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activated by mechanical stress through a
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SUMMARY
Ataxia telangiectasiamutated (ATM) and ataxia telangiectasia andRad3-related (ATR) DNA damage response
(DDR) kinases contain elastic domains. ATM also responds to reactive oxygen species (ROS) and ATR to nu-
clearmechanical stress.Mre11mediates ATMactivation following DNAdamage; ATMmutations cause ataxia
telangiectasia (A-T). Here, using in vivo imaging, electron microscopy, proteomic, and mechano-biology ap-
proaches, we study how ATM responds to mechanical stress. We report that cytoskeleton and ROS, but not
Mre11,mediate ATMactivation following cell deformation. ATMdeficiency causes hyper-stiffness, stress fiber
accumulation, Yes-associated protein (YAP) nuclear enrichment, plasma and nuclear membrane alterations
during interstitial migration, and H3 hyper-methylation. ATM locates to the actin cytoskeleton and, following
cytoskeleton stress, promotes phosphorylation of key cytoskeleton and chromatin regulators. Our data
contribute to explain someclinical featuresof patientswithA-T andpinpoint the existenceof an integratedme-
chano-response in which ATM and ATR have distinct roles unrelated to their canonical DDR functions.
INTRODUCTION

Ataxia telangiectasiamutated (ATM) is implicated in DNAdouble-

strand break (DSB) repair.1,2 ATM mutations cause the neurode-

generative disorder ataxia telangiectasia (A-T), characterized by

the progressive degeneration of Purkinje cells leading to cere-

bellar ataxia. Additional features include telangiectasia, immuno-

deficiency, ionizing radiation sensitivity, cancer predisposition,

and diabetes.3 ATM phosphorylates several proteins involved in

non-nuclear pathways4–6 and localizes, in part, at neuronal pre-

synaptic vesicles, mitochondria, and peroxisomes.7–11 ATM can

be activated in response to oxidative stress12,13 and also regu-

lates interleukin-8 (IL-8) to sustain cell migration.14

ATM shares similarities to ATR (ataxia telangiectasia and

Rad3 related) and mTOR (mechanistic target of rapamycin).15

The N termini of these proteins contain HEAT (Hungtinton, Elon-

gation Factor 3, PR65/A, TOR) repeats that exhibit elastic prop-

erties.16,17 Both ATR and mTOR respond to mechanical

stress.18–20 ATR is activated by mechanical stress following nu-

clear deformations and preserves nuclear envelope (NE)

integrity.21

Mechanical forces govern chromosome function22; cells

experience mechanical stress under many circumstances and
Ce
This is an open access article under the CC BY-N
survive by activating mechano-transduction pathways influ-

encing cancer, aging, and neurodegenerative diseases.23–26 Hu-

man tissues exhibit a wide range of stiffness, andmatrix stiffness

determines cell fate during differentiation27; skeletal and mus-

cles cells are constantly subjected to mechanical deformations,

and migrating immune cells and metastatic cancer cells need to

squeeze their nuclei while circulating and migrating across small

constrictions28–30 and microenvironments with different degrees

of stiffness.31

The nucleus, being the stiffest organelle, is the key player in

transmission of extracellular and intracellular mechanical

forces.32Mechanical perturbations of the cytoskeleton affect nu-

clear plasticity, and the mechanical properties of cytoskeleton

and nucleus can influenceNE dynamics, chromatin organization,

genome integrity, and cell migration.28–30,33–36 The nucleus acts

as a size sensor under compression to regulate cytoskeletal

dynamics.37,38

Here, we show that ATM is activated by cell stretching and

compression generated during interstitial migration. Part of

ATM interacts with the cytoskeleton, phosphorylates chromatin

and cytoskeleton proteins following cell stretching, and pro-

motes cell survival during interstitial migration. Hence, ATM,

like ATR, is activated by mechanical stress. However, while
ll Reports 42, 113555, December 26, 2023 ª 2023 The Author(s). 1
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Figure 1. ATM is activated by mechanical stress during cell stretching and interstitial migration

(A) ATM activation was measured by FRET signal in HeLa cells expressing the WC or H2B-fused reporters following treatment with 30 mg/mL etoposide for 1 h

(scale bars, 20 mm).

(legend continued on next page)
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ATR controls themechanical properties of the nucleus, ATMme-

diates a mechano-transduction pathway, regulating chromatin

and cytoskeleton remodeling.

RESULTS

Cell stretching and interstitial migration activate ATM
We tested whether mechanical stress activates ATM using an

ATM-FRET (fluorescence resonance energy transfer) reporter

system39 (Figure S1A). The reporter can be expressed in the

whole cell (WC reporter) or in the nucleus (H2B-fused reporter).

Following phosphorylation by ATM, the reporter undergoes

conformational changes resulting in a decrease of the FRET

signal, providing a readout of ATMactivation.Wealso useda con-

trol FRET reporter that cannot be phosphorylatedbyATMdue to a

mutation on threonine 68 (T68A reporter) (Figure S1A). We moni-

tored ATM activation in HeLa cells in response to DNA damage

induced by etoposide, a radiomimetic drug40 (Figure 1A). Etopo-

side treatment activated theWC and the H2B-fused reporters but

not the T68A reporter (Figure 1A). To investigatewhethermechan-

ical stress activates ATM, we developed a cell-stretching device

that induces uni-axial stretching in a controlled manner.41

Although 20% cell stretching did not cause DNA damage, as

measured by pS139-gH2AX or 53BP1 foci accumulation (Fig-

ure S1B), the WC reporter was activated at comparable levels in

the cytoplasm and the nucleus (Figure 1B). The T68A reporter

and the H2B-fused reporter remained inactive (Figures 1B and

1C). We obtained analogous results in U2OS cells (Figure S1C).

20% stretching caused a rapid nuclear expansion, which recov-

ered by 30 min (Figure S1D). Hence, following uni-axial cell

stretching, nuclear and cytoplasmic ATM, but not chromatin-

bound ATM, is activated through a process that does not corre-

late with DNA damage.

Interstitial migration causes mechanical stress as cells un-

dergo cytoskeleton and nuclear deformation.42 We used micro-

channel devices without and with constrictions34,43 to measure

ATM activation in U2OS cells (Figure 1D). We observed activa-

tion of ATM using the WC and the H2B-fused reporters specif-

ically in channels with constrictions (Figures 1D, 1E, and S1E).

We also found active chromatin-bound ATMwithin a longitudinal

nuclear area (Figure 1D) where the nucleus undergoes cytoskel-

eton-mediated invaginations.30 We monitored ATM activation

using the H2B-fused reporter in cells passing across constric-

tions by analyzing three events (Figure 1F): (1) cells approaching

the pores, (2) cells inside the constrictions, and (3) cells passed

through the pores. ATM activation began while the nuclei were

engaged into the constrictions and increased until the nuclei

passed the pores (Figure 1F). We note that confined migration

through constrictions with a limiting pore size generates DNA
(B) HeLa cells expressing the WC or T68A reporters were subjected to 20% uni

partments (scale bars, 20 mm). ****p < 0.0001, two-tailed t test. ****p < 0.0001, o

(C) HeLa cells expressing chromatin-bound H2B reporter were analyzed (scale b

(D) U2OScells expressing theH2B-fused orWC reporterswere analyzed duringm

bars, 20 mm).

(E) Quantifications of average FRET signals of WC and H2B-fused reporters in cel

(F) Representative images showing ATM activation during the passage of nuclei ac

passage through the constrictions (scale bar, 10 mm). ****p < 0.0001, one-way A
damage due to NE ruptures and leakage of DNA repair factors

out of the nucleus.44 In our devices, we used 4 3 6 mm pore

size for U2OS cells to prevent DNA damage formation when cells

engage the constrictions.21,34 Hence, ATM can be activated by

mechanical stress such as cell stretching, which causes cyto-

skeleton stress and transient nuclear expansion, and during

interstitial migration, which leads to prolonged cell compression

and nuclear deformation. The specific activation of the H2B-

fused FRET reporter during interstitial migration can be due to

the different mechanical stress generated at the nuclear level

when cells migrate across pores; while during cell stretching,

the cells respond to an immediate external mechanical stimulus

and can modulate the mechanical stress at the nuclear level by

cytoskeleton remodeling and nuclear orientation,45,46 during

interstitial migration, the nucleus is forced to deform at greater

extents and for longer times.47

Mechanical stress-induced ATM activation does not
depend on Mre11 but is influenced by cytoskeleton and
reactive oxygen species (ROS)
WC reporter activation following cell stretching was abolished in

the presence of the ATM catalytic inhibitor KU-60019 (Figure 2A).

We then investigated the role of Mre11, a key factor mediating

ATM activation at DSBs.48 Mre11 was not required for ATM acti-

vation following cell stretching (Figure 2B). Cell stretching gener-

ates mechanical forces that are transduced by the cytoskeleton

that links the plasma membrane to the NE.49 We addressed the

contribution of the actin cytoskeleton to ATM activation upon

20% stretching by treating cells with Rock inhibitors or Blebbis-

tatin, which both impair actomyosin contractility through distinct

mechanisms50,51 (Figure 2C). Both treatments abolished ATM

activation. ATM is a redox sensor and was shown to respond

to ROS in the absence of DNA damage.13 Since ROS increase

following mechanical stress as a consequence of cytoskeletal-

induced mitochondrial ruptures,52 we addressed the contribu-

tion of ROS in ATM activation upon cell stretching by treating

cells with the N-acetyl-cysteine (NAC) ROS scavenger (Fig-

ure 2D). NAC treatment abolished ATM activation. We then ad-

dressedwhether pharmacologically induced cytoskeleton stress

resulted in ATM activation (Figure 2E). Treatment with jasplaki-

nolide, which stabilizes actin stress fibers, increased ATM-

S1981 phosphorylation (a readout of ATM activation53) but did

not cause gH2AX phosphorylation (Figure 2E).

ATM preserves the mechanical properties of the cell
Based on the previous results, ATM deficiency should influence

the mechanical properties of the cell. We therefore measured

cell stiffness by atomic force microscopy (AFM)54–57 in ATM-

deficient HeLa cells. ATM inhibition or depletion increased cell
-axial stretching. The signals were analyzed in cytoplasmic and nuclear com-

ne-way ANOVA test.

ars, 20 mm).

igration into channelswith or without constrictions at different time points (scale

ls before and after constrictions. ***p < 0.001, **p < 0.01, one-way ANOVA test.

ross pores and quantifications of the FRET signals before, during, and after the

NOVA test; error bars represent SEM.

