Vargas P, Jimenez 
AJ, Lautenschlaeger F, Voituriez R, Lennon-Duménil AM, Manel 
N et al (2016) ESCRT III repairs nuclear envelope ruptures dur-
ing cell migration to limit DNA damage and cell death. Science 
352:359–362. https://​doi.​org/​10.​1126/​scien​ce.​aad76​11

	11.	 Irianto J, Xia Y, Pfeifer CR, Athirasala A, Ji J, Alvey C, Tewari 
M, Bennett RR, Harding SM, Liu AJ, Greenberg RA, Discher DE 
(2017) DNA damage follows repair factor depletion and portends 
genome variation in cancer cells after pore migration. Curr Biol 
27:210–223. https://​doi.​org/​10.​1016/j.​cub.​2016.​11.​049

	12.	 Pfeifer CR, Xia Y, Zhu K, Liu D, Irianto J, García VMM, Mil-
lán LMS, Niese B, Harding S, Deviri D et al (2019) Constricted 
migration increases DNA damage and independently represses 
cell cycle. Mol Biol Cell 29:1948–1962. https://​doi.​org/​10.​
1091/​mbc.​E18-​02-​0079

	13.	 Cho S, Irianto J, Discher DE (2017) Mechanosensing by the 
nucleus: from pathways to scaling relationships. J Cell Biol 
216:305–315. https://​doi.​org/​10.​1083/​jcb.​20161​0042

	14.	 Ingber DE (2013) Mechanobiology and diseases of mecha-
notransduction. Ann Med 35:564–577. https://​doi.​org/​10.​1080/​
07853​89031​00163​33

	15.	 Shin JW, Spinler KR, Swift J, Chasis JA, Mohandas N, Discher 
DE (2013) Lamins regulate cell trafficking and lineage matura-
tion of adult human hematopoietic cells. Proc Natl Acad Sci 
USA 110:18892–18897. https://​doi.​org/​10.​1073/​pnas.​13049​
96110

	16.	 Zhang X, Cook PC, Zindy E, Williams CJ, Jowitt TA, Streuli CH, 
MacDonald AS, Redondo-Muñoz J (2016) Integrin α4β1 con-
trols G9a activity that regulates epigenetic changes and nuclear 
properties required for lymphocyte migration. Nucleic Acids Res 
44:3031–3044. https://​doi.​org/​10.​1093/​nar/​gkv13​48

	17.	 Madrazo E, González-Novo R, Ortiz-Placín C, García de Lacoba 
M, González-Murillo Á, Ramírez M, Redondo-Muñoz J (2022) 
Fast H3K9 methylation promoted by CXCL12 contributes to 
nuclear changes and invasiveness of T-acute lymphoblastic leu-
kemia cells. Oncogene 41:1324–1336. https://​doi.​org/​10.​1038/​
s41388-​021-​02168-8

	18.	 Harada T, Swift J, Irianto J, Shin JW, Spinler KR, Athirasala 
A, Diegmiller R, Dingal PC, Ivanovska IL, Discher DE (2014) 
Nuclear lamin stiffness is a barrier to 3D migration, but softness 
can limit survival. J Cell Biol 204:669–682. https://​doi.​org/​10.​
1083/​jcb.​20130​8029

	19.	 Golloshi R, Playter C, Freeman TF, Das P, Raines TI, Garretson 
JH, Thurston D, McCord RP (2022) Constricted migration is asso-
ciated with stable 3D genome structure differences in cancer cells. 
EMBO Rep 23:e52149. https://​doi.​org/​10.​15252/​embr.​20205​2149

	20.	 Saez A, Herrero-Fernandez B, Gomez-Bris R, Somovilla-Crespo 
B, Rius C, Gonzalez-Granado JM (2020) Lamin A/C and the 
immune system: one intermediate filament. Many Faces Int J Mol 
Sci 21:6109. https://​doi.​org/​10.​3390/​ijms2​11761​09

