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SUMMARY

Tissue homeostasis requires maintenance of func-
tional integrity under stress. A central source of
stress is mechanical force that acts on cells, their
nuclei, and chromatin, but how the genome is pro-
tected against mechanical stress is unclear. We
show that mechanical stretch deforms the nucleus,
which cells initially counteract via a calcium-depen-
dent nuclear softening driven by loss of H3K9me3-
marked heterochromatin. The resulting changes in
chromatin rheology and architecture are required to
insulate genetic material from mechanical force. Fail-
ure to mount this nuclear mechanoresponse results
in DNA damage. Persistent, high-amplitude stretch
induces supracellular alignment of tissue to redis-
tribute mechanical energy before it reaches the
nucleus. This tissue-scale mechanoadaptation func-
tions through a separate pathway mediated by cell-
cell contacts and allows cells/tissues to switch off
nuclear mechanotransduction to restore initial chro-
matin state. Our work identiÞes an unconventional
role of chromatin in altering its own mechanical
state to maintain genome integrity in response to
deformation.

INTRODUCTION

Epithelial tissues are load-bearing elements that undergo large-
scale, force-driven deformations ( Anlasx and Nelson, 2018; Jor
Cell 181, 1–1
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et al., 2013). Although accumulation of mechanical stress within
tissues can compromise tissue integrity ( Casares et al., 2015;
Harris et al., 2012), epithelial sheets can sustain extreme defor-
mation and mechanical stress without signs of damage ( Latorre
et al., 2018; Le et al., 2016). This is in strong contrast to cancer
cells, where mechanical deformations have been shown to
induce nuclear rupture and DNA damage (Denais et al., 2016;
Raab et al., 2016; Xia et al., 2018). Thus, it is likely that noncan-
cerous epithelial cells, such as skin epidermis stem/progenitor
cells (EPCs) that are exposed to large-scale, dynamic mechani-
cal forces in their natural microenvironment (Maiti et al., 2016;
Obropta and Newman, 2016), have acquired robust mechanisms
of genome mechanoprotection.

The nucleus is separated from the cytoplasm by the nuclear
envelope (NE), a double membrane continuous with the endo-
plasmic reticulum (ER). The nuclear lamina, which underlies the
NE, is composed of a meshwork of intermediate �lament pro-
teins called Lamins, and it functions as a structural and mechan-
ical scaffold for the nucleus (Gruenbaum and Foisner, 2015). The
nucleus is mechanically tethered to the extracellular environ-
ment, adhesion receptors, and the contractile cytoskeleton
through adaptor-protein-mediated interactions at the NE. Addi-
tional protein interactions link chromatin to the nuclear lamina
(Buchwalter et al., 2019). Inside the nucleus, the genome is pack-
aged and organized nonrandomly to ensure ef�cient gene
expression silencing. The organized chromatin compartments
adopt speci�c positions relative to the nuclear periphery, and a
dense layer of heterochromatin can be found underneath the nu-
clear lamina of most mammalian cells (Buchwalter et al., 2019;
van Steensel and Belmont, 2017). These lamina-associated het-
erochromatin regions are characterized by low gene density, low
transcriptional activity, and enrichment of repressive histone
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modi�cations H3K9me2, H3K9me3, and H3K27me3 ( Buchwal-
ter et al., 2019). Consequently, disruption of methyltransferases
that deposit H3K9me2 (Ehmt2/G9a) and H3K9me3 (Setdb1,
Suv39H1, and Suv39H2) impair gene silencing and chromatin
positioning at the lamina (Bian et al., 2013; Nicetto et al., 2019;
Yokochi et al., 2009).

