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Abstract

Structural links from the nucleus to the cytoskeleton and to the extracellular environment play a 

role in direct mechanosensing by nuclear factors. Here, we highlight recent studies that illustrate 

nuclear mechanosensation processes ranging from DNA repair and nuclear protein phospho-

modulation to chromatin reorganization, lipase activation by dilation, and reversible rupture with 

the release of nuclear factors. Recent progresses demonstrate that these mechanosensing processes 

lead to modulation of gene expression such as those involved in the regulation of cytoskeletal 

programs and introduce copy number variations. The nuclear lamina protein lamin A has a 

recurring role, and various biophysical analyses prove helpful in clarifying mechanisms. The 

various recent observations provide further motivation to understand the regulation of nuclear 

mechanosensing pathways in both physiological and pathological contexts.

Introduction

The nucleus is the largest membrane-bound structure within eukaryotic cells and was first 

identified as an organelle in the 18th century, but, by the end of the 19th century, the role of 

the nucleus in heredity had been recognized (reviewed in ref. [1]). The nucleus harbors most 

of a cell’s DNA, wrapped up as chromatin, and between the chromatin and the nuclear 

membrane resides a dense proteinaceous network called the nuclear lamina [2], which 

confers nuclear stiffness [3,4] and strength against rupture [5–7]. Over the past two decades, 

an increasing number of lamina-associating proteins have been identified [8–10], including 

the SUN and KASH proteins that form the LINC complex [11] and link the lamina to the 

cytoskeleton, which in turn bridges to the extracellular matrix. The lamina and its 

connections help sculpt nuclear shape [12], which has been seen for decades to correlate 

with cell shape [13] and which we now understand reflects a dynamic balance between focal 

adhesion-mediated activation of cytoskeletal contractile forces (i.e. stress fibers) [14] and 

extracellular matrix softness/stiffness. Since a cell uses its forces to detect extracellular 
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mechanical features, direct nuclear mechanosensing has become a topic of great interest, 

with many possible consequences for diseases, such as cancer, as well as normal 

physiological processes including regeneration. Here, we review evidence for nucleus 

mechanosensing, starting from the modulation of DNA repair to the epigenetic changes in 

the chromatin, followed with regulation of nuclear proteins and disruption of the nuclear 

higher structure (Figure 1).

Nuclear mechanosensing could contribute to regulation of gene expression via various 

mechanisms (i.e. epigenetic modifications). If transcriptional regulator’s binding interactions 

with chromatin or another nuclear factor is directly affected by stresses or strains on the 

nucleus, then such a transcriptional regulator qualifies as a nuclear mechanosensor. In 

contrast, if a transcriptional regulator localizes into (or out of ) the nucleus only because of 

mechanosensitive interactions elsewhere ( particularly the cytoskeleton), then such a factor 

should not be viewed as a nuclear mechanosensor. The latter includes the well-studied 

transcriptional co-activator YAP1 that translocates into the nucleus in cells growing on stiff 

extracellular matrix [15], but there are clear examples of regulatory factors that function as 

nuclear mechanosensors — as reviewed here.

Nuclear mechanosensing by factors that can alter the sequence of the genome — 

‘mechanogenomics’ — is now suggested by a diverse set of recent genomic-scale results in 

cancer. Years ago, genome alterations in cancer might have been inferred from the 

dysmorphic nuclei that are characteristic of many tumors [16], but today’s high-throughput 

genome sequencing application is beginning to suggest a direct mechanical link of nuclear 

mechanosensing to cancer mutations. Solid tumors from stiff tissues — lung, skin, and bone, 

for example — exhibit more genomic mutation than tumors originating in soft tissues such 

as brain and marrow (Table 1) [17]. Even for skin cancer where ultraviolet radiation 

( particularly with aging) clearly accounts for most mutations [18], changes in chromosome 

copy numbers strongly associate with tumor stiffness, while point mutations show weak 

association — with all reaching a maximum for ‘invasive melanoma’ [19]. Epithelial tissues 

tend to be moderately stiff as part of a barrier function that also exposes them to 

carcinogens, but carcinogens cannot easily explain the increases in chromosome copy 

number changes from low rates in soft marrow and brain to elevated rates in stiff muscle and 

higher rates in rigid bone [18]. Such mutations can result from DNA damage, and so the 

scaling of mutation rate with tissue stiffness hints at mechano-regulation of key damage-

related processes in the nucleus — such as DNA repair.

