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SUMMARY

The interplay between cells and their surrounding microenvironment drives multiple cellular functions, 
including migration, proliferation, and cell fate transitions. The nucleus is a mechanosensitive organelle; 
however, the morphological and functional changes of the nucleus induced by a three-dimensional (3D) 
extracellular environment remain unclear. Here, we report that leukemia Jurkat cells selected after 3D growth 
conditions retain persistent nuclear changes even after being released from confinement. These altered cells 
showed aberrant nuclear wrinkling, visualized by the lamin B1 distribution and mediated by disrupted actin 
dynamics and protein kinase C (PKC)β signaling. Moreover, these cells presented changes in chromatin 
compaction, transcription, apoptosis, and in vivo dissemination. By combining biomechanical techniques 
and single-nucleus analysis, we have determined that these cells exhibit a distinct nuclear mechanical 
behavior and biophysical signature compared with control cells. Together, these findings demonstrate 
that 3D microenvironments alter leukemia cell biology by promoting persistent changes in chromatin orga-
nization, morphology, and mechanical response of the nucleus.

INTRODUCTION

The cell nucleus is organized into the nuclear envelope and the 

underlying lamina network, which encloses chromatin and con-

trols multiple DNA functions. 1,2 In the physiological context, cells 

have to respond to external stimuli, including biochemical sig-

nals, but also biomechanical properties of the extracellular micro-

environment. 3,4 The mechanical response of the nucleus is 

dictated by the chromatin and the lamina network, 5 which, in 

turn, is critical in multiple processes, including altered gene 

expression, cell fate transitions, cell migration, cell cycle progres-

sion, and tumorigenesis. 6,7 Multiple biophysical techniques have 

been used to characterize the nuclear mechanical changes, such 

as cell stretching, substrate patterning, external compression, 

and three-dimensional (3D) cell migration. 8–10 Interestingly, 

studying the behavior of the nucleus in intact cells might lead to 

misinterpretation due to the cell membrane and the cytoskeleton; 

thereby, an integral study of intact cells and isolated nuclei might 

bypass this issue to better define the biophysical changes inter-

preted by the nucleus. 11 This is particularly important from basic 

and translational research, as alterations in the deformability of 

the nucleus induced by the extracellular matrix (ECM) have 

been described in multiple human pathologies, including inflam-

mation, aging, and cancer. 12–14

The ECM provides mechanical and chemical signals that regu-

late cellular functions (such as cell migration, apoptosis, and 

differentiation) and phenotypical changes. 15 Notably, in 3D envi-

ronments, cells are confined by the surrounding ECM that pro-

motes specific intracellular signals. 16 It has been previously 

shown that in vitro 3D confinement compromises nuclear stabil-

ity, promotes nuclear rupture and DNA damage, and perturbs 

different functions, such as DNA repair, cell differentiation, and 

histone methylation. 17–20 Moreover, these alterations have 

been linked to larger physiological processes related to meta-

bolism, mitochondrial activity, senescence, and drug resis-

tance. 21,22 Despite this evidence, it is not yet known how cell-

environment interactions impact alterations in the nucleus that 

drive genomic instability and cancer progression.
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Figure 1. 3D cell confinement promotes persistent morphological changes in the nucleus

(A) Jurkat cells were embedded in a 3D collagen matrix (3.3 mg/mL) in complete medium and maintained in culture for 10 days. Then, the collagen gel was 

disaggregated mechanically, and transformed (TR) cells were collected, kept in suspension without any further constriction, and expanded as TR cells. Control 

and TR cells were cultured in suspension, expanded, and used for experimental procedures.

(B) Cells were cultured in suspension (control) or in 3D collagen matrices (3.3 mg/mL) for 3, 6, and 10 days. Additionally, cells cultured for 10 days, defined as TR, 

were extracted from the collagen and cultured in suspension for the indicated days. Then, cells were collected and apoptosis analyzed by flow cytometry. n = 3 

replicates ±SD.

(C) Cells cultured as in (B) were collected, fixed, permeabilized, and stained with propidium iodide. Then, cell cycle progression was analyzed by flow cytometry 

with G1, S, and G2/M phases depicted according to DNA content. n = 3 replicates ± SD.

(D) Control and TR cells were sedimented on poly-L-lysine-coated coverslips, fixed, and stained with Hoechst for analysis by confocal microscopy. The images 

on the right indicate the shape of the nuclei in black. Bar: 10 μm.

(legend continued on next page)
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Here, we described how cell confinement causes a selection 

of cells presenting persistent changes that influence the me-

chanical and functional responses. We focused on Jurkat cells 

for their well-characterized responses to mechanical stimuli. 

We cultured cells embedded in a high-density 3D collagen I ma-

trix for several days and then collected and cultured them in sus-

pension as TR (transformed) cells, which present persistent 

functional and phenotypical changes due to the memory of 3D 

confinement. In terms of morphological and phenotypical 

changes, we demonstrated that highly confining 3D conditions, 

which mimic the dense extracellular environments encountered 

in vivo, induced an increment and wrinkling of the nucleus and 

lamin B1. Moreover, we observed that actin polymerization 

and protein kinase C (PKC) activity might be linked to the nuclear 

phenotype and lamin B1 visualization of TR cells. Our transcrip-

tional analysis reveals that TR cells showed a different transcrip-

tional activity and state compared to control cells, indicating 

potential differences between short-term cellular responses 

and the mechanical adaptation to 3D environments. Importantly, 

we revealed that 3D confinement affected the biology of TR cells 

in functions such as survival and in vivo dissemination. Finally, 

we combined atomic force microscopy (AFM), super-resolution 

microscopy, confined compression, and optical tweezers to 

demonstrate that TR cells showed a homogeneous biomechan-

ical signature inside the nucleus coupled to the redistribution of 

chromatin. Our results reinforce the idea that the ECM and the 

microenvironment can drive nuclear changes, which may influ-

ence transcriptional activity, biomechanical signatures, and 

functional differences, although extensive research will be 

essential to establish broader biological relevance.

RESULTS

Leukemia cells display morphological changes in the 

nucleus due to mechanical adaptation after 3D 

conditioning

Collagen is the most abundant ECM scaffolding protein, and 

collagen matrices have been extensively used as a physiological 

model of physical barriers to study the migration and plasticity of 

normal and tumor cells. 23–26 Furthermore, the adaptation of cells 

to ECM stiffness is critical for multiple homeostatic and patho-

logical conditions in vivo. 27,28 To investigate how the mechanical 

signals from the ECM might promote the adaptation of cancer 

cells, we designed a workflow to select leukemia cells collected 

after 3D confinement in a collagen I gel. The cells were compared 

to the starting population of cells, which had never undergone 3D 

mechanical confinement (Figure 1A).

First, we evaluated the behavior of leukemia cells surrounded 

by high-density collagen (3.3 mg/mL) over time, which might 

promote mechanical stress. To understand how the 3D collagen 

matrix might affect the survival and proliferation of leukemia cells, 

we compared cells in suspension (control), cells cultured in 3D

confinement for several days, and the survivor cells after 

10 days (referred to as TR cells). We observed that the mechanical 

stress induced by 3D confinement increased the apoptosis of leu-

kemia cells; nonetheless, survivor TR cells progressively recov-

ered their viability in the absence of confinement (Figure 1B). 

We observed only slight differences in the cell cycle progression 

after culturing leukemia cells in 3D conditions (Figure 1C). Similar 

to cell viability, we confirmed a reduction in the proliferative ratio 

of leukemia cells induced by 3D confinement (Figure S1).