Cell Reports 42, 113555, December 26, 2023 3



A

C

E

D

B

Figure 2. ATM activation following cell stretching is mediated by ROS and does not depend on Mre11

(A) Quantifications and representative images of U2OS cells expressing the WC FRET reporter before and after 20% stretching in presence or absence of ATMi

(KU60019, 3 mM) (scale bars, 20 mm). ***p < 0.001, one-way ANOVA test.

(B) ATM activation upon stretching in MRE11-depleted cells. *p < 0.05, ****p < 0.0001, one-way ANOVA test.

(C) ATM activation upon stretching following treatments with by ROCKi or Blebbistatin that impair acto-myosin contractility. **p < 0.01, one-way ANOVA test.

(D) ATM activation upon stretching following treatment with the ROS scavenger NAC (1 mM). ****p < 0.0001, one-way ANOVA test.

(E) Western blot showing ATM autophosphorylation at S1981 and gH2AX S139 phosphorylation in IMR90 fibroblasts treated with jasplakinolide (50 nM) for

50 min.
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stiffness (Figures 3A and S2A). Mre11 depletion did not affect

cell stiffness (Figure S2B). We did not observe changes in nu-

clear stiffness on isolated ATM-defective nuclei (Figures 3B

and S2A).Whenwe analyzed the nuclearmorphology using elec-

tron microscopy or Lamin A/C staining by immunofluorescence,

we failed to observe significant differences between normal cells

and ATM-depleted cells (Figures 3C and S2C). The YAP (yes-
4 Cell Reports 42, 113555, December 26, 2023
associated protein) transcription factor responds to mechanical

stress exerted by extracellular matrix or cytoskeletal ten-

sion.58–60 YAP primarily localizes in the cytoplasm when cells

are grown on soft substrates, while stiffer environments or high

actomyosin contractility trigger YAP nuclear translocation.60

We found elevation of the YAP nuclear/cytoplasmic ratio in

HeLa cells where ATM was depleted with short hairpin RNA
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(legend on next page)
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(shATM) (Figure 3D), consistent with an increase of cell stiffness.

The nuclear localization of YAP in shATM cells was abolished by

treating cells with the Rock kinase inhibitor Y-27632 (Figure 3E).

The increased cell (but not nuclear) stiffness in ATM-depleted

cells may result from cytoskeleton alterations. By staining cells

with phalloidin, which recognizes actin stress fibers, we found

that ATM depletion resulted in the accumulation of stress fibers

(Figure S2D). Since cell shape is influenced by the mechanical

properties of the cell and by the cytoskeleton state,61 we

analyzed the role of ATM in coordinating nucleus-cytoskeletal re-

modeling by imposing a specific shape to the cells. Cells were

seeded on 10 mm fibronectin-coated lines (Figures 3F and

S2E), forcing them to acquire an elongated shape. ATM deple-

tion caused accumulation of longitudinal and perinuclear actin

stress fibers, which also resulted in nuclear flattening (Figures

3F and S2E). We then tested the effect of ATM inhibition on

YAP nuclear localization and actin cytoskeleton remodeling

upon jasplakinolide treatment in HeLa cells (Figure S2F). Jaspla-

kinolide treatment induced accumulation of actin stress fibers

and increased the nuclear fraction of YAP in control cells; ATM

inhibition did not influence jasplakinolide-induced YAP nuclear

internalization but resulted in a stronger accumulation of actin

stress fibers (Figure S2F). Hence, ATM affects the mechanical

properties of the cells by influencing the actin cytoskeleton state,

and the increased stiffness of ATM-defective cells imposes a

mechanical stress on the nuclei, eliciting a YAP-mediated me-

chano-response.

Cell survival during interstitial migration requires ATM
We investigated whether ATM influenced the survival of cells

experiencing migration across narrow pores. HeLa cells ex-

pressing H2B-mCherry were imaged during interstitial migration.

ATM-depleted cells failed to pass through the pores and under-

went nuclear fragmentation and cell death (Figure 4A). We ob-

tained analogous results in ATM knockout cells and cells treated

with the KU-60019 ATM inhibitor (Figure S3A). ATM inhibition did

not affect cell survival when cells migrated across straight chan-

nels (Figure S3A) and caused cell death during interstitial migra-

tion independently of the cell-cycle stage (Figure S3B).We found

that shMre11 HeLa cells behaved like control cells (Figure S3C).

Under our experimental conditions, we did not observe any sig-

nificant changes of 53BP1 foci formation during or after the pas-

sage across constrictions (Figure S3D); this is probably due to

the difference in pore sizes used for interstitial migration

compared to previous published observations.35,62 The basal

level of 53BP1 foci was decreased following ATM inhibition, as
Figure 3. ATM regulates cell stiffness independently of nuclear plastic

(A and B) Schematic representation of the indentation of a cell or an isolated nu

Quantifications of AFMmeasurements performed in HeLa cells or isolated nuclei u

cells showed increased cell stiffness but no difference in nuclear stiffness. ****p

(C) EM analysis of the NE in shControl and shATM HeLa cells (left) (scale bars, 2 m

relative quantifications of nuclear circularity (right) (scale bars, 20 mm).

(D) Immunofluorescences and quantifications of YAP nuclear/cytoplasmic local

mulation (scale bars, 20 mm). ****p < 0.0001, two-tailed t test.

(E) Quantifications of YAP nuclear/cytoplasmic localization in shControl and shAT

nuclear localization in shATM HeLa cells. *p < 0.05, **p < 0.01, one-way ANOVA

(F) Immunofluorescences of shControl and shATM U2OS cells seeded on 10 mm

actin stress fibers and nuclear flattening (scale bars, 10 mm).

6 Cell Reports 42, 113555, December 26, 2023
previously published.63 These results suggest that a non-canon-

ical function of ATM promotes cell survival during interstitial

migration. During 3D migration, nuclear passage across narrow

pores requires the transmission of mechanical forces between

the NE and the cytoskeleton, which largely relies on the LINC

(Linker of Nucleoskeleton and Cytoskeleton) complex.30,42 The

NE is subjected to tremendous tension generated by the cyto-

skeleton on the LINC complex to pull the nucleus across the con-

strictions.42,47 We tested whether ATM affects the distance be-

tween NE and cytoskeleton using a Nesprin2G FRET sensor64

that measures the NE-cytoskeleton connection. HeLa cells sta-

bly expressing the Nesprin2G sensor were followed during

migration with and without ATM inhibition (Figure 4B). ATM-in-

hibited cells exhibited an increase in the FRET signal along the

NE, indicative of a loose connection between the NE and

the cytoskeleton in migrating cells. A control experiment using

the Nesprin2G headless (HL) control sensor, which cannot be

influenced by cytoskeleton forces, showed no alterations in cells

treated with the ATM inhibitor (ATMi) (Figure 4B). We then

compared the ratio of forces acting in front and at the back of

the nuclei migrating inside the channels (Figure S3E). While con-

trol cells showed increased tension at the front of the nuclei

passing across pores (FRET ratio front/back < 1), ATM inhibition

abolished this polar distribution of forces (Figure S3E). We also

found that ATM-defective nuclei migrated more slowly than con-

trol cells across the constrictions (Figure S3F). Nuclear collapse

and cell death in ATM-deficient cells during migration might be

caused by compromisedmechanical properties of cytoskeleton.

We performed electron microscopy (EM) analysis in cells

migrating across constrictions to visualize potential structural al-

terations in cytoplasmic, nuclear, or membrane components

(Figure 4C). Previous studies reported occasional ruptures of

the NE during nuclear squeezing, which can lead to cell death

in membrane repair mutants.21,29,34 We failed to observe differ-

ences at the level of nuclear membranes between control and

ATM-depleted cells (Figure 4C). Accordingly, when we moni-

tored the occurrence of NE ruptures following migration across

constrictions using a cGAS-GFP reporter that recognizes cyto-

plasmic DNA leaked from the nucleus,65,66 we did not find differ-

ences between control and ATM-inhibited cells (Figure S3G). We

foundmajor alterations of ATM-depleted cells in the cytoplasmic

compartment: ATM inhibition/depletion caused accumulation of

stress fibers and of plasma membrane blebs at the leading edge

(Figures 4C and 4D). The results were confirmed by immunoflu-

orescence of HeLa LifeAct-mCherry cells migrating across con-

strictions: ATM-depleted cells showed increased plasma
ity

cleus using a 4.5 mm diameter spherical probe (left) (adapted from Li et al.54).

pon ATMi treatment (KU-60019, 3 mM) or ATM depletion (right). ATM-deficient

< 0.0001, ***p < 0.001, two-tailed t test.

m). Lamin A/C immunofluorescences of shControl and shATM HeLa cells and

ization in shATM HeLa cells. ATM-deficient cells showed YAP nuclear accu-

M HeLa cells treated with the ROCKi Y-27632. ROCKi treatment rescued YAP

test.

fibronectin-coated micropattern lines. shATM cells showed increased apical
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membrane blebbing and disorganized actin structures at the

leading edge of the cell engaged in constrictions, with increased

actin stress fibers (Figure 4E). We conclude that ATM-defective

cells fail to migrate across constrictions due to cytoskeletal

alterations, which affect plasma membrane dynamics and the

connections between the LINC complex on the NE and the

cytoskeleton.

ATM interacts with F-actin and cytoskeleton factors
We then investigated the potential interaction between ATM and

the cytoskeleton. We first performed an immunofluorescence

staining of ATM and actin in IMR90 fibroblasts. ATM showed a

preferential nuclear localization; however, a fraction of ATM

localized in the cytoplasm on actin stress fibers (Figure 5A).

We also performed EM analysis of the cellular distribution of

ATM using nano-gold labeling and rabbit anti-ATM monoclonal

antibody Y170, highly specific for ATM (Figures 5B and S4A). A

fraction of cytoplasmic ATM localized on structures morpholog-

ically consistent with actin filaments (Figure 5B). Next, we tested

biochemically whether ATM interacts with filamentous actin

(F-actin). F-actin was added in excess to Xenopus laevis egg ex-

tracts and pulled down through high-speed centrifugation. We

verified by western blotting the presence of cortactin, a protein

associated with F-actin (Figure 5C). In the same fraction, we

found ATM but not 53BP1. To further investigate the ATM inter-

action with the cytoskeleton, we performed a proteomic screen

with high-resolution mass spectrometry (immunoprecipitation-

liquid chromatography-tandem mass spectrometry [IP-LC-

MS/MS]). ATM was IPed from exponentially growing HeLa

cells using the 9E6 anti-ATM mouse monoclonal antibody. The

IP was performed in the presence or absence of DNA damage

(Figures S4B and S4C). HeLa ATM knockout (KO) cells were

used as control to exclude non-specific bindings (Figure S5B),

and ATM interactors were identified using a label-free

approach.67 A significant fraction of the ATM interactome

included proteins involved in cytoskeletal regulation (Fig-

ure S4C). Many of these proteins were found as putative targets

of ATM phosphorylation.4–6,68,69 We found microtubule compo-

nents as TUBB, TUBB2B, intermediate filament protein vimen-

tin, factors involved in endocytosis and vesicle trafficking

(Rab7a, Rab11A, Rab13, DYNC1H1), and actin cytoskeleton

regulators including proteins that regulate acto-myosin contrac-

tility through the ROCK pathway and CDC42, such as Rho A,

ARHGDIA, and IQGAP1 (Figure S4C). We also found that ATM

interacted with several subunits of the Arp2/3 complex (Fig-
Figure 4. ATM is required for interstitial migration

(A) Survival of shControl and shATM H2B-mCherry HeLa cells migrating through 4

(B) HeLa cells expressing the Nesprin2G tension sensor with or without ATMi and

(scale bars, 10 mm). ****p < 0.0001, two-tailed t test.