Recent work indicates that extrinsic microenvironment-
derived forces are capable of deforming and remodeling chro-
matin to change global patterns of gene expression ( Miroshni-
kova et al., 2017). However, how mechanical stress is dissipated
within the nucleus, and how chromatin responds to and is pro-
tected against mechanical stress, are less known. To identify
such mechanisms and properties, we exposed EPC monolayers
to increasing amplitudes of physiologically relevant cyclic, uniax-
ial mechanical stretch (Liu et al., 2017; Wessendorf and New-
man, 2012). We observed that stretch triggers immediate nuclear
deformation that leads to Piezo1-mediated calcium release from
the ER to reduce lamina-associated H3K9me3 heterochromatin
and subsequent nuclear softening. Inhibiting calcium in�ux or
increasing heterochromatin levels by forced expression of the
H3K9me3 methyltransferase Suv39H1 results in failure to modify
chromatin mechanics, triggering DNA damage. Long-term expo-
sure to high-amplitude stretch leads to monolayer alignment
perpendicular to stretch in a process independent of the nuclear
deformation pathway and driven by cell-cell adhesion. This
supracellular patterning is essential to redistribute mechanical
stress away from the nucleus, allowing the cells to restore their
steady-state nuclear and chromatin architecture for long-term
mechanoprotection.

RESULTS

Cells Show a Rapid Chromatin and a Slow Supracellular
Mechanoresponse with Distinct Amplitude
Dependencies
Quanti�cation of EPC monolayer features in response to several
uniaxial stretch amplitudes revealed gradual, time-dependent
reorientation of �lamentous actin (F-actin) and nuclei perpendic-
Figure 1. Cells Show a Rapid Chromatin and a Slow Supracellular Mechan
(A) Stretch experiment design and quanti�cation strategy of F-actin and nuclear a
(B) Representative F-actin (phalloidin) and DAPI images of cells exposed to unia
(C) Quanti�cation of images in (B) shows time-dependent reorientation of F-actin
distribution of >500 cells/condition pooled across three independent experiments
(D) Parameters measured from 3D nuclear images. Aspect ratio was calculated a
(E and F) Quanti�cation of nuclear aspect ratio (E) and �atness index (F) (n = 3 in
(G) Representative E-cadherin (E-cad) images and quanti�cation show time-depe
stretch direction (frequency distribution of 380 cells/condition pooled across three
(H) Representative F-actin images and quanti�cation illustrating sustained and tra
respectively (n > 300 cells/condition pooled across three independent experimen
(I) Heatmap and Euclidian distance dendrogram of phosphosites quanti�ed by m
periments; padj cutoff = 0.05).
(J) Distance-based clustering of phosphosites shows a cluster of transiently decrea
30 and 360 min (cluster 2).
(K) GO terms of clusters 1 and 2.
(L) Representative images and quanti�cation show a sustained and transient dec
respectively (n = 3 independent experiments with >200 cells/condition/experimen
Bar graphs show mean ± SD, boxplots show 95% con�dence interval, scale bars re
GV, gray values.
See also Figure S1.
ular to the direction of stretch ( Figures 1A–1C) (De et al., 2008;
Faust et al., 2011; Noethel et al., 2018; Wang et al., 2001). Mono-
layer alignment was initiated at 30 min and completed at 360 min
of continuous cyclic (100 mHz) 40% stretch ( Figure 1B, 1C). In
contrast, 5% stretch was insuf�cient to trigger alignment, even
at longer timescales (Figures 1B, 1C, and S1A), whereas 20%
stretch produced an intermediate phenotype ( Figure S1B). The
stretch-induced reorientation of nuclei was associated with
increased nuclear aspect ratio and �attening ( Figures 1D–1F),
whereas nuclear volume was largely unaltered (Figure S1C).
The supracellular monolayer reorganization also included reor-
ientation of adherens junctions into a 45 � angle to the stretch
axis (Figure 1G).

Closer inspection of cytoskeletal architecture revealed F-actin
speci�cally around the nucleus ( Figure 1H). Intriguingly, although
5% stretch was not suf�cient to induce F-actin alignment, this
regime did trigger perinuclear actin polymerization. However,
in contrast to 40% stretch, the perinuclear actin ring in the 5%
condition persisted over time ( Figure 1H), suggesting that peri-
nuclear actin polymerization occurs faster and with lower stretch
amplitude than supracellular alignment.

