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Abstract

Cells respond to mechanical forces by activating specific genes and signaling pathways that allow 

the cells to adapt to their physical environment. Examples include muscle growth in response to 

exercise, bone remodeling based on their mechanical load, or endothelial cells aligning under fluid 

shear stress. While the involved downstream signaling pathways and mechanoresponsive genes 

are generally well characterized, many of the molecular mechanisms of the initiating 

‘mechanosensing’ remain still elusive. In this review, we discuss recent findings and accumulating 

evidence suggesting that the cell nucleus plays a crucial role in cellular mechanotransduction, 

including processing incoming mechanoresponsive signals and even directly responding to 

mechanical forces. Consequently, mutations in the involved proteins or changes in nuclear 

envelope composition can directly impact mechanotransduction signaling and contribute to the 

development and progression of a variety of human diseases, including muscular dystrophy, 

cancer, and the focus of this review, dilated cardiomyopathy. Improved insights into the molecular 

mechanisms underlying nuclear mechanotransduction, brought in part by the emergence of new 

technologies to study intracellular mechanics at high spatial and temporal resolution, will not only 

result in a better understanding of cellular mechanosensing in normal cells but may also lead to the 

development of novel therapies in the many diseases linked to defects in nuclear envelope 

proteins.
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1. Introduction

Mechanotransduction describes the cellular and molecular processes of converting 

mechanical stimuli into biochemical signals. Since the discovery of stretch sensitive ion 

channels, the field has rapidly expanded, leading to the discovery of numerous force 

sensitive proteins within the cytoplasm and plasma membrane, such as titin, talin, vinculin, 
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and p130Cas (Seifert and Grater, 2013). Disturbed cellular mechanotransduction causes 

numerous defects on the cell, tissue, and organ level (Jaalouk and Lammerding, 2009); thus, 

it only seems logical that the human heart, which beats on average 2.5 billion times over the 

course of a lifetime, requires tightly regulated and robust mechanoregulation. Beyond this, 

the importance of mechanoelectric feedback adds another layer of complexity to cardiac 

mechanotransduction. For instance, ion channels such as Cav1.2 and the TRP family of ion 

channels have specific locations in the heart and enable organ level responses to pressure 

and volume fluctuations by helping regulate action potentials (Takahashi et al., 2013). 

Connexins, transmembrane proteins important for gap junction formation, may act as 

effectors to coordinate excitation-contraction coupling (Meens et al., 2013). Beyond this, 

connexin-43 is upregulated in response to mechanical stimulation and precedes other cell-

cell junction formations. While mechanosensing at the plasma membrane and the 

cytoskeleton has been well studied, our knowledge quickly diminishes as we probe deeper 

into (cardiac) cells. It is clear that cardiac myocyte nuclei undergo substantial deformations 

during contraction (Fig. 1); however, one remaining central question in cardiac 

mechanobiology and mechanobiology in general, revolves around the extent to which the 

nucleus itself can act as a mechanosensor.

A mechanosensor, as we will define it, is a protein (or, more generally, a cellular structure) 

that translates a mechanical input into a biochemical output, thereby initiating 

mechanoresponsive signaling pathways. Typically, molecular mechanosensing involves 

force induced conformational changes, resulting in altered interaction with binding partners 

or modulation of (protein) activity. It is well established that the nucleus plays an important 

role in mechanotransduction signaling, i.e., the process of biochemical signal propagation 

and processing, as most signaling pathways eventually culminate with nuclear proteins 

binding to specific genomic elements to modulate transcription. It is also known that the 

nucleus is mechanically connected to the rest of the cell via LINC (Linker of 

Nucleoskeleton and Cytoskeleton) complex structures in the nuclear envelope. These 

complexes are akin to focal adhesions at the plasma membrane, allowing for cytoskeletal 

and external forces to result in nuclear deformations (Lombardi and Lammerding, 2011). 