	21.	 Uhler C, Shivashankar GV (2017) Regulation of genome organi-
zation and gene expression by nuclear mechanotransduction. Nat 
Rev Mol Cell Biol 18:717–727. https://​doi.​org/​10.​1038/​nrm.​2017.​
101

	22.	 Picariello HS, Kenchappa RS, Rai V, Crish JF, Dovas A, Pogoda 
K, McMahon M, Bell ES, Chandrasekharan U, Luu A et al (2019) 
Myosin IIA suppresses glioblastoma development in a mechani-
cally sensitive manner. Proc Natl Acad Sci USA 116:15550–
15559. https://​doi.​org/​10.​1073/​pnas.​19028​47116

	23.	 Cho S, Vashisth M, Abbas A, Majkut S, Vogel K, Xia Y, 
Ivanovska IL, Irianto J, Tewari M, Zhu K, Tichy ED et al (2019) 
Mechanosensing by the lamina protects against nuclear rupture, 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev-cellbio-111315-125201
https://doi.org/10.1096/fj.201500199R
https://doi.org/10.1096/fj.201500199R
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1016/B978-0-12-397920-9.00006-8
https://doi.org/10.1038/s41556-018-0038-y
https://doi.org/10.1038/s41556-018-0038-y
https://doi.org/10.1016/j.ceb.2016.01.003
https://doi.org/10.1038/ncomms8525
https://doi.org/10.1038/ncomms8525
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1126/science.aad7297
https://doi.org/10.1126/science.aad7297
https://doi.org/10.1126/science.aad7611
https://doi.org/10.1016/j.cub.2016.11.049
https://doi.org/10.1091/mbc.E18-02-0079
https://doi.org/10.1091/mbc.E18-02-0079
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1080/07853890310016333
https://doi.org/10.1080/07853890310016333
https://doi.org/10.1073/pnas.1304996110
https://doi.org/10.1073/pnas.1304996110
https://doi.org/10.1093/nar/gkv1348
https://doi.org/10.1038/s41388-021-02168-8
https://doi.org/10.1038/s41388-021-02168-8
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.15252/embr.202052149
https://doi.org/10.3390/ijms21176109
https://doi.org/10.1038/nrm.2017.101
https://doi.org/10.1038/nrm.2017.101
https://doi.org/10.1073/pnas.1902847116


Mechanical stress confers nuclear and functional changes in derived leukemia cells from…

1 3

Page 19 of 20  316

DNA damage, cell-cycle arrest. Dev Cell 49:920-935.e5. https://​
doi.​org/​10.​1016/j.​devcel.​2019.​04.​020

	24.	 Irianto J, Xia Y, Pfeifer CR, Greenberg RA, Discher DE (2017) As 
a nucleus enters a small pore, chromatin stretches and maintains 
integrity, even with DNA breaks. Biophys J 112:446–449. https://​
doi.​org/​10.​1016/j.​bpj.​2016.​09.​047

	25.	 Shah P, Hobson CM, Cheng S, Colville MJ, Paszek MJ, Superfine 
R, Lammerding J (2021) Nuclear deformation causes DNA dam-
age by increasing replication stress. Curr Biol 31:1–13. https://​
doi.​org/​10.​1016/j.​cub.​2020.​11.​037

	26.	 Akman M, Belisario DC, Salaroglio IC, Kopecka J, Donadelli M, 
De Smaele E, Riganti C (2021) Hypoxia, endoplasmic reticulum 
stress and chemoresistance: dangerous liaisons. J Exp Clin Cancer 
Res 40:28. https://​doi.​org/​10.​1186/​s13046-​020-​01824-3

	27.	 Toksvang LN, Lee SHR, Yang JJ, Schmiegelow K (2022) Main-
tenance therapy for acute lymphoblastic leukemia: basic science 
and clinical translations. Leukemia 36:1749–1758. https://​doi.​
org/​10.​1038/​s41375-​022-​01591-4