To dissect intracellular signaling dynamics that mediate the
two distinct patterns of stretch responses, we performed phos-
phoproteomic analyses on cells exposed to 40% stretch for 30
and 360 min and identi�ed 1,461 differentially regulated phos-
phosites (Figure 1I; Table S1). K-means clustering revealed dy-
namic, time-dependent regulation of the phosphoproteome,
where the largest cluster of 410 phosphosites showed a tran-
sient downregulation at 30 min followed by full recovery at
360 min (Figure 1I, J). Intriguingly, among the most enriched
Gene Ontology (GO) terms in this cluster were regulation of his-
tone H3 lysine 9 di- and trimethylation (H3K9me2,3) (Figure 1K).
These terms included altered phosphorylation of Lamins A, B1,
and B2 and the H3K9 methyltransferase Setdb1 (Table S1). A
second large phosphosite cluster that remained downregulated
also at 360 min, corresponding to the dynamics of supracellular
alignment, contained adhesion and actin regulators such as pax-
illin, co�lin, and myosin-9 ( Figure 1J, K). In addition, both clusters
oresponse with Distinct Amplitude Dependencies
xis orientation.
xial stretch.

and nuclear major axes perpendicular to 40% stretch direction (fre quency
).
s a/b and �atness index as c/b.

dependent experiments with > 365 cells/condition/experiment).
ndent reorientation of E-cad-positive adherens junctions 45 � away from 40%
independent experiments; *p = 0.0390, Friedman/Dunn’s).
nsient perinuclear actin polymerization (red arrows) at 5% and 40% stretch,

ts; *p = 0.0343, Friedman/Dunn’s).
ass spectrometry at 30 and 360 min of 40% stretch (n = 3 independent ex-

sed phosphosites at 30 min (cluster 1) and a cluster with sustain ed decrease at

rease in H3K9me2,3 in EPC monolayers subjected to 5% and 40% stretch,
t; *p = 0.0451, Friedman/Dunn’s).
present 10 mm, and white arrows indicate stretch direction. AU, arbitrary units;
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contained hemidesmosome components such as integrin b4,
collagen XVII, and plectin (Table S1) (Rottner et al., 2017; Walko
et al., 2015). Changes in cluster-speci�c temporal phosphoryla-
tion dynamics were validated by western blotting for representa-
tive proteins (Figure S1D).

As the phosphoproteome analysis implicated changes in
H3K9me2,3, we next examined changes in constitutive hetero-
chromatin (Becker et al., 2016; Simon and Kingston, 2013) and
found that both 40% and 5% stretch induced a strong reduction
in H3K9me2,3 levels at 30 min (Figures 1L and S1E). Separate
analyses of H3K9 di- and trimethylation revealed alteration of
both states (Figures S1F and S1G), with a more substantial effect
on H3K9me3, leading us to focus on that modi�cation. Similar
to perinuclear actin polymerization, the decrease in H3K9me3
with 40% stretch was transient and reversed after 180–
360 min of continuous stretch. In contrast, 5% stretch induced
sustained H3K9me3 reduction (Figure 1L, S1F and G). Consis-
tent with the sustained heterochromatin and perinuclear actin
changes in 5% stretch, the phosphorylation changes that were
reversible in 40% remained downregulated in 5% stretch also
at 360 min (Figure S1D).

Collectively, these data indicate that the EPC mechanores-
ponse under high-amplitude cyclic uniaxial stretch consists of
a transient perinuclear actin, NE, and heterochromatin response
and a slower, sustained supracellular alignment response. While
low-amplitude cyclic stretch is insuf�cient to induce supracellu-
lar alignment, it triggers heterochromatin and NE changes, indi-
cating distinct amplitude dependencies.