Mechano-activation of DNA repair factors

DNA breaks occur throughout the cell cycle due to replication and oxidative stress. These 

breaks are known to significantly affect chromatin mobility both locally [20] and globally 

[21]. Hence, constant repair of the DNA is essential to maintain genomic integrity. The 

repair response starts with detection of DNA damage, followed by activation of an 

‘upstream’ kinase that initiates a signaling cascade involving phosphorylating of so-called 

mediator and checkpoint proteins [22]. The ‘upstream’ signaling kinase known as ATR 

(Ataxia telangiectasia and Rad3-related protein) is essential in the single-strand DNA 

damage response and appears to be spatially regulated by various mechanical perturbations 
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[23]. Hyperosmotic challenge by both sorbitol and NaCl induces ATR to localize to the 

nuclear envelope, where it phosphorylates another kinase, Chk1 (checkpoint kinase 1), 

which indicates ATR activation. The osmotic pressure-induced volume loss occurs because 

of water extraction through semi-permeable membranes. Cell and nuclear volume change 

similarly with osmotic pressure (Figure 2A) and fit well to a van der Waals type equation 

[24]. With extreme hyperosmotic conditions (700 mOsm/kg versus physiological of 300 

mOsm/kg), the nucleus volume decreases by ∼30% as the chromatin condenses consistent 

with a chromatin volume fraction of ∼67% in a typical nucleus [25]. Interchromatin spaces 

[26] also become increasingly filled with factors such as mechano-activated ATR [23].

Hyperosmotic challenge likewise creates a gap between the nuclear envelope and the 

condensed peripheral chromatin [24] into which ATR concentrates. Such hyperosmotically 

induced relocalization should also apply to other DNA repair proteins (Figure 2B). 

Segregation of mobile proteins away from the condensed chromatin is consistent with the 

fact that condensed chromatin is less accessible to DNase [27]. DNA repair should likewise 

be inhibited by hyperosmotic challenge and thereby favor accumulation of DNA damage. 

Indeed, multiple studies have demonstrated increased DNA damage under hyperosmotic 

challenge induced by different osmolytes [28,29], with one study also showing 

mislocalization of the DNA repair factor Mre11 to the cytoplasm. However, phosphorylation 

of histone H2AX, a common DNA damage marker, still occurs in hyperosmotic shock 

[23,30], indicating that kinase access to the condensed chromatin is not entirely blocked. 

These findings resonate with a much earlier study, which showed that the transcriptional 

activities of RNA polymerase II tend to be confined to the edge of the condensed chromatin, 

whereas DNA synthesis, as revealed by BrdU staining, can occur within condensed 

chromatin [26]. The various observations make it clear that nuclear volume loss in 

osmotically induced chromatin condensation can segregate mobile nuclear proteins away 

from chromatin-dense regions.

In another experiment setting, local stretching of the cell membrane with pipettes or by cell 

compression also leads to chromatin condensation and translocation of ATR [23]. Upon 

stretching, ATR localizes to the side of the nucleus closest to the pipette, whereas upon 

compression, ATR again localizes to the nuclear envelope. In both cases, mechanical load is 

likely to increase the hydrostatic pressure within the cell and nucleus, which squeezes out 

water and thereby favors chromatin condensation. Interestingly, in contrast with 

hyperosmotic challenge, ATR is also recruited to the nucleolus after such mechanical 

perturbations. The liquid-like [31] nucleolus flows under stress [32], and since genotoxic 

stressors such as UV and radiation disrupt nucleoli [33], a mechanically induced effect on 

nucleolar stability is an intriguing possibility. These sets of studies suggest that the 

chromatin, as part of the nucleus, is a sensor against many physical cues like osmotic 

challenge, tensile, and compressive forces.

Epigenetic changes in response to mechanical stress

Similar to hyperosmotic challenge, cyclic tension [34] and compressive stress [35,36] on 

nuclei of adherent cells also induce chromatin condensation, followed by various 

transcriptional changes. The more recent study [36] showed that compressive force induces 
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the translocation of histone deacetylase 3 into the nucleus, which in turn increases the 

heterochromatin content by initiating removal of acetylation marks on the histone and 

decreases transcription activities. Such findings suggest a direct epigenetic change in 

response to mechanical stress. Recently, chromatin condensation state was also shown to 

dictate nuclear stiffness [37], creating the possibility that chromatin may itself play a role in 

maintaining nuclear integrity.

