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Periodic confined cell migration drives
partially reversible chromatin
reorganization in cancer cell lines
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Cells throughout physiological and pathological contexts are exposed to a broad spectrum of
mechanical stimuli, triggering extensive nuclear deformation and chromatin remodeling. These
mechanical cues drive the cell to dynamically adapt through coordinated structural, epigenetic, and
biochemical mechanisms to withstand mechanical stress while protecting genomic integrity.
However, whether such cellular adaptations are reversible or result in persistent alterations remains
unresolved. In cancer metastasis, addressing this issue is critical: confined migration through narrow
pores prompts chromatin condensation with heterochromatin enrichment, yet cancer cells must
preserve their oncogenic potential while preparing for future deformations. Therefore, the ability of
these cells to reconcile reversible chromatin remodeling and mechanical memory could be key to
metastatic resilience. Here, using a custom-designed microfluidic device to monitor single-cell
chromatin reorganization, we show confined migration induces partially-reversible chromatin
condensation: total highly-condensed chromatin content is recovered after deformation, but the
distribution of condensed chromatin clusters remains altered. Our findings highlight this duality of
chromatin condensation as both a short-term adaptive response and amechanical memory strategy,
which could potentially contribute to address cancer invasiveness.

Cell migration is a chemically and mechanically coordinated process that
plays a fundamental role in multiple biological phenomena, from major
developmental stages to wound healing and immune response in adults.
Its relevance extends beyond its physiological function to be a pivotal
factor in various pathological processes, particularly in cancer
metastasis1,2.

During metastatic migration in vivo, cancer cells adapt to hetero-
geneous microenvironments to invade other tissues as they encounter
physical barriers, including confining pores or tight channel-like tracks3–5.
Consequently, cancer cells are frequently subjected to confined cell migra-
tion when they squeeze through narrow gaps, often smaller than their
nuclear diameter6. Besides confined migration, cells experience other types
of mechanical stimuli such as fluid shear stress7, substrate stiffness8 and
topography9,10, stretching11 or cell compression12,13. As a mechanosensitive

element, the nucleus responds and propagates these external mechanical
cues from the cytoskeleton to the DNA8,14. This signaling cascade can
activate molecular pathways on the scale of minutes to hours15,16, and it can
also directly modify the internal environment of the nucleus over much
faster timescales17,18.

The nucleus contains the DNA arranged with packaging proteins to
form chromatin, where DNA chains wrap around histone protein
complexes19,20. Gene expression depends on the accessibility of DNA chains
packed in these dense structures. Therefore, chromatin transitions dyna-
mically between decondensed and condensed states to regulate gene
accessibility, resulting in two chromatin phases: euchromatin and hetero-
chromatin. Euchromatin domains are loosely packed, hence favoring DNA
accessibility and acquiring a transcriptionally active role in gene expression.
On the contrary, heterochromatin domains present a dense, tightly packed
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configuration which is generally associated with low DNA accessibility and
gene silencing8,19,21.

The coexistence of these two distinct chromatin phases is likely the
result of phase separation driven by thermodynamic potentials due to
attractive interactions between heterochromatin regions22, like in the case of
nuclear protein condensates23, and active nonequilibrium processes24–26.

Chromatinhas emerged as a crucial determinant of nuclearmechanics,
playing a key role as a dynamic mechanoresponsive element resisting
external loads19,21,27–29. Compressive deformations applied to the nucleus
promote chromatin condensation by increasing the degree of methylation
to form heterochromatin-rich regions12,13,30. They have also been linked to
alterations in the dynamic behavior of nuclear condensates, for example, a
reduction in the number and size ofHP1α condensates, which are known to
interact with heterochromatin regions31. Conversely, experiments applying
stretch deformations to nuclei induce loss of condensed regions with
decreased levels of histone methylation11. Interestingly, recent observations
suggest that there is a chemo-mechanical feedback loop between nuclear
mechanics and chromatin organization21,32,33. Mechanical forces alter
chromatin architecture, which can enable or modulate histone modifica-
tions that influence gene expression and cell fate34,35. These epigenetic
changes simultaneously alter nuclear properties, including stiffness, to
adjust nuclear deformability while protecting genomic integrity11,27,36,37.
Ultimately, the modification of nuclear properties to adapt to the
mechanical context closes the loop by instilling a mechanical memory that
facilitates subsequent nuclear deformations12,28,29.

Nevertheless, the potential reversibility of these chromatin alterations
remains debated. Compressive loading experiments reveal reversible
chromatin condensation and transient heterochromatin enrichment, yet
these effects are limited to short-term loading (less than one hour)12,13. On
the contrary, long-term and repetitive loading show persistent structural
and expression changes acting as mechanical memory to the cells12. Simi-
larly, confined migration triggers the formation of non-reversible hetero-
chromatin markers (e.g., H3K9me3, H3K27me3) that consistently endure
after deformation30.

Whether these chromatin alterations reset post-deformation or persist
as a mechanical memory strategy is crucial in metastasis spreading. Cancer
cells require reversible chromatin condensation to preserve their overly
active malignancy-driving gene expression while concurrently undergoing
long-term modifications to prepare for future deformations.

Despite substantial progress, mechanisms coupling chromatin con-
densation to nuclear adaptability upon deformations, and the spatio-
temporal regulation of reversible versus persistent chromatin condensation,
are still unresolved. Addressing these questions would advance our
understanding of the dynamic interplay between mechanical forces and
chromatin remodeling during metastasis and, potentially, support innova-
tive mechanotherapy strategies aiming to control tumor invasion38.

Here, we designed a microfluidic device consisting of repetitive con-
fining and non-confining regions to monitor single-cell chromatin
dynamics. We find that chromatin condensation levels reversibly increase
upon nuclear deformation through confinement, while condensed chro-
matin clusters exhibited an altered size and number distribution post-
deformation. These observations point to an incomplete chromatin
relaxation, consequently, partially reversible chromatin condensation.
Based on our numerical simulations, the deformation and the attractive
interactions between heterochromatin domains could explain chromatin
reorganization.Taken together, ourfindings suggest that partially-reversible
chromatin condensation acts as an adaptive mechanism in cancer cells to
mediate both gene expression regulation and persistent mechanical mem-
ory, which reveals the inherent duality in chromatin dynamics.

Results
Nuclear area minimally reduces upon nucleus deformation
through microfluidic constriction
Wedeveloped a high-throughput approach for single-cell analysis based on
high-resolution real-time imaging of cancer cells with metastatic potential

migrating through confining channels in a microfluidic device. These cells
were transfected to express human histone H2B, one of the core proteins in
DNA packaging, labeled with Green Fluorescent Protein (GFP). Accord-
ingly, the fluorescence intensity within the cell nucleus depends on the
chromosome condensation state, hence, being a valuable tool to monitor
DNA arrangement in vitro39 (see Fig. 1a).

To address the potential reversibility of the nuclear alterations during
confinedmigration,we implemented amicrofluidic device inwhich the cells
are guided through repetitive confinements. We propose an innovative
design consisting of an array of parallel microchannels that alternate peri-
odically between confining and non-confining regions with a constant
height of 6 μm (Fig. 1b, c). The constrictions are defined by semicircular
indentations of 4 μm in width at their narrowest point. This setup is
intended tomimic the physiological constrictions that the cells encounter in
vivo, particularly during intravasation and extravasation events40.

Furthermore, the channels are engineered to confine the cells vertically
throughout themigration path. Therefore, the cells inside the channels have
a disc-like shape (Fig. 1e), establishing a direct correlation between the
projected nucleus area (in the microscope images) and its volume. As a
result of vertical confinement, cells exhibit a pseudo-2D deformation state,
characterized by predominant deformation in the transverse plane (x-y
plane, see Fig. 1c). The nature of this deformation suggests that chromatin
movements in the vertical direction are unlikely to be influenced by the
confinement. Consequently, these vertical fluctuations can be considered
negligible, which supports our 2D imaging strategy. Focusing on a single
optical slice of the nucleus minimizes cell phototoxicity and allows for
shorter time-lapse intervals,whichultimately improves temporal resolution.