Stretch-Triggered Heterochromatin Changes Occur
Mainly at Non-coding Regions with No Substantial
Correlation with Transcriptional Changes
To characterize changes in H3K9me3-heterochromatin, we
mapped genome-wide changes in H3K9me3 using chromatin
immunoprecipitation sequencing (ChIP-seq) of cells stretched
for 30 min at 40%. In addition, we generated corresponding
RNA sequencing (RNA-seq) datasets of cells stretched for 30
and 360 min at 40%. Consistent with the phosphoproteome
and immuno�uorescence data, we observed a substantial over-
all reduction in H3K9me3 occupancy, as de�ned by differential
peaks (padj < 0.05; Figure 2A; Table S2). Interestingly, reduced
H3K9me3 occupancy was found particularly at non-coding re-
gions, whereas the few regions with increased occupancy
upon stretch were predominantly at protein-coding genes ( Fig-
ure 2B). Reduced H3K9me3 occupancy was biased toward
Figure 2. Stretch-Triggered Heterochromatin Changes Occur Mainly at No
scriptional Changes
(A) Distance-based clustering of differential H3K9me3 occupancy from ChIP-seq
(B) Biotype distribution of all identi�ed H3K9me3 peaks and peaks increased or d
(C) Differential H3K9me3 peaks plotted according to chromosome position.
(D) Genome browser views of representative H3K9me3 peaks with reduced inte
(middle panel), and subtelomeric region (right panel). Red boxes show chromoso
(E) Correlation plots and quanti�cation of H3K9me3 and differential gene express
shows no signi�cant correlation between transcriptional changes and altered H3K
(F) GO-term enrichment of signi�cantly altered genes from RNA-seq after 30 min
(G) Volcano plots of differentially expressed transcripts (padj < 0.05) with example
highlighted.
See also Figure S2.
chromosome ends (Figures 2C and 2D), consistent with high
H3K9me3 levels at subtelomeric regions (Cubiles et al., 2018).
In line with their predominant location at non-coding regions,
the stretch-regulated H3K9me3 peaks showed no substantial
correlation with the stretch-regulated transcriptome ( Figure 2E).
In contrast, those few regions with increased occupancy over-
lapped with the transcriptome, with a corresponding decrease
in transcript levels of genes with increased H3K9me3 occupancy
(Figure S2A), as would be predicted from the repressive function
of H3K9me3. Interestingly, these genes with reduced expression
were particularly enriched on chromosome 19 ( Figure S2B),
which is found positioned centrally within the nucleus ( Croft
et al., 1999).

Detailed analysis of the transcriptome revealed that 480 genes
were differentially expressed after 30 min of stretch (padj < 0.05),
whereas 2,151 genes were altered after 360 min (Figure S2C;
Table S3). Among the most enriched GO terms after 30 min
were terms related to cell-cell junctions and the cytoskeleton
(Figure 2F), consistent with the phosphoproteome data and
onset of supracellular alignment. Heterochromatin regulation
was the most enriched GO term at 360 min, with strong upregu-
lation of genes related to the facultative heterochromatin mark
H3K27me3, and its regulators such as JARID2 and SUZ12 (Mar-
gueron and Reinberg, 2011) (Figures 2G and S2C), whereas
epidermal differentiation genes were among the most downre-
gulated genes (TGM1, PPL, and SPRR) (Figures 2G and S2C).
These results con�rm our earlier work, where long-term (12 h)
biaxial stretch was observed to decrease global transcription
to increase H3K27me3-occupancy and silencing of epidermal
differentiation genes (Le et al., 2016). Consistently, we detected
reduced levels of the elongating form of RNA polymerase II
(RNAPII-S2P) and increased H3K27me3 levels in response to
long-term (6–24 h) stretch. This was particularly evident in 5%
stretch conditions, where H3K27me3 did not return to steady
state upon long-term stretch and differentiation gene expression
remained suppressed (Figures S2D–S2F). In line with slower ki-
netics of H3K27me3 accumulation, ChIP-qPCR of selected
chromatin regions with decreased H3K9me3 occupancy did
not show corresponding increases in H3K27me3 at these sites
after 30 min of 40% stretch ( Figure S2G). Collectively, these ex-
periments show that long-term uniaxial stretch, similar to biaxial
stretch (Le et al., 2016), triggers transcriptional repression,
increased H3K27me3, and silencing of differentiation gene
expression. These experiments further reveal that stretch rapidly
triggers a widespread reduction in H3K9me3 occupancy, mainly
n-coding Regions with No Substantial Correlation with Tran-

shows widespread decrease in H3K9me3 upon 40% stretch.
ecreased by stretch.

nsity upon stretch: ribosomal RNA (left panel), non-coding intergenic re gion
me location, and peak intensity range is in brackets.
ion overlap after 30 min (left panel) and 360 min (right panel) of 40% stretch
9me3 occupancy.
(left) and 360 min (right) of 40% stretch.
s of cell adhesion, H3K27me3 regulators, and epidermal differe ntiation genes
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at non-coding regions and chromosome ends, with little immedi-
ate transcriptional consequences, raising the question of the bio-
logical signi�cance of this change.