The first clue of the role of chromosome dynamic in nuclear mechanosensing comes from 

studies of embryonic stem (ES) cells. ES cells can differentiate with the proper cues into any 

cell type via changes in transcription [38]. Nuclei in ES cells are near-spherical and very 

soft, with little to no lamin A; lamin A turns on in differentiation and stiffens the nucleus 

[32] as the cells spread and the nucleus flattens. ES cells also have hyperdynamic chromatin, 

but key proteins such as histones immobilize after differentiation [39]. Inhibition of histone 

H1 dynamics in ES cells leads to differentiation arrest, which indicates the functional 

importance of high mobility.

Fluorescence in situ hybridization (FISH) has shown that chromosomes occupy distinct 

domains in the nucleus in so-called chromosome territories [40]. Although sample 

preparation for FISH requires fixation and can be harsh on nuclei, the method provides some 

unique insights. For example, mouse ES cells compared with NIH 3T3 fibroblasts [41] 

showed chromosome territories in ES cells as relatively random, whereas in NIH 3T3 cells, 

longer chromosomes, such as chromosome 1, tend to occupy the peripheral region, 

suggesting more organization and perhaps tighter interactions with the differentiated lamina. 

Chromosomes in flattened NIH 3T3 nuclei also tend to intermingle or overlap with each 

other more than in ES nuclei, and such changes in chromosome–chromosome interfaces 

might regulate transcription [41]. A deeper understanding of causality would perhaps benefit 

from (i) tracking of chromatin reorganization in the same live cell undergoing large changes 

in shape and (ii) exerting direct molecular control over chromosome positions. For example, 

using live-cell DNA-tagging methods (rather than hybridization), stochastic rearrangements 

of chromosomes [42] and lamina-associated domains [43] have been visualized in cell 

division from mother to daughter cells. An even more recent example [44] uses a very large, 

artificial transgene to show locally applied force on the cell surface distends the transgene 

and increases force-induced transcription, with a dependence on orientation as well as lamin 

levels. Furthermore, extensive nuclear deformation caused by confined migration through 

micron-size constriction was reported to also cause extensive stretching of the chromosome 

[45] another form of chromosome rearrangement. Chromosome territory reorganizations in 

cell spreading and migration are thus tantalizing pathways for nuclear mechanosensing.

Mechanical regulation of lamin A levels

Most cells cultured on rigid substrates, such as plastic or glass, will spread onto these 

surfaces, and the stress fibers that assemble to engage adhesions then apply tension and 

compression to the encaged nucleus, which stretches and squashes to an ellipsoid shape. 

Cells on soft substrates do not spread or assemble many stress fibers, and they are more 

rounded as if in suspension, which relieves the adhesion-cytoskeleton forces and leads to a 

more spherical nuclear shape. Stress on a well-hydrated nucleus is largely sustained by the 
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nuclear lamina proteins, and lamin A level increases with the stress, whereas B-type lamins 

remain nearly constant [4]. Importantly, the trends agree with the strong positive scaling 

between nuclear lamin levels and tissue stiffness: lamin A protein levels in the softest tissues 

such as brain and marrow are on average ∼20-fold lower than levels in stiffer tissues such as 

cartilage and bone. Cells in stiffer mechanically stressed tissues thus have stiffer and 

stronger nuclei.

Phosphorylation of lamin A in interphase nuclei is a key part of the underlying 

mechanosensitive gene circuit [4,46]. Low tension on the nucleus (on soft matrix, or with 

myosin inhibition, or detachment from plastic) allows access to lamin A of a Ser/Thr 

kinase(s) in the CDK family (cyclin-dependent kinases). For decades, it has been known that 