We were also curious to explore nuclear relaxation time after con-
finement. To motivate different migration speeds, our microfluidic chip
incorporates two types ofmicrochannels, characterized by longer or shorter
non-confining regions (see Fig. 1c).

These chips were successfully developed, implemented, and proven to
be effective in facilitating confined cell migration through multiple con-
finements (Fig. 1d and Supplementary Movie 1). The results for both long
and short microchannels, in terms of the analyzed nuclear features, were
strikingly similar. Indeed, the only observable difference was that more cells
migrated through short channels and traveled longer distances than in long
channels. Greater migration lengths in short channels could potentially be
favored due to the proximity between adjacent constrictions and the pro-
longed confinement of the cytoplasm, which remains constricted even in
non-confining regions. Consequently, for clarity, we present only the results
for the short channels in this manuscript, while the results for the long
channels are included in Supplementary Fig. 5.

Weperformeda thorough single-cell analysis, involvingmore than100
migrating cells, to measure quantifiable morphological parameters for each
nucleus to characterize its deformation (see Supplementary Fig. 3). The
evolution of the parameters of interest was studied as a function of the
positionof the geometric center of thenucleuswithin themicrochannel. The
results for two representative cells are displayed in Fig. 2.

We were particularly interested in the evolution of the nucleus area
through confinement. We identified two distinct behavioral patterns, one
associatedwith fast cells and the otherwith slow cells. The former comprises
cells that traverse the confinement in less than 40minutes, whereas the latter
includes cells requiring a longer time to complete the traversal.

Our analysis revealed that the nucleus area exhibits a sudden drop
when entering the confinement for every cell, regardless of their migration
speed. Following deformation, the nuclei recover their original area and,
after overcomingmultiple successive constrictions, the reduction of the area
is similar in magnitude for each confinement, suggesting a completely
reversible alteration of the nucleus area. In our experimental setup, the
nuclear projected area is directly proportional to nuclear volume due to the
vertical confinement imposed on the cells within the microchannels. Thus,
these observations imply a reversible nuclear volume reduction, which has
alreadydescribed in the literature for confined cellmigration37,41.Wepresent
two sample cells for the results of the single-cell analysis (Fig. 2), one slow
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Fig. 1 |Overview of the experimental protocol and the design for ourmicrofluidic
device. a Fluorescence labeling of chromatin structure within the nucleus of the cell,
representing different packaging levels ofDNAand thefluorescent probes bonded to
chromatin proteins, such that greater chromatin density corresponds to a higher
fluorescence signal. Created with BioRender.com. b Three-dimensional view of the
microfluidic device geometry consisting of an array of parallel microchannels of 250
μm long, which alternate between confining and non-confining regions. cGeometry

detail for long channels (left) and for short channels (right) within the microfluidic
device. Note that the channels through which the cells migrate are colored in gray.
d Experimental example from optical microscopy for long channels (left) and short
channels (right) where a chemical gradient (FBS in orange) was established to favor
cell migration. e Confocal microscopy image of a cell migrating through a short
channel (left) and its three-dimensional reconstruction, where the colormap
represents GFP fluorescence intensity (right).
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Fig. 2 | Single-cell analysis for A549-H2B-GFP cells migrating through periodic
confinements in microfluidic devices. a–d Typical results for a representative
slowmigrating cell. aTime-lapse sequence displaying nuclear fluorescence intensity
during migration through the microchannel. b Evolution of nuclear area plotted
against the distance traveled within the channel. c Evolution of relative area of the
segmented highly-condensed chromatin regions (in purple), i.e., overall condensed
chromatin area (AcondðtÞ) divided by the instantaneous nuclear area (AnucleusðtÞ), and
the mean condensed chromatin area during non-confinements (AcondðtNCÞ) divided
by the instantaneous nuclear area, which represents the changes in chromatin

condensation induced exclusively by changes in nuclear size (in gray). d Temporal
evolution of the fluorescence intensity profile of the nucleus against time.
e–h Similarly, typical results for a representative fast migrating cell. Upon defor-
mation through each of the four confinements, both cells exhibit reversible nuclear
shrinking, reversible increase in condensed chromatin area, and a distinctive tran-
sient dispersion in fluorescence intensity. Note that the increases during confine-
ment in the gray curve for both cells do not explain the peaks in chromatin
condensation in purple.
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and one fast to traverse the constrictions. The slow cell (Fig. 2b) depicts a
reduction of around 15 μm2 in nuclear area for all confinements that were
surpassed. Similarly, the fast cell (Fig. 2f) consistently decreases approxi-
mately 20 μm2 its area.

Additionally, we noted that the nucleus area often exhibits not only a
recovery of its original area but also a growing tendency after crossing a
confinement. In fact, this event was observed in most cells except for a few
cases displaying rapid migration. These particular cells migrated fast
through both the constrictions and the non-confining segments of the
channel. Therefore, cells that spend sufficient time in the non-confining
regions, regardless of their speed to traverse the constrictions, show a
noticeable increase in nucleus area with time. Nuclear growth is probably
related to the progression of the cell cycle. The volume of the cell nucleus
increases as the cell approaches mitosis, and slower cells have more time to
progress through their cell cycle as they traverse the channels; hence, they
frequently exhibit greater total nucleus growth than fast cells20,42. Conse-
quently, fast cells lacking nuclear growth suggest that prolonged confine-
ment leads to cell cycle arrest or delayed cell cycle progression as described
by Bastianello et al.43.

Owing to the viscoelastic behavior associated with the cell nucleus in
the existing literature28,41,44, we anticipated differences between slow and fast
cells. Instead, the evolution of the area of the nucleus depicts a comparable
pattern in both groups, characterized by a reversible reduction of the pro-
jected nuclear area upon confinement. This suggests that both cell groups
migrate at a rate that is much slower than the viscoelastic relaxation time;
hence, viscoelastic effects have already relaxed in our quasi-static images of
the cell nucleus (10-minute frame interval). Despite nuclear shrinking being
consistent among cells with different migration speeds, nuclear size did
show a correlation with migration velocities (see Supplementary Fig. 4). As
expected, the fastest cells are frequently characterized by smaller nuclear
areas, and large cells are restricted to slower migration speeds through the
microchannel43. Interestingly, migration speed broadens towards higher
values during confinement, and there is a growing trend in migration
velocities within non-confining regions as they are located further down-
stream, indicating that faster cells migrate deeper into the microchannel.

Total highly-condensed chromatin area increases reversibly in
response to nuclear deformation
Next, we analyzed chromatin organization within the nucleus throughout
the migration experiment. We quantified chromatin condensation levels
using our segmentation algorithm that identifies highly fluorescent regions
inside the nucleus of the cell (see Methods). Greater fluorescence is indi-
cative of local histone accumulation and, hence, a more condensed chro-
matin structure39. Thus, these regions are referred to as highly-condensed
chromatin regions or condensed chromatin clusters in this manuscript.

We computed the condensation level of the cell nucleus as the sum of
every condensed chromatin cluster area over the total area of the nucleus,
yielding the proportion of the nucleus occupied by highly-condensed
regions. We find that there is a noticeable increase in the proportion of
highly-condensed area whenever the cell migrates through a confinement.
These shifts are observed for slow confined cell migration (Fig. 2c) and fast
confined cell migration (Fig. 2g). In both cases, the evolution of the relative
area for highly-condensed chromatin regions shows aprominent peak every
time that the cell deforms through a confinement.Once the cell traverses the
constriction, its condensation level returns nearly to its original value.

These spikes for highly-condensed chromatin area are often compar-
able in size, approximately increasing from5 to 15%of the total nucleus area
for the slow cell (Fig. 2c) and from 7 to 30% of the total nucleus area for the
fast cell (Fig. 2g). Note that for fast cells (Fig. 2g), peaks in condensed
chromatin area may exhibit greater variability due to the limited number of
frames required for these cells to traverse the confinement. This reduced
temporal resolution results in increased temporal variability, as the analysis
may not capture a frame representing the cell at the same deformation state
every time.