(C) Representative EM image of a control nucleus inside constriction (top left) (sca

migrating inside constriction; arrows indicate actin (bottom left) (scale bars, 1 an

showing an intact NE (top right) (scale bars, 5 mm), arrows indicate the NE, and E

(D) EM ultra-structure analysis of the leading edge of control and ATM-depleted c

bars, 2 and 5 mm). High-resolution tomography images of the plasma membrane

PM blebbing.

(E) Immunofluorescence (IF) of control and ATMi-treated HeLa cells migrating ins

blebbing (left) (scale bars, 10 mm). Quantifications of PM blebbing inside constric

(right). ****p < 0.0001, **p < 0.01, two-tailed t test.
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ure S4C), which forms a perinuclear actin cap required to deform

the nucleus during interstitial migration28; Arp2/3 inhibition gen-

erates plasma membrane blebs during 3Dmigration,70 a pheno-

type also observed in ATM-deficient cells (Figures 4C and 4D).

We validated the physical interaction between ATM and Arp3

by IP of GFP-Arp3 in HEK239T cells and by proximity ligation

assay (PLA) in HeLa cells (Figures 5D and 5E). Moreover,

ATM-deficient cells display phenotypic alterations in filopodia

formation during cell spreading, resembling cells treated with

Arp2/3 inhibitor (Figure 5F). Altogether, these results suggest

that a fraction of ATM interacts with cytoskeleton and cytoskel-

etal regulators.

ATM-phosphorylated targets in response to
cytoskeleton stress
We performed an MS analysis of IPed proteins with an antibody

that specifically binds phosphorylated SQ/TQ motifs, typical of

ATM/ATRprotein targets.4We visualized by EM the cytoskeleton

status in IMR90 fibroblasts and found that jasplakinolide treat-

ment caused accumulation of filamentous structures, likely

F-actin bundles, as expected (Figure 6A). The IP was performed

on IMR90 cells treated without and with jasplakinolide in the

presence or absence of the ATMi KU-60019 (Figures 6B and

S5A–S5C). 17 proteins were enriched in the sample treated

with jasplakinolide, and their enrichment was abolished by treat-

ing cells with an ATMi (Figures S5D and S5E) (class I). 23 proteins

were enriched specifically in the presence of jasplakinolide and

ATMi (class II), implying that their phosphorylation status is coun-

teracted by ATM. Out of these 40 proteins, 12 proteins have

SQ/TQ residues (blue), 6 have been shown to be phosphorylated

at SQ/TQ motifs (pink), and 15 have been related to phosphory-

lation events triggered by DNA damage4,6 (Figure S5D). We also

found 7 proteins that do not contain SQ/TQ residues (black cir-

cles) (Figure S5D), whose identification might be due to physical

interactions with proteins containing SQ/TQ motifs.

In class I, we found proteins involved in chromatin remodeling,

RNA metabolism, and cytoskeleton regulation. Among the chro-

matin remodelers, we found EHMT1, KAT6A, CBX1, and Spin-4.

With the exception of Spin-4, they all carry SQ/TQ motifs in their

sequence.4 These proteins regulate themethylation and acetyla-

tion status of histone H3. EHMT1 is a histone methyl-transferase

that mono- and demethylates lysine 9 and methylates lysine 27

of H3. CBX1(HP1b) binds to methylated lysine 9 of H3 to mediate

epigenetic repression and regulates the association of hetero-

chromatin to the inner side of the NE by interaction with the
mm constriction channels (scale bars, 10 mm). ****p < 0.0001, two-tailed t test.

relative quantifications. ATM inhibition impairs the cytoskeleton-NE connection

le bars, 5 and 2 mm). EM images of the actin cytoskeleton of ATMKO HeLa cell

d 0.5 mm). EM analysis of the NE of ATMKO HeLa nuclei inside constrictions

M showing actin stress fibers deforming the NE (bottom) (scale bars, 1 mm).

ells showing blebbing of the plasma membrane in cells lacking ATM (left) (scale

(PM) blebs in cells depleted of ATM (right) (scale bars, 0.5 mm). Arrows indicate

ide constrictions stained with DAPI and LifeAct-mCherry. Arrow indicates PM

tions of live-cell imaging of control and ATM-depleted HeLa LifeAct-mCherry
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Lamin B receptor. Spindlin-4 can bind H3K4me3. KAT6A instead

acetylates lysine residues of H3 and H4. These 4 chromatin re-

modelers exhibited interactions with known ATM interactors,

including Kap1, which interacts with CBX1 (Figure S5F).

Among I class proteins, we identified DDX5, PRPF4B, STAU1

CCAR1, and HNRNPM, involved in RNA metabolic pathways,

myosin1B, TUBB3, leiomodin-1, Zyxin, GRN DENND2A, medi-

ating cytoskeletal remodeling, the RPL26 ribosomal protein,

and KPNA1 functioning in nuclear import processes. STRING

analysis showed an interaction between CCAR1 and ZYX. In

class II, we identified proteins involved in chromatin regulation,

stress response, cytoskeleton and RNA metabolism, and cell

metabolism.

We then used a custom-made biaxial cell-stretching device

that allows proteins extraction and western blot analysis. We

subjected IMR90 fibroblasts to continuous 20% cyclic biaxial

cell stretching and harvested cells for western blot in a time

window between 30 min and 6 h. Analogously to previous ob-

servations71 and to what we showed by immunofluorescence

in Figure S1B, we failed to observe a significant increase by

western blotting of gH2AX pS139 after up to 6 h of 20% cyclic

cell stretching (data not shown). Among the key phosphory-

lated targets dependent on ATM, we analyzed Kap172; we

found that specifically S473, but not S824, was phosphory-

lated at early time points following cell stretching (30 min)

and was dephosphorylated later on at 1.5 h, reaching basal

levels in cells stretched for 6 h (Figure 6C). We then analyzed

pKAPS473 at shorter time points following cell stretching (5–

20 min) in the presence or absence of ATMi and found that

pKAPS473 already increased at 5 min following cell stretching

and was inhibited by ATMi (Figure 6D). Moreover, treatment of

IMR90 fibroblasts with the CHK inhibitor AZD-7762 abolished

pKAPS473 under cell stretching (Figure S6A).

CBX1 is known to interact with KAP1, and phosphorylation of

KAP1 at S473 modulates their interaction73,74; both proteins are

involved in regulation of transcription and chromatin methylation

status. We depleted CBX1 in HeLa cells and monitored chro-

matin methylation following 30min or long-term (6 h) cell stretch-

ing. CBX1 depletion resulted in increased H3k27me3 already at

30 min following cell stretching, suggesting that mechanical

stress in CBX1-depleted cells generates an altered epigenetic

context (Figure 6E). We then analyzed the methylation state of

histone H3 following cyclic cell stretching of IMR90 fibroblasts

with/without ATMi. Following 6 h cyclic stretching, control cells

showed an increase of H3K27me3, as reported,33,75 and an in-
Figure 5. ATM binds to F-actin and cytoskeletal regulators
(A) Immunofluorescences of ATM (green) and actin stained with phalloidin (red) in I

(scale bars, 10 mm). Graphs show quantifications of Manders’ coefficient for ATM

highlight regions shown in 2003 magnification.

(B) Images of EM sections with enrichment of nano-gold-labeled ATM on actin fila

(left) (scale bars, 0.5 mm). Quantifications of ATM label density (LD) in cytoplasm,

test.

(C) F-actin co-sedimentation assay performed in Xenopus laevis egg extracts. A

Cortactin: positive control (actin-binding protein).

(D) Validation of ATM-arp3 physical interaction by immunoprecipitation of GFP-A

(E) Proximity ligation assay (PLA) of ATM and Arp3 in shControl and shATM HeL

(F) Analysis of filopodia formation during cell spreading of mouse embryonic fibro

PFA 4% fixation at different time points (red: phalloidin staining, blue: DAPI stain
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crease of H3K9me3 (Figure 6F). Altogether, our findings suggest

that the ATM-mediated response to mechanical stress coordi-

nates cytoskeleton and chromatin remodeling.