But, the question remains: can mechanically induced nuclear deformations directly control 

gene expression in a predictable, biologically-meaningful way? If so, what are the molecular 

mechanisms that enable the nucleus to sense and respond in this way? What are the 

implications for cardiac function in health and disease? Are there cardiac specific 

mechanisms for nuclear mechanotransduction?

The emergence of new technologies—ranging from advanced imaging and bioengineering 

approaches for cell-based assays, to molecular probes that can detect nanoscale forces and 

deformations—has enabled the scientific community to finally start addressing this 

important question. In the following sections, we will briefly outline current models of 

nuclear mechanotransduction before discussing how recent findings, ranging from cellular 

and subcellular studies to human diseases, and corresponding disease models are beginning 

to shape a clearer portrait of the nucleus as both a mechanosensor and a central processing 

hub for mechanoresponsive signaling pathways. Lastly, we will highlight how recent and 
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ongoing advances in technology development will help to further elucidate the fascinating 

biology of nuclear mechanotransduction and its role in human health and disease.

2. The nucleus at the center of the cell

A basic overview of the mechanical connectivity linking the nucleus to the rest of the cell 

and its ECM surroundings (Fig. 2) provides a helpful roadmap for understanding how the 

nucleus may carry out mechanotransduction processes. The nucleus is encapsulated by a 

double lipid membrane system, composed of the inner and outer nuclear membrane (INM, 

ONM), that is studded with nuclear pores. Driven by recent advances in protein isolation, 

mass spectroscopy, and super-resolution imaging, it is now emerging that cells contain 

hundreds or even thousands of nuclear envelope transmembrane proteins (NETs), many of 

them specific to the nuclear membranes, and their expression varying widely between cell-

types and tissues (de las Heras et al., 2013; Korfali et al., 2012; Schirmer et al., 2003). 

Underlying the INM resides the nuclear lamina, a dense 25-50 nm thick intermediate 

filament meshwork composed of A- and B-type lamins, which provides structural support to 

the nucleus and helps space nuclear pore complexes (Crisp et al., 2006a; Ho and 

Lammerding, 2012; Lammerding et al., 2006; Versaevel et al., 2013). Importantly, lamins 

bind to a large number of other nuclear (envelope) proteins, including members of the LEM 

protein family, comprised of LAP2, emerin, and MAN1, as well as heterochromatin. The 

nuclear envelope proteins interact with a variety of transcription factors in the 

Retinoblastoma (Rb), Wnt, TGF-β, and MAPK pathways, as well as more general 

transcription factors such as BAF and SREBP (Haraguchi et al., 2001; Lloyd et al., 2002; 

Margalit et al., 2007; Margalit et al., 2005; Moiseeva et al., 2011; Rodriguez et al., 2010; 

Wilson and Foisner, 2010). As such, nuclear envelope proteins are ideally situated to control 

critical signaling pathways involved in mechanotransduction signaling.

In addition to stabilizing and organizing the nucleus, lamins help tether the nucleus to the 

surrounding cytoskeleton via a set of INM and ONM proteins comprising the LINC complex 

that bridges the luminal space (Crisp et al., 2006b). The LINC complex is made up of SUN 

protein trimers that span the INM, and at least one of five KASH-domain containing protein 

family members, primarily called nesprins, on the ONM (Rothballer et al., 2013a; 

Rothballer et al., 2013b; Roux et al., 2009; Sosa et al., 2013; Wilhelmsen et al., 2005; Zhang 

et al., 2002; Zhang et al., 2001). We refer to excellent recent reviews (Gundersen and 

Worman, 2013; Rothballer and Kutay, 2013) for a detailed discussion of LINC complex 

structure and nucleo-cytoskeletal coupling. The cytoplasmic domains of the various nesprins 

can connect to the actin, microtubule, and intermediate filament cytoskeletal systems, either 

by direct interaction or via molecular linkers such as plectin or the microtubule-associated 

motors dynein and kinesin (Rajgor and Shanahan, 2013). The cytoskeletal filaments then 

connect through the plasma membrane and focal adhesions to the extracellular matrix and 

cell-cell junctions, completing the physical connection from genome to extracellular 

environment. Consequently, mechanical stimuli from the cell exterior or the cytoplasm are 

directly transmitted to the nucleus, where they can result in substantial deformations 