This trend for highly-condensed chromatin regions suggests that, upon
cell deformation during confined migration, chromatin condensation level
increases reversibly. After deformation, the nucleus recovers its basal
chromatin condensation state, which generally lies around 5 to 10% of the
total nucleus area. Note that the twofold to threefold increase in highly-
condensed chromatin area cannot be explained by the decrease in nuclear
area upon confinement. To represent the contribution of nuclear shrinking
in the quantification of chromatin condensation, the gray line in Fig. 2c, g
displays basal condensed chromatin content divided by the instantaneous
area of the nucleus. Basal condensed chromatin represents themeanhighly-
condensed chromatin area of the nucleus, averaged over all non-confining
regions (Entry,N1,N2…). Then, its evolution along themicrochannel (gray
curve) illustrates the changes in chromatin condensation induced by
changes in nuclear area only. The notably limited growth during confine-
ment does not explain the peaks in the segmentation of condensed chro-
matin area (in purple in Fig. 2c, g).

Fluorescent intensity distribution of the cell nucleus is altered
upon deformation during confined migration
Subsequently, we sought to analyze changes in the fluorescence intensity
profile of the cell nucleus. Initially, we investigated the evolution of themean
intensity and maximum intensity within the nucleus along the migration
experiment for each cell.

The majority of the nuclei exhibited roughly constant values for mean
and maximum intensities throughout the experiment (Supplementary
Fig. 5c). Consequently, to capture rearrangements in chromatin content, we
used a more robust analytical strategy to resolve spatial variations in
fluorescence intensity rather than relying on global values. For eachnucleus,
we generated a colormap that represents the pixel proportion for the
fluorescence intensity range (in the vertical axis) throughout every frame in
the time-lapsemigration experiment, such that each frame corresponds to a
column in the horizontal axis (Fig. 2d, h).

Fluorescence intensity histograms over time often display large fluc-
tuations in the pixel values during non-confining regions, which adds noise
to the analysis (Fig. 2d, h). We observed that alterations in the fluorescence
intensity profile upon the nucleus deforming through a confinement are
highly heterogeneous among different cells. Yet, the fluorescence histo-
grams depict a distinctive distribution in pixel proportion towards opposing
ends of the intensity range whenever the cell traversed a confinement. Note
that the intensity range is fairly constant during the analysis but, interest-
ingly, the number of pixels with the highest and the lowest intensity levels
increased simultaneously upon deformation (Fig. 2d, h). The shift observed
for higher intensities is often stronger, displaying a characteristic rising
tendency in the intensity profile at the frames in which the cell migrates
through the confinement. This effect is visible in the results for the slow cell
across all four confinements that the cell traverses (Fig. 2d). Despite the
limited temporal resolution for fast cells, which frequently spend 10 to
20 minutes to traverse a constriction, this approach still captures the dis-
persion on pixel proportions during confined migration (Fig. 2h).

This distinctive pattern in the nuclear fluorescence intensity profile
may reflect a dynamic spatial reorganization of chromatin architecture. A
potential explanation is that nuclear deformation through confinement
results in changes in the spatial distribution of chromatin, which form
denser clusters in some regions while neighboring areas become less
crowded, accounting for the simultaneous increase in higher and lower
intensity pixels, respectively. This effect could also explain nearly constant
mean and maximum intensity values (see Supplementary Fig. 5c).

Nuclear alterations in the projected area and chromatin con-
densation are consistent for cell populations across different
cell lines
To confirm our findings, we complemented our single-cell observations
with a population-level analysis. The cell population study accounts for
intercellular heterogeneity and reveals meaningful trends in nuclear
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architecture while minimizing the influence of outliers and artifacts, pro-
viding statistically robust results.

The evolution of the nuclear area and the segmented relative area for
highly-condensed chromatin regions were analyzed according to the nucleus
position in the microchannel (Fig. 3). In the analysis, the column groups in
the horizontal axis correspond to the different regions distinguished within

the microchannel, confining (C1-C5) and non-confining regions (Entry and
N1-N5) (Fig. 3a). Each dot in a column group corresponds to an individual
cell, and it represents the average of the measured variable among every
frame in which the geometric center of the cell lies within the specified
region. Note that this data point is normalized with the mean of the variable
among all non-confining regions (Entry, N1, N2…).

https://doi.org/10.1038/s42003-026-09637-4 Article

Communications Biology |           (2026) 9:366 6

www.nature.com/commsbio


In agreementwithour single-cellfindings, the evolutionof nuclear area
along the regions in themicrochannels (Fig. 3b, left) shows that themean for
the normalized nuclei area under confining conditions is consistently lower
than the mean in non-confining regions. Therefore, the nuclear area is
significantly reduced during confined migration. In addition, our
population-level results also reflect the growing trend in nuclear area that
was identified during the single-cell analysis, note the statistically significant
difference between the mean for the normalized nucleus area in the entry
and in N4 (see Supplementary Data 1 for the p-value between these two
groups). A lower number of cells reach the end of themicrochannels; hence,
the last regions adjacent to C5 are not considered statistically significant
owing to the reduced number of data points.

The results for the normalized relative area of highly-condensed
chromatin regions reveal that the mean for chromatin condensation level
during every confining region is significantly higher than the mean for
adjacent non-confining regions (Fig. 3b, right). Furthermore, we noted that
themean for every non-confining region is approximately one, i.e., a cell has
a similar condensed area in every non-confining region (p-values between
non-confining regions failed to meet the significance criterion, see Sup-
plementary Data 1). This supports the idea of a basal chromatin con-
densation level. Nuclei stably recover their original condensation level after
every constriction, proving the reversibility of global chromatin condensa-
tion in these confinement devices.

After validating our results through cell population analysis using an
established lung cancer cell line,A549-H2B-GFP cells (Fig. 3b), we extended
our study to include another cell linewithmetastatic potential, PACA-H2B-
GFP (Fig. 3c), which was derived from a pediatric neuroblastoma tumor.

The results obtained with the second cell line agree with the patterns
observed in our initial cell line, consistent across both single-cell (Supple-
mentary Fig. 2) and population-level analyses (Fig. 3c). This reproducibility
across different cell lines reduces the likelihood that the results are due to
unique characteristics of a single cell line, and thus is biologically relevant for
different cancer cells.

Average condensed chromatin content is restored while chro-
matin cluster distribution remains altered after confinement
Once we verified the statistical reliability of our findings across different cell
lines, we delved into the time-dependent changes in individual highly-
condensed chromatin clusters. Our results indicate that chromatin con-
densation during nuclear deformation through confinement is reversible
since the original condensed chromatin content is recovered after traversing
the constriction. However, to determine if chromatin condensation is fully
reversible,we checked if the reorganization of condensed chromatin clusters
relaxes to the original chromatin distribution after the deformation is
removed.Other protein condensates have been seen to fuse during confined
cellmigration13,18, hence,wewonderedwhetherdense chromatin clusters (1)
aggregate into larger domains via coalescence, (2) expand as individual
units, or (3) form new clusters of highly-condensed chromatin.

To study the evolution of condensed chromatin clusters upon the
nucleus deformation through confinement, we analyzed the distribution of
the areas for individual condensed chromatin clusters andof the total cluster
number per nucleus.

To provide a comprehensive overview of these condensed chromatin
clusters dynamics, we generated region-specific histogram charts that
aggregate the relative area across all chromatin clusters within each cell
nucleus (cluster area over total nucleus area) appearing in every temporal
frame where the cell center lies within the specific microchannel region.
Therefore, each column in thehistogramrepresents the normalizednumber
of clusters of a relative area that appear among all nuclei and all time steps in
the experiments for a specific region. Note that the histograms are nor-
malized with the total number of counts; therefore, the vertical axis repre-
sents the probability for the cluster sizes in the horizontal axis. Similar
distribution plots were calculated for the number of condensed chromatin
clusters in everynucleus throughout themigration experiment. These charts
allowed us to capture population-level trends rather than focusing solely on
single-cell differences.