The nucleus plays a critical role during the cell invasion into the 

3D ECM and in tumor dissemination during the metastasis pro-

cess, 29 and alterations in its size and morphology serve as a 

marker in human pathologies, such as cancer. 30 First, we visual-

ized the nuclear morphology of control and TR cells (Figure 1D). 

We used a linear mixed-effects model to assess differences in 

nuclear area between control and TR cells, with condition as a 

fixed effect and experiment as a random intercept (REML esti-

mation and variance components structure), and found that TR 

cells showed bigger nuclei with a diminished circularity than their 

counterparts (Figures 1E and 1F). In addition to confocal anal-

ysis, the size and complexity of cells and nuclei can be deter-

mined by flow cytometry, 31 and we have confirmed that the 

isolated nuclei distributed from TR cells have a larger size and 

more complexity, suggesting more irregular shapes, than those 

from control cells (Figure S1). To further study the nuclear 

morphology, we visualized control and TR cells by electron mi-

croscopy (EM) and confirmed that TR cells showed an aberrant 

nuclear shape compared to control cells (Figure S1). We 

confirmed that TR cells remained distinct from control cells 

even after freeze-thaw cycles (Figure 1G), suggesting that this 

time window was sufficient for subsequent functional and 

morphological characterization.

As EM images also suggested differences in the nucleolar 

disposition of TR cells (Figure S1), we stained control and TR 

cells for nucleolin. Remarkably, we confirmed a significant incre-

ment in the intensity of the signal and the nucleolar area of TR 

cells (Figure S1). Together, our results showed the possibility 

of selecting and expanding an altered leukemia subtype showing 

nuclear morphological changes and a persistent adaptation to 

the mechanical stress to 3D confinement, which serves, together 

with the original population (control), as an ideal cell model to 

study cellular adaptation to 3D confinements.

Cells derived after 3D mechanoadaptation present 

higher basal DNA damage levels and susceptibility to 

apoptosis

Confined conditions regulate the proliferation and cell cycle pro-

gression of cells. 32,33 First, we investigated whether TR cells 

showed alterations in their proliferative ratio and found no signif-

icant differences in the proliferation of control and TR cells 

(Figure 2A). We stained Ki67 and the BrdU (bromodeoxyuridine) 

incorporation in control and TR cells growing exponentially and

(E and F) Changes in the nuclear area (E) and circularity (F) of control and TR cells. Each point represents a single cell, color coded by experimental replicate. Big 

dots show the mean value per experiment, and their size is proportional to the n of the corresponding experiment. n = 7 replicates, N = 459–580 cells ± SD. 

(G) Control and TR cells after defrosting at 60 days were seeded onto poly-L-lysine-coated slides, fixed, and stained with Hoechst for analysis by confocal 

microscopy. Each point represents a single cell, color coded by experimental replicate. Big dots show the mean value per experiment, and their size is pro-

portional to the N of the corresponding experiment. n = 3 replicates, N = 135–406 cells ± SD. *p < 0.05 and ***p < 0.001.

Cell Reports Physical Science 7, 103116, February 18, 2026 3

Article
ll

OPEN ACCESS



(legend on next page)

4 Cell Reports Physical Science 7, 103116, February 18, 2026

Article
ll

OPEN ACCESS



found similar levels of these proliferative markers in both cell 

types (Figures 2B and S2). We confirmed that control and TR 

cells showed similar cell cycle profiles, without a significant 

increment in the population showing a higher DNA amount 

(Figure 2C). Moreover, we analyzed the presence of polyploid 

species in control and TR cells and confirmed no significant 

changes in the amount of DNA or the presence of hyperploidy 

in TR cells (Figure S2), indicating that TR cells display an aberrant 

nuclear morphology without affecting the polyploidy. We tested 

the expression of cyclins and observed that TR cells exhibited a 

slight reduction of cyclin A (a typical cyclin for late phases of the 

cell cycle) compared to control cells (Figure S2).

Cell migration through confined spaces compromises nuclear 

integrity and promotes DNA damage, including the marker phos-

pho-histone γH2AX. 34 We found that nuclei of TR cells showed 

more foci of γH2AX per nucleus than control cells (Figures 2D 

and 2E). We further confirmed these results by measuring the to-

tal levels of γH2AX in control and TR cells (Figure S3) and by 

quantifying other DNA damage markers, such as phospho-

ATM (pATM) (Figure S3). As we found high levels of DNA damage 

markers in TR cells, we characterized their DNA repair response 

by treating control and TR cells with bleomycin, a drug that in-

duces DNA damage. We visualized the levels of DNA damage 

by single-cell electrophoresis (comet assay) and found that TR 

cells were more sensitive to DNA damage than control cells 

(Figures 2F, 2G, and S3). Moreover, given the potential implica-

tion of the basal levels of DNA damage response (DDR) on the 

survival capacity of the cells, we tested whether TR cells were 

more sensitive to conventional chemotherapies than control 

cells. Interestingly, we confirmed that TR cells showed more 

sensitivity to cell death in response to several chemotherapeutic 

drugs than control cells (Figures 2H and S3). Together, our re-

sults suggest that mechanoadapted TR cells alter their response 

to DNA damage.

Derived cells after 3D mechanoadaptation reduce their 

in vivo invasiveness

Nuclear adaptation is critical during cell migration through phys-

ical barriers such as the endothelium and the interstitial 

spaces, 26,35,36 and we evaluated whether the mechanical adap-

tation of TR cells might alter other functions, such as cell migra-

tion. Firstly, we performed a chemotaxis assay and found that TR 

cells did not show significant differences in their chemotactic

response to serum (Figures 3A and S4). To discount defective 

cell adhesion, we evaluated how control and TR cells attach to 

VCAM-1 (vascular adhesive molecule-1), and we found similar 

levels of cell adhesion for control and TR cells (Figure S4). We 

also tested whether TR cells present spreading defects on 2D 

surfaces with non-specific ligands and found no differences in 

the cell adhesion kinetics of control and TR cells at short times, 

while a shrinking of the cell area in control cells could be 

observed after 2 h (Figures 3B and 3C). Similar results were 

observed on collagen- and VCAM-1-coated surfaces, which 

offer a more physiological context, showing that control and 

TR cells spread similarly (Figure S4). Importantly, we confirmed 

that cell culture on the 2D-collagen surface did not promote nu-

clear wrinkling or alterations (Figure S4). To further determine the 

migration behavior of TR cells in vitro, we analyzed their capacity 

to infiltrate a collagen matrix and found that the invasion depth of 

TR cells was not impaired (Figures 3D and 3E). The mechanoa-

daptation of solid tumors favors the malignant metastatic pheno-

type 21 ; therefore, although we did not see differences in vitro, we 

assessed how TR cells might have altered their invasive capacity 

in vivo. For this, we injected an equal number of control and TR 

cells labeled with vital dyes into the tail vein of immunodeficient 

recipient mice and analyzed the homing of cells into the bone 

marrow, liver, and spleen at 24 h post-injection. Our analysis 

indicated a reduction of TR cells reaching these organs 

compared to controls (Figures 3F and S4), independently of 

the vital dye used (Figure S4). Together, these results indicate 

that TR cells derived after 3D confinement exhibit less capacity 

to invade tissues in vivo without affecting their chemotaxis or 

cell adhesion.