	28.	 Takaki T, Montagner M, Serres MP, Le Berre M, Russell M, 
Collinson L, Szuhai K, Howell M, Boulton SJ, Sahai E, Petronc-
zki M (2017) Actomyosin drives cancer cell nuclear dysmorphia 
and threatens genome stability. Nat Comms 8:16013. https://​doi.​
org/​10.​1038/​ncomm​s16013

	29.	 Buxboim A, Swift J, Irianto J, Spinler KR, Dingal PC, Athiras-
ala A, Kao YR, Cho S, Harada T, Shin JW, Discher DE (2014) 
Matrix elasticity regulates lamin-A, C phosphorylation and 
turnover with feedback to actomyosin. Curr Biol 24:1909–1917. 
https://​doi.​org/​10.​1016/j.​cub.​2014.​07.​001

	30.	 Valent P, Sadovnik I, Eisenwort G, Herrmann H, Bauer K, 
Mueller N, Sperr WR, Wicklein D, Schumacher U (2020) Redis-
tribution, homing and organ-invasion of neoplastic stem cells 
in myeloid neoplasms. Semin Cancer Biol 60:191–201. https://​
doi.​org/​10.​1016/j.​semca​ncer.​2019.​07.​025

	31.	 Hatch ME, Hetzer MW (2016) Nuclear envelope rupture 
is induced by actin-based nucleus confinement. J Cell Biol 
215:27–36. https://​doi.​org/​10.​1083/​jcb.​20160​3053

	32.	 Khatau SB, Hale CM, Stewart-Hutchinson PJ, Patel MS, Stew-
art CL, Searson PC, Hodzic D, Wirtz D (2009) A perinuclear 
actin cap regulates nuclear shape. Proc Natl Acad Sci USA 
106:19017–19022. https://​doi.​org/​10.​1073/​pnas.​09086​86106

	33.	 Mall M, Walter T, Gorjánácz M, Davidson IF, Nga Ly-Hartig 
TB, Ellenberg J, Mattaj IW (2012) Mitotic lamin disassembly is 
triggered by lipid-mediated signaling. J Cell Biol 198:981–990. 
https://​doi.​org/​10.​1083/​jcb.​20120​5103

	34.	 Hurst V, Challa K, Shimada K, Gasser SM (2021) Cytoskel-
eton integrity influences XRCC1 and PCNA dynamics at DNA 
damage. Mol Biol Cell 32:br6. https://​doi.​org/​10.​1091/​mbc.​
E20-​10-​0680

	35.	 Wang L, Wang M, Wang S, Qi T, Guo L, Li J, Qi W, Ampah 
KK, Ba X, Zeng X (2013) Actin polymerization negatively reg-
ulates p53 function by impairing its nuclear import in response 
to DNA damage. PLoS ONE 8:e60179. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00601​79

	36.	 Finan JD, Guilak F (2010) The effects of osmotic stress on 
the structure and function of the cell nucleus. J Cell Biochem 
109:460–467. https://​doi.​org/​10.​1002/​jcb.​22437

	37.	 Stephens AD, Liu PZ, Banigan EJ, Almassalha LM, Backman 
V, Adam SA, Goldman RD, Marko JF (2018) Chromatin histone 
modifications and rigidity affect nuclear morphology independ-
ent of lamins. Mol Biol Cell 29:220–233. https://​doi.​org/​10.​
1091/​mbc.​E17-​06-​0410

	38.	 Dahl KN, Ribeiro AJS, Lammerding J (2008) Nuclear shape, 
mechanics, mechanotransduction. Circ Res 102:1307–1318. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​108.​173989

	39.	 Zwerger M, Ho CY, Lammerding J (2011) Nuclear mechanics 
in disease. Annu Rev Biomed Eng 13:397–428. https://​doi.​org/​
10.​1146/​annur​ev-​bioeng-​071910-​124736

	40.	 Charras G, Sahai E (2014) Physical influences of the extracel-
lular environment on cell migration. Nat Rev Mol Cell Biol 
15:813–824. https://​doi.​org/​10.​1038/​nrm38​97