Previous research on intracellular condensates dynamics has demon-
strated that protein condensates tend to follow an exponential distribution45

whereas the volume for the nucleoli has been related to a power law
distribution46,47. In our case, the histograms for PACA-H2B-GFP (Fig. 4b)
and A549-H2B-GFP (Supplementary Fig. 6a) cells are similar for both cell
types.Wefind a distinctive, roughly linear decay (in logarithmic scale) at the
smallest cluster areas, which suggests an exponential sizedistribution for the
areaof condensed chromatin clusters.This trendhas a steeper slope for non-
confining regions; for confinements, we observe a gentler slope and a higher
probability to find large condensed areas. Regardless, smaller areas are still
more likely to be found than larger ones. After the constriction, the original
condensed chromatin content is restored, yet the distribution does not relax
to the initial one. Instead, some of the larger areas for condensed chromatin
clusters, which did not appear in the previous non-confining chart,
remained. This finding implies that, despite basal condensation levels being
restored, the sizedistributionofhighly-condensed chromatin regionswithin
the nucleus is not fully recovered after chromatin reorganization upon
nuclear deformation. To quantify how different the distributions are from
one another, we computed the Wasserstein distances48 (Supplementary
Fig. 7a, left). This pairwise comparison leads to notably shorter distances
when comparing regions of the same confining category, either confining or
non-confining. Distributions for the same confinement state are more
similar to each other and, hence, these results align with reversible chro-
matin condensation. However, it is noteworthy that the distance between
the Entry and the remaining non-confining regions increases with the
number of confinements traversed by the cells. Interestingly, when pairing a
confining region with a non-confining one, the Wasserstein distance con-
sistently decreases as the non-confining region is located further down-
stream in the microchannel. This implies that, as the cell overcomes more
confinements, the distribution of chromatin cluster sizes in non-confining
regions aligns more closely with those in confining regions. This trend
supports our conclusion that cluster size distribution shifts towards larger
values, characteristic of distributions during confinement, as the cancer cell
migrates through successive constrictions.

Studying the distribution of cluster number allowed us to delve further
into the condensation mechanism for chromatin domains. Prior to
migration through confinement, most cells predominantly display 5–10
chromatin clusters (see Fig. 4c). Upon entering confinement, cells tend to

Fig. 3 | Distributions for the cell population analysis in short channels across two
different cell types. aDiagramof themicrochannel geometry, indicating the distinct
regions distinguished for the analysis: non-confining regions shown in white (Entry
and N1-N8), confining regions limited in red (C1-C8), and transition zones colored
in pink, which are excluded from the analysis. bDistributions of the cell population
analysis for cell migration through short channels in the microfluidic device of
A549-H2B-GFP cells (n = 42). Each data point in a column corresponds to a single
cell and represents the average among every frame in which the geometric center of
the cell lies within the specified microchannel region, where C1-C5 represent the
successive confining regions, and N1-N5 represent the non-confining regions fol-
lowing the entry (see microchannel representation under the horizontal axis). Note
that the results for the confinements are colored in red, whereas those for unconfined

cells are in blue. Left: Evolution of the normalized nuclei area shows a significant
reversible decrease upon the deformation through confinement and a global growing
trend over time. Right: Evolution of the normalized highly-condensed chromatin
area depicts a strong increase for confining regions and a recovery of the basal
highly-condensed area for non-confining regions. c Similarly, distributions for
normalized nuclei area (left) and normalized highly-condensed chromatin area
(right) of PACA-H2B-GFP cells, which consistently reveal an analogous pattern (n=
65). Bars showmean ± standard deviation. Kruskal-Wallis test withDunn’s post hoc
test for multiple comparisons was performed. See Supplementary Data 1 for the
significance results among every pair of groups, p-value: p < 0.05 (*), p < 0.01
(**), p < 0.001 (***).
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exhibit fewer clusters and, after exiting the constriction, the distribution
broadens again towards higher cluster numbers. Nevertheless, as cells
experience repetitive confinement cycles, lower cluster counts (typically 1-5
per cell) become progressively favored. This distribution pattern is con-
sistentwith chromatin cluster aggregationuponconfinedmigration.During
deformation, chromatin clusters come into proximity and tend to merge.

They grow in size and, after confinement, some regions separate into
individual clusters and revert to their initial state, whereas others remain
fused, leading to an overall shift toward fewer but larger clusters. This
explanation accounts for the simultaneous increase in cluster size and
reduction in cluster number. Similarly to cluster size, the results for the
pairwise comparison using Wasserstein distances (Supplementary Fig. 7a,
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right) shows closer resemblance between distributions for regions of the
same confining state and a trend towards shorter distance values when
comparing confinements with non-confining regions further downstream
the microchannel. Consequently, these results align with cluster size dis-
tributions to support that chromatin condensation during confined
migration is only partially reversible for the 4 × 6 μm2 constrictions in our
microfluidic devices.

Some proteins, such as Nesprin-249,50, have been shown to accumulate at
the front of the cell during confined migration. To explore whether chro-
matin clusters accumulate preferentially at the front or the rear of the nucleus
during successive confinements, we performed a cell population analysis
considering the spatial distribution of these clusters. The distance between
the center of mass, i.e., intensity weighted centroid of the nucleus, and the
geometric center of the nucleus along the direction of the microchannel was
used to estimate if the location where fluorescence intensity concentrates lies
at the front or the rear of the nucleus. Nevertheless, the results were not
consistent with a preferential accumulation of chromatin clusters on one side
of the nucleus (see Supplementary Fig. 8). The distance from the center of
mass to the geometric center along the microchannel direction is minimal
and it does not exhibit a distinctive trend towards positive (accumulation at
the front) or negative (accumulation at the rear) values.

Immunofluorescent assay matches highly-condensed chroma-
tin areas to heterochromatin loci
Finally, we wondered whether the reorganization of condensed chromatin
clusters during confined cell migration corresponds to heterochromatin
loci. Therefore, we performed an immunofluorescent experiment using two
well-establishedheterochromatinmarkersH3K27me3 (cyan) andH3K9me3

(magenta), which target two different chemical modifications on histone
H3. Trimethylation of lysine 9 on histone H3 (H3K9me3) is associated with
constitutive heterochromatin, which is mostly located in centromeric and
telomeric DNA regions, while trimethylation of lysine 27 on histone H3
(H3K27me3) is associated with facultative heterochromatin, which is
developmentally regulated.

Mapping these markers together with the GFP channel (green), to
capture intrinsic GFP expression from the chromatin labeling on H2B, we
could visualize the distribution of heterochromatin within chromatin
content.

Firstly, we segmented the nucleus with our custom algorithm to
identify highly-condensed chromatin regions over the fluorescent micro-
scope images for both heterochromatinmarkers, andwe found that the two
markers mostly coincide with dense chromatin regions (bright regions) in
the green channel. However, they do not appear in every condensed chro-
matin cluster that was originally segmented over the green channel. It is
noteworthy that H3K9me3 marker (magenta channel) is preferentially
expressed in the nuclear periphery and around the nucleolus (Fig. 5),
consistentwith the literature inwhichH3K9me3-richdomains anchor to the
nuclear periphery to resist rupture11.

To further unravel the relationship among condensed chromatin and
heterochromatin markers, we computed the 2D correlation coefficient to
evaluate the spatial correlation between the chromatin labeling (green) and
each one of the heterochromatin markers. We obtained a remarkably high
correlation coefficient for both arrangements, chromatin againstH3K27me3

(green against cyan) and chromatin against H3K9me3 (green against
magenta). Nevertheless, the former exhibits a significantly larger coefficient,
which implies thatfluorescent intensity distributionbetweenchromatin and
H3K27me3 is particularly similar (Fig. 5b). This finding aligns with the
developmental nature of facultative heterochromatin loci (H3K27me3

marker), which have been shown to increase more than constitutive het-
erochromatin (H3K9me3 marker) upon confined migration30.