Derived cells after 3D mechanoadaptation show 

transcriptional changes

It was recently published that ECM density promotes cell fate 

transition in fibroblasts, 37 and we interrogated the transcriptomic 

changes induced in TR cells. We isolated the mRNA from control 

and TR cells cultured in suspension and exponential growth and 

then analyzed them by microarray expression. Our analysis 

showed a significant differential expression (1.4-fold change, 

adjusted p < 0.05, and |log2 fold change| > 0.5) for 661 genes 

(143 up- and 518 downregulated) in TR cells compared with con-

trol cells (Figures 4A and 4B). To focus on the effect of mechan-

ical adaptation induced in TR cells after 3D confinement, we

Figure 2. TR cells from persistent 3D confinement show alterations in their survival response

(A) Control or TR (dark and dashed lines, respectively) cells were cultured, and proliferation was quantified by MTT assay at the indicated times. Mean n = 5 

replicates ± SD.

(B) Control and TR cells were incubated with 5-bromo-2 ′ -deoxyuridine (BrdU) for 4 and 20 h. Then, cells were fixed, and BrdU incorporation was quantified. Mean 

n = 3 replicates ± SD.

(C) Control (white) and TR (gray, dashed line) cells were fixed, permeabilized, and stained with propidium iodide. Then, cell cycle progression was analyzed by 

flow cytometry. G1, S, and G2/M phases are shown according to DNA content.

(D) Control and TR cells were collected, seeded onto poly-L-lysine-coated slides, fixed, and stained for γH2AX (red) and Hoechst (blue). Bar: 10 μm.

(E) Number of foci per nucleus of control or TR cells. Each point represents a single cell, color coded by experimental replicate. Big dots show the mean value per 

experiment, and their size is proportional to the n of the corresponding experiment. n = 2 replicates, N = 247–252.

(F) Control and TR cells were treated with 40 μM bleomycin for 4 h, embedded in agarose, and lysed. An alkaline comet assay by electrophoresis was performed 

to visualize DNA by fluorescence microscopy. Bar: 40 μm.

(G) Tail and olive moment analysis of the comet assay in (F). n = 7 replicates, N = 58–85 cells ± SD.

(H) Control and TR cells were cultured in the presence of the indicated drugs (1 μM methotrexate, 5 μg/mL cycloheximide, 5 μg/mL blasticidin S, or 10 μg/mL 

chlorambucil) for 24 h. Then, cells were collected and stained for annexin V-FITC and propidium iodide for flow cytometry analysis. The survival ratio of con-

trol and TR cells upon normalization to their untreated conditions is shown. Mean n = 3 replicates ± SD. ***p < 0.001.
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Figure 3. Aberrant cells after suffering 3D confinement exhibit reduced cell invasiveness

(A) Control and TR cells were seeded on the top chamber of Transwell inserts and allowed to migrate through 5 μm pores toward FBS for 24 h. The graph shows 

the percentage of migrated cells. Mean n = 12 replicates ± SD.

(B) Control and TR cells were seeded on poly-L-lysine-coated slides, fixed at the indicated times, and stained with phalloidin (green) and Hoechst (blue). Bar: 

10 μm.

(C) Cellular area analysis of the adhesion kinetics in (B). Each point represents a single cell, color coded by experimental replicate. Big dots show the mean value 

per experiment, and their size is proportional to the n of the corresponding experiment. n = 3 replicates N = 55–256 cells ± SD.

(D) Control and TR cells were seeded on the top of a collagen 3D matrix and cultured at 37 ◦ C for 24 h. Then, cells were fixed and stained with propidium iodide, 

and serial confocal images of the matrix were taken to calculate the invasion depth of control and TR cells toward FBS.

(legend continued on next page)
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performed bioinformatics analysis of the gene expression pro-

files and found that the most significant changes correspond 

to genes encoding mitochondrial transport, cytokine signaling, 

and ECM organization pathways (Figures 4C and S5; 

Table S1). To validate our data, we selected MEN1 and EHMT2 

(corresponding to the protein G9a, a histone methyltransferase 

involved in H3K9 methylation and leukemia progression), 38,39 

and determined their levels by RT-qPCR. Consistent with our 

transcriptional analysis, we found a reduced level of both genes 

in TR cells (Figure S5). We subsequently performed a transcrip-

tional analysis of leukemia cells following short-term embedding 

in 3D confinement to investigate whether the altered genes 

observed in TR cells corresponded to a mechanoadaptation 

after prolonged 3D confinement or if it also occurred at shorter 

timescales. For this, we cultured cells in suspension or 

embedded them in a 3D collagen matrix for 3 h, which has 

been reported to induce H3K4 methylation in leukocytes 18 

(Figures 4D and 4E; Table S2). We found only 38 common genes 

altered in cells cultured for 3 h in 3D confinement and in TR cells; 

some of them are particularly relevant for tumorigenic processes 

(Figure S5; Table S3), indicating that mechanoadapted TR cells 

showed different outputs in cell biology than cells suffering 3D 

confinement for short-term conditions.

Next, we interrogated whether the TR cells’ altered gene 

expression profile might reflect different transcriptional activity 

compared to control cells. We measured the levels of RNA poly-

merase II (RNA pol II) and the incorporation of an alkyne-modi-

fied nucleoside, 5-ethynyl uridine (EU), and found that TR cells 

showed increased levels of RNA Pol II compared to control cells 

(Figures 4F, 4G, and S5). We also observed an increment of EU 

incorporation in TR cells by flow cytometry (Figure S5). We 

confirmed the correlation between RNA Pol II levels and tran-

scription activity, although control cells showed lower levels of 

these signals compared to the broad scatter in TR cells 

(Figure S5). To further confirm the activation of RNA Pol II, we 

measured the levels of RNA Pol II phosphorylation and found 

that TR cells showed increased levels of phospho-RNA Pol II 

(Figures 4H, 4I, and S5). Together, these results denote that TR 

cells exhibit enduring transcriptional changes after their mecha-

noadaptation in 3D environments.

Lamin B1 staining reveals a multilobular disposition of 

the nucleus in cells derived after 3D mechanoadaptation 

In contrast to adherent cells, where A-type lamins are the major 

component of the nuclear lamina, leukocytes mainly express 

lamin B. 40 Since dense 3D collagen matrix alters the size and 

morphology of TR cells, we hypothesized that lamin B1 distribu-

tion may also be affected in these cells. First, we visualized the 

nucleus of control and TR cells and found that lamin B1 localized 

in the nuclear periphery of control cells, while TR cells presented 

an irregular distribution of this protein at the periphery but also in 

the central part of the nucleus (Figures 5A–5C). To distinguish 

whether aberrant lamin B1 visualization corresponded to intranu-

clear localization or to nuclear surface wrinkling, we character-

ized differences in the morphology and lamin B1 distribution of 

nuclei from control and TR cells by performing 3D reconstruction 

(Videos S1 and S2). We observed aberrant lamin B1 wrinkles in 

the middle cross-section plane of TR cells (Figure 5D), indicating 

that TR cells presented alterations in nuclear morphology, which 

may reflect a redistribution of nuclear dimensions and increased 

nuclear volume. To confirm these results, we performed staining 

of the nuclear envelope marker, emerin, and found that most of 

the emerin signal also localized at the nuclear wrinkles, suggest-

ing that the reshaping of the nucleus reflects wrinkling and not 

soluble lamin detached from the nuclear envelope (Videos S3 

and S4; Figure 5E). We evaluated changes in the expression of 

nuclear envelope proteins in TR cells and found that TR cells 

showed no significant changes in the levels of emerin and sun2 

proteins (Figure S6). To identify how the 3D confinement of the 

ECM might affect lamin B1 distribution in leukemia cells, we eval-

uated the nuclear morphology and lamin B1 visualization after cell 

confinement in a 3D collagen gel and found that 3 days was suf-

ficient to promote the irregular distribution of lamin B1 and an in-

crease in nuclear size (Figure S6). Lamin B interacts and regulates 

nucleolar components 41–43 ; therefore, we interrogated whether 

the aberrant distribution of lamin B1 in TR cells might regulate 

its interaction with nucleolar proteins. First, immunoprecipitation 

experiments revealed that TR cells presented similar levels of 

lamin B1 bound to the nucleolar protein NPM1 as control cells 

(Figure S6). As expected, the disposition of nucleoli in TR cells 

was not connected to the abnormal distribution of lamin B1 

(Figure S6). These results indicate that TR cells showed an aber-

rant localization of lamin B1 in a multilobular shape.