Stretch Induces Changes in NE Tension and Nuclear
Mechanical Properties
To address the mechanisms and functional relevance of the
force-induced reduction in H3K9me3, we further mined the
phosphoproteome data and observed that a subset of phospho-
sites found downregulated upon stretch have been previously
reported to be hyperphosphorylated during NE mitotic break-
down, most prominently phosphorylation of Lamin A at S22
and S329 (Güttinger et al., 2009) (Figure S3A), prompting us to
examine the NE. Although mitotic frequency was unaltered (Fig-
ure S3B), we observed increased NE wrinkling with moderate but
sustained effect with 5% stretch and a strong but transient
change using 40% stretch ( Figure 3A). Superresolution micro-
scopy revealed undulations and wrinkling of the NE/lamina in
stretched cells, along with decreased H3K9me3 at the nuclear
periphery (Figures 3B and 3C). Interestingly, however, total
Lamin levels were unaltered (Figures S3C and S3D). Transmis-
sion electron microscopy and chromatin tomography con�rmed
nuclear wrinkling and revealed a strong reduction in NE-associ-
ated condensed heterochromatin ( Figures 3D and S3E; Videos
S1, S2, and S3).

The increased NE wrinkling without substantial nuclear volume
changes pointed to reduced nuclear membrane tension
(increased nuclear deformability). Nuclear elasticity and deform-
ability depend on nuclear membrane tension, stiffness of the nu-
clear lamina and chromatin condensation state ( Enyedi and Niet-
hammer, 2017; Stephens et al., 2017, 2018, 2019). To quantify
nuclear elasticity, we performed atomic force microscopy-based
force indentation of the nuclear surface through the cell cortex
(Figure S3F). Nuclear force indentation showed decreased stiff-
ness in both 5% and 40% stretch conditions, with full recovery
upon long-term 40% stretch ( Figure 3E). Importantly, depoly-
merization of F-actin did not affect nuclear stiffness, indicating
that neither the actin cortex nor perinuclear F-actin contributed
to the observed nuclear mechanical changes. In contrast, Lamin
A depletion, as expected, strongly reduced nuclear stiffness,
con�rming the validity of the approach ( Figures S3F–S3I). To
separately assess nuclear membrane tension, we performed
�uorescence lifetime imaging (FLIM) using the Flipper-TR mem-
Figure 3. Stretch Induces Changes in NE Tension and Nuclear Mechanical
(A) Representative Lamin A/C images and quanti�cation of EPCs exposed to stretc
40% stretch. White arrows indicate stretch direction (three independent experime
(B) Representative STORM images of Lamin A/C immuno�uorescence (n > 34 ce
(C) Representative structured illumination microscopy (SIM) images and intensity
alone). Dotted lines mark outer edges of Lamin A/C staining and arrowheads the m
experiments).
(D) Representative electron micrographs and quanti�cation of nuclear lamina-ass
lamina-associated heterochromatin after 30 min of 40% stretch (n > 40 cells pooled
(E) Force indentation spectroscopy showing sustained and transient decrease in n
respectively (n > 140 nuclei/condition pooled across three independent experime
(F) Distribution of �uorescence lifetimes with Gaussian �ts for Flipper-TR membra
stretch (n > 360 nuclei/condition from three independent experiments; **p < 0.00
Scale bars represent 2 mm in (D) and 5 mm in other panels. AU, arbitrary units.
See also Figure S3.
brane tension reporter (Colom et al., 2018). FLIM imaging re-
vealed a decrease in Flipper-TR lifetime at perinuclear mem-
branes after 30 min of 40% stretch, indicative of altered
membrane state and reduced nuclear membrane tension ( Fig-
ures 3F and S3J). Collectively, these experiments indicate that
mechanical stretch reduces nuclear membrane tension and in-
creases nuclear deformability.