Chromatin computational model reproduces chromatin con-
densation observed in vitro
To understand the main mechanisms driving chromatin condensation
during the translocation of the nucleus through a narrow constriction, we
perform coarse-grained polymer simulations of the chromatin and the
nucleus.

We describe chromatin using a single polymer chain made of
N= 60,000 beads, each representing ~ 50000 base pairs. The polymer chain
is divided into domains of heterochromatin and euchromatin, 64 beads long
on average51,52. Simulations with chains of different domain sizes and with
attractive interactions with the walls are explored in the Supplemen-
tary Note 1.

In previous experiments7,13,30, chromatin condensation was associated
with an increase in heterochromatin markers. By excluding biochemical
reactions from our model, we can assess how much of the experimental
observations can be explained through a purely physical reorganization of
the chromatin. We tracked the evolution of chromatin concentration for a
total simulation time corresponding to approximately 30 min of real time
(Supplementary Movie 2). During this time, the shape of the nuclear
boundary was deformed tomimic the cell migrating through a constriction
(see Supplementary Note 1). To compute the local chromatin density, the
positions of the beads inside the nucleus were projected onto the transverse
plane, subdividing the area into equally sized pixels (with a side of 250 nm)
and counting the number of beads in each one. Five snapshots of the
resulting density maps obtained during the confined cell migration are
shown in Fig. 6b.

Figure 6c represents the simulated distribution of chromatin density
(ρ) in the nucleus over time. Similarly to Fig. 2d, h, each column in Fig. 6
corresponds to a particular instant of the simulation, and every row cor-
responds to a certain density value. We find a notable resemblance to the
experimental observations (Fig. 2d, h) in the proportion of pixels with each
density.

Before entering the constriction, the density of chromatin distribution
within the nucleus is characterized by amainpeak at a relatively lowdensity.
The beginning of nuclear confinement through the constriction takes place
effectively at t≈ 5min (second snapshot in Fig. 6d). The confinement of the
nucleus drives chromatin reorganization, which results in a widening of the
distribution of chromatin density. This implies a larger probability of
finding both denser and looser regions than in the unconfined nucleus.
Once themajority of the nucleus has traversed the constriction at t≈ 18min
(fourth snapshot in Fig. 6d), chromatin distribution partially relaxes back to
its initial state. The recovery is not complete, since the peak in chromatin
density shifts to smaller values compared to nuclei before the confinement
(Fig. 6c). This implies that, by traversing the confinement, chromatin has
concentrated in some regions, leaving others more depleted.

Fig. 4 | Distributions for the size and number of condensed chromatin clusters in
PACA-H2B-GFP cells migrating through short microchannels. a Schematic of
the quantification of the areas for condensed chromatin clusters. In the nucleus,
before entering a constriction, there are mostly small areas (left), through a con-
striction, larger areas predominate (middle), and after a constriction, the cluster
distribution is similar to the original, but middle-sized areas are favored (right).
bHistograms to estimate the evolution of the size distribution for individual highly-
condensed chromatin clusters in PACA-H2B-GFP cells (n=65). Histograms
represent the normalized count (bin count over the total number of counts) for the
relative area of individual highly-condensed chromatin areas, i.e., the area for each
highly-condensed segmented region (Acluster) over the total area of its nucleus

(Anucleus). From top to bottom, each graph corresponds to a different microchannel
region, either non-confining (in red) or confining (in blue), and contains the relative
area for every cluster in each nucleus during all frames in which the nucleus lies
within the corresponding region. The counts for the condensed chromatin clusters
in each cell are normalized to 100 data points to avoid misrepresenting cells that
migrate faster through the microchannels. c Similarly, histograms were used to
estimate the evolution of the distribution for the number of chromatin clusters per
cell (n= 65). dComplementary illustration of the nucleus of a cell migrating through
a microchannel with the segmentation of condensed chromatin clusters as an
example to represent condensed chromatin cluster dynamics.
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These observations are also reflected in the histograms for chromatin
distribution in five particular snapshots of the simulation (Fig. 6e). The
widening in chromatin distribution during confinement is appreciated by
comparing the histograms for t=2min and t=9min.Theheight of thepeak
decreases, and the tail of the distribution rises. After confinement, corre-
sponding to t = 18 min and t = 28 min, the density distribution is partially

recovered (ρ = 0.2). The values of the density distribution for ρ > 0.2 are
higher than for the unconstricted nucleus, suggesting a certain degree of
irreversible behavior after confinement.

The simulation results agree with the experimental observations that
chromatin reorganization due to confined cell migration is partially rever-
sible. This supports our initial hypothesis that the origin of irreversibility in
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chromatin redistribution can be explained, qualitatively, using arguments
based on polymer physics. Essentially, the nuclear deformation due to the
constriction brings closer heterochromatin regions that were originally
distant. Since these regions experience attractive interactions, they do not
fully separate once the deformations are released.Nevertheless, our findings
do not exclude other important contributions due to deformation-induced
enzymatic modifications of histone marks. Previous experiments11,13,30 have
shown that these chemical reactions do take place experimentally, and they
may well play an important role in determining the degree of chromatin
reorganization irreversibility.

Discussion
In this work, we studied how periodic deformations applied to nuclei of
metastatic cancer cells drive a net reorganization of chromatin. We used
confined cell migration assays with periodic constrictions to apply con-
trolled nuclear deformations. To specifically address the reversibility of
nuclear alterations, we combine high-throughput real-time imaging of
H2B-fluorescent cells at a single-cell resolution using a microfluidic device
that features repetitive confining and non-confining regions. Unlike static
compression and tensile models11–13,17, which primarily study passive cel-
lular responses, our microfluidic migration assay captures active cellular
contribution to the dynamic and adaptive nuclear behavior1,18,30,41, which is
clinically relevant since it replicates the cyclicmechanical stress experienced
during metastasis.

We found a significant increase in the highly-condensed chromatin
area during nuclear migration through each confinement. The nuclear area
occupied by condensed chromatin can reach up to threefold its value in a
non-confined region, which cannot be explained by the small decrease in
nuclear volume experienced during the confinement. Such overall increase
of chromatin condensation is transitory, and the baseline levels are con-
sistently recovered across the cell population once they traverse a con-
striction. Previous studies limit reversible chromatin condensation to short-
term deformations (150 seconds to one hour) during dynamic loading12,
however, cells in our analysis exceeded this temporal threshold when
migrating through a constriction and still show reversible effects (third
confinement in Fig. 2b–d).

We then characterized the size distribution of highly-condensed
chromatin clusters within different confined and non-confined sections of
themicrofluidic device. This approach yieldsmore information than simply
the average area of the nucleus occupied by condensed chromatin. We find
that the distribution for small chromatin cluster sizes is not characterized by
a power-law distribution as in the case of nucleoli46,47 but by an exponential
distribution (a linear decay at the beginning of our histograms in logarith-
mic scale), similar to that observed for intracellular protein condensates45.
This suggests that a quench-then-coalescemechanismmight be responsible
for the formationof small chromatin clusters.However, we consistentlyfind
probability peaks at higher cluster areas during confinement, which are
absent in the case of protein condensates or nuclear speckles45. These peaks
at larger cluster areas imply a growth in chromatin cluster area upon
deformation. As cells traverse the channel, condensed chromatin clusters
display an altered distribution after each constriction. Cluster size dis-
tribution shifts progressively towards larger areas as the cells migrate

through repetitive confinements. Since the basal condensation level is
recovered and the distributions for the number of clusters shift towards
lower values, this implies that small clusters disappear to form larger
clusters.

These observations, together with the single-cell analysis of the fluor-
escence intensity, suggest that deformation promotes the coalescence of
smaller chromatin clusters, forming regions with higher chromatin density
while leaving other regions more depleted. This is a different mechanism
from that observed by Zhao et al.18, where confined migration directly
shifted the thermodynamic equilibrium phase separation of protein con-
densates and promoted the formation of new condensates. To support this
hypothesis, we performed Brownian dynamics simulations of a model
chromatin chain displaying self-attracting heterochromatin domains. The
numerical results supported the notion that confined migration promotes
the formation of larger chromatin condensates by bringing together small
clusters, which then fuse.