PKC activity and actin polymerization modulate the 

phenotypical visualization of lamin B1 in cells derived 

after 3D mechanoadaptation

It is well known that lamin B1 is regulated by multiple kinases. 44 

We selectively inhibited conventional PKC activity with stauro-

sporine (for PKCα) and enzastaurin (for PKCβ) and found no sig-

nificant differences in the visualization of lamin B1 (Figure S7). To 

further determine the possible role of PKC, we transfected TR 

cells with a specific pool of small interfering RNAs (siRNAs) 

against PKCβ (Figure S7) and found that TR cells depleted for 

PKCβ recovered the signal of lamin B1 at the nuclear periphery 

and the rounded phenotype of the nucleus (Figures 6A, 6B, 

and S7). As we have previously described that PKCβ localizes 

mainly in the nucleus of leukemia cells, 39 we observed increased 

basal levels of phospho-PKC in the nuclear and chromatin frac-

tions of PKC in TR cells (Figures 6C and S7). The cytoskeleton 

mediates mechanical signals between cells and their surround-

ing environment. 45 We addressed the potential implication of 

actin polymerization on the phenotypic visualization of lamin 

B1 in TR cells. For this, we incubated TR cells with drugs to target 

actin polymerization and found that cells treated for 1 h with la-

trunculin B (an actin polymerization inhibitor) recovered lamin

(E) Percentage of cells invading into the collagen gel deeper than 100 μm. Mean n = 4 replicates ± SD.

(F) Control (Far Red+) and TR (CFSE+) cells were stained with live-cell dyes, mixed 1:1, and injected into the tail vein of NSG (NOD scid gamma mouse) mice. After 

24 h, the percentage of infiltrated leukemic cells according to the total number of events into the spleen, bone marrow, and liver for each animal was determined 

by flow cytometry. n = 14. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. TR cells from 3D confinement alter their transcriptional program

(A) Control or TR cells in exponential growth were lysed, mRNA was isolated, and transcriptional changes were analyzed by mRNA expression microarray. 

Volcano plot shows significantly downregulated (blue) and upregulated (red) transcripts in TR cells compared to control conditions. The graph shows the double 

filtering criterion |fold change| > 1.4 and p < 0.05 (n = 2 replicates); all other genes that were not found to be significantly altered are shown as gray dots.

(B) Heatmap of the relative gene expression patterns generated from the microarray data in (A), reflecting log2 normalized gene expression values. The color scale 

illustrates the relative expression level of genes across all samples from a red color (higher expression) to a blue color (lower expression).

(C) Pathway enrichment analysis based on differentially up- and downregulated genes in control compared with TR Jurkat cells.

(D) Jurkat cells were cultured in suspension (control) or embedded in a 3D collagen type I matrix for 3 h (3D). Cells were collected and lysed, and mRNA was 

extracted for the analysis of transcriptional changes by microarray. A volcano plot was generated by double filtering criterion |fold change| > 1.4 and p < 0.05 (n = 2 

replicates). Blue and red dots show the downregulated and upregulated transcripts, respectively. All other genes that were not found to be significantly altered are 

shown as gray dots.

(legend continued on next page)
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B1 at the nuclear periphery of TR cells, while jasplakinolide, 

which stabilizes polymerized actin, did not significantly alter 

the distribution of lamin B1 (Figures 6D and 6E).

It has been reported that nuclear actin and its associated pro-

teins play fundamental nuclear functions, such as chromatin 

changes, DNA repair, and transcriptional regulation. 46 We trans-

fected mutants of nuclear actin in TR cells and found that the 

transfection of NLS-ActinR62D actin (defective actin polymeri-

zation) rescued the nuclear morphology of TR cells, while the 

NLS-ActinWT and the NLS-ActinS14C (a mutant that recapitu-

lates the effect of jasplakinolide) did not (Figures 7A and 7B). 

Interestingly, transfection of NLS-ActinR62D in TR cells also 

reduced the nuclear area, suggesting that nuclear actin poly-

merization might have a dual effect on the nuclear size and wrin-

kling (Figure S8). As blocking actin polymerization and PKCβ 

signaling recovered the normal phenotype of lamin B1, we inter-

rogated which molecular mechanism was the primary signal 

controlling this nuclear change in TR cells. For this, we incu-

bated TR cells with PMA (phorbol 12-myristate 13-acetate) to 

stimulate the activation of PKC and observed that PMA treat-

ment did not abrogate the effect of latrunculin on TR cells 

(Figure S8). Furthermore, TR cells depleted for PKCβ or preincu-

bated with enzastaurin and treated with jasplakinolide showed 

that actin stabilization overcame the recovery induced by tar-

geting PKCβ (Figures 7C and 7D). When we inverted the order 

and pretreated TR cells with jasplakinolide before the addition 

of enzastaurin, we confirmed that actin stabilization also 

impaired the effect induced by PKC inhibition (Figure S8). We 

investigated potential interactions among lamin B1, PKCβ, and 

actin in TR cells and found that TR cells exhibit increased levels 

of PKCβ associated with both actin and lamin B1 compared to 

control cells (Figure 7E), suggesting that interactions between 

PKCβ, actin, and lamin B1 may contribute to the observed alter-

ations in nuclear architecture of TR cells. Taken together, these 

results insinuate that nuclear actin polymerization might 

contribute to the nuclear wrinkling observed in TR cells, and 

this effect might operate downstream of PKC signaling. 

Although our data demonstrate increased interactions among 

PKCβ, actin, and lamin B1 in TR cells, we cannot exclude the 

possibility that cytoplasmic actin or changes in global actin 

polymerization also contribute to these effects.

Cells derived after 3D mechanoadaptation present 

different biophysical properties and mechanical 

homogeneity in the nucleus

Since the nuclear size and morphology of TR cells were affected 

and the nuclear deformability is a critical factor of cancer cell 

migration, 7,8 we hypothesized that the mechanical response of

the nucleus would be disturbed, contributing to changes 

observed in vivo dissemination of TR cells. To determine how 

the nucleus deforms upon external forces, we used a cell 

confiner device to induce nuclear deformation by global 

compression. We found that isolated nuclei from TR cells 

increased their nuclear deformability compared to isolated 

nuclei from control cells (Figures 8A and 8B). Similar changes 

in the nuclear deformability were observed in intact control and 

TR cells (Figure S9), indicating that persistent cell confinement 

indeed may affect the mechanical response of the nucleus. 