H3K9me3 Heterochromatin Regulates Nuclear
Mechanics and Chromatin Mobility to Prevent DNA
Damage
To identify the mechanism by which stretch led to reduced nu-
clear stiffness and membrane tension, we �rst investigated the
role of changes on Lamin A phosphorylation using phospho-
mutant forms of Lamin A (S22A, S22/329A) to mimic the observed
decreased phosphorylation of these residues upon stretch. While
the phosphorylation-de�cient Lamin mutants induced minor nu-
clear shape abnormalities, they did not impact nuclear elasticity
(Figures S4A–S4E) or H3K9me3 (Figures S4B and S4G).

We thus asked if the H3K9me3 heterochromatin itself could
determine nuclear elasticity, as shown for bulk heterochromatin
(Chalut et al., 2012; Spagnol and Dahl, 2016; Stephens et al.,
2018). To this end, we analyzed levels of the H3K9me2 and
H3K9me3 methyltransferases Setdb1 and Suv39H1 (Becker
et al., 2016) and found that in particular, the expression of
Suv39H1 was reduced in stretched cells (Figure 4A), without
altering its nuclear localization (Figure S4F), indicating that
decreased Suv39H1 and the resulting reduction of net methyl-
transferase activity could explain the reduced H3K9me3. This
was supported by the observation that inhibiting H3K9me3 de-
methylase activity using the pan-selective Jumonji histone de-
methylase inhibitor JIB4 (Wang et al., 2013) did not prevent
stretch from reducing H3K9me3 (Figure S4H). To directly test
the requirement for Suv39H1 activity, we counteracted the
observed reduction of Suv39H1 by expressing Suv39H1-IRES-
GFP and observed that this indeed prevented H3K9me3
reduction (Figures 4B, 4C, and S4I). Furthermore, this
Suv39H1-mediated restoration of H3K9me3 completely pre-
vented nuclear softening (Figure 4E). Vice versa, depletion
of Suv39H1 in unstretched cells was suf�cient to reduce
H3K9me3 and nuclear stiffness (Figures S4J–S4L).

To understand how H3K9me3 could impact nuclear me-
chanics, we quanti�ed chromatin rheology by live imaging of
Properties
h. Increased nuclear wrinkling (red arrows) is observed in 5% and tran siently in
nts with n > 350 cells/condition/experiment; *p = 0.0451, ANOVA/D unn’s).
lls/condition visualized from three independent experiments).
line scans from Lamin A/C and H3K9me3 immunostainings (inset: H3K9me3

ost peripheral peak of H3K9me (n > 41 cells/condition from three indepe ndent

ociated heterochromatin indicate transient nuclear wrinkling a nd decreased
across three independent experiments; *p = 0.00284, Kruskal-Wall is/Dunn’s).
uclear elastic modulus in EPC monolayers subjected to 5% and 40% str etch,
nts; ****p = 0.0013, Kruskal-Wallis/Dunn’s).
ne tension probe. Note decreased nuclear membrane tension at 30 mi n of

01, Kolmogorov-Smirnov).
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Figure 4. H3K9me3 Heterochromatin Regulates Nuclear Mechanics and Chromatin Mobility to Prevent DNA Damage
(A) Representative western blots and quanti�cation show reduced levels of Suv39H1 in response to stretch (mean ± SD; n = 3 independent experiments; *p =
0.0438, ANOVA/Dunnet’s).
(B–D) Representative images (B) and quanti�cation of H3K9me3 (C) and nuclear wrinkling (D; white arrows) in GFP or Suv39H1-IRES-GFP expressing cells. Note
increased H3K9me3 and lack of nuclear wrinkling in Suv39H1 expressing cells (n = 3 independent experiments with > 300 cells/condition/experiment; * *p =
0.0053, Friedman/Dunn’s).
(E) Force indentation experiments show that decreased nuclear stiffness in 40% stretch is prevented by expression of Suv39H1 (n > 100 cells/conditio n pooled
across three independent experiments; ****p = 0.0015, Kruskal-Wallis/Dunn’s).
(F) Quanti�cation of chromatin rheology by mean square displacement (MSD) versus lag time t of CRISPR-Rainbow labeled telomeres. Note transient increase in
mobility after 30 min of stretch, nonlinear with lag time, consistent with energy-dependent reorganization of chromatin (n > 21 cells/condition wit h >200 tracks/
condition from three independent experiments; control and 360 min are statistically similar; **p < 0.001 at every lag time, Student’s t test).