CDKs activated in cell division phosphorylate both the A- and B-type lamins at many sites 

to solubilize them and uncage the chromatin, and interphase phosphorylation occurs at ∼10-

fold lower levels and the phosphorylated lamin A remains in the nucleus. The favored 

mechanism is that the kinase is constant in concentration and activity, but that the Ser/Thr 

sites in fibrous assemblies of lamin A become more accessible when the fibers are under low 

tension (during cell division). This is similar to a mechanism for how proteases degrade 

collagen I fibers under low versus high tension [47]. Phosphorylated lamin A is mobile in 

the nucleoplasm and is also degraded faster, based on studies of phosphomimetic constructs 

of lamin A [46]. Soft matrix thus favors more phosphorylation and more degradation to 

minimize lamin A levels (Figure 3A,B). Meanwhile, in multiple mouse model studies, lamin 

C, a splicing variant of the LMNA gene, was shown to be functionally interchangeable with 

lamin A [48,49]. Although lamin C is less studied, recent findings start to suggest its greater 

mechanoresponse than lamin A, as evidenced by its stronger correlation with cell stiffness 

[50] and higher sensitivity to tension-regulated phosphorylation [51]. Further studies on 

lamin C-specific mechanosensitivity are needed.

Mechano-regulation of lamin A protein can occur in an acute fashion in the time frame of 

within hours of mechanostimulation, and it eventually feeds back into transcription of the 

lamin A gene [4]. The promoter region of lamin A (LMNA) harbors multiple retinoic acid 

response (RAR) elements that bind RAR transcription factors (evident in the ENCODE 

database), and immunoprecipitation of one of these RAR proteins (RARG) followed by 

mass spectrometry identified the nuclear envelope protein SUN2 as a potential binding 

partner. SUN2 is an integral membrane protein that binds lamin A protein, but can also 

diffuse into the ER (endoplasmic reticulum) contiguous with the envelope. Nuclear entry of 

RARG was found to be partially regulated by the levels of both SUN2 and lamin A (Figure 

3C). This example of a mechanobiological gene circuit is perhaps a first and can be 

formalized mathematically as follows [4]:

d lamin A
dt = aLMNA − tension suppressed degradation

dLMNA
dt = b lamin A − cLMNA

where a, b, c are constants and the degradation term exhibits Michaelis–Menten kinetics 

with lamin A. Steady-state solutions show that lamin A protein increases as a function of 

tension or, equivalently, matrix stiffness since tension on the nucleus increases with stiffness 
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of the matrix. Since RAR is, of course, regulated by retinoic acid, which is a membrane-

permeable lipophilic molecule derived from vitamin A and essential in development [52], 

the soluble microenvironment also modulates nuclear mechanosensing of matrix mechanics.

Signaling pathways regulated by lamin A level

Many studies have shown the effect of extracellular mechanical cues on cell biological 

processes, including the differentiation of mesenchymal stem cells (MSCs) [53] and 

regulation of transcription factors. The latter include SRF transcription and activation 

[54,55] as well as nuclear translocation of YAP1 [15], β-catenin [56], NF-κB [57], and 

NKX2.5 [58]. SRF is especially interesting as it feedbacks and regulates its own expression 

functions as a master regulator for many other actin-interacting factors, including nonmuscle 

myosin-IIA [24,46,59,60]. Cell spreading increases SRF transcriptional activity [55] as well 

as lamin A levels [4]. Importantly, knockdown of lamin A suppresses SRF transcriptional 

activity [46], supporting a feedback loop between the actomyosin cytoskeleton and the 

nuclear lamina (Figure 4A,B). The mechanism probably involves nuclear actin that controls 

nuclear import of megakaryoblastic leukemia 1 (MKL1), which is a co-activator of SRF 

[60].

Hippo pathway signaling involving YAP/TAZ is well known to regulate growth in response 

to key contributions from cell junctions, polarity, and cytoskeleton [61]. In MSCs in 2D 

culture on stiff mechanical environments, YAP accumulates to regulate differentiation fates 

even after cells have been transferred to a different mechanical environment (epigenetic 

memory) [62]. Lamin A overexpression decreases nuclear YAP, which is consistent with 

decreased levels of YAP in a rigid normal tissue such as bone compared with muscle [4], 

suggesting that the YAP/TAZ pathway may be downstream of Lamin A.