Chromatin compaction also contributes to the mechanical prop-

erties of the nucleus 5 ; therefore, we first interrogated whether TR 

cells alter their chromatin organization. To this end, we assessed 

DNase I sensitivity to determine the global chromatin compac-

tion of control and TR cells. TR cells exhibited more sensitivity 

to DNA digestion than control cells, suggesting a more relaxed 

chromatin compaction state (Figures 8C and 8D). To further 

explore this possibility, we treated control and TR cells with tri-

chostatin A (TSA), a chemical drug to induce chromatin decom-

paction. TSA treatment significantly increased the nuclear size of 

control cells, while TR cells were less sensitive, indicative of a 

lower level of chromatin compaction than control cells 

(Figure S9).

To investigate these chromatin changes, we used STORM 

(stochastic optical reconstruction microscopy) to observe the 

spatial organization and density of chromatin within isolated 

nuclei. The qualitative analysis showed that control nuclei ex-

hibited very low levels of chromatin density/clustering, whereas 

nuclei from TR cells displayed a higher density of chromatin clus-

ters. By using SIM (structured illumination microscopy) imaging 

on intact control and TR cells, we found that control nuclei pre-

sent a high density of chromatin distributed around the periphery 

of the nucleus, while nuclei from TR cells showed a more homo-

geneous chromatin distribution, including dense domains 

throughout the nucleus, consistent with the STORM measure-

ments (Figure S10). Osmotic stress has been used to determine 

the mechanical response of the nucleus, 36 as swelling conditions 

might affect the chromatin compaction and the water diffusivity 

inside the nucleus. We added KCl or EDTA to isolated nuclei from 

control and TR cells to determine how the nucleus might respond 

to swelling conditions. We observed that both treatments 

increased the area of isolated nuclei from control and TR cells. 

To address whether actin polymerization might influence these 

differences, we treated TR cells with latrunculin and found that 

these isolated nuclei showed nuclear swelling similar to control 

cells (Figure S10). We also confirmed that latrunculin treatment 

reduced the chromatin sensitivity of TR cells to DNase I treat-

ment (Figure S10).

(E) Heatmap shows the relative gene expression patterns of transcriptomics generated from control cells in suspension or embedded in 3D collagen gels (n = 3), 

reflecting log2 normalized gene expression values. The color scale illustrates the relative expression level of genes across all samples from a red color (higher 

expression) to a blue color (lower expression).

(F) Control or TR cells were seeded on poly-L-lysine-coated slides and incubated with 5-ethynyl uridine (EU) before fixation. Then, cells were stained with specific 

antibodies for EU and RNA Pol II. Bar: 10 μm.

(G) Signal intensity of EU and RNA Pol II in control and TR cells in (F). Each point represents a single cell, color coded by experimental replicate. Big dots show the 

mean value per experiment, and their size is proportional to the n of the corresponding experiment. n = 4–5 replicates, N = 84–99 cells ± SD.

(H) Control or TR cells were seeded on poly-L-lysine-coated slides, fixed, and stained with specific antibodies for p-RNA Pol II. Bar: 10 μm.

(I) Signal intensity of p-RNA Pol II in control and TR cells in (H). Each point represents a single cell, color coded by experimental replicate. Big dots show the mean 

value per experiment, and their size is proportional to the n of the corresponding experiment. n = 3 replicates, N = 64–69 cells ± SD. ***p < 0.001.
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We have developed a methodology based on gentle poroelas-

tic indentation using optical tweezers to apply a range of inden-

tation depths in both isolated nuclei from control and TR cells. 

We determined the spatial variation of the nuclear local density 

(compaction, Φ) at the nuclear periphery and found an exponen-

tial decay defined by a shape factor of the function, named 

characteristic length ξ (Figure 8E). We found no significant differ-

ences in ξ between isolated nuclei from control and TR cells 

(Figure S10); nonetheless, those values from TR cells showed 

larger dispersion (Figure 8E), suggesting that the compaction

gradient at the nuclear periphery is more heterogeneous in TR 

cells. To further characterize the spatial biomechanical signature 

of TR cells, we used AFM on isolated nuclei. Using PeakForce 

Capture and PeakForce Tapping, we can gain a force curve for 

each pixel (Figure 8F); therefore, we can measure the spatial 

biomechanical properties. We found that control nuclei are an 

inhomogeneous material with distinct high-stiffness regions 

(>10 kPa) and extensive softer territories (<1 kPa), while TR 

nuclei display a homogeneous stiffness across the nucleus 

(<10 kPa) (Figure 8G). To further statistically quantify these

Figure 5. TR cells present multilobular nuclei characterized by an aberrant distribution of lamin B1

(A) Control or TR cells were seeded on poly-L-lysine-coated glass and stained with Hoechst (blue) and anti-lamin B1 antibody (red) for their analysis by confocal 

microscopy. Bar: 10 μm.

(B) Line plots show the signal (MFI [mean fluorescence intensity]) profile of lamin B1 for longitudinal sections from 15 representative cells from (A). The red line 

indicates the mean intensity of the profiles analyzed.

(C) Comparison between both populations (control and TR cells) for lamin B1 staining, resulting in a distinctive distribution of the signal intensity of their nuclei that 

resembles our previous observation.

(D) Representative middle cross-section planes of control and TR cells stained as in (A). White arrows in orthogonal views indicate lamin B1 invaginations.

(E) Control or TR cells were seeded on poly-L-lysine-coated glass and stained with Hoechst (blue) and anti-emerin antibody (red) for their analysis by confocal 

microscopy. Bar: 10 μm.
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Figure 6. Persistent 3D cell confinement induces PKC-dependent redistribution of lamin B1 in TR cells

(A) TR cells were transfected with siRNA control or against PKCβ for 24 h. Then, cells were seeded on poly-L-lysine-coated glass and stained with Hoechst (blue) 

and anti-lamin B1 antibody (red) for their analysis by confocal microscopy. Bar: 10 μm.

(legend continued on next page)
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differences, we calculated the standard deviation (SD) of the 

Young’s modulus within individual nuclei. This analysis revealed 

that nuclei from control cells exhibit a higher SD compared to 

nuclei from TR cells, indicating greater spatial heterogeneity in 

nuclear stiffness (Figure 8H). In this manner, the underlying alter-

ations within the TR cells correlated with a change in the me-

chanical properties. Calculating the mean stiffness for the nuclei 

reveals an increase in stiffness within the TR nuclei due to the 

loss of the distinct high- and low-stiffness domains (Figure 8I). 

The change in stiffness was consistent with a redistribution of 

lamina and chromatin, which are significant contributing factors 

to nuclear mechanics. Taken together, our findings indicate that 

TR cells showed global changes in chromatin compaction and 

the biomechanical signature of the nucleus.

DISCUSSION

The ECM and external stimuli play a pivotal role in regulating cell 

behavior by providing mechanical and biochemical signals that 

influence cellular transformation, senescence, metabolism, and 

tumor heterogeneity. Cells navigating across these constricted 

conditions suffer mechanical stress that promotes temporary 

changes in the cell nucleus, including mechanical and transcrip-

tional alterations, nuclear blebs at the leading edge, or even the 

rupture of the nucleus. 47–52 However, how highly confining 3D 

conditions promote persistent changes in the nucleus of the 

cell is not fully understood. We have isolated a survivor popula-

tion of Jurkat cells following confinement stress in high-density 

collagen gels that could be grown and expanded in suspension 

as TR cells. Leukocytes and leukemia cells embedded in 3D 

environments navigate in an amoeboid form, aligning with an in-

tegrin-independent migration. 53 Furthermore, it has been exten-

sively reported that 3D confinement promotes an amoeboid 

phenotype with low adhesiveness of various cell types. 54–57 

While Jurkat cells serve as a widely used model for leukemia 

and T lymphocyte biology, cellular responses can differ signifi-

cantly across cell types in 3D culture conditions, and future in-

vestigations should evaluate the generalizability of our results 

in other cell types and physiological context.