(Maniotis et al., 1997). From this, it becomes evident that the nucleus and nuclear envelope 

proteins sit at the crossroads between extracellular (mechanical) signals and transcriptional 

response(s).
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3. The theory – potential mechanisms of nuclear mechanosensing

As we gain a better understanding of the structure and function of the nuclear envelope and 

interior, we move ever closer to comprehending how the nucleus perceives and responds to 

force. Based on our current knowledge, a number of (non-mutually exclusive) molecular 

mechanisms have been proposed that could directly modulate nuclear structure and 

transcriptional regulation, thereby enabling the nucleus to transduce mechanical forces into 

biochemical signals (Fig. 3).

3.1. Conformational changes of nuclear (envelope) proteins and chromatin

Force-induced unfolding of nuclear proteins, either at the nuclear envelope or the nuclear 

interior, may reveal cryptic binding sites, promoting altered protein-protein interactions or 

phosphorylation of specific residues via nuclear kinases. Phosphorylation of specific nuclear 

envelope components may further alter interaction with their binding partners (Guilluy et al., 

2014) or, in the case of lamins, trigger (partial) depolymerization of the nuclear lamina, 

similar to the events occurring during mitosis (Kochin et al., 2014; Swift et al., 2013). Even 

forces too low to result in partial protein unfolding (e.g., in the low picoNewton range) may 

still be sufficient to dissociate nuclear proteins from each other, as demonstrated for 

nucleosomal protein complexes (Poh et al., 2012), or to affect chromatin structure (Iyer et 

al., 2012; Li et al., 2011), which could alter accessibility to transcriptional regulators. 

Further biophysical and biochemical assays will be required to define the relevant force 

thresholds, identify the corresponding protein conformational changes, and evaluate the 

impact on protein-protein interactions and chromatin structure and organization.

3.2. Changes in gene location

In addition to changes in chromatin conformation, forces transmitted to the nuclear interior 

may also impact gene location. We now know that chromosomes reside with high 

probability in specific “territories” and that the spatial arrangement of specific DNA 

segments can vary widely between cell types and even change position over time within a 

given cell (Stancheva and Schirmer, 2014). For the most part, transcriptionally active 

euchromatin resides in the nuclear interior or close to nuclear pores, whereas 

heterochromatic and transcriptionally repressed regions associate with lamins and lamin-

associated proteins at the nuclear periphery. Force-induced detachment of specific gene loci 

from the nuclear periphery may thus result in activation of the associated genes, whereas 

recruitment of genes to the nuclear periphery (for example, due to altered protein-protein or 

DNA-protein interactions), may result in gene silencing.

While changes in the position of specific gene loci are well documented, the underlying 

molecular mechanisms remain elusive, along with the potential involvement of nuclear 

molecular motors such as myosin. A further examination of nuclear actin and nucleosome 

scaffolding will be necessary to understand if/how forces may directly modulate gene 

localization and transcription. Interestingly, nuclear actin has the potential to integrate both 

biophysical and biochemical cues, making it a prime candidate for nuclear mechanosensing. 

The recent development of fluorescent reporters to visualize monomeric and filamentous 
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nuclear actin (Belin et al., 2013) and other nucleoskeletal components will enable imaging 

dynamic changes in nuclear organization in real time.

3.3 Other potential nuclear mechanosensing mechanisms

It is intriguing to speculate on additional molecular mechanisms that may contribute to 

nuclear mechanotransduction. Several studies have shown that cellular and nuclear volume 

can change dramatically in response to mechanical force application (Guilak, 1995; Rowat 

et al., 2006; Versaevel et al., 2012). As the volume reduction is primarily caused by loss of 

water (Rowat et al., 2006), the osmolarity of the cellular compartments and concentration of 

nuclear and cytoplasmic proteins may change significantly, affecting biochemical signaling 

and intracellular mechanics. Osmotic, tensile, and compression forces may also influence 

nuclear membrane permeability by opening stretch-sensitive channels or by inducing 

transient ruptures in the membrane. Taken together, calcium entry through nuclear ion 

channels or nuclear volume fluctuations may be sufficient to trigger a nuclear 

mechanoresponse (Finan et al., 2011).