The predominance of larger condensed chromatin clusters after con-
finedmigrationmight be related to themechanical memory reported in the
literature, where cells preserve structural changes to favor following defor-
mation events12,28,29. The irreversible formation of heterochromatin loci was
identifiedbyHsia et al.30 after confinedmigration and can alsobe considered
as a mechanical memory strategy of the cells28. Although their findings
challenge reversible chromatin condensation, it is possible that, upon con-
finement, nuclear deformation causes chromatin to rearrange into denser
regions without necessarily undergoing the chemical changes required to
form heterochromatin. Thus, global chromatin condensation could have a
reversible effect, while still preserving specific long-term heterochromatin
loci from the confined migration as reported30.

While our study provides compelling evidence that nuclear deforma-
tion under confinement is accompanied by adaptive chromatin rearran-
gements, further investigation is needed to elucidate how the deformation
influences chromatin plasticity and its role in long-term epigenetic changes.
To prioritize high temporal resolution while minimizing cell phototoxicity,
weopted for a2Dimaging approach.This trade-off allowed forhigher frame
rates but limits a full three-dimensional characterization, which could be
addressed in future studies with volumetric imaging. Despite this improved
time-lapse interval (one frame every 10minutes), our temporal resolution is
not sufficient to capture rapid enzyme-mediated heterochromatin
dynamics. Another limitation of our study arises from intercellular varia-
bility during the heterochromatin loci analysis. To identify heterochromatin
domains within cell nuclei, cells were stained for two well-established het-
erochromatinmarkers, H3K9me3 andH3K27me3.However, the confining
microchannels used in our experiments generate complex diffusion gra-
dients of the staining reagents, leading to nonuniform marker distribution
when multiple cells occupy the same channel. This effect introduces addi-
tional variability that constrains the precision of quantitative comparisons
across nuclei. To compensate for diffusion-related variability, future ana-
lyses could include a complementary euchromatinmarker (e.g., H3K9ac) to
normalize the staining by computing the heterochromatin-to-euchromatin
ratio in each cell.Addressing this limitation in the future could be interesting
to study the evolution of persistent heterochromatin marks as the cells
migrate further in the microchannel30. Future studies should aim at single-

Fig. 5 | Immunofluorescence assay for heterochromatin markers. aMerge of the
fluorescent channels for a confined cell (left) and a non-confined cell (right): H2B-
GFP (green), H3K9me3-Alexa647 (magenta), and H3K27me3-Alexa405 (cyan).
Note that the dashed lines inwhite represent themicrochannel’s contour.bBar chart
representing the spatial correlation coefficient for chromatin distribution (green)
against each heterochromatin marker (magenta and cyan), classified according to
the confined state of the cell: confined (n=35) or non-confined (n=123). Error bars
represent the standard deviation. Kruskal-Wallis test with Dunn’s post hoc test for
multiple comparisons was performed. c Normalized fluorescent images (top) and
segmentation outcome (bottom) for each fluorescence channel in a confined cell.
d Colormap representing the similarity between chromatin fluorescence image and

each heterochromatinmarker (H3K9me3 andH3K27me3). The colormap represents
the inverse of the absolute difference between the pixels of each fluorescent channel
image; then, one in the colormap corresponds to exactly the same pixel intensity in
both images. e Merge of the fluorescent channels for a confined cell (left) and
overlapping of the segmentation outcome for the three fluorescent channels (right).
The correlation coefficients between H2B-GFP and the heterochromatin markers
are 0.79 for H3K9me3 and 0.90 for H3K27me3. f-h Similarly, immunofluorescent
analysis for a representative non-confined cell. The correlation coefficients between
H2B-GFP and the heterochromatin markers are 0.64 for H3K9me3 and 0.85 for
H3K27me3. Scale bars in the lower right corner correspond to 1 μm unless stated
otherwise.
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Fig. 6 | Polymer model to simulate chromatin dynamics during cell migration
through a confinement. a Schematic of the chromatin model showing hetero-
chromatin (in red), euchromatin (in blue), and elastic (VEl), Wang-Frenkel (VW-F),
andWall (VWall) potentials in the insets of the figure. The geometry corresponds to a
cell nucleus traversing a constriction within themicrochannel. bThree-dimensional
polymer representation of chromatin (heterochromatin beads in red and euchro-
matin beads in blue) within the nucleus as it enters a constriction (t ≈ 5 min). The
figure shows the bottom region of the nucleus, sectioned at the mid-width plane.
c Colormap depicting the evolution over time (horizontal axis) of the histogram of
chromatin density (vertical axis) for a chromatin chain of N = 60000 and average
domain size of 64 beads. The colormap corresponds to the pixel proportion with a

particular density. The zoomed-in graph (right) represents the chromatin density
profile for the simulation performed (30 minutes long), while the complete graph
(left) displays a repetition of the simulation result (i.e., the zoomed-in graph) to
reproduce the experimental time-scale for successive confinements in fast migrating
cells. dChromatin density distribution within the nucleus as it dynamically deforms
to replicate the migration through a constriction in the microchannel. The time
corresponding to each snapshot is shown at the top. e Histograms for chromatin
density at different time points of the simulation, each corresponding to a column in
the zoomed-in graph in (c). The diamond symbols indicate the maximum of each
distribution.
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cell sequencing to unravel how the deformation triggers specific chromatin
states and epigenetic marks and should employ higher-resolution or real-
time imaging techniques to capture finer-scale chromatin dynamics.
Additionally, tracking daughter cells after mitosis could reveal interesting
confinement-induced chromatin changes stably maintained beyond cell
division, which may be related to potential metastatic regulators. Finally,
validating these findings inmore complex or in vivomodels will be essential
to completely uncover the implications of chromatin plasticity for meta-
static potential and therapeutic targeting.

Methods
Design for microfluidic devices
We designed an innovative microfluidic device consisting of an array of
parallel microchannels 250 μm long which alternate between confining and
non-confining regions (see Fig. 1b and Supplementary Fig. 1). These
microchannels have a height of 6 μm to confine vertically the cells into a
two-dimensional disk-like shape without imposing excessive deformation
to enable direct correlation between nuclear volume and the projected
nuclear area in the microscope images. This setup is intended to guide cells
through repetitive constrictions while enabling them to recover from the
deformation to evaluate the potential short-term reversibility of nuclear
alterations.

The confining regions within the microchannels are defined by
semicircular indentations of 8 μm in radius, constricting the cross-section
up to 4 μm at its narrowest point40. This pore size is sufficient to cause
confinement-induced chromatin changes while preventing nuclear envel-
ope rupture, common in constrictions smaller than 3.5 × 6 μm2 in cross-
section43. For the non-confining regions, half of the microchannels are
characterized by non-confining segments of 22 μm long, while the second
half has 12 μm long segments between each confinement (Supplementary
Fig. 1). This difference was designed to analyze the impact of different non-
confining dimensions on the reversibility of the nuclear alterations.

Based on the state-of-the-art devices5,30,53,54 and our experience with
previous successful designs for confining microfluidic devices3,55, the
microchannels are orthogonally connected at each end to a seeding channel
of 50 μm high, supplied by six loading ports of 4 mm in diameter. Loading
ports are arranged as follows: Two communicating ports serve as the inlet
and outlet for the cell seeding. The remaining four ports drain to the
opposite seeding channel, and they are used toestablish theoptimal pressure
difference that will direct cells to enter the microchannels (Supplemen-
tary Fig. 1).