As mechanical stress controls the transcriptional activity of the 

cell 58,59 and confined migration through narrow spaces might 

advantage both the selection and induction of phenotypical 

changes, similar to the metastatic process, 60 we focused on 

the transcriptional profile of TR cells. Our results cannot exclude 

the possibility that the persistent changes observed in TR cells 

result from the selection of a specific subpopulation rather 

than mechanoadaptation or transformation at the single-cell 

level. Our observations suggested that TR cells present an upre-

gulation in their transcriptional activity, concomitant with higher 

levels of phospho-RNA Pol II and nucleolin. This aligns with

recent evidence that demonstrates how the cell growth of human 

fibroblasts on geometric constraints alters their transcriptional 

program and induces cell-fate transitions. 37,61 Our results also 

align with the concept of mechanical memory, which has been 

defined as the potential of the ECM to imprint changes in cancer 

cells to metastasize from the primary tumor. 62–65 Differences 

compared to previous works might be due to the effects of 

confinement and the general influence of a 3D culture environ-

ment. Our study specifically focused on nuclear and mechanical 

adaptations to dense 3D matrices to model the highly confining 

conditions; nonetheless, we cannot discard whether a less 

confining 3D matrix or other mechanical compression would 

elicit similar responses. Interestingly, TR cells altered molecular 

pathways related to metabolism, cytokine signaling, and ECM 

remodeling. These changes indicate how mechanical stress 

might control metabolic pathways of migrating cells, according 

to previous work that highlights the role of 3D ECM stiffness on 

cell metabolism. 21,22 This aligns with recent studies that indicate 

how the ECM stiffness induces genetic variation of cancer cells 

and might impact human therapies. 23,66,67 These differences 

reinforce the idea that mechanical forces and external stimuli 

such as chemokines or growth factors can drive adaptive re-

sponses, such as mechanomemory, that enable cells to thrive 

in dynamic microenvironments. These interactions contribute 

to tumor heterogeneity by fostering diverse genetic and pheno-

typic changes, which in turn fuel cancer progression. As we 

have previously demonstrated that the mechanical inputs of 

the ECM in 3D confinement promote epigenetic and biophysical 

changes in normal lymphocytes and leukemia cells within 1 

h, 18,68 we studied how short timescales in 3D confinement or 

TR cells might present similarities in their transcriptional profile. 

Interestingly, when we compared the transcriptional changes, 

we found that short or long periods of mechanical inputs gener-

ated different acute responses or long-term adaptations. Some 

common genes identified are critical for tumorigenesis, cellular 

senescence, and chromatin changes, but most transcriptional 

changes of TR cells indicate that the mechanical input received 

by cells from the ECM differs between the mechanoresponse 

and mechanoadaptation or memory. This aligns with the idea 

that the ECM dynamically interacts with cells, with effects vary-

ing depending on the duration of stimuli. 17

We found that TR cells presented nuclear envelope wrinkling. 

It has been described that nuclear wrinkling is associated with 

multiple biological processes such as nuclear positioning, chro-

matin dynamics, and nuclear pore function. 69,70 Our results 

confirm the idea that nuclear wrinkling might be a good predictor 

of mechanical stress, especially for cells in 3D constraints, which 

generates physical stress and demands a highly dynamic nu-

clear envelope. Aligning with this, it has been demonstrated 

that breast carcinoma cells cultured on nanopillars alter their

(B) Line plots show the signal profile of lamin B1 for longitudinal sections from 15 representative cells (D). The red line indicates the mean intensity of the profiles 

analyzed.

(C) Control and TR cells were lysed, and the cytoplasmic, nuclear, and chromatin-bound fractions were resolved by immunoblot. Lamin B1, histone 3, and 

RhoGDI were used as internal controls for fractionation.

(D) TR cells were in the presence and absence of 2 μg/mL latrunculin B (an inhibitor of actin polymerization) or 1 μg/mL jasplakinolide (an actin polymerization 

stabilizer) for 1 h. Then, cells were seeded on poly-L-lysine-coated glass and stained with Hoechst (blue) and anti-lamin B1 antibody (red) for their analysis by 

confocal microscopy. Bar: 10 μm.

(E) Line plots show the signal profile of lamin B1 from 15 representative cells from (D). The red line indicates the mean intensity of the profiles analyzed.
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Figure 7. Nuclear actin polymerization modulates the aberrant distribution of lamin B1 in TR cells

(A) TR cells were transfected with different NLS-actin mutants for 48 h: NLS-YFP-WT (wild-type actin), NLS-YFP-R62D (R actin to impair actin polymerization), 

and NLS-YFP-S14C (S actin to favor actin polymerization). Cells were seeded on poly-L-lysine-coated glass and stained with Hoechst and anti-lamin B1 antibody 

(red) for their analysis by high-content microscopy. Bar: 10 μm.

(B) Line plots show the signal profile of lamin B1 from 15 representative cells from (A). The red line indicates the mean intensity of the profiles analyzed.

(legend continued on next page)
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subnuclear morphologies and the distribution of lamin A, 

concomitant with higher malignancy and cell migration. 71 Visual-

ization of lamin B1 indicates this nuclear wrinkling, in the nucleus 

of TR cells, rather than reflecting a distinct or functionally signif-

icant alteration in lamin B1 itself and showing a similar mecha-

noresilient adaptation observed in other tumor cells. 72 This 

also aligns with our observation that the levels of lamin B1 and 

other nuclear envelope markers, such as emerin and sun2, 

were unaltered in TR cells. We have determined that PKCβ inter-

acts with lamin B1 and actin in TR cells. Moreover, several PKC 

isoforms regulate actin polymerization, 73 and we found that la-

trunculin treatment reduced the nuclear wrinkling in TR cells 

and that actin operates connected and downstream of PKC to 

regulate nuclear shape. This differs from a previous study, which 

demonstrates that the perturbation of cytoplasmic F-actin is not 

a major contributor to nuclear wrinkling of fruit egg chambers. 65 

Using NLS-ActinR62D, we demonstrated that inhibiting nuclear 

actin polymerization restores normal nuclear morphology, high-

lighting a key role for nuclear actin in controlling nuclear envelope 

integrity. While cytoplasmic actin may also contribute, these 

findings emphasize that nuclear actomyosin is a major determi-

nant of nuclear wrinkling, consistent with its roles in DNA repair, 

transcription, and cell cycle regulation. 74,75 Alterations in the nu-

clear size serves as a hallmark of malignancy in a broad range of 

cancer types, and nuclear size and volume can also be influ-

enced by aneuploidy, osmotic stress, cytoskeletal components, 

and culture conditions, 76,77 with nucleolar size sometimes corre-

lating with nuclear size. 78 Phenotypically, we also confirmed that 

TR cells showed an increase in the nuclear size and nucleolar 

signal without presenting polyploid alterations, suggesting that 

3D confinement and altered actin dynamics contribute to nuclear 

shrinking, lateral expansion, and chromatin decompaction, 

emphasizing that changes in nuclear size arise from multiple, 

interdependent mechanisms.