The nuclear pore complex (NPC) is another potential mechanotransduction gateway into the 

nucleus, yet it remains much of a black box despite advancements in theoretical modeling 

techniques. NPCs interact with both the cytoskeleton and the genome (directly and through 

lamins) and are generally considered sites of active transcription (Akhtar and Gasser, 2007) 

with their constituent nucleoporin proteins having a role in both mRNA export (Ball et al., 

2007) and gene expression (Griffis et al., 2004; Kalverda et al., 2010). It remains to be 

proven whether cell stretching forces can expand the pore, thus increasing the size 

discrimination threshold and allowing passive diffusivity of molecules at or near the size 

cutoff (e.g. monomeric actin ~40 kDa). Similarly, other stretch-activated ion channels on the 

nuclear membranes could mediate mechanically induced influx of calcium or other ions 

from the cytoplasm or endoplasmic reticulum into the nuclear interior, similar to the 

processes observed at the plasma membrane, or sarcoplasmic reticulum. Lastly, 

mechanically induced changes in nuclear membrane composition or conformation may 

provide an additional mechanosensing mechanism. For example, free energy fluctuations in 

lipid bilayers may aid in force sensing by causing conformational changes in transmembrane 

proteins or by recruiting proteins or other factors which are sensitive to membrane 

curvature.

4. The case for nuclear mechanotransduction – getting to the nucleus of it

Cells subjected to mechanical stimuli respond with rapid (<30 min) activation of 

characteristic ‘mechanosensitive’ genes such as Egr-1, Iex-1, or Pai-1 that often represent 

immediate early transcription factors that turn on additional genes. Many of these responses 

appear quite ubiquitous and can be observed in a number of different cell lines, including 

fibroblasts, myotubes, and neonatal cardiac myocytes (Banerjee et al., 2014; Ho et al., 

2013b; Lammerding et al., 2004). Intriguingly, cells lacking the nuclear envelope proteins 

lamin A/C (Lammerding et al., 2004), emerin (Lammerding et al., 2005b), or nesprins-1 and 

-2 (Banerjee et al., 2014) have significantly attenuated expression of Egr-1 and Iex-1 when 

subjected to cyclic strain, despite normal or even increased activation of cytoplasmic MAPK 

signaling. These findings provided the first experimental clues depicting the role of the 
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nucleus in cellular mechanotransduction. The question whether (or to what extent) the 

nucleus serves as a cellular mechanosensor has occupied researchers for at least two decades 

(Davies, 1995; Wang et al., 2009); only in recent years have novel technologies and 

improved insights into nuclear architecture and nucleocytoskeletal coupling enabled more 

direct observations of potential nuclear mechanotransduction processes.

4.1. Mechanically induced changes in nuclear structure and organization

It is now well established that forces exerted at the cell surface or cytoskeleton can induce 

rapid, subnuclear deformations by propagating through the cytoskeleton and the LINC 

complex (Lombardi et al., 2011; Maniotis et al., 1997). However, many questions remain: 

What types of forces (magnitude, duration, location) are sufficient to trigger direct 

mechanotransduction responses from the nucleus? Which part(s) of the nucleus constitutes 

the mechanosensitive element(s)? Does the location of specific genes within the chromatin 

architecture influence the mechanoresponse? What are the timescales involved? Combining 

old and new technologies to both apply and record the effect of forces on the nucleus are 

beginning to answer these questions.