Manufacturing of microfluidic devices for cell seeding
Themicrofabrication process for themicrofluidic devices was performed as
previously described by Shin et al.56. Briefly, SU-8 molds on silicon wafers
with the desired microchannel geometries were manufactured using soft
lithography in MicrofabSpace and Microscopy Characterization Facilities
from the Institute for Bioengineering of Catalonia, IBEC, Barcelona, Spain.
Polydimethylsiloxane (PDMS) (Sylgard-184, Dow, Midland, TX) at a 10:1
base-to-curing agent weight ratio was used to procure the mold replicas.
Eachmicrofluidic device in the resulting replicawas trimmed individually in
a rectangular shape using a blade, and the loading ports in each device were
coredwith a 4mmbiopsypunch (Miltex). Subsequently, theywere sterilized
in a two-step autoclave and, eventually, eachmicrofluidic device was sealed
to a sterile 24 × 40 mm glass coverslip (Rectangular Cover Glasses No.1,
VWR) through plasma activation in the plasma cleaner (Harrick plasma,
UK). Immediately after sealing, a 0.1% (g/mL) bovine gelatin (Gelatin from
bovine skin, Sigma-Aldrich) coating was added to the microfluidic devices
aimed at promoting cell adhesion, and the devices were stored at 4∘C until
cell seeding.

A surface pre-treatment using Trichloro(1H,1H,2H,2H-per-
fluorooctyl)silane (PFOCTS) (UTC Specialties, T2492-KG) by vapor
depositionwas applied to themastermold to facilitate thedetachment of the
PDMS layer from the wafer.

Cell lines and cell culture conditions
The experimental procedure involves two cancerous cell lines with meta-
static potential. A549 cells are an established commercial lung cancer cell
line57 (a generous gift from Isabel Marzo Rubio), while PACA cells were
derived directly from themetastatic neuroblastoma of a patient (generously
provided by Jaime Font de Mora). Both cell types were transfected with a
plasmid encoding theH2B-GFP fusion protein fromGeoffWahl (Addgene
plasmid #11680) to generate a stable cell line constitutively expressing
human histone H2B, one of the core proteins in DNA packaging, tagged
withGreen Fluorescent Protein (GFP). According to the laboratory ofGeoff
Wahl39, the fluorescence intensity depends on the chromosome con-
densation state, and it does not affect the cell cycle progression, therefore,
being a valuable tool for high-resolution imaging of DNA arrangement in
real time in living cells39.

The two cell lines were grown in Dulbecco’s Modified Eagle Medium
high in glucose (DMEMwith 4.5 g/LD-Glucose, Gibco) supplementedwith
10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin-streptomycin
(antibiotic-antimycotic, Gibco). Cell cultures were incubated at 37 °C, 95%
humidity, and 5% CO2 conditions.

Cell lines were proven infection-free through PCR detection for
mycoplasma, performed with specific probes Myc A (5’
GGCGAATGGGTGAGTAACACG 3’) and Myc B (5’ CGGA-
TAACGCTTGCGACCTATG 3’) using a real-time PCR thermocycler (Bio
Rad: CFX96Real Time System) and visualizedwith gel imaging system (Bio
Rad: ChemiDoc XRS + with Image Lab Software).

Cell seeding and high-resolution real-time in vitro experimental
procedure
For cell seeding into the microfluidic devices, the cells are detached, resus-
pended in FBS-freemedium, and then filtered through a 40 μmcell strainer
to prevent cell aggregates.

First, 16.8 μL of FBS-freemedium are loaded in the medium inlet and,
immediately after, 50 μL of the cell stock solutionwere added to the cell inlet
(see ports notation in Fig. 1b). Subsequently, 16.8 μL from the cell inlet were
transferred to the adjacent loading port (the cell outlet) in order to reduce
the flow and established the proper pressure to promote cell attachment at
the entries of the channels. Note that these loading volumes were estimated
through a fluid dynamics simulation in COMSOL Multiphysics using a
simplified geometry consisting of straight confining microchannels. The
differences between the geometries were not relevant for the calculations of
the loading volumes, and they could be directly implemented in these
devices.

Once a sufficient number of cells have adhered to the microchannels,
the flow is halted by gradually transferring small volumes from the cell inlet
to the cell outlet until equilibrium is reached. Thereafter, the microfluidic
device was incubated for half an hour at 37 °C in a humid atmosphere and
5% CO2 conditions. Following the incubation period, the six loading ports
are emptied, and the two cell inlet/outlet ports are filled with FBS-free
medium, whereas the four remaining ports on the opposite side are loaded
with 20% FBS-enriched medium. This setup generates a chemoattractant
gradient to favor cell migration through the microchannels.

Cell migration was monitored and recorded with time-lapse live
microscopy using an inverted fluorescence optical microscope (Zeiss Axio
Observer). To attain single-cell precision and high spatial resolution, par-
ticularly relevant for the analysis of the fluorescence intensity profile, a 63x
oil immersion objective was employed.

The recording duration ranged from 20 to 24 hours for each experi-
ment, with a time lapse interval of 10 minutes. It was conducted using two
imaging channels, brightfield andEGFP, to capture thenucleusfluorescence
signal. The parameters for the latter channel were adjusted to 10% for the
light source intensity and50ms for the exposure time tominimize the riskof
DNA damage and photobleaching. Cell viability was preserved throughout
the experiment by implementing a cell incubation chamber in the micro-
scope, which maintained regular culture conditions.
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Imaging post-processing and nuclei segmentation
Raw microscope image data were processed using ImageJ through a
custom-made macro to segment the fluorescent cell nuclei individually.
Briefly, the macro implements a first segmentation stage in which a rough
mask is generated through automatic thresholding to crop each nucleus
from the original image and estimate its approximate location within the
frame. In the second segmentation step, each image for the individual nuclei
undergoes an edge detection method to adjust the mask to the nuclei
contour. Once the segmentation was accomplished, the intensity histogram
and morphological parameters, including the nuclei area, perimeter, major
andminor axis, center ofmass, etc., weremeasured and stored in a CSV file.

Subsequently, using MATLAB software, a drift correction algorithm
was applied to align the frames with the horizontal axis of the image. Fol-
lowing successful alignment, a cell tracking code was developed to identify
the nuclei path across the imaging sequence and todetermine the state of the
cell nuclei, confined or non-confined. For the analysis, three different zones
were distinguished in the microchannels (see Fig. 3a), non-confining
regions, confining regions, and a transition zone in between the former two,
in which the results are not considered for the cell population analysis.
Although nuclear envelope rupture plays a relevant role during confined
migration58, the constriction sizes in our experiments maintained nuclear
integrity43, resulting in rare rupture events. Cells with compromised nuclear
envelopes, identified by cytoplasmic GFP and nuclear blebs, were excluded
from analysis. It is also noteworthy that to prevent considering chromatin
condensation effects attributed tomitosiswhile avoiding the use of cell-cycle
control treatments thatmight interfere with native chromatin dynamics, we
excluded from the analysis 20 frames (200 minutes) before and after cell
division.

Segmentation of highly-condensed chromatin regions and
quantification of chromatin cluster distribution
A segmentation algorithm was developed in MATLAB to identify regions
with elevated fluorescence intensity, indicative of more condensed chro-
matin states. First, we apply a pixel intensity normalization over the original
image to account for biological variation in H2B-GFP expression across
different nuclei. This normalization was introduced by Eshghi et al.35, it
defines the normalized intensity for each pixel as

Inorm ¼ I � Imin
Imean

ð1Þ

where I represents the original intensity of thepixel, Imin theminimumnon-
zero intensity in the frame, and Imean the average intensity of the frame.

Finally, a custom MATLAB script implementing an adaptive image
filter was used to compute the thresholds for the binary mask that identifies
highly-condensed chromatin regions. This algorithm excludes pixels with
intensities lower than 0.6 (normalized intensity), and it relies on the
MATLAB function adaptthresh to select specific thresholds for the
segmentation according to local mean intensity in neighboring pixels.
Similar segmentation algorithmsusing thisMATLAB functionhave already
been described in the literature59–61.