DISCUSSION

ATM coordinates DDR with cell-cycle progression.76 A-T cells

are highly sensitive to radio mimetic drugs. However, A-T is

also characterized by metabolic, neurological, and immuno-

logical defects,2,3,77 which cannot be easily ascribed to DDR

defects. In recent years, it has become clear that the ATM ki-

nase is regulating a large number nuclear and non-nuclear

targets.4,6,78

ATMand ATR-mediated responses tomechanical stress
ATM and ATR are PI3 kinases involved in sensing DNA breaks

and single-stranded DNA (ssDNA), respectively, and exhibit

structural analogies: they contain giant and flexible HEAT

domain repeats, ideal to transduce mechanical signals.16,17

We found that ATR responds to mechanical stress at the NE

through a process independent on ssDNA and canonical DDR

signaling.18 This ATR-mediated mechano-transduction pathway

maintains nuclear integrity and elasticity and prevents nuclear

collapse under conditions causing nuclear compression such

as during interstitial migration.21 Here, we also show that ATM

responds to mechanical stress through a process that does

not depend on DNA damage and its canonical DDR partner

Mre11. The mechano-transduction response that involves ATM

differs from the one mediated by ATR at several levels: (1) ATR

is activated by nuclear compression and protects NE integrity

and nuclear shape, while ATM is activated by cell stretching

and acts at the cytoskeleton and chromatin levels; (2) ATM-

defective cells are hyper-stiff, while ATR defects cause loss of

stiffness, and accordingly, YAP is mostly nuclear when ATM is

mutated, while in ATR-defective cells, it accumulates in the cyto-

plasm; (3) ATM depletion/inhibition causes cytoskeleton abnor-

malities, while ATR defects lead to NE invaginations and

breakage; (4) both ATR- and ATM-defective cells are unable to

migrate across constrictions; while ATR-defective cells experi-

ence nuclear collapse, ATM-defective cells exhibit nuclear

fragmentation as well as cytoskeleton and plasmamembrane al-

terations; and (5) ATR-defective cells elicit the formation of peri-

nuclear cGAS foci following nuclear compression with potential

immunological consequences; instead, we failed to observe

accumulation of perinuclear cGAS foci in ATM-defective cells
MR90 fibroblasts showing partial co-localization of cytoplasmic ATMwith actin

on actin and Pearson’s coefficient relative to cytoplasmic regions. White boxes

ments in IMR90 fibroblasts and HeLa cells; white arrows indicate ATM on actin

actin, and nucleus (right) in IMR90 fibroblasts. ****p < 0.0001, one-way ANOVA

TM, but not 53BP1, is enriched in the pellet only in the presence of F-actin.

rp3 in HEK293T cells.

a cells (scale bars, 10 mm). **p < 0.01, two-tailed t test.

blast (MEF) control, MEF ATMKO, and MEFs treated with CK-666 50 mM upon

ing) (scale bars, 10 mm). **p < 0.01, ****p < 0.0001, two-tailed t test.
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exposed to nuclear mechanical stress. However, in ATM-defec-

tive cells, cytoskeleton forces contributing to cell hyper-stiffness

likely impose a constitutive stress at the NE level, and under

these conditions, cells would have to rely on a functional ATR

pathway to prevent the formation of NE invaginations and rup-

tures. Altogether, our findings point to the existence of an inte-

grated cellular response to mechanical stress in which ATM

and ATR have distinct roles unrelated to their canonical DDR

functions.

ATM activation following cell stretching
At this stage, we can speculate that ATM activation following cell

stretching might be mediated by non-nuclear signals, perhaps

generated by cytoskeleton, endoplasmic reticulum (ER) stress,

or oxidative stress. Cell stretching leads to important cytoskel-

etal modifications including actin reorganization around the nu-

cleus.71 We found that a fraction of ATM colocalizes with actin

stress fibers, and therefore it is in the ideal location to sense

cytoskeleton changes. We have identified several cytoskeletal

proteins that do not represent obvious ATM targets but, on the

other hand, may contribute to mediate ATM activation following

cytoskeletal stress.

ATM can be activated by ROS levels12,13 and mediates anti-

oxidant responses.9,10 Cell stretching generates ER stress and

ROS.52,71,79 Mitochondria, a source of intracellular ROS, physi-

cally interact with the cytoskeleton80; cell stretching is associ-

ated with mitochondrial ruptures and generation of ROS.52 One

possibility is that cell stretching induces ER stress andmitochon-

drial damage, causing increased ROS levels and activation of

cytoskeleton-bound ATM. In this scenario, ROS-mediated

ATM activation would then trigger at least two responses by

regulating cytoskeleton components but also by shifting the

glucose metabolism from glycolysis to the pentose phosphate

pathway to initiate an anti-oxidant response.81 The ROS-medi-

ated ATM regulation following mechanical stress may be part

of a larger regulatory circuit involving also the ROS-dependent

inhibition of glycolytic enzymes such as PKM2 and GAPDH,

coupling the mechano-response to metabolic rewiring of

glucose metabolism.82,83
Figure 6. ATM regulates chromatin condensation during cell stretch

cytoskeletal remodeling following cytoskeletal stress

(A) EM ultra-structural analysis of the actin cytoskeleton in IMR90 fibroblasts treat

bars, 0.3 mm). Arrows indicate actin stress fibers.

(B) Heatmap of statistically enriched proteins in jasplakinolide with and without

fibroblasts (MaxQuant analysis of two independent biological replicates). Red:

Functional classification of the proteins with statistically relevant changes with/w

(right).

(C) Western blot showing pKAP1S473 in IMR90 fibroblasts undergoing continuou

designed for protein lysates preparation. KAP1 is phosphorylated on S473 at 30

right.

(D) Analysis of induction of pKAP1S473 at short time points post-20% cyclic

(KU-60019, 10 mM). Inhibitor or DMSO was added 30 min before stretching and

shown on the bottom. ATMi prevents pKAP1S473 phosphorylation.

(E) Validation of CBX1 knockdown in HeLa cells by western blot (top). Western blo

cyclic biaxial cell stretching for 30 min or 6 h (bottom) and relative quantification

(F) Western blot showing pKAP S824 and the chromatin condensation markers

stretching for 6 h in presence and absence of ATMi KU-60019 (top). Quantification

condensation in cells treated with ATMi and exposed to cyclic stretching (bottom

(G) Schematic model of ATM-mediated mechano-transduction.
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ATM-mediated transduction following cell stretching
Nuclear mechanical stress results in epigenetic and transcrip-

tional changes71,75 and induces alterations at the level

H3K9me3 or H3K27me3 that contribute to protect chromo-

somes from mechanical stress.33,71 Following cytoskeleton

stress, ATM phosphorylates Kap1 and ATM-mediated Kap1

S824 phosphorylation mediates chromatin relaxation to facili-

tate recruitment of repair factors at DNA damage sites.84 There-

fore, ATM might regulate Kap1 to protect chromatin following

mechanical stress. Accordingly, DNA damage causes nuclear

softening in an ATM-dependent manner, and ATM inhibition in-

creases H3K9me3 and chromatin compaction.85,86 We found

that jasplakinolide-induced ATM activation causes phosphory-

lation of EHMT1 and the Kap1 interactor CBX1 and that both

proteins methylate H3 and remodel chromatin during mechan-

ical stress.87,88 The Kap1 S473 site is a target of the ATM-Chk2

axis following DNA damage, and, differently from Kap1 S824, it

shows a pan-nuclear decoration.89–91 Here, we described an

early ATM-dependent phosphorylation of Kap1 S473 following

mechanical stress. Interestingly, pKap1 S473 was recently

identified in a phospho-proteomic analysis as a contraction-

regulated phosphorylated site.92 The pKap1 S473 site regu-

lates its interaction with the chromatin remodeler CBX1, thus

suggesting that, following mechanical stress, ATM regulates

the KAP1-CBX1 interaction. Accordingly, CBX1 depletion

caused chromatin hyper-methylation under cell stretching.

Following cyclic stretching, ATM inhibition results in accumu-

lation of chromatin condensation markers H3K9me3 and

H3K27me3. Hp1, Kap1, and PRC2 are key regulators of the

H3 methylation state. PRC2, with the methyltransferase EZH2,

induces H3K27me3 and acts as a transcriptional repressor.93

Interestingly, ATM regulates EZH2 protein stability by phos-

phorylation on Ser734, and lack of ATM was associated

with increased PRC2 activity and H3K27me3.94 Hp1 and Kap1

are both involved in H3K9me3 and can therefore regulate

chromatin condensation under mechanical stress. Kap1 binds

to Hp1, other methyltransferases, and chromatin remodelers

(SUV39H1, SETDP1, and CHD3) to repress transcription by

inducing chromatin condensation. We propose that ATM
ing and phosphorylates proteins involved in RNA, chromatin and

ed with DMSO, jasplakinolide, or kasplakinolide+ATMi KU-60019 (3 mM) (scale

the ATMi KU-60019 following pull-down with anti-pSQ/TQ antibody in IMR90

high label-free quantification (LFQ) intensity, green: low LFQ intensity (left).

ithout ATMi identified by mass spectrometry analysis of anti-SQ/TQ pull-down

s 20% cyclic biaxial cell stretching using a custom-made cell-stretching device

min following cell stretching. pKAP1S473/H3 quantifications are shown on the

biaxial cell stretching in IMR90 fibroblasts in presence or absence of ATMi

maintained during cell stretching. Quantifications of pKAPS473/totKAP1 are

t showing increased H3K27me3 levels in shCBX1 HeLa cells subjected to 20%

s (right).

H3K27me3 and H3K9me3 in IMR90 fibroblasts subjected to biaxial cyclic cell

s of H3K9me3 and H3K27me3 relative to total H3 showing increased chromatin

).



Article
ll

OPEN ACCESS
inhibits H3 methylation in the early response to mechanical

stress to maintain genome integrity, thus contributing to chro-

matin relaxation and nuclear softening. ATM could counteract

chromatin compaction at different levels: (1) by inhibiting

PRC2 activity through Ezh2 phosphorylation and degradation,

(2) by direct phosphorylation of hpb and EHMT1, and (3) by

phosphorylation of KAP1 and inhibition of KAP1 binding to H3

methyltransferases.

ATMdepletion/inhibition leads to the accumulation of stress fi-

bers and to an aberrant coordination between the nucleus and

the cytoskeleton. We identified proteins related to cytoskeletal

remodeling that undergo SQ/TQ phosphorylation in an ATM-

dependent manner following cytoskeletal stress. In particular,

we found that myosin1B, an unconventional myosin, widely ex-

pressed in tissues, that functions as a motor protein, localizes

to membrane-bound actin filaments95 and interferes with Arp2/

3 complex actin branch filament formations.96 Myosin1B is influ-

enced by tension forces97 and counteracts accumulation of actin

stress fibers.98 Leiomodin-1 is an actin filament nucleator,99 and

Zyxin has been implicated inmechano-transduction in regulating

actin polymerization at focal adhesion.100,101

ATM also phosphorylates proteins involved in RNA meta-

bolism. We note that splicing and RNA export regulatory pro-

cesses may influence mechano-transduction events at the

NE.102,103

Based on our data, we speculate that ATM promotes recov-

ery from mechanical stress by phosphorylating a variety of

proteins involved in cytoskeleton and chromatin remodeling

(Figure 6G).

ATM and interstitial migration
Our data suggest that ATM does not affect directly nuclear

integrity during interstitial migration, likely because ATR is

active in ATM-defective cells. However, nuclear compression

elicits cytoskeleton changes around the nucleus and at the

plasma membrane. Our data suggest that the inability of

ATM-defective cells to efficiently migrate through pores is

due to aberrant cytoskeleton and nuclear coordination.

Accordingly, ATM-defective cells experiencing migration

across constrictions exhibit massive plasma membrane bleb-

bing and accumulation of perinuclear stress fibers. The Arp2/3

complex generates a perinuclear actin cage when cells enter

the constrictions,28 likely to protect nuclear integrity. Like

ATM, Arp2/3 is needed to prevent aberrant plasma membrane

blebbing during 3D migration.70 Our data suggest that ATM

might regulate the activity of Arp2/3 during interstitial migra-

tion to facilitate nuclear movement across pores.