	41.	 Yamada KM, Collins JW, Cruz Walma DA, Doyle AD, Morales 
SG, Lu J, Matsumoto K, Nazari SS, Sekiguchi R, Shinsato Y, 
Wang S (2019) Extracellular matrix dynamics in cell migration, 
invasion and tissue morphogenesis. Int J Exp Path 100:144–152. 
https://​doi.​org/​10.​1111/​iep.​12329

	42.	 Yang C, Del Rio FW, Ma H, Killaars AR, Basta LP, Kyburz KA, 
Anseth KS (2016) Spatially patterned matrix elasticity directs 
stem cell fate. Proc Natl Acad Sci USA 113:E4439–E4445. 
https://​doi.​org/​10.​1073/​pnas.​16097​31113

	43.	 Heo SJ, Han WM, Szczesny SE, Cosgrove BD, Elliott DM, Lee 
DA, Duncan RL, Mauck RL (2016) Mechanically induced chro-
matin condensation requires cellular contractility in mesenchymal 
stem cells. Biophys J 111:864–874. https://​doi.​org/​10.​1016/j.​bpj.​
2016.​07.​006

	44.	 Stefanello ST, Luchtefeld I, Liashkovich I, Pethö Z, Azzam I, 
Bulk E, Rosso G, Döhlinger L, Hesse B, Oeckinghaus A, Shahin 
V (2021) Impact of the nuclear envelope on malignant transfor-
mation, motility, survival of lung cancer cells. Adv Sci (Weinh) 
8:e2102757. https://​doi.​org/​10.​1002/​advs.​20210​2757

	45.	 Xia Y, Pfeifer CR, Zhu K, Irianto J, Liu D, Pannell K, Chen EJ, 
Dooling LJ, Tobin MP, Wang M et al (2019) Rescue of DNA 
damage after constricted migration reveals a mechano-regulated 
threshold for cell cycle. J Cell Biol 218:2545–2563. https://​doi.​
org/​10.​1083/​jcb.​20181​1100

	46.	 Irianto J, Pfeifer CR, Bennett RR, Xia Y, Ivanovska IL, Liu AJ, 
Greenberg RA, Discher DE (2017) Nuclear constriction segre-
gates mobile nuclear proteins away from chromatin. Mol Biol Cell 
27:4011–4020. https://​doi.​org/​10.​1091/​mbc.​E16-​06-​0428

	47.	 Hsia CR, McAllister J, Hasan O, Judd J, Lee S, Agrawal R, Chang 
CY, Soloway P, Lammerding J (2022) Confined migration induces 
heterochromatin formation and alters chromatin accessibility. iSci-
ence 25:104978. https://​doi.​org/​10.​1016/j.​isci.​2022.​104978

	48.	 Zeng Y, Zhuang Y, Vinod B, Guo X, Mitra A, Chen P, Saggio 
I, Shivashankar GV, Gao W, Zhao W (2022) Guiding irregular 
nuclear morphology on nanopillar arrays for malignancy differ-
entiation in tumor cells. Nano Lett 22:7724–7733. https://​doi.​org/​
10.​1021/​acs.​nanol​ett.​2c018​49

	49.	 Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, Young SG, 
Lee RT (2006) Lamins A and C but not lamin B1 regulate nuclear 
mechanics. J Biol Chem 281:25768–25780. https://​doi.​org/​10.​
1074/​jbc.​M5135​11200

	50.	 Jung-Garcia Y, Maiques O, Monger J, Rodriguez-Hernandez I, 
Fanshawe B, Domart MC, Renshaw MJ, Marti RM, Matias-Guiu 
X, Collinson LM, Sanz-Moreno V, Carlton JG (2023) LAP1 
supports nuclear adaptability during constrained melanoma cell 
migration and invasion. Nat Cell Biol 25:108–119. https://​doi.​org/​
10.​1038/​s41556-​022-​01042-3

	51.	 Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elas-
ticity directs stem cell lineage specification. Cell 126:677–689. 
https://​doi.​org/​10.​1016/j.​cell.​2006.​06.​044