(legend continued on next page)

8 Cell 181, 1–18, May 14, 2020

Please cite this article in press as: Nava et al., Heterochromatin-Driven Nuclear Softening Protects the Genome against Mechanical Stress-
Induced Damage, Cell (2020), https://doi.org/10.1016/j.cell.2020.03.052



Please cite this article in press as: Nava et al., Heterochromatin-Driven Nuclear Softening Protects the Genome against Mechanical Stress-
Induced Damage, Cell (2020), https://doi.org/10.1016/j.cell.2020.03.052
CRISPRainbow-tagged telomeres (Ma et al., 2016), as H3K9me3
at chromosome ends was particularly reduced by stretch ( Fig-
ure 2C). We extracted mean square displacement of these
regions as a function of lag time (Spagnol and Dahl, 2014) and
observed that 30 min of 40% stretch substantially increased
telomere mobility, which returned to baseline at 360 min ( Fig-
ure 4F), consistent with the transient nuclear softening.
Conversely, Suv39H1-expressing cells displayed decreased
chromatin mobility (Figure S4M), con�rming that H3K9me3
levels modulated chromatin rheological properties.

To understand if loss of H3K9me3-marked heterochromatin
also contributed to the observed NE wrinkling, we analyzed nu-
clear morphology in Suv39H1-expressing cells and observed
that that Suv39H1 expression prevented stretch-induced NE
wrinkling (Figure 4D).

We next asked if the H3K9me3-mediated increased chromatin
mobility and decreased nuclear membrane tension function to
absorb mechanical energy necessary to prevent DNA damage.
Whereas exogenous stretch did not induce any DNA damage
in control cells, stretched cells with increased H3K9me3 dis-
played substantial amounts of DNA damage, as evidenced by
increased gH2AX foci detected by immuno�uorescence ( Fig-
ure 4G). Interestingly, no micronuclei or perinuclear accumula-
tion of cGAS-GFP (Raab et al., 2016) was observed (Figures
4B and S4N), indicating that stretch does not induce nuclear
rupture. Collectively these results indicate that stretch-induced
chromatin softening decreases NE tension, mediated by
reduced H3K9me3-marked lamina-associated heterochromat-
in, and that preventing this heterochromatin remodeling leads
to DNA damage.

Chromatin Mechanoresponse Is Mediated by Nuclear-
Deformation-Triggered Intracellular Calcium
To understand how the supracellular and chromatin mechanor-
esponses are transduced, we �rst assessed the role of cell-cell
contacts, as cell-cell adhesion was the major phosphoproteome
group impacted by stretch ( Figures 1I–1L) and the adherens
junction component a-catenin is a known mechanotransducer
(Yonemura et al., 2010). As expected (Noethel et al., 2018),
depletion of a-catenin prevented adherens junction formation
and impaired stretch-induced supracellular alignment ( Figures
5A, 5B, S5A, and S5B). In contrast, its depletion did not prevent
stretch-induced reduction in H3K9me3 ( Figures 5C and 5D).
However, the H3K9me3 levels failed to recover during long-
term stretch of a-catenin-depleted cells ( Figures 5C and 5D).