Limitations of the study
We failed to detect DNA damage in response to mechanical

stress. While we cannot rule out that mechanical stress gener-

ates DNA damage signals that cannot be detected under our

experimental conditions, our data are consistent with other pub-

lished observations.71 However, to firmly uncouple the ATM

response to mechanical stress from the one induced by DNA

damage, it will be crucial to identify the key ATM co-factor(s)

that specifically mediate ATM activation following mechanical

stress.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-ATM [Y170] abcam ab32420, RRID:AB_725574

anti-Tubulin Sigma-Aldrich T5168, RRID:AB_477579

anti-Nbs1 Cell signaling 3002, RRID:AB_331499

anti-Mre11 Cell signaling 4895, RRID:AB_2145100

anti-phospho ATM (S1981) D25E5 Cell signaling 13050, RRID:AB_2798100

anti-phospoS139 gH2AX abcam ab11174, RRID:AB_297813

anti-Lamin A/C 636 Santa Cruz sc-7292, RRID:AB_627875

anti-YAP 63.7 Santa Cruz sc-101199, RRID:AB_1131430

anti-phosphoKAp1 S824 Bethyl laboratories A300-767A, RRID:AB_669740

anti-phosphoKAp1 S824 Cell signaling 4127

anti-CBX1 abcam ab10478, RRID:AB_297216

anti-phosphoKAP1 S473 Biolegend 654102, RRID:AB_2561782

anti-H3 abcam Ab1791, RRID:AB_302613

anti-H3K27me3 Cell signaling 9733, RRID:AB_2616029

anti-H3k9me3 abcam ab8898, RRID:AB_306848

anti-vinculin Sigma-Aldrich V9131, RRID:AB_477629

anti-KAP1 ProteinTech 66630-1-IG, RRID:AB_2732886

anti-phospho SQ/TQ Cell signaling 2851, RRID:AB_330318

Goat anti-Mouse IgG (H + L)-HRP Conjiugate Bio-Rad Cat:1706516, RRID: AB_11125547

Goat anti-Rabbit IgG (H + L)-HRP Conjiugate Bio-Rad Cat:1706515, RRID: AB_11125542

anti-cortactin This paper N/A

anti-53BP1 This paper N/A

anti-Arp3 This paper N/A

anti-ATM clone 9E6 This paper N/A

Anti-GFP mAb magnetic beads clone RQ2 MBL D153-11

Donkey anti-mouse Alexa Fluor 488 ThermoFisher A-21202, RRID: AB_141607

Donkey anti-mouse Alexa Fluor 647 ThermoFisher A-31571, RRID: AB_162542

Donkey anti-mouse Cy3 Jackson Imm Res 715-165-150, RRID: AB_2340813

Donkey anti-rabbit Alexa Fluor 488 ThermoFisher A-21206, RRID: AB_2535792

Donkey anti-rabbit Alexa Fluor 647 ThermoFisher A-31573, RRID: AB_2536183

Donkey anti-rabbit Cy3 Jackson ImmunoResearch Labs 715-165-150, RRID: AB_2340813

Chemicals, peptides, and recombinant proteins

Benzonase Sigma-Aldrich E1014

ATMi KU-60019 abcam ab144817

AZD7762 MedChemExpress HY-10992

Y-27632 Adooq Biosciences A11001

Blebbistatin Sigma-Aldrich B0560

CK-666 arp2/3 inhibitor Sigma-Aldrich SML0006

Jasplakinolide Sigma-Aldrich J4580

N-Acetyl Cysteine Sigma-Aldrich A7250

DynabeadsTM Protein G Invitrogen 10004D

Critical commercial assays

BCA Protein Assay ThermoFisher 23227

Duolink� In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich DUO92101

(Continued on next page)
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Alexa Fluor 488 phalloidin ThermoFisher A12379

Alexa Fluor 568 phalloidin ThermoFisher A12380

DAPI Sigma-Aldrich D9542

Fibronectin Sigma-Aldrich 11080938001

Deposited data

Mass spectrometry data PRIDE PXD032194; https://data.mendeley.com/

preview/8zrx4hvw3c?a=4337fb63-f7e8-

4022-8ab7-f8a46180b7e3

Experimental models: Cell lines

HeLa ATCC CRM-CCL-2, RRID:CVCL_0030

U2OS ATCC HTB-96, RRID:CVCL_0042

IMR90 CORIELL CVCL_0347, RRID:CVCL_0347

Oligonucleotides

Cas9 guide forward: ATM1:

CACCGCGAATTCGAGTGTGTGAATT

This paper N/A

Cas9 guide reverse: ATM2:

AAACAATTCACACACTCGAATTCGC

This paper N/A

Recombinant DNA

H2B-fused ATM FRET reporter Tony Hunter39 N/A

WC ATM FRET reporter Tony Hunter39 N/A

T68A ATM FRET reporter Tony Hunter39 N/A

GFP-Arp3 This paper N/A

LifeAct-mCherry This paper N/A

LentiCRISPR 49535 addgene Feng Zhang104 49535

pLenti6/BLOCK-iTTM-DEST ThermoFisher K4944-00

pLKO.1-puro Sigma-Aldrich SHC001

shCBX1 Sigma-Aldrich TRCN0000062223

pcDNA nesprin TS addgene Daniel Conway64 68127

pcDNA nesprin HL addgene Daniel Conway64 68128

pTRIP-CMV-GFP-FLAG-cGAS addgene Matthieu Piel34 86675

pAcGFP1-C1 clontech 632470

53BP1-GFP Jiri Bartek105 N/A

Software and algorithms

PRISM GraphPad Software Version 9

Fiji NIH https://imagej.net/software/fiji/

ImageJ NIH https://imagej.net/ij/

ImageLab Software Bio-Rad https://www.bio-rad.com/it-it/product/image-

lab-software?ID=KRE6P5E8Z

Other

INVISISILTMRTV-615 PDMS Momentive Performance materials RTV615

Two chambers Lab-TeK II 155379 glasses ThermoFisher 155379
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marco

Foiani (marco.foiani@ifom.eu).

Materials availability
Reagents, protocols and cell lines from this study, are available upon request with a completed Materials Transfer Agreement.
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Data and code availability
d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-

pository106 with the dataset identifier PXD032194.

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HeLa cells and IMR90 fibroblasts were maintained in minimum essential medium with GlutaMAX (MEM; Life Technologies

41090-093) supplemented with 10% (v/v) fetal bovine serum (FBS) South America (SA) (Biowest), 0.1mMNEAA (non-essential amino

acids, Microtech), Sodium pyruvate 1mM (Microtech) and penicillin-streptomycin (Microtech). 1% glutamine, 10%FBS SA-DMEM

high glucose Lonza 12–614 was used for U2OS cells. Cell culture was performed in 5% CO2, at 37
�C. MEF cells were maintained

in 1% glutamine, 10%FBS SA-DMEM high glucose Lonza 12–614 supplemented with 0.1mM NEAA. The Cas9 HeLa control and

ATM KO were from Maria Vinciguerra and Vincenzo Costanzo and were generated by cloning the ATM cas9 guide (generated

with the ATM1 and ATM2 oligonucleotides) into the Bbs1 site of LentiCRISPR #49535 (Addgene). HeLa cells with stable

H2B-mCherry expression were already described.18 U2OS cells stably expressing 53BP1-GFP cells were from Jiri Bartek.105 Stable

U2OS-FUCCI cells were from Libor Mac�urek.107 Single clones of HeLa stably expressing Nesprin2G or headless sensor were gener-

ated in our laboratory21 as well as stable HeLa LifeAct-mCherry. MEF control and MEF ATMKO were provided by Ylli Doksani.

Lipofectamine2000 (Invitrogen) was used to transfect DNA plasmids into cells. When cells were subjected to lentiviral infection,

lentiviral particles were generated by transfection of HEK293T cells with shRNA and viral packaging plasmids; desired cell lines

were then infected for 16 h and puromycin or blasticidin were added at 1 mg/ml and 10 mg/ml, respectively, as a selection 48hours

after infection. Infected cells were maintained under selection throughout the experiments for a maximum period of 10 days. ATM

inhibition was achieved using ATMi KU-60019 3mM.

METHOD DETAILS

Protein extraction and western blot analysis
Cell lysates were prepared in lysis buffer (Tris-HCl pH 8.0 50mM, MgCl2 1mM, NaCl 200mM, CaCl2 1mM, Glycerol 10%, NP-40 1%,

protease inhibitors (complete inhibitors, Roche), phosphatase inhibitors (phosphatase inhibitor cocktail 2, Sigma or PhosSTOPMerc

Life Science), and quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific).

Laemmli buffer was added to the lysates (Tris-HCl pH 6.8 50mM, SDS 2%, Glycerol 10%, bmercaptoethanol 0.1%, Bromophenol

blue 0.0005%) and proteins were denatured at 95�C for 10 min. Samples were separated by SDS-page electrophoresis using 4–20%

CriterionTGX Biorad or Mini-PROTEAN (Bio-Rad) or NuPAGE (Invitrogen) polyacrylamide precast gels and then transferred on a nitro-

cellulose membrane for incubation with primary and secondary antibodies. Finally, proteins were visualized with SuperSignal West

Dura Extended Duration Substrate (Thermo Scientific) or SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific).

Images were acquired using ChemiDoc (Bio-Rad, Molecular Imager ChemiDoc XRS+) and processed with Imagelab volume tool.

Protein immunoprecipitation (IP)
For the IP of mass spectrometry analysis of ATM physical interactors, HeLa cells were cultured on 10 cm dishes at a confluency of

80% and 10mg of whole protein lysates were used for each sample. Cell lysates were prepared in lysis buffer (TRIS-HCL pH8.0

50mM, MgCl2 1mM, NaCl 150mM, CaCl2 1mM, Glycerol 2%, NP-40 0.2%, Benzonase 50U/mL, Protease Inhibitor Roche Tablets

1 for 10mL, phosphatase inhibitor Sigma cocktail 2 1/200) incubated 45 min in ice and centrifuged at maximum speed for 30 min.

Lysates were incubated with protein G agarose beads 1 h in rotation in cold room for the pre-clearing then spinned for 10 min at

maximum speed at 4�C. Quantification was performed with the Pierce BCA Protein Assay Kit (Thermo Scientific) to adjust to a final

concentration of 1 mg/ml 50mL of lysates were stored at �80�C (Input). 10mg of protein lysates were incubated with 60mg of primary

antibody (Anti-ATMmouse IgG clone 9E6) and 250mL of protein G dynabeads (Dynabeads Protein G Thermo Fisher Scientific) for 2 h

in rotation at 4�C. Following the incubation, 50mL of supernatant were stored at�80�C (flow-through). Samples were washed 3 times

for 5 min in rotation at 4�, 50 mL of Laemmli buffer 2X were added to the beads.