	52.	 Killaars AR, Grim JC, Walker CJ, Hushka EA, Brown TE, Anseth 
KS (2018) Extended exposure to stiff microenvironments leads 
to persistent chromatin remodeling in human mesenchymal stem 
cells. Adv Sci (Weinh) 6:1801483. https://​doi.​org/​10.​1002/​advs.​
20180​1483

	53.	 Roy B, Yuan L, Lee Y, Bharti A, Mitra A, Shivashankar GV 
(2020) Fibroblast rejuvenation by mechanical reprogramming 
and redifferentiation. Proc Natl Acad Sci USA 117:10131–10141. 
https://​doi.​org/​10.​1073/​pnas.​19114​97117

https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1016/j.bpj.2016.09.047
https://doi.org/10.1016/j.bpj.2016.09.047
https://doi.org/10.1016/j.cub.2020.11.037
https://doi.org/10.1016/j.cub.2020.11.037
https://doi.org/10.1186/s13046-020-01824-3
https://doi.org/10.1038/s41375-022-01591-4
https://doi.org/10.1038/s41375-022-01591-4
https://doi.org/10.1038/ncomms16013
https://doi.org/10.1038/ncomms16013
https://doi.org/10.1016/j.cub.2014.07.001
https://doi.org/10.1016/j.semcancer.2019.07.025
https://doi.org/10.1016/j.semcancer.2019.07.025
https://doi.org/10.1083/jcb.201603053
https://doi.org/10.1073/pnas.0908686106
https://doi.org/10.1083/jcb.201205103
https://doi.org/10.1091/mbc.E20-10-0680
https://doi.org/10.1091/mbc.E20-10-0680
https://doi.org/10.1371/journal.pone.0060179
https://doi.org/10.1371/journal.pone.0060179
https://doi.org/10.1002/jcb.22437
https://doi.org/10.1091/mbc.E17-06-0410
https://doi.org/10.1091/mbc.E17-06-0410
https://doi.org/10.1161/CIRCRESAHA.108.173989
https://doi.org/10.1146/annurev-bioeng-071910-124736
https://doi.org/10.1146/annurev-bioeng-071910-124736
https://doi.org/10.1038/nrm3897
https://doi.org/10.1111/iep.12329
https://doi.org/10.1073/pnas.1609731113
https://doi.org/10.1016/j.bpj.2016.07.006
https://doi.org/10.1016/j.bpj.2016.07.006
https://doi.org/10.1002/advs.202102757
https://doi.org/10.1083/jcb.201811100
https://doi.org/10.1083/jcb.201811100
https://doi.org/10.1091/mbc.E16-06-0428
https://doi.org/10.1016/j.isci.2022.104978
https://doi.org/10.1021/acs.nanolett.2c01849
https://doi.org/10.1021/acs.nanolett.2c01849
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1038/s41556-022-01042-3
https://doi.org/10.1038/s41556-022-01042-3
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1002/advs.201801483
https://doi.org/10.1002/advs.201801483
https://doi.org/10.1073/pnas.1911497117


	 A. de Lope‑Planelles et al.

1 3

316  Page 20 of 20

	54.	 Tilghman RW, Cowan CR, Mih JD, Koryakina Y, Gioeli D, Slack-
Davis JK, Blackman BR, Tschumperlin DJ, Parsons JT (2010) 
Matrix rigidity regulates cancer cell growth and cellular pheno-
type. PLoS ONE 5:e12905. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00129​05

	55.	 Downing TL, Soto J, Morez C, Houssin T, Fritz A, Yuan F, Chu 
J, Patel S, Schaffer DV, Li S (2013) Biophysical regulation of epi-
genetic state and cell reprogramming. Nat Mater 12:1154–1162. 
https://​doi.​org/​10.​1038/​nmat3​777