Mechanical forces can be transmitted through the cytoplasm much faster than diffusion 

based biochemical signals (30 m/s for mechanical stress propagation versus 1-2 μm/s for 

small chemical diffusion or motor-based transport) (Wang et al., 2009); therefore, rapidly 

induced changes in nuclear organization likely signify direct mechanosensing events (Na et 

al., 2008; Wang et al., 2009). For example, applying low (0.8 to 1.7 nN) forces to the surface 

of HeLa cells using magnetic tweezers results in a rapid (< 5 second) decrease in the 

fluorescence anisotropy of GFP-labelled histones, indicative of chromatin decondensation 

(Iyer et al., 2012). The effect is reversible upon cessation of the force; however, sustained 

force application (> 225 seconds) promotes irreversible changes to nuclear morphology. One 

caveat is that the observed intranuclear changes may also result from altered cell 

morphology in response to mechanical stress (Guilak, 1995; Knight et al., 2002; Legant et 

al., 2010), placing the nucleus downstream of these cytoplasmic changes. Nonetheless, 

additional evidence for molecular level changes inside the nucleus in response to external 

force application was provided by Poh and colleagues, who used fluorescence resonance 

energy transfer (FRET) assays to demonstrate rapid (<1 second) dissociation of two Cajal 

body (CB) proteins (SMN and coilin) in response to mechanical stress at the HeLa cell 

membrane. This phenomenon was irreversible and dependent on both substrate stiffness and 

an intact nuclear envelope.

To minimize confounding effects from upstream biochemical signals emanating from the 

cytoplasm, several groups have begun investigating nuclear mechanotransduction 

mechanisms in isolated nuclei. Using this strategy, Swift et al. (Swift et al., 2013) uncovered 

a cryptic site (Cys522) in the Ig-domain of lamin A that partially unfolds in response to 

shear stress on the order of 1 Pa. The shear-sensitive residue was identified using ‘cysteine 

shotgun mass spectrometry’ (CS-MS), a technique that utilizes the biochemical properties of 

cysteine (i.e., a hydrophobic amino acid often found buried at the core of proteins and 

possessing a reactive thiol-group) to covalently link the exposed amino acid to a fluorescent 

molecule. To what extent the observed force-induced unfolding occurs under physiological 

Fedorchak et al. Page 6

Prog Biophys Mol Biol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



conditions in intact cells remains to be seen; nonetheless, the study presents an exciting 

advance in examining the ability of the nucleus to directly “sense” forces.

Perhaps some of the strongest evidence for direct nuclear mechanosensing to date comes 

from a recent study showing that isolated nuclei adjust their stiffness in response to force 

application through nesprin1 by recruiting lamin A/C to the LINC complex and thereby 

strengthening the nuclear envelope and nucleo-cytoskeletal coupling (Guilluy et al., 2014). 

The response is mediated by Src-dependent phosphorylation of emerin at two specific 

tyrosine residues (Tyr 74 and Tyr 95). While the study nicely illustrates that nuclear players 

are sufficient to dynamically regulate emerin phosphorylation and nuclear envelope 

composition, many important questions remain: is nuclear Src activated by mechanical 

stress (via nesprin1), or do the mechanical forces induce changes in emerin accessibility or 

localization that then result in the phosphorylation of emerin by already active Src? How 

does emerin phosphorylation mediate lamin A/C recruitment to the LINC complex? Does 

emerin phosphorylation regulate nuclear mechanics (Guilluy et al., 2014) and transcription 

(Ho et al., 2013b; Lammerding et al., 2005b) through distinct or overlapping pathways? 

Further experiments will be needed to elucidate the exact role of nesprins, emerin, and other 

nuclear envelope proteins in nuclear mechanotransduction signaling, as well as their 

dynamic posttranslational modifications and diverse interactions with signaling and 

structural proteins.