Finally samples were boiled 15 min at 95�C and stored at �20�C. Samples were separated by SDS-page electrophoresis on a

4–12% gradient precast gel (Invitrogen) for mass spectrometry analysis.

To pull-down proteins phosphorylated on SQ/TQ motifs we performed the same protocol. Lysates were prepared from IMR90 fi-

broblasts growing at high confluence on 15 cmPetri dishes, 6 plates were used for each condition. Cells were pre-treatedwith DMSO

or ATMi for 1 h and half, then Jasplakinolide was added at a concentration of 50nM for 50 min in presence or absence of ATMi

KU-60019 10mM, DMSO was added as control. Cells were lysed in 1mL of lysis buffer for each 15 cm Petri dishes. Pre-clearing of

lysates was performed by incubation with 30 mL of Protein G dynabeads.

IP was performed incubating each sample with 60mL of anti-pSQ/TQ antibody 2851 (Cell Signaling) and 30mL of protein G dyna-

beads (Dynabeads Protein G Thermo Fisher Scientific) for 1h at 4� in rotation followed by three washes and denaturation in Laemmli

buffer as previously described.
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Mass spectrometry analysis
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repos-

itory106 with the dataset identifier PXD032194.

In order to study ATMputative interactors, we analyzed a label free ATM immunoprecipitation by quantitative proteomic approach.

We selected the proteins enriched in the IP respect to the control (ATM KO). IP eluates were separated by 4–12% SDS–PAGE

(Invitrogen Bolt 4–12%Bis-Tris-Plus), stainedwith Coomassie Brilliant Blue (Bio-Rad) and excised in three slices for LC-MS/MS anal-

ysis. Mass spectrometry analysis was performed by LC-MS/MS using a quadrupole Orbitrap Q-exactive HF mass spectrometer

(Thermo Scientific). Each slice was reduced, alkylated and Tryptic digested as described elsewhere.108 Tryptic digestions were first

cleaned using Stage Tips as described previously109 and then injected into a capillary chromatographic system on a linear gradient

from 95% solvent A (2%ACN, 0.1% formic acid) to 55% solvent B (80% acetonitrile, 0.1% formic acid) over 45min at a constant flow

rate of 0.30 mL/min on UHPLC Easy-nLC 1000 (Thermo Scientific) where the LC system was connected to a 23-cm fused-silica

emitter of 75 mm inner diameter (New Objective, Inc. Woburn, MA, USA), packed in-house with ReproSil-Pur C18-AQ 1.9 mm beads

(Dr Maisch Gmbh, Ammerbuch, Germany) using a high-pressure bomb loader (Proxeon, Odense, Denmark). (EasyLC, Proxeon

Biosystems, Odense, Denmark). The mass spectrometer was operated in DDA mode with dynamic exclusion enabled (exclusion

duration = 20 s), MS1 resolution = 60,000, MS1 automatic gain control target = 3 x 106, MS1 maximum fill time = 20 ms, MS2

resolution = 15,000, MS2 automatic gain control target = 1 x 105, MS2 maximum fill time = 80 ms, and MS2 normalized collision en-

ergy = 28. For each cycle, one full MS1 scan range = 200–2000 m/z, was followed by 15MS2 scans using an isolation window size of

1.2 m/z. Protein identification and quantification were achieved using the MaxQuant software version 1.5.2.8. Cysteine carbamido-

methylation was searched as a fixed modification, whereas N-acetyl protein and oxidized methionine were searched as variable

modifications. Protein quantification was based on extracted ion chromatograms of contained peptides. Peptides and proteins

were acceptedwith a false-discovery rate of 0.01, twominimumpeptides identified per protein of which one unique. The experiments

were performed using two technical replicates for each biological one.

The mass spectrometry analysis of phosphorylated proteins on SQ/TQ motif following jasplakinolide treatment was performed as

follows. Coomassie stained gel lanes were processed according to the STAGE-diging protocol.110 Briefly, the entire lanes of gel were

transferred into the STAGE-diging p1000 tip filled with a double C18 Empore Disk plug (3M, Minneapolis, MN) and submitted to

reduction with 10 mM dithiothreitol (DTT), alkylation with 55 mM iodoacetamide (IAA) and digestion by Trypsin o/n at 37�C. Samples

were acidified and desalted passing through the C18 plugs and the eluted peptides were dried in a Speed-Vac and resuspended in

5% formic acid.

Each digested sample was analyzed as technical replicate on a UPLC easy-nLC 1200 coupled with a quadrupole Orbitrap Exploris

480 mass spectrometer equipped with a Nanospray Flex ion source and FAIMS operated at �50 and �70 CV (Thermo Fisher

Scientific).

Peptides separation was achieved on a linear gradient of 32 min, starting from 95% of solvent A (0.1% formic acid, 2% acetonitrile)

and ramping to 50% solvent B (0.1% formic acid), 80% acetonitrile) in 23 min and from 50% to 100% Solvent B in 2 min at a constant

flow rate of 0.25 mL min�1. The nLC system was connected to a 25 cm fused-silica emitter of 75 mm inner diameter (New Objective),

packed in house with ReproSil-Pur C18-AQ 1.9 mm beads (Dr.Maisch) using a high-pressure bomb loader (Proxeon). MS data were

acquired in data-dependent acquisition mode (DDA), with a top15 method for HCD fragmentation. Survey full scan MS spectra

(300–1750 Th) were acquired in the Orbitrap with 60,000 resolution, AGC target 1e6, IT 120 m. For HCD spectra the resolution was

set to 15,000, AGC target 1e5, IT 120 m; normalized collision energy 28%, isolation width 3.0 m/z with a dynamic exclusion of 5 s.

Raw data were processed with MaxQuant (ver. 1.6.0.16.) using Andromeda search engine, searching against the DataBase uni-

prot_cp_Human_2020 in which trypsin enzyme was selected with up two missed cleavages. Cysteine carbamidomethylation was

used as a fixed modification, methionine oxidation and protein N-terminal acetylation as variable modifications. Mass deviation

for MS–MS peaks was set at 20 ppm. The peptide and protein false discovery rates (FDRs) were set to 0.01 with a minimal length

for a peptide of seven amino acids; for an high-confidence protein identification a minimum of two peptides and at least one unique

peptide were required.

Label-free analysis was carried out, including a ‘match between runs’ option (time window of 2 min). The lists of identified proteins

were filtered to eliminate reverse hits and known contaminants.

Statistical analyses were done using the Perseus program (ver. 1.6.2.3) in theMaxQuant environment, considering the protein LFQ

intensity normalized based on the Z score; the function ‘imputation’ was selected to replace missing values by random numbers

drawn from a normal distribution. Supervised Hierarchical Clustering analysis was done applying Anova test and a p value of 0.05.

Electron microscopy
Electron microscopic examination, Immune EM gold-labeling based on pre-embedding, EM tomography and correlative light-elec-

tron microscopy (CLEM) were performed as previously described.18,111–113 A brief description of each process is described below.

Embedding

Cells grown on MatTek dishes (MatTek Corporation, USA) were fixed with of 4% paraformaldehyde and 2.5% glutaraldehyde (EMS,

USA)mixture in 0.2M sodium cacodylate pH 7.2 for 2 h at RT, followed by 6washes in 0.2 sodium cacodylate pH 7.2 at RT. Then cells

were incubated in 1:1 mixture of 2% osmium tetraoxide and 3% potassium ferrocyanide for 1 h at RT followed by 6 times rinsing in

cacodylate buffer. Then the samples were sequentially treated with 0.3% Thiocarbohydrazide in 0.2 M cacodylate buffer for 10 min
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and 1%OsO4 in 0.2M cacodylate buffer (pH 6,9) for 30min. Then, samples were rinsed with 0.1M sodium cacodylate (pH 6.9) buffer

until all traces of the yellow osmium fixative have been removed, washed in de-ionized water, treated with 1% uranyl acetate in water

for 1 h andwashed in water again.111,114 The samples were subsequently embedded in Epoxy resin at RT and polymerized for at least

72 h in a 60�C oven. Embedded samples were then sectioned with diamond knife (Diatome, Switzerland) using Leica ultramicrotome.

Sections were analyzed with a Tecnai 20 High Voltage EM (FEI, The Netherlands) operating at 200 kV.113,115

Nano-gold labeling

Cells grown on MatTeks were fixed with a mixture of 4% paraformaldehyde and 0.05% glutaraldehyde in 0.15M HEPES for 5 min at

RT and then replaced with 4% paraformaldehyde in 0.15M HEPES for 30 min. Afterward, the cells were washed 6 times in PBS and

incubated with blocking solution for 30 min at RT. Then cells were incubated with primary antibody diluted in blocking solution over-

night at 4�C. On the following day, the cells were washed 6 times with PBS and incubated with goat anti-rabbit Fab’ fragments

coupled to 1.4nm gold particles (diluted in blocking solution 1:100) for 2h and washed 6 times with PBS. Meanwhile, the activated

GoldEnhanceTM-EM was prepared according to the manufacturer’s instructions and 100 mL were added into each sample well. The

reaction wasmonitored by a conventional light microscope andwas stopped after 5–10min when the cells had turned ‘‘dark enough’’

by washing several times with PBS. Osmification followed: the cells were incubated for 1 h at RT with a 1:1 mixture of 2% osmium

tetraoxide in distilled water and 3%potassium ferrocyanide in 0.2M sodium cacodylate pH 7.4 and then rinsed 6 times with PBS and

then with distilled water. The samples were then dehydrated: 3 3 10 min in 50% ethanol; 3 3 10 min in 70% ethanol; 3 3 10 min in

90% ethanol; 3 3 10 min in 100% ethanol. The samples were subsequently incubated for 2h in 1:1 mixture of 100% ethanol and

Epoxy resin (Epon) at RT, the mixture was then removed with a pipette and finally samples were embedded for 2 h in Epoxy resin

at RT. The resin was polymerized for at least 10 h at 60�C in an oven.112,113

Tomography

Two-step CLEM based on the analysis of tomographic reconstructions acquired under low magnification with consecutive reacqui-

sition of EM tomo box under high (25000x) magnification and its re-examination was used exactly as described.116 Briefly, an ultra-

tome (LeicaEM 35 UC7; Leica Microsystems, Vienna) was used to cut 60 nm serial thin sections and 200 nm serial semi-thick sec-

tions. Sections were collected onto 1% Formvar films adhered to slot grids. Both sides of the grids were labeled with fiduciary 10 nm

gold (PAG, CMC, the Netherlands). Tilt series were collected from the samples from ±65� with 1� increments at 200 kV in Tecnai 20

electron microscopes (FEI, Eindhoven. the Netherlands). Tilt series were recorded at a magnification of 11500X, 14500X or 25000X

using software supplied with the instrument. The nominal resolution in our tomograms was 4 nm, based upon section thickness, the

number of tilts, tilt increments, and tilt angle range. The IMOD package and its newest viewer, 3DMOD 4.0.11, were used to construct

individual tomograms. Videos weremade in 3DMOD and assembled in QuickTime Pro 7.5 (Apple), and the video size was reduced by

saving videos at 480p in QuickTime. CLEM was performed exactly as described.114

Quantitation and statistics

The number of ATM-tagged gold particles in different compartments of the cell was counted and percentages were calculated. The

labeling density of ATR on different cellular structures was assessed and calculated as described in.117 For this we used the following

criteria: Gold particles were considered to label theNE, ER ormitochondria when these particles were observed over lumens ormem-

branes of these compartments; Gold particles were considered as a label of the PMwhen these particles were observed over the PM.