Mechanosensitive nuclear lamina-associated proteins and nuclear 

membrane

Physical connections between the nucleus and the extracellular environment also include 

nuclear envelope interactions with chromatin via proteins such as lamin B receptor LBR 

[63], LAP2 [64], and emerin [65]. In addition, the lamina-binding SUNs bind nesprins [11] 

(LINC complex) that physically link to various cytoskeletal components and ultimately to 

the integrins and extracellular matrix [66]. Indeed, cutting the actin cytoskeleton with laser 

scissors causes the nucleus to move both laterally and away from the culture substrate 

[67,68]. Within the nucleus, actin might assemble and have structural roles, as it has been 

shown recently to stabilize nucleolus positioning (against gravity) in the very large nucleus 

of a Xenopus oocyte [69].

Even isolated nuclei appear mechanosensitive [70]. In one experiment, by applying magnetic 

tweezers to nesprin-1 antibody-coated beads, tension was applied to isolated nuclei from a 

cancer cell line and the nuclei showed a stiffening effect with sequential loads, suggesting an 

active response. Depletion of lamin A and emerin abolished the stiffening effect, whereas no 

effects were found after perturbing DNA, histone acetylation states, actin, SUNs, MAN1, or 

LAP2α. Reducing lamin A levels softened the nucleus, consistent with previous studies 
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[6,32], but lower emerin levels stiffened the nucleus. Importantly, pulling on nesprin-1 led to 

phosphorylation of emerin at Tyr74 and Tyr95 by Src kinase [70]. Mutation of these sites 

eliminated the stiffening effects, which reveals the importance of such phosphorylation for 

nucleus mechano-responses. With intact cells, spreading on stiff substrates leads to emerin 

phosphorylation, which is abolished by myosin II inhibition (with blebbistatin) and indicates 

the necessity of actomyosin forces. Mutation of these phosphorylation sites also decreases 

stress fibers, YAP/TAZ nuclear localization, and SRF transcription, consistent with changes 

in lamin A knockdown [31]. The reductionist studies with isolated nuclei add to the evidence 

of nucleus mechanosensing in cellular mechanotransduction.

Although continuity of the outer lipid membrane of the nucleus with the endoplasmic 

reticulum complicates lipid-based sensing in the nucleus, studies of wound healing in a 

zebrafish model suggest lipid-mediated nuclear mechanosensing [71]. In response to tissue 

damage in zebrafish, cytosolic phospholipase A2 (cPLA2) translocates from the 

nucleoplasm to the nuclear membrane upon hypo-osmotic cellular swelling; there, cPLA2 

metabolizes arachidonic acid into chemotactic eicosanoids that ultimately attract leukocytes 

to the epithelial wound [72]. Hypo-osmotic conditions drive water into a cell, with swelling 

per the van de Waals equation (Figure 2A). In the zebrafish study, nuclear swelling can also 

be induced by inhibition of actin polymerization which then also increases cPLA2 activation 

[73]. Thus, disregard of mechanism of nuclear swelling, cPLA2 will be activated. Depletion 

of lamin A does not increase hypo-osmotic nucleus swelling, but still enhances cPLA2 

activation, supporting a role of lamin A in maintaining membrane integrity [74].

Direct interaction of cPLA2 with membrane lipids was confirmed with giant lipid vesicles 

that showed cPLA2 recruitment to the membrane upon hypo-osmotic swelling. With HeLa 

cells, both compression and hypo-osmotic swelling favor cPLA2 enrichment at the 

membrane. Interestingly, just as with ATR [23], the hypo-osmotic challenge of HeLa cells 

induced protein relocalization to the nucleolus. With the zebrafish model, only necrotic cells 

with cPLA2 and nucleus swelling were able to recruit leukocytes. As currently understood, 

changes in lipid packing in response to nuclear swelling and stretching facilitate the 

membrane insertion and activation of cPLA2, which supports lipid-based mechanisms to 

nucleus mechanosensing.

Genomic consequences of nuclear rupture and mislocalization of DNA 

repair factors

The studies above all involve intact nuclei, but mechanically induced and transient nuclear 

ruptures might also affect regulated processes. Rupture had been reported for various 

cancerous cell lines in conventional cultures on rigid plastic [75] and could conceivably 

affect DNA repair and cancer mutations (Table 1). Indeed, frequent nuclear rupture of lamin 

A-deficient cells [76] caused transient mislocalization of cytoplasmic and nuclear proteins 

(including transcription factors) and even the movement of cytoplasmic organelles into the 

nucleus [77]. Importantly, such rupture can be reduced in frequency by culturing the cells on 

a soft substrate [5], by blocking actomyosin contractility with blebbistatin [78], or by 
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inhibiting NAT10, which organizes microtubule networks [79]. Matrix stiffness and 

cytoskeletal forces within cells in 2D culture are thus necessary to induce nuclear rupture.