The evolution of these chromatin clusters over time is then addressed
through histograms representing the distribution of cluster areas and the
total number of clusters per nucleus among the cell population. We gen-
erated region-specific histograms that aggregate the relative area across all
chromatin clusters (cluster area over total nucleus area), or the number of
clusters, within each cell nucleus appearing in every temporal frame where
the nucleus center lies within the specific microchannel region. Data from
each cell were resampled to 100 points to avoid biasing the analysis against
cells migrating faster in the microchannels. Note that the distributions are
normalized with the total number of counts to represent the probability for
cluster size or cluster number. Subsequently, the differences among the
distributions for each region were quantified using Wasserstein distances,
which indicate how similar two probability distributions are, such that
smaller distance values correspond to more resembling distributions. This

pairwise comparison was implemented in MATLAB based on the code
published by Kolbe48.

In addition, a population analysis of the distance between the center of
mass of the nucleus and its geometric center (centroid) was performed to
estimate the location where chromatin clusters preferentially accumulate.

The center of mass corresponds to the intensity-weighted centroid of
the nucleus, i.e., the point representing the average position of the fluores-
cence signal across all pixels. It represents the coordinates where the
intensity would accumulate if the signal were treated like physical mass.
Formally, for an image where each pixel (x, y) has an intensity value I(x, y):

xCM ¼
Pðx � Iðx; yÞÞ
P

Iðx; yÞ ; yCM ¼
Pðy � Iðx; yÞÞ
P

Iðx; yÞ ð2Þ

Thegeometric center is calculated as the arithmeticmeanpositionof all
the pixels in the nucleus. It consists of adding the pixels x-coordinates and
dividing by the number of pixels to get the centroid x-coordinate, and
accordingly for the centroid y-coordinate:

xcentroid ¼
1
n

Xn

i¼1

xi; ycentroid ¼
1
n

Xn

i¼1

yi ð3Þ

Then, we subtracted the centroid from the center of mass in y-coor-
dinates, which aligns with the direction of the microchannels. Therefore, a
positive value implies chromatin accumulation at the front of the cell while a
negative value indicates chromatin accumulation at the rear of the cell.

Immunofluorescence assay targeting specific heterochromatin
markers
To relate global chromatin condensation toheterochromatin contentwithin
the cell nucleus, we performed an immunofluorescence assay for hetero-
chromatin marks H3K9me3 and H3K27me3, which target specifically het-
erochromatin regions, characterized by increased histone methylation.

Trimethylation of lysine 9 onhistoneH3 (H3K9me3) is associatedwith
constitutive heterochromatin, which is mostly located in centromeric and
telomeric DNA regions, while trimethylation of lysine 27 on histone H3
(H3K27me3) is associated with facultative heterochromatin, which is
developmentally regulated.

Following the 24-hour period of cell confined migration in micro-
fluidic devices under in vivomicroscopy, cells in the deviceswerefixedusing
4% paraformaldehyde (Sigma-Aldrich) to preserve cellular structures and
then permeabilized with Triton X-100 (Sigma-Aldrich) to allow antibody
penetration. To minimize non-specific binding, cells are incubated with a
0.5% BSA blocking buffer. Subsequently, we incubated the microfluidic
device overnight with the two primary antibodies specific against different
heterochromatin markers: Anti-Histone H3 (tri methyl K9) antibody
(ab8898, Abcam) and Anti-Histone H3 (tri methyl K27) antibody (ab6002,
Abcam). Finally, two fluorophore-conjugated secondary antibodies (goat
anti-mouseAlexa Fluor 405 anddonkey anti-rabbitAlexa Fluor 647)(1:200)
were used to recognize each primary antibody, and confocal imaging
(Confocal Microscopy STELLARIS 5 DLS, Leica Microsystems CMS,
Germany) was performed to read the fluorescence signal. Heterochromatin
content and distribution were analyzed using ImageJ to segment individual
nuclei and, then, MATLAB to quantify fluorescence intensity among other
parameters of interest. To measure the spatial correlation of hetero-
chromatin markers and GFP signal, the MATLAB function corr2 was
implemented. This function is based on Pearson’s correlation coefficient
applied to all the elements in the array defining the nucleus fluorescence
image. Note that, to compute the spatial correlation coefficient, the back-
ground of the images is considered a perfect match in the correlation
function; therefore, an important fraction of the high correlation coefficient
might be due to the background noise. To estimate the contribution of the
background in the final computation, we tested two images of the same
sample nucleus, but each containing a random distribution of intensity
values within the nucleus contour. The correlation coefficient turned out to
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be around 0.5, which was considered when evaluating the results for the
immunofluorescent analysis.

Statistics and reproducibility
The statistical analysis was conducted using GraphPad Prism software
v8.0.1. Two to four different experiments were performed and analyzed for
each cell line following the experimental protocol developed. Cells were
classified according to the confining microchannel through which they
migrate, either a long or a short channel. For the PACA-H2B-GFP cell line,
the sample size in long channels was n= 71, and in short channels it was n=
65. For the A549-H2B-GFP cell line, sample sizes were n = 26 and n = 42,
respectively. Each experiment was evaluated separately, consistently yield-
ing the same conclusions. The data were then combined for collective
analysis and representation. Furthermore, reproducibility was confirmed
between the two different cell lines.

First of all, the ROUTmethodwas used to identify and exclude outliers
from the data set before any further statistical analysis. For data following a
normal distribution, a parametric one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison test (two-sided test), was performed.
Otherwise, in the absence of normality, a non-parametric Kruskal-Wallis
test withDunn’s post hoc test formultiple comparisons (two-sided test) was
designated. Statistical significance was defined as a p-value below 0.05, and
results were reported according to APA guidelines: p > 0.5 (ns), p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***).

Polymeric model of chromatin
Polymer models of chromatin are a suitable representation of chromatin
mesoscopic structure at the level of the experimental resolution. Our aim
is, by means of numerical simulations, to correlate the experimental
observations to a reorganization of chromatin as the nucleus translocates
through a microfluidic confining channel. To this end, we propose a
polymer model of chromatin that we will investigate through numerical
simulations, an approach that has been successful in previous chromatin
studies62–65. This model, adapted from52, describes chromatin as a coarse
grained beads-and-springs copolymer chain composed by N particles,
each corresponding to ~50,000 base-pairs (50 kbp), of two types
(representing heterochromatin and euchromatin) confined within a shell
that models the nuclear envelope (see Fig. 6a). We chose a density for the
chromatin fiber of ρ = 0.2, well within the physiological range62. The
simulation particles (each representing approximately 250 nucleosomes,
which we will refer to as beads from now on) are linked by harmonic
springs66,67 (corresponding to chromatin fiber), and heterochromatin and
euchromatin domains are arranged along the chain following an expo-
nential length distribution, with an average domain size of 64 beads,
maintaining an overall 50/50 composition of both chromatin types. This
proportion was chosen both as a simplification and to be able to observe
large enough clusters in our simulation, given that only heterochromatin
forms condensates.

The remaining interactions in the system are governed by a Wang-
Frenkel potential68, which accounts for steric repulsion between beads, as
well as between beads and the confining shell. Additionally, in the case of
heterochromatin, this potential includes attractive interactions among
heterochromatin beads and, optionally, between heterochromatin and the
nuclear lamina24,64,69 (see Fig. 6). For a more detailed description of the
interactions, see the SupplementaryNote 1. Althoughmost of the results are
given for lamina-free interaction, simulations considering lamina interac-
tion are included in the Supplementary Information for comparison
(Supplementary Fig. 12).

Importantly, the confining shell deforms dynamically over time to
mimic the experimental conditions, changing from a disk to a peanut-
shaped geometry of constant height as it passes through a narrow con-
finement, and returning to a disk shape at the end of the simulation (see
Fig. 6b). The definition of the geometry of the shell, along with its para-
meters, is included in the Supplementary Note 1 (Supplementary Fig. 9).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are openly available in
Figshare70. The source data underlying the figures in this work are provided
in Supplementary Data 2. Any other data is available from the corre-
sponding authors on reasonable request.

Code availability
The segmentation algorithmused to process fluorescentmicroscope images
is available on GitHub (https://github.com/yablazro/Segmentation-
chromatin-clusters) and Zenodo71. Any other code is available from the
corresponding authors on reasonable request.
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