As motif enrichment analyses of the phosphoproteomics data
revealed enrichment of calcium (Ca2+)/calmodulin-dependent
protein kinase II consensus sites (Figure S5C), we asked if
Ca2+ signaling could play a role in nuclear mechanotransduction.
Indeed, live imaging of intracellular Ca2+ revealed that stretch
triggered elevated cytoplasmic Ca 2+ (Figure 5E; Video S4). Strik-
ingly, blocking stretch-induced calcium channels with gadolin-
ium trichloride (GdCl3) (Adding et al., 2001) prevented the
(G) Representative images and quanti�cation demonstrating increased gH2AX-p
experiments with >250 cells/condition/experiment; *p = 0.018, Friedman/Dunn’s)
Bar graphs show mean ± SD, boxplots show 95% con�dence interval, white arrows
See also Figure S4.
H3K9me3 decrease but had no effect on supracellular alignment
(Figures 5F and S5D), further con�rming that the chromatin and
supracellular mechanoresponses occur independently of each
other. GdCl3 also blocked perinuclear actin ring formation ( Fig-
ure 5G), consistent with previous observations demonstrating
that perinuclear actin polymerization is Ca 2+-dependent (Wales
et al., 2016). Further, the absence of the chromatin mechanores-
ponse in GdCl3-treated cells led to increased stretch-induced
DNA damage, as predicted (Figure 5H).

To identify the speci�c stretch-induced ion channel, we inves-
tigated Piezo channels that are present both at the ER and
plasma membrane and play important roles in mechanotrans-
duction (Coste et al., 2010; Gudipaty et al., 2017; McHugh
et al., 2010). Piezo1 was highly expressed in EPCs, whereas
Piezo2 was not detected, even upon Piezo1 knockdown ( Fig-
ure S5E). FLAG-tagged Piezo1 expression in Piezo1-depleted
cells con�rmed previous reports that Piezo1 is present at the
ER and to some extent at the plasma membrane (Coste et al.,
2010) (Figure S5F). Importantly, depletion of Piezo1 blocked
the chromatin mechanoresponse (Figures 5I and S5G) and sub-
stantially enhanced stretch-induced DNA damage ( Figure 5J),
indicating that Piezo1 is the responsible stretch-induced ion
channel.

We next sought to identify the trigger for the Ca 2+ release and
hypothesized that cell stretching could induce direct deformation
of the NE and the associated ER, thus prompting Ca 2+ release.
Live imaging of cells under 40% stretch indeed revealed immedi-
ate deformation of the nucleus in the direction of stretch ( Fig-
ure 5K). This nuclear deformation/elongation was well within
the range (<3 mm) where heterochromatin has been described
to be the dominant component of nuclear stiffness ( Stephens
et al., 2017). Consistently, expression of Suv39H1 to increase
H3K9me3 and nuclear stiffness reduced stretch-induced nuclear
deformation (Figure 5K). Interestingly, this nuclear deformation
was accompanied by Ca 2+ release, which, despite abundant
extracellular calcium present in the culture medium, could be pre-
vented using thapsigargin pretreatment to block the sarco/ER
Ca2+ ATPase to empty ER calcium stores prior to stretch ( Gerasi-
menko et al., 2003) (Figure 5L). Consistently, chelating intracel-
lular calcium using BAPTA-AM (Tang et al., 2007; Tsien, 1981)
also prevented stretch-induced heterochromatin remodeling
(Figure 5M), resulting in DNA damage (Figure S5H).

In contrast to manipulation of ER Ca2+ stores, removing extra-
cellular Ca2+ from the extracellular space did not prevent the
chromatin mechanoresponse (Figure S5I), con�rming the outer
nuclear membrane/ER as the source for the Ca2+. However,
removal of extracellular Ca2+, as expected, prevented formation
of E-cadherin-based junctions ( Meng and Takeichi, 2009), thus
preventing supracellular alignment and recovery of H3K9me3
levels (Figures S5J and S5K). This was consistent with the obser-
vation that adherens junctions are dispensable for the chromatin
mechanoresponse but required for monolayer reorientation and
concomitant restoration of heterochromatin.
ositive cells in Suv39-expressing cells upon 40% stretch (n = 4 independent
.
indicate stretch direction, and scale bars represent 10 mm. AU, arbitrary units.
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