Migration through rigid narrow channels or small pores in matrix by several cancer lines as 

well as immortalized epithelial cells (RPE-1) and primary dendritic cells has also been 

shown to cause nuclear envelope rupture. A first study showed disruption of the nuclear 

lamina as well as cell death after constricted migration [6]. The nuclear lamina disruption 

during constricted migration suggested a compromised nuclear structure. Subsequent real-

time imaging has since shown that nuclear envelope rupture causes leakage into the 

cytoplasm of GFP-tagged nuclear localization sequence constructs (GFP-NLS) [7,80]. 

Rupture tends to occur at the leading edge of the nucleus and more so after lamin A 

knockdown. One theoretical model concludes that increased pressure within the 

constriction-deformed nucleus exceeds a critical pressure (at isotonic volume), so that by the 

Law of Laplace a critical tension causes nuclear rupture, although the role for the ER as a 

lipid reservoir [81,82] that can dissipate membrane tension appears neglected in such a 

model. Alternatively, the cytoskeleton that pulls the nucleus during migration [83] might tear 

the membrane. Regardless of rupture mechanism, these studies also reported local 

enrichment of overexpressed GFP-53BP1, a protein involved in the DNA damage response, 

suggesting an increase in DNA damage during confined cell migration. Indeed, such 

migration-induced DNA damage was confirmed in another study by the use of more direct 

orthogonal measures of DNA damage (gH2AX and comet assay) [84], and shown to be 

independent of cell cycle phase [85]. One possible mechanism behind this increase in DNA 

damage is the depletion of DNA repair factors from the nucleus, which can be driven by (i) 

the nucleus to the cytoplasm mislocalization of the nuclear factors as the nucleus rupture 

[84,86] and (ii) segregation of the nuclear factors away from the chromatin that are 

compacted by the constriction [87], similar process as liquid squeezing out of a compressed 

sponge, which is consistent with the segregation observed in the hyperosmotically 

compacted chromatin (Figure 2B). Both nuclear rupture and chromatin compaction are 

direct physical consequences of the mechanical cues exerted during constricted migration 

and hence can be referred as a mechanosensation by the nucleus. In addition, for 

collagenous matrix, pore size and pore stiffness are inversely related [88]. As such, more 

DNA damage might be expected in migration through the denser collagen matrix of stiffer 

tissues (Table 1), which could explain the higher mutational load in tumors of stiff tissues. 

Indeed, increased genomic aberrations after constricted migration were reported [84]. 

However, the mechanistic link between the upstream DNA repair factor depletion and the 

downstream genomic aberrations is still missing, which will be an important follow-up of 

these recent studies.

Conclusion

Nuclear mechanosensing can occur through a diversity of mechanisms that add to the 

abundance of mechanotransduction processes described in the past for cytoplasmic and 

plasma membrane factors. The various recent studies on nucleus mechanosensing often 

converge onto the chromatin and nuclear lamina. Both of these nuclear components are 

crucial for nuclear mechanical response [37]. Furthermore, lamin A, which is clearly a 

mechanosensitive protein, is also a highly mutated protein in humans giving rise to many 

Xia et al. Page 8

Emerg Top Life Sci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diseases [89,90], and the lamins are often dysregulated in cancer [91–93]. Nonetheless, 

mechanosensing by lamina proteins might be merely representative of many other key 

biological processes in the nucleus that range from DNA repair to chromatin reorganization 

and nuclear integrity, which can all broadly affect the overall state and regulation of this 

defining organelle of eukaryotes.

Abbreviations

ATR ataxia telangiectasia and Rad3-related protein

CDK cyclin-dependent kinases

cPLA2 cytosolic phospholipase A2

ER endoplasmic reticulum

ES embryonic stem

FISH fluorescence in situ hybridization

MSCs mesenchymal stem cells

RAR retinoic acid response
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Summary

• Nuclear mechanosensing can occur through a diversity of mechanisms that 

add to the abundance of mechanotransduction processes described in the past 

for cytoplasmic and plasma membrane factors.