Normality of variant distribution was assessed with Shapiro-Wilk tests. Cumulative probability distributions were compared using the

Kolmogorov-Smirnov test. Estimation of the minimal set of samples was performed according to.118 Correlation between two vari-

ables was calculated using Pearson Product Moment Correlation. For analysis of cells in 3D-migration, we embedded PDMSmolds

onMatTek dishes, cells loaded and incubated for 24 h to facilitate cell migration into the channels. Cells migrating within the channels

were examined under the UltraVIEW VoX spinning-disc confocal unit (PerkinElmer), and indicated cells in which the nucleus is either

just entering the constriction or is completely in the constriction. We eliminated all the remaining cells from the loading wells and ac-

quired images of cells suitable for the future CLEM analysis. 0.05% glutaraldehyde +4% formaldehyde in 0.1 M cacodylate buffer

(pH 7.2) was added to the dish for 5 min. Cells were examined again in the microscope and cells with unchanged nuclear position

were then fixed with 2.5% glutaraldehyde +4% formaldehyde in 0.2M cacodylate buffer (pH 7.2) for 10 days in order to make cell

bodies resistant to the process of the mechanical detachment of PDMS from the MatTek. Then PDMS mold was detached from

the MatTek dish and the cells attached to the dishes were processed for EM analysis as described above. After mold detachment,

cells were additionally stainedwith 1%methylene blue in PBS for 3min at RT and again examined under a lightmicroscope in order to

confirm the presence of selected cells on the MatTek glass.

Cell migration analysis in micro fabricated channels
Micro-channels with no constrictions or 15mm-long 4mm-wide constrictions were used in this work. Silicon molds of micro-channels

were done in Matthieu Piel’s lab and PDMS channels were prepared as previously described.21,34,43 Briefly, a mixture 1:9 of polymer

and crosslinking agent (RTV615 kit) was poured in the silicon mold until complete polymeriation. PDMS channels were bound on 2

chambers Lab-TeK II 155379 glasses (Thermofisher) using plasma treater. Then channels were fibronectin coated overnight, washed

with PBS, and filled with cell culture medium for one day (adding treatments or inhibitors when needed). Cells were loaded the day

before (for HeLa) or 4 h before the beginning of time-lapse (for U2OS cells). Time-lapse images were acquired (every 15 min, with

z-stacks) on an UltraVIEW VoX spinning-disc confocal unit (PerkinElmer), equipped with an Eclipse Ti inverted microscope (Nikon)

and aC9100-50 electron-multiplying CCD (charge-coupled device) camera (Hamamatsu), driven by a Volocity software (Improvision;
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PerkinElmer). Alternatively, time-lapse images were acquired using an Olympus Spinning Disk CSU based on an Olympus IX83 in-

verted microscope equipped with an Andor iXon Ultra camera and driven by a CellSens software (Olympus).

A 40X oil immersion and a 20X dry objective were used to acquire images and cells were maintained in an environmental chamber

at 37�C in an atmosphere of 5% CO2. The images were processed using ImageJ and smoothed to reduce the background noise. All

the quantifications were performed manually. Fields with no cell migration were discarded from analysis.

Nuclear speed analysis across constrictions was done manually counting the number of frames required for a nucleus to migrate

across the pore, only nuclei that performed a complete passage during the time-lapse were considered for the analysis. For cGAS

foci analysis, HeLa cells were transiently transfected with cGAS-GFP and loaded in micro-channel device the following day, cells

were analyzed during migration as previously described and cGAS-GFP foci were manually counted.

AFM measurements
AFM experiments were performed using Nanowizard 3 (JPK instruments, Germany). For AFM indentation, a modified silicon nitride

cantilever (NovaScan, USA) with a spring constant of 0.03N/m and 5mm diameter polystyrene bead adhered to the tip was used to

indent the cells. Cells were grown on round glass coverslips that were mounted on the AFM stage and were kept in medium at 37�C
using a standard fluid cell and a heater (JPK instruments, Germany) during measurements. Indentation was carried out at the center

of cell with a loading rate of 1.5 mm/s. A ramp size of 3 mm and an indentation force of 2 nN were used. All measurements were per-

formed as previously described.54 To isolate nuclei, cells were rinsed once with PBS and then treated with 1 mL of a 0.01% Igepal

CA-630 (a non-ionic detergent, Sigma), 1% citric acid solution in water for 5 min. Expelled nuclei were collected, washed with 5 mL

PBS, centrifuged (300g, 5 min), re-suspended in PBS and dropped onto coverslip for AFM experiments.

Immunofluorescence analysis
Cells were seeded on slide-glasses previously coated with Fibronectin 10 mg/ml. The following day cells were washed once with PBS

and fixed with 4% formaldehyde (15 min), washed 3 times with PBS (10 min each) then permeabilized with 0.5% Triton X-100 in PBS

(5min), blockedwith 3%BSA in 0.1%Triton X-100 PBS for 1 h (blocking buffer), incubatedwith primary antibodies (diluted in blocking

buffer) for minimum 1 h in RT, followed by three PBS washes and then incubated with secondary antibodies (1:400 in blocking so-

lution) for 1 h in dark at RT followed by three PBSwashes. DAPI staining was added in PBS for 5min at RT followed by other 2 washes

with PBS. Samples were mounted with Mowiol. Image acquisitions of phalloidin staining, pS139 gH2AX and 53BP1-GFP (on stretch-

ing device) were performed using Leica TCS SP2 confocal scanning microscope, equipped with a 63X/1.4NA objective. Single op-

tical sections of the images or maximum projections (step size 0.5 mm or 1 mm) were processed using ImageJ and smoothed to

reduce the background noise. The remaining immunofluorescence experiments were acquired on an UltraVIEW VoX spinning-

disc confocal unit (PerkinElmer), equipped with a 60X or 40X objective.

Quantification of nuclear morphology and YAP localization
Images from random fields (up to 30) were acquired from coverslips stained with DAPI and Lamin A/C or YAP antibodies using an

UltraVIEW VoX spinning-disc confocal unit (PerkinElmer) with a step size of 0.5 mm.

Analysis of nuclear morphology: NE invaginations were analyzed by manual classification of the nuclei showing none, mild and

severe invaginations. Circularity index was calculated on central section of Lamin A/C stainings using the ImageJ particle analysis

tool and ABsnake plugin.

Analysis of YAP localization was performed as previously described,119 by measuring the mean intensity of YAP signal in 30pixel

diameter regions of interest (ROIs) positioned in the nucleus and in cytoplasm of each cell.

Immunofluorescence of actin and nucleus inside micro-channels
Actin stress fibers and nuclei of HeLa cells migrating inside micro-channels were visualized with LifeAct-mCherry and DAPI staining.

DMSO or ATMi 3mM KU-60019 were added in the medium when cell were loaded inside the channels and kept overnight. LifeAct-

mCherry HeLa cells migrating inside micro-channels overnight were first washed with PBS then fixed with 4%PFA for 1 h at R/T,

washed three times with PBS for 100 at R/T and permeabilized with 0.5%Triton X-100 PBS for 30 min. DAPI staining in PBS was

added for 1 h at R/T, followed by washing with PBS (4 times, for 15 min at R/T). Samples were kept in PBS until imaging acquisition.

All procedures were performed keeping cells inside micro-channels.

All images were acquired using a Leica TCS Sp8 confocal microscope equipped with an HC PL APO CS2 63x/1.40 oil objective,

maximum projections (step size 0.3mm) were processed using ImageJ.

Cell spreading assay for filopodia formation analysis
MEF control, MEF control treated with Arp2/3 inhibitor CK-666 and MEF ATMKO were analyzed during cell spreading. Cells were

trypsinized, counted and re-suspended at a density of 200000 cells/well of 6-well plates. Cells were seeded on slide-glasses

30 min after trypsinization and fixed with PFA 4% 15, 30 and 60 min after seeding. Arp2/3 inhibitor CK-666 50mM was added after

trypsinization and left until fixation. IF staining with DAPI and Phalloidin-TRITC was performed with the standard protocol already

described. Z-stacks with a step size 0.5 mm from random fields (up to 30) were acquired from coverslips stained with DAPI and

Phalloidin-TRITC on an UltraVIEW VoX spinning-disc confocal unit (PerkinElmer) equipped with a 40X objective. The percentage
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of cells with lamellipodia or filopodia protrusion during cell spreading were manually counted analyzing the maximum projections of

the images collected at three time-points for all conditions.

Proximity ligation assay
The experiment was performed in shControl and shATMHeLa using rabbit polyclonal anti-ATM antibody abcam ab32420 (1:400) and

mousemonoclonal anti-Arp3 antibody abcam (1:200), following the protocol from themanufacturer (Sigma, Duolink PLA technology).

shATM HeLa cells were used as control for the specificity of the interaction.