Previous reports have demonstrated that the two major con-

tributors to the DNA repair and DDR pathways, ATM and ATR, 

have been involved in the nuclear mechanics and lamin disposi-

tion during cancer cell migration. 79–81 Our functional character-

ization of TR cells showed a reduction in their invasion capacity 

in vivo, and more DNA damage markers signal in resting condi-

tions, suggesting that these cells might suffer higher genomic 

stress and a predisposition to become more sensitive to specific 

treatments. On the other hand, our observations also align with 

previous work demonstrating that nuclear actin polymerization 

controls cellular proliferation and migration, 82 suggesting that 

nuclear actin homeostasis, regulated by dense 3D confinement, 

might present additional roles in controlling functional changes 

observed in TR cells. This effect on cell migration might suggest 

that the physical constraints of the ECM in vivo lead to reduced 

invasive capacity of cancer cells, as it has been described in vitro 

for different tumor cells across microfluidic and micropatterned 

devices. 83 Furthermore, the ECM stiffness can regulate cell

migration while affecting other cellular functions. 84 Despite the 

migration ability of TR cells in vitro, the defective migration in vivo 

suggests difficulties colonizing other tissues in response to other 

tumor environmental factors while presenting higher nuclear 

damage caused by the mechanical stress.

This homing of leukemia cells into recipient mice is a complex 

process; therefore, nuclear adaptation induced by 3D confine-

ment might have a significant dual impact on cancer cell biology 

by reducing cancer cell invasion and enhancing genomic insta-

bility. 85 Preventing chromatin changes resulted in impaired 

migration of multiple cell types through confined conditions. 35,36 

Although H3K9 and DNA methylation are relevant during cell re-

programming induced by transient nuclear deformation, 80 we 

did not observe consistent changes of histone methylation in 

TR cells, even when the expression of the H3K9 methyltransfer-

ase EHMT2 is downregulated in TR cells. Aligning with this result, 

it has been previously reported that the epigenetic changes 

observed in microfluidic devices might not occur in 3D collagen 

matrices. 35 Chromatin compacts in a gradient extending from 

the nuclear lamina toward the inner nuclear regions 86,87 ; howev-

er, we found that TR cells showed less compacted chromatin, 

leading to increased DNase I sensitivity, and redistributed 

around the nucleus in a similar manner to the visualization of 

lamin B1. Moreover, visualization of chromatin compaction by 

STORM in the TR cells showed alterations in the chromatin orga-

nization compared to control conditions. Our results might be 

connecting chromatin compaction and actin polymerization, as 

latrunculin treatment recovered the normal chromatin openness 

in TR cells; nonetheless, the specific molecular pathway respon-

sible for the observed chromatin conformation still remains un-

clear. It is plausible that the less condensed chromatin of TR cells 

might be a key factor in regulating changes in the mechanical 

signature of the nucleus. First, we observed by optical tweezers 

that the abnormal lamin distribution found in TR cells might be 

linked to a more heterogeneous chromatin compaction at the nu-

clear periphery. Thus, we expected that control nuclei presented 

a more compact and homogeneous periphery while regions with 

a weakened surface tension can rise to nuclear wrinkling in TR 

cells. Furthermore, as AFM could reveal the biomechanical 

signature in single nuclei, 88 we further characterize changes in 

the biophysical signature of isolated nuclei from TR cells. This 

implies that the differences between the nuclear compression, 

AFM, and optical tweezers might be likely due to more complex 

factors contributing to the mechanical response of the nucleus, 

including a higher level of chromatin decondensation, diminution 

of actin polymerization, and loosening of the nuclear lamina. 

While differences in the influence of mechanical stress on the 

biophysical response of the nucleus remain open for further 

studies in the future, this study provides innovative insights 

into how TR cells mechanoadapt their nucleus through highly 

confining 3D environments. Together, our findings highlight the 

impact of cell confinement on nuclear dynamics, suggesting its

(C) TR cells were subjected to PKCβ silencing for 24 h or inhibition with 2 nM enzastaurin for 30 min, prior to treatment with 1 μg/mL jasplakinolide for an additional 

hour. Then, cells were seeded on poly-L-lysine-coated glass and stained with Hoechst and anti-lamin B1. Bar: 10 μm.

(D) Line plots show the signal profile of lamin B1 from 15 representative cells from (D). The red line indicates the mean intensity of the profiles analyzed.

(E) Control and TR cells were lysed, sonicated, and immunoprecipitated with anti-PKCβ antibody. The interactions with lamin B1 and actin were resolved by 

immunoblot. Numbers represent the protein quantification ratio after normalizing control cell values to 1.
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Figure 8. Persistent 3D confinement modulates nuclear biophysics and homogeneity

(A) Isolated nuclei from control and TR cells were seeded on poly-L-lysine-coated slides, stained with Hoechst, and confined mechanically up to 3 μm. Confocal 

images pre- and post-confinement are shown. Bar: 10 μm.

(B) Quantification of nuclear area pre- and post-confinement from (A). Each point represents a single cell, color coded by experimental replicate. Big dots show 

the mean value per experiment, and their size is proportional to the n of the corresponding experiment. n = 4–7 replicates, N = 66–227 cells ± SD.

(C) Control and TR cells were collected, and their DNA was digested with DNase I for 8 or 15 min. Then chromatin degradation was resolved in an agarose gel.

(D) DNA fragmentation profile from control (black) and TR (red) cells as in (D). Arrows indicate the maximum peak of the signal in both populations.

(legend continued on next page)
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fundamental role in regulating cellular functions such as migra-

tion, transcription, and DNA repair.

Overall, our findings describe how 3D cell culture conditions 

alter the nuclear morphology, chromatin conformation, and the 

biomechanical response of the nucleus. Considering the func-

tional changes observed in gene expression, the adaptive cell 

survival to drugs, and the in vivo migration of TR cells, our obser-

vations may contribute to explaining unknown biomechanical ef-

fects of high-density 3D collagen matrices in the nuclear biology 

that might occur during cancer cell invasion, tissue repair, and 

developmental processes. Together, this study suggests that 

specific mechanical conditions, induced by 3D matrices, in leu-

kemia cells can potentially drive leukemia progression and het-

erogeneity and chromatin instability of survivor cells. Due to the 

exclusive use of leukemia cells and the specific use of high-den-

sity 3D collagen matrix conditions in this study, an extensive vali-

dation of these mechanoregulatory principles to adherent cell 

types will be essential to establish broader biological relevance.

METHODS

Cell culture

The human Jurkat (CVCL_0367) cell line was from the ATCC 

(American Type Culture Collection). Jurkat cells were cultured 

in complete medium (RPMI 1640 medium with L-glutamine, 

25 mM HEPES [Sigma], and 10% fetal bovine serum [Sigma]) 

and maintained in 5% CO 2 and 37 
◦ C. TR cells were obtained 

upon long-term 3D confinement. For this, Jurkat cells were 

embedded in a solution of 3.3 mg/mL of bovine collagen type I 

(Stem Cell) in complete medium and neutralized with 7.5% 

NaHCO3 and 25 mM HEPES. After 1 h at 37 ◦ C, additional com-

plete medium was added at the top of the 3D collagen matrix. Ju-

rkat cells were maintained in the 3D matrix for 10 days, and the 

complete medium was changed every 3–4 days. Then, cells 

were collected from the collagen gel, cultured in suspension, 

and expanded as TR cells. TR cells in culture were stained to 

confirm persistent nuclear changes every 2 weeks.