	56.	 Werner M, Blanquer SB, Haimi SP, Korus G, Dunlop JW, Duda 
GN, Grijpma DW, Petersen A (2016) Surface curvature differ-
entially regulates stem cell migration and differentiation via 
altered attachment morphology and nuclear deformation. Adv 
Sci (Weinh) 4:1600347. https://​doi.​org/​10.​1002/​advs.​20160​0347

	57.	 Uroz M, Wistorf S, Serra-Picamal X, Conte V, Sales-Pardo M, 
Roca-Cusachs P, Trepat X (2018) Regulation of cell cycle pro-
gression by cell-cell and cell-matrix forces. Nat Cell Biol 20:461–
654. https://​doi.​org/​10.​1038/​s41556-​018-​0107-2

	58.	 Gemble S, Wardenaar R, Keuper K, Srivastava N, Nano M, 
Macé AS, Tijhuis AE, Bernhard SV, Spierings DCJ, Simon A 
et al (2018) Genetic instability from a single S phase after whole-
genome duplication. Nature 604:146–151. https://​doi.​org/​10.​1038/​
s41586-​022-​04578-4

	59.	 Kumar A, Mazzanti M, Mistrik M, Kosar M, Beznoussenko GV, 
Mironov AA, Garrè M, Parazzoli D, Shivashankar GV, Scita G 
et al (2014) ATR mediates a checkpoint at the nuclear envelope 
in response to mechanical stress. Cell 158:633–646. https://​doi.​
org/​10.​1016/j.​cell.​2014.​05.​046

	60.	 Aureille J, Buffiere-Ribot V, Harvey BE, Boyault C, Pernet L, 
ersen T, Bacola G, Balland M, Fraboulet S, Van Landeghem L, 
Guilluy C (2019) Nuclear envelope deformation controls cell 
cycle progression in response to mechanical force. Embo Rep 
20:e48084. https://​doi.​org/​10.​15252/​embr.​20194​8084

	61.	 Karran P, Attard N (2008) Thiopurines in current medical prac-
tice: molecular mechanisms and contributions to therapy-related 
cancer. Nat Rev Cancer 8:24–36. https://​doi.​org/​10.​1038/​nrc22​92

	62.	 Oakes SA (2020) Endoplasmic reticulum stress signaling in cancer 
cells. Am J Pathol 190:934–946. https://​doi.​org/​10.​1016/j.​ajpath.​
2020.​01.​010

	63.	 Meador JA, Zhao M, Su Y, Narayan G, Geard CR, Balajee AS 
(2008) Histone H2AX is a critical factor for cellular protection 
against DNA alkylating agents. Oncogene 27:5662–5671. https://​
doi.​org/​10.​1038/​onc.​2008.​187

	64.	 Celeste A, Petersen S, Romanienko PJ, Fernandez-Capetillo O, 
Chen HT, Sedelnikova OA, Reina-San-Martin B, Coppola V, Mef-
fre E, Difilippantonio MJ et al (2002) Genomic instability in mice 
lacking histone H2AX. Science 296:922–927. https://​doi.​org/​10.​
1126/​scien​ce.​10693​98

	65.	 Tusamda W, Ners S, Badique F, Eichhorn M, Brigaud I, Petithory 
T, Vassaux M, Milan JL, Freund JN, Rühe J et al (2020) Acto-
myosin, vimentin and LINC complex pull on osteosarcoma nuclei 
to deform on micropillar topography. Biomaterials 234:119746. 
https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2019.​119746.E

	66.	 Schrank BR, Aparicio T, Li Y, Chang W, Chait BT, Gundersen 
GG, Gottesman ME, Gautier J (2018) Nuclear Arp2/3 drives DNA 
break clustering for homology-directed repair. Nature 559:61–66. 
https://​doi.​org/​10.​1038/​s41586-​018-​0237-5

	67.	 Makhija E, Jokhun DS, Shivashankar GV (2016) Nuclear deform-
ability and telomere dynamics are regulated by cell geometric 
constraints. Proc Natl Acad Sci USA 113:E32–E40. https://​doi.​
org/​10.​1073/​pnas.​15131​89113