FRET image acquisition and analysis
To measure the activity of ATM during interstitial migration, H2B-fused and whole-cell (WC) FRET reporters were used.39 U2OS cells

were transfectedwith the constructs using Lipofectamine2000 (Invitrogen), 48 h later cells were loaded insidemicro-channel, allowed

to migrate for 4 h and then analyzed at microscope. The imaging was carried out using a DeltaVision Elite imaging system (Applied

Precision) driven by softWoRx software and equipped with a CoolSNAP HQ2 CCD camera (Photometrics) and an environmental

chamber (Applied Precision) maintained at 37�C in an atmosphere of 5% CO2. Images were acquired using an Olympus 60x/1.42

Plan Apo N oil immersion objective. 4 z stacks were acquired for each field of view and cells were imaged every 15min for 18 h. Three

images were collected in sequence at each time point: CFP (ex: 438/24nm, em: 470/24nm), FRET (ex: 438/24nm, em: 559/38nm) and

YFP (ex: 513/17nm, em: 528/38nm). Using an in-housemacro in ImageJ, images were background corrected, realigned, converted in

32 bits, smoothed and the YFP channel was thresholded and used as a binarymask as described in.120 The average FRET/CFP ratios

calculated for regions of interest were measured at time 0 and at the end of the acquisition in order to compare the FRET efficiency of

the reporter in cells migrating inside channels.

The same experimental setup was used for the analysis of FRET ratio before and after 20% uni-axial stretching of HeLa or U2OS

cells transfected with the H2B-fused and WC reporters, 30 fields of view were acquired before and after 20% uni-axial stretching.

To measure the tension at the nuclear membrane, HeLa cells stably expressing Nesprin2G or Headless control sensors were

generated by Lipofectamine 2000 transfection, Neomycin (G418) selection and single-cell FACS sorting of the mVenus/mTFP1 pos-

itive population. These cells were loaded onto the channels in the presence of ATM inhibitor (KU-60019 3mM) or DMSO one day

before imaging. Images were acquired with a DeltaVision Elite imaging system using an Olympus 60x/1.42 Plan Apo N oil immersion

objective. Three images were collected in sequence at each point: CFP (for mTFP1) (ex: 438/24nm, em: 470/24nm), FRET (ex: 438/

24nm, em: 559/38nm) and YFP (for mVenus) (ex: 513/17nm, em: 528/38nm). Single stack images were acquired for each field of view

every 2 h for 10h duration. A single plane image was background corrected, realigned, converted into 32 bits and analyzed using an

in-housemacro in ImageJ. The nuclear membrane of each cell wasmanually selected as a region of interest (ROI) and average FRET/

CFP ratios calculated for the nuclear membrane region. Front/back tension analysis were performed with a custom-made macro as

previously described.21

ATM-FRET analysis upon cell stretching
Cell stretching experiments were performed using an automated cell-stretching dish (International patent: WO 2018/149795 A1) that

can provide uni-axial as well as biaxial stretch with high resolution imaging capability.41 The components of the cell-stretching dish

were designed using SolidWorks software and 3D printed using a stereolithography-based 3D printer (Form 2, Formlabs) coupled

with an autoclavable and biocompatible dental resin (Dental SG resin, Formlabs). The printed parts were rinsed in isopropyl alcohol

for 5 min to remove any uncured resin from their surface, and then post-cured in a UV box to finalize the polymerization process and

stabilizemechanical properties. The printed parts were then polished and assembled to create the lower (cell chamber) and the upper

portion (aperture driver) characterizing the stretching dish. Prior to the experiments, the components of the lower portion were au-

toclaved to be sterilized and assembled to clamp a deformable silicone membrane (thickness 0.00500, SMI), thus creating a cell cul-

ture chamber. The dish was coated with fibronectin (10 mg/mL) and incubated at 37�C for 1 h. A total of 105 cells were seeded in the

cell chamber and incubated overnight. Before starting the imaging, the whole cell-stretching dish was assembled by connecting the

upper portion, consisting in the aperture-driving unit, to the cell culture chamber.

20% uni-axial stretching was applied to all the samples under investigation.

HeLa or U2OS cells were transfected with the FRET reporters, the next day cells were seeded on the stretching device at low den-

sity and incubated overnight. Finally the device was positioned into a DeltaVision Elite imaging system equipped with an Olympus

60x/1.42 Plan Apo N oil immersion objective. Cells were maintained in an environmental chamber at 37�C. HEPES 25mMwas added

to the culturemedium before starting the acquisition. Fields of viewwere selected in the central part of the stretching device and cells

were imaged once before stretching. An uni-axial stretching of 20% was applied to cells as a single step stretching with no release.

Cells were immediately imaged after the stretching selecting fields of view in the central part of the device. At least 30 cells for con-

dition were analyzed for n = 2. Image acquisition and analysis were performed as previously described to measure the FRET signal in

cells before and after the stretching.

For the analysis of 53BP1 foci or pS139gH2AX upon cell stretching, HeLa cells or HeLa expressing 53BP1-GFPwere seeded on the

stretching devices. The next day 0% or 20% uni-axial stretching was applied, then cells were washed with PBS and fixed with 4%

paraformaldehyde for 15min at RT. Standard protocol of immunofluorescence (previously described) was performed on cells seeded

on the silicon membrane of the stretching device and images with a Z stacks of 0.5 mm were acquired only in the central area of the
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silicon membrane using the Leica TCS SP2 confocal scanning microscope, equipped with a 63X/1.4NA objective previously

described. Nuclear ROI were generated using the ImageJ particle analysis tool on DAPI staining and then used to quantify the inten-

sity of 53BP1 or pS139gH2AX signals inside the nucleus at 0% or 20% stretching. 53BP1-GFP foci were counted manually on

maximum projections.

Western blot analysis following cell stretching
Western blot analysis following cell stretching was performed using a second custom-made stretching device, whose components

were fabricated by the 3D-printing procedure previously described. The device was designed to enclose two flexible membranes

(thickness 0.00500, SMI) and membrane stretching was achieved by cyclic aspiration and release of air through a negative and a

positive air pump. Following device assembly and sterilization (by rinsing it with 70% EtOH), the upper membrane was coated

with fibronectin (10 mg/mL), incubated at 37�C for 1 h and washed three times with 1x PBS sterile. IMR90 fibroblasts were seeded

in the cell chamber (200.000/device) and incubated overnight before starting the stretching. Devices were controlled by a MAT pipe-

line (Fluigent) programmed to exert a 20% cyclic stretch at 0.2 Hz frequency for a total of 6 h inside in a humidified atmosphere

(5%CO2, 37
�C). Cells seeded on non-stretched deviceswere used as control. Following continuous 20%biaxial cyclic cell stretching

at different time-points, cells were washed oncewith 1X PBS, then lysed by adding 150 mL of 2X BOLTLDS buffer complementedwith

100mMDTT and scraping themembrane surfacewith a cell scraper. Lysates were collected in 1.5mL tubes on ice, sonicated for 10 s

at 4�C then boiled for 10 min at 95�C. Samples were stored at �20�C until ready to be analyzed by Western blot. ATMi (KU60019

10mM) or AZD7762 (500nM) were added 30 min or 1h, respectively, before starting the stretching and maintained until the end of

the experiment.

F-actin co-sedimentation assay in Xenopus laevis egg extracts
Monomeric rabbit G-actin was induced to polymerize at RT in F-actin buffer (5 mM Tris-HCl, pH 7.8, 0.2 mMATP, 1 mMDTT, 0.1 mM

CaCl2, 1 mM MgCl2 and 100 mM KCl). Xenopus laevis egg extracts or control lysis buffer were subsequently incubated with 5mM

F-actin in F-buffer 1h at RT. Samples (100 mL) were then loaded over 250 mL of a 30%-glycerol cushion (in F-actin buffer) and ultra-

centrifuged for 40 min at 100,000xg at 4�C in a Beckman TL-100 table-top ultracentrifuge. Equal amounts of starting materials, su-

pernatants and pellets were solubilized in loading buffer, boiled, and resolved on an SDS–PAGE gel.

Actin was isolated and purified as described.121,122

Analysis of cell and nuclear morphology on 10mm-wide line patterns
Bio-adhesive patterns consisting of 10mm-wide adhesive stripes were produced on glass coverslips using deep UV protein micro-

patterning method. Glass coverslips (24 mm in diameter) were cleaned by sonication in pure Ethanol at RT for 10 min, air-dried, and

activated by exposure to air plasma (PDC-32G, Harrick Plasma, Ithaca, NY, USA) for 30sec. Glass slides were then incubated at RT

for 1 h with 0.5 mg/ml poly-L-lysine-g-poly(ethyleneglycol) (PLL (20)-g[3.5]-PEG(2); SuSoS Surface Technology, Dubendorf,

Switzerland) in 10 mMHEPES at pH 7.5 for passivation, thus creating non-adhesive surface. An additional treatment with 0.2% Plur-

onic F-127 (Sigma-Aldrich) at RT for 1h was performed to achieve a further passivation. After removal of Pluronic F127, glass slides

were rinsed three times with 13 PBS (Phosphate Buffered Saline) and air-dried.

Treated glass slides were then patterned by exposure to deep UV irradiation (UVOCleaner; Jelight, Irvine, CA, USA) through a syn-

thetic quartz photomask (JD Photo Data, Hitchin, United Kingdom; designed by Paolo Maiuri) for 7min to selectively burn desired

PLL-g-PEG/Pluronic F-127 regions, thus creating 10mm-wide adhesive stripes. Patterned glass coverslips were placed in 6-well cul-

ture plate, incubatedwith 10 mg/ml fibronectin in PBS for 1 h at RT, andwashed three timeswith PBS. shControl and shATMHeLa and

U2OS cells were seeded onmicropatterned glass coverslips at a density of 1x104 cells/well and grown at 37�C in a constant 5%CO2

atmosphere overnight. The next day, cells growing on 10mm-wide lines were stained with DAPI and Phalloidin-TRITC following stan-

dard IF protocol to visualize actin stress fibers and nuclei. Random fields (up to 30) were acquired from each coverslip on an

UltraVIEW VoX spinning-disc confocal unit (PerkinElmer) equipped with a 40X (U2OS cells) or 60X (HeLa cells) objective. Z-stacks

with a step size 0.3mmwere acquired for each field of view for a total Z of 8mm. Actin stress fibers were quantified by manual analysis

of the Z-stacks images. Cell areawas calculated by limiting themeasure of the area to the threshold of Phallodin stainingwith ImageJ.

Nuclear area and nuclear circularity (4pi(area/perimeter^2)) were analyzed using the ImageJ particle analysis tool and shape de-

scriptors on DAPI staining. Nuclear thickness wasmeasured drawing a line equal to the nuclear height on the orthogonal views of the

images.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of replicates and statistical tests used in individual experiments are specified in the figure legends. At least 2 or 3 bio-

logical replicates were performed for each experiment. Graphs and relative statistical analyses were carried out using PRISM. Stan-

dard deviations or standard errors, in bar graphs, are represented by error bars. Western blots were quantified using the Image lab

software (Biorad). Raw files (.scn) were used to allow the quantification of linear and non-saturated signals. Mass spectrometry an-

alyses are described in the corresponding paragraph of the main text and the STAR Methods.
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