Immunofluorescence

Cells (control and TR cells) cultured in suspension were treated or 

not with specific inhibitors at 37 ◦ C. Then, cells were seeded onto 

10 μg/mL poly-L-lysine-coated glass slides for 30 min, fixed with 

4% formaldehyde for 10 min, and permeabilized with 0.5% Triton 

X-100 (Tx-100) in PBS for 5 min. After 30 min blocking in 10% fetal 

bovine serum with 0.1% Tx-100 in PBS, samples were incubated 

with appropriate primary antibodies (1:100) for 1 h at room tem-

perature (RT), followed by several PBS washes and 1 h at RT incu-

bation with secondary antibodies (1:200). Samples were stained 

with 1 μg/mL Hoechst 33342 for 10 min at RT, washed with PBS

and water, and mounted. Images were acquired on an inverted 

DMi8 microscope (Leica) using an ACS-APO 63x NA 1.30 glycerol 

immersion objective. Hoechst 33342 staining was acquired with 

the specific purpose to visualize the nucleus. Quantification and 

analysis of images were determined using ImageJ (National Insti-

tute of Health). 3D reconstructions and videos were obtained us-

ing Leica software. For distribution analyses, the lamin B1 signal 

from a cross-sectional plane of the cells was plotted, and the 

mean of 15 cells was calculated and marked in red.

Nuclear isolation

Nuclei were isolated by resuspending cells in buffer A (10 mM 

HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% (v/v) 

glycerol, 1 mM DTT, 0.1% Tx100, and Roche protease inhibitor) 

for 5 min on ice. Following 3,800 rpm centrifugation for 5 min, the 

pellet with the nuclei was resuspended in TKMC buffer (50 mM 

Tris [pH 7.5], 25 mM KCl, 3 mM MgCl 2 , 3 mM CaCl 2 , and protein-

ase inhibitors) or PBS for conducting the indicated experiments.

AFM

AFM measurements were performed with a Bruker Bioscope 

Resolve mounted on an inverted microscope (Nikon Eclipse 

Ti2) connected to an ORCA-Flash4.0LT (Hamamatsu) camera.

8 × 10 5 isolated nuclei from control and TR cells were seeded 

on 50 mm cell culture dishes (Willco GWST-5040) coated with 

100 μg/mL poly-L-lysine following the protocol in Raab et al. 19 

and Denais et al. 20 Imaging was performed in filtered PBS at 

RT. Pre-calibrated silicon tip-nitride cantilevers (PFQNM-LC-

V2 Bruker) were used with a 70 nm tip radius. PeakForce Tap-

ping/PeakForce Capture with a maximum indentation force of 

0.5 nN was used. Indentation curves were fitted within Nano-

scope Analysis (Bruker) using a cone-sphere model. 21

Mechanical compression

Complete cells or isolated nuclei from cells were resuspended in 

PBS, dyed with 1 μg/mL Hoechst 33342, and sedimented onto 

10 μg/mL poly-L-lysine-coated plates and placed in the cell 

confiner device (4D cell). Following the manufacturer’s instruc-

tions, mechanical confinement was performed by pushing the 

nuclei with a glass slide with micropillars of 3 μm height. Images 

of at least 20 nuclei were taken with a 63× objective before and af-

ter the confinement by an inverted confocal DMi8 microscope (Le-

ica), and analysis of the nuclear area was performed with ImageJ.

Nuclear swelling stress

Isolated nuclei were resuspended in TKMC buffer and sedi-

mented onto poly-L-lysine-coated plates. Nuclei were incubated 

or not with 5 mM EDTA or KCl for 10 min. Then, nuclei were fixed, 

permeabilized, and stained with Hoechst 33342 (1 μg/mL).

(E) Image on the left shows the compaction analysis based on indentation assays of isolated nuclei from control and TR cells performed with optical tweezers. The 

compaction parameter, Φ, decays exponentially with the indentation depth (shown here in terms of strain, ε, being R the indenter radius). The characteristic length

ξ defines the compaction decay. The right graph shows the values for the isolated nuclei from control and TR expressed as the ratio.

(F) Isolated nuclei from control and TR cells were seeded on poly-L-lysine-coated dishes and imaged by AFM (atomic force microscopy). PeakForce Tapping 

image of a representative nucleus captured with a maximum indentation force of 0.5 nN.

(G) The graph shows the distribution of individual force curves across a single representative nucleus for each condition (>10,000 curves for each condition).

(H) Graph shows the standard deviation (SD) of the Young’s modulus values for isolated nuclei from control and TR cells. N = 26–19 ± SD.

(I) Young’s modulus values for isolated nuclei from control and TR cells. Each point corresponds to the average value for a nucleus, calculated from >10,000 

independent force curves. N = 9–13 ± SD. **p < 0.01 and ***p < 0.001.
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Quantification and analysis of the nuclear area were determined 

using ImageJ software.

In vivo cell homing

NOD-SCID-Il2rg− /− (NSG) mice (Mus musculus) were bred and 

maintained at the Servicio del Animalario del Centro de Investi-

gaciones Bioló gicas Margarita Salas (CIB-CSIC) with number 

28079-21A. All mice were used following guidelines issued by 

the European and Spanish legislations for laboratory animal 

care. Control and TR cells were labeled with Cell Tracker Far 

Red (2 μM) and CFSE (5 μM), respectively, for 30 min; then, cells 

were mixed 1:1, and 5 × 10 6 mixture cells were injected intrave-

nously (i.v.) in the tail vein of 9-week-old NSG mice. Animals were 

euthanized 24 h after injection, and the bone marrow from fe-

murs, spleens, and livers was extracted, processed through me-

chanical disaggregation, and resuspended in erythrocyte lysis 

buffer (150 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA). Sam-

ples (1 million events) were acquired in a FacsCanto II (Beckton 

Dickinson) cytometer, and the percentage of labeled cells ac-

cording to the total number of events in the spleen, bone marrow, 

and liver was analyzed using FlowJo software.

Ethics approval and consent to participate

All procedures for animal experiments were approved by the 

Committee on the Use and Care of Animals and carried out in 

strict accordance with the institution’s guidelines and the Euro-

pean and Spanish legislations for laboratory animal care.

Statistics

The number of replicates and statistical tests used in individual 

experiments is specified in the figure legends. At least 2 biolog-

ical replicates were performed for each experiment. Statistical 

analysis and comparisons were generated with GraphPad Prism

8 and IBM SPSS Statistics. The numerical data are presented as 

the mean ± SD. Differences between means were tested by a 

Student’s t test for two-group comparisons. Where 3 or more 

groups were analyzed, a one-way ANOVA was performed. Indi-

vidual cell measurements were color coded by experimental 

replicate, along with the mean value per experiment. Linear 

mixed models (restricted maximum likelihood estimation and 

variance components structure) were used to assess differences 

between conditions for individual cell/nuclear measurements to 

account for the hierarchical structure of the data. This approach 

allowed us to appropriately model both fixed and random effects, 

ensuring that the nested or grouped nature of the observations 

was properly considered in our analyses. SDs or standard errors 

of the mean (SEM) in the bar graphs are represented by error 

bars. Western blots were quantified using ImageJ. p values are 

indicated by asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Javier Redondo Muñ oz 
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