	68.	 Patteson AE, Vahabikashi A, Pogoda K, Adam SA, Mandal K, 
Kittisopikul M, Sivagurunathan S, Goldman A, Goldman RD, 
Janmey PA (2019) Vimentin protects cells against nuclear rupture 
and DNA damage during migration. J Cell Biol 218:4079–4092. 
https://​doi.​org/​10.​1083/​jcb.​20190​2046

	69.	 Guilluy C, Osborne LD, Van Landeghem L, Sharek L, Superfine 
R, Garcia-Mata R, Burridge K (2014) Isolated nuclei adapt to 
force and reveal a mechanotransduction pathway in the nucleus. 
Nat Cell Biol 16:376–381. https://​doi.​org/​10.​1038/​ncb29​27

	70.	 Furusawa T, Rochman M, Taher L, Dimitriadis EK, Nagashima 
Kerson S, Bustin M (2015) Chromatin decompaction by the nucle-
osomal binding protein HMGN5 impairs nuclear sturdiness. Nat 
Commun 6:6138. https://​doi.​org/​10.​1038/​ncomm​s7138

	71.	 Wang P, Dreger M, Madrazo E, Williams CJ, Samaniego R, 
Hodson NW, Monroy F, Baena E, Sánchez-Mateos P, Hurlstone 
A et al (2020) WDR5 modulates cell motility and morphology 
and controls nuclear changes induced by a 3D environment. Proc 
Natl Acad Sci USA 115:8581–8586. https://​doi.​org/​10.​1073/​pnas.​
17194​05115

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0012905
https://doi.org/10.1371/journal.pone.0012905
https://doi.org/10.1038/nmat3777
https://doi.org/10.1002/advs.201600347
https://doi.org/10.1038/s41556-018-0107-2
https://doi.org/10.1038/s41586-022-04578-4
https://doi.org/10.1038/s41586-022-04578-4
https://doi.org/10.1016/j.cell.2014.05.046
https://doi.org/10.1016/j.cell.2014.05.046
https://doi.org/10.15252/embr.201948084
https://doi.org/10.1038/nrc2292
https://doi.org/10.1016/j.ajpath.2020.01.010
https://doi.org/10.1016/j.ajpath.2020.01.010
https://doi.org/10.1038/onc.2008.187
https://doi.org/10.1038/onc.2008.187
https://doi.org/10.1126/science.1069398
https://doi.org/10.1126/science.1069398
https://doi.org/10.1016/j.biomaterials.2019.119746.E
https://doi.org/10.1038/s41586-018-0237-5
https://doi.org/10.1073/pnas.1513189113
https://doi.org/10.1073/pnas.1513189113
https://doi.org/10.1083/jcb.201902046
https://doi.org/10.1038/ncb2927
https://doi.org/10.1038/ncomms7138
https://doi.org/10.1073/pnas.1719405115
https://doi.org/10.1073/pnas.1719405115

	Mechanical stress confers nuclear and functional changes in derived leukemia cells from persistent confined migration
	Abstract
	Introduction
	Results
	Mechanical constriction promotes morphological changes in the nucleus of migrating cells.
	Persistent migration alters permanently the lamin B1 distribution within the nucleus
	Persistent migration induces enduring changes in the transcriptional profile of migrating cells
	Migrating cells through confined conditions show altered basal levels of DNA damage markers and resistance to apoptosis
	Persistent migration promotes changes in the chemotactic response of moving cells and their capacity to infiltrate tissues in vivo
	Aberrant lamin B1 redistribution and basal DNA damaged induced by persistent migration are dependent on actin polymerization
	Migrating cells through confined conditions alter their global chromatin compaction state
	Confined migration promotes changes in the biomechanical landscape of the nucleus

	Discussion
	Materials and methods
	Cell lines and culture
	Immunofluorescence
	Electron microscopy
	Nuclear confinement
	Flow cytometry
	Optical tweezers
	Statistics


	Consent for publication
	Anchor 23
	Acknowledgements 
	References