The potential for dynamic lamin recruitment to the mechanically perturbed-LINC complex 

(Guilluy et al., 2014) and, more generally, the emergence of dynamic interaction and 

localization of nuclear envelope proteins has interesting implications. First, it requires 

updating the simple model of lamins in the interphase nucleus as a static scaffold for 

neighboring proteins to bind. Rather, it suggests that many of the known interactions, for 

example, at the LINC complex, may be highly dynamic and regulated by phosphorylation or 

binding to other proteins such as Samp1 (Borrego-Pinto et al., 2012). Furthermore, SUN 

proteins, emerin, and nesprins may conversely help anchor A-type lamins at the nuclear 

periphery and form an interdependent network there (Banerjee et al., 2014); with the loss of 

any of these proteins, due to mutations or posttranslational modifications, the network and 

its connection to the nuclear membranes are re-arranged, modulating nuclear stability, 

nucleo-cytoskeletal coupling, and other nuclear envelope functions. There is also evidence 

that nuclear envelope components such as BAF1 may become mobile or immobile in 

response to stress, leading to further reorganization (Bar et al., 2014). Protein mobility 

studies and pull-down assay can be used to assess the dynamic behavior of the nuclear 

membrane, while knock down studies can help assess the impressive (partial) redundancy of 

NE proteins, such as SUN1/SUN2, A-Type/B-Type lamins (Lee et al., 2014), LEM-domain 

proteins, and nesprin1/2 (Banerjee et al., 2014). Effects of mutations or knockdown of 

nuclear envelope proteins go far beyond the nucleus itself. Studies in lamin A/C-, nesprin-, 

and emerin-deficient cells and in cells expressing dominant negative nesprin and SUN 

protein mutants have shown that disruption of the LINC complex and underlying nuclear 

lamina results in disorganized perinuclear actin and vimentin networks and impaired cell 

polarization and migration (Anno et al., 2012; Chambliss et al., 2013; Chancellor et al., 

2010; Hale et al., 2008; Lombardi et al., 2011; Luxton et al., 2010; Morgan et al., 2011).

Fedorchak et al. Page 7

Prog Biophys Mol Biol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4.2 Mechanotransduction signaling: all roads lead to the nucleus

In addition to direct nuclear mechanosensing, several nuclear envelope proteins, including 

lamins and emerin, interact with a large number of transcriptional regulators (Ho and 

Lammerding, 2012), and therefore have the potential to modulate signaling pathways 

involved in mechanotransduction signaling. Many mechanotransduction signals are initiated 

at cytoplasmic and plasma membrane locations and are then biochemically transmitted to 

the cell nucleus (Wang et al., 2009). Consequently, mechanoresponsive genes can be 

activated even in the absence of nuclear deformations, as demonstrated in cells in which 

LINC complex proteins had been disrupted (Lombardi et al., 2011). Following transduction 

of extracellular signals at focal adhesions and cadherin complexes, intracellular signaling 

cascades reach the nucleus through various second-messengers and via activation of protein 

signaling molecules such as talin, zyxin and src family kinases that respond to mechanical 

stress (Schwartz, 2010). Importantly, it is now emerging that the nucleus plays a central role 

in modulating such cytoplasm-originating mechanotransduction signals, with a variety of 

direct biochemical and functional interactions between nuclear envelope proteins and 

transcriptional regulators contributing to this processing (Table 1). In the following, we 

briefly discuss some of the key mechanotransduction signaling pathways that interact with 

nuclear envelope proteins.

4.2.1 MAPK pathway—The Mitogen Activated Protein Kinase (MAPK) pathway is 

responsible for growth, differentiation and cellular response to mechanical strain, heat 

shock, and osmotic stress (Jaalouk and Lammerding, 2009; Peti and Page, 2013) and 

consists of three branches: c-Jun NH2-terminal kinase (JNK), extracellular signal-related 

kinase 1/2 (ERK1/2), and p38. Misregulated MAPK signaling is often found in cancer and 

neurodegenerative disease, as well as in cardiomyopathies and muscular dystrophies caused 

by mutations in lamins and emerin (laminopathies)(Emerson et al., 2009; Lammerding et al., 

2005b; Muchir et al., 2007a; Muchir et al., 2007b; Muchir et al., 2012a; Muchir et al., 

2012b). In particular, hyperactive MAPK signaling has been demonstrated for various 

mouse models of muscular laminopathies and cells from laminopathy patients. Increased 

MAPK activity precedes the onset of severe cardiomyopathy in Lmna H222P mutant mice, 

suggesting that it may be a cause rather than a consequence of the disease (Muchir et al., 