• The various recent studies on nucleus mechanosensing often converge onto 

the chromatin and nuclear lamina.

• Both of these nuclear components are crucial for nuclear mechanical 

response. Furthermore, lamin A, which is clearly a mechanosensitive protein, 

is also a highly mutated protein in humans giving rise to many diseases, and 

the lamins are often dysregulated in cancer.

• Nonetheless, mechanosensing by lamina proteins might be merely 

representative of many other key biological processes in the nucleus that 

range from DNA repair to chromatin reorganization and nuclear integrity, 

which can all broadly affect the overall state and regulation of this defining 

organelle of eukaryotes.
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Figure 1. Nucleus mechanosensing.
Schematic showing recent evidence of nucleus mechanosensing in factors and processes that 

range from DNA repair and nuclear protein phosphorylation to chromatin reorganization, 

nuclear membrane dilation-activated proteins, and reversible rupture with the release of 

various nuclear factors. Mechanical perturbations and hyperosmotic challenge lead to 

chromatin condensation, followed by translocation and activation of ATR to the nuclear 

peripheral region. Tension and compression applied to the nucleus during cell spreading 

induces intermingling of chromosome territories, which might pack differently in different 

nuclear shapes. Nuclear membrane stretching upon hypo-osmotic swelling and compression 

causes cPLA2 to localize to the nuclear membrane, where it activates. Pulling forces on 

nesprin-1 lead to phosphorylation of emerin, which is essential to the nucleus 

mechanoresponse and other downstream mechanotransdruction pathways, including 

transcription co-activator YAP1 localization. Similar to collagen-1 [47], high nuclear tension 

on the lamin A inhibits the access of kinases, preventing phosphorylation of the lamins, 

which, in turn, suppress lamin A disassembly and digestion. Migration through constrained 

spaces and lamin A deficiency cause transient nuclear rupture, which compromises nuclear/

cytoplasmic compartmentalization and may thereby inhibit many nuclear processes, 

including DNA repair.
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Figure 2. Nuclear volume modulation with osmotic challenge and relocalization of mobile 
nuclear factors.
(A) Osmotically induced cell and nuclear changes can be predicted by a standard van der 

Waals equation that lacks the attraction term [24], where ΔV is the change in cell or nuclear 

volume and Δπ is the change in osmotic pressure. (B) Resembling previous findings in ATR 

[23], other nuclear mobile proteins may also translocate after hyperosmotic challenge.
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Figure 3. Nuclear tension dictates lamin A turnover.
(A) Tension exerted by the stress fibers flattens and smooths the nucleus of cells cultured on 

stiff substrate. (B) High tension on the lamina inhibits the access of kinases to lamin A, 

preventing phosphorylation of the lamins, which is essential for lamin A disassembly and 

turnover. (C) High tension-induced lamin A integrity helps retain SUN2 at the nuclear 

envelope; this shift of SUN2 from the endoplasmic reticulum into the nucleus also facilitates 

RARG entry and retention.
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Figure 4. Gene circuit of tension-regulated lamin A expression.
(A) Tension-dependent phosphorylation and turnover feeds into transcriptional regulation. 

Lamin A,C protein transcriptionally regulates LMNA via the retinoic acid pathway (through 

SUN2 as a mediator, α) and also MYH9 via the SRF pathway (through nuclear actin). On 

stiff matrix, non-phosphorylated, contraction-competent myosins positively regulate lamin 

A,C, favoring assembly and opposing degradation that occurs on soft matrices. (B) A simple 

model was generated based on the gene circuit: time evolution of LMNA mRNA (M) level is 

dependent on the LMNA protein level (P), whereas the protein level itself is regulated by a 

tension-dependent degradation term, h. The model shows that tension-regulated protein 

turnover can produce steady-state protein levels that scale with cell tension. Trajectories of 

lamin A message and protein as the model converge from a range of initial conditions to a 

single steady-state solution appropriate to the tension.
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Table 1

Genomic variation increases with tissue stiffness across various tumor types.

For different cancers, the median number of somatic mutations per Mb increases [18,94–98] with tissue stiffness. Tissues range from soft (green), 
such as marrow and brain, to stiff (red), such as lung and skin and even muscle and bone.
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