2007b), and inhibition of the various MAPK pathways has proven effective in ameliorating 

the cardiac phenotypes (Muchir et al., 2012a; Muchir et al., 2009). Functionally, lamin A 

mediates the interaction between ERK1/2 and the transcription factor c-Fos at the nuclear 

envelope, leading to the phosphorylation and release of c-Fos in response to stress 

(Gonzalez et al., 2008). Consequently, loss of lamins A/C can result in altered levels and 

activity of c-Fos. This may be part of a larger paradigm, whereby nuclear envelope proteins 

can sequester transcriptional regulators and control their activity on downstream target 

genes.

4.2.2 Wnt signaling—The Wnt pathway controls signals required for proper tissue 

development, a process governed extensively by mechanical forces. Disturbed Wnt 

signaling has been also reported in some progeroid laminopathies (Hernandez et al., 2010). 

β-catenin, the most well-studied Wnt regulator, transmits mechanotransduction signals from 

cell-cell interfaces to the nuclear interior, where it enhances cell growth and proliferation 
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(Markiewicz et al., 2006). Since β-catenin lacks a nuclear localization signal (NLS), it is 

thought to be imported and exported by nuclear envelope proteins such as nesprin2 and 

emerin (which form complexes together with α- and β-catenin), as well as nuclear pore 

components (Fagotto et al., 1998; Neumann et al., 2010). Studies employing human cell 

knockouts indicate a model whereby nesprin2 and emerin facilitate β-catenin import and 

export, respectively, thereby regulating the activation of downstream target genes 

(Markiewicz et al., 2006; Neumann et al., 2010). In addition, β-catenin works cooperatively 

with chromatin remodeling proteins to orchestrate epigenetic modification and 

transcriptional activation at Wnt-responsive genes (Willert and Jones, 2006).

4.2.3. MKL1/SRF activation—The MKL1/SRF pathway is another important 

mechanoresponsive signaling pathway. MKL1 is normally sequestered by G-actin in the 

cytoplasm; increased actin polymerization in response to mechanical or serum stimulation 

results in translocation of MKL1 into the nucleus, where it, together with serum-response 

factor (SRF), can activate numerous cytoskeletal genes and SRF itself. At the same time, 

nuclear actin is required for the nuclear export of MKL1 (Olson and Nordheim, 2010). 

Attesting to the intricacy of mechanosingaling, MKL1 also interacts with β-catenin (Wnt 

pathway) and Smads (TGF-β pathway) which may have implications in cell differentiation, 

migration and cell cycle regulation (Charbonney et al., 2011; Scharenberg et al., 2014). 

Misregulation of the MKL1/SRF pathway is implicated in many diseases affecting 

mechanically-stressed tissue. For example, SRF-null mice develop severe cardiac defects 

(Parlakian et al., 2004); cells and tissues from lamin A/C-deficient and mutant mice, as well 

as skin fibroblasts isolated from patients with dilated cardiomyopathy caused by LMNA 

mutations exhibit reduced MKL1 translocation in response to serum stimulation (Ho et al., 

2013a). In the latter cases, loss of emerin from the nuclear envelope disrupts both nuclear 

and cytoplasmic actin dynamics, causing defective nuclear import and export of MKL1 (Ho 

et al., 2013b). These findings, along with subsequent work by the Grosse group (Baarlink et 

al., 2013) suggest that emerin and the formins mDia1 and mDia2 can drive nuclear actin 

polymerization and modulate MKL1/SRF activity. Consequently, nuclear actin may serve as 

an important mechanotransduction signaling element, rapidly integrating and responding to 

numerous biochemical and biomechanical signals. Nuclear actin and actin-binding proteins 

may further contribute to the recruitment of protein kinases and histone remodelers to 

transcription sites and induce rapid changes in gene expression (Blessing et al., 2004).

4.2.4 Other pathways—Transcriptional regulators that shuttle from focal adhesion to the 

nuclear envelope have recently gained increasing attention and may provide an additional 

means for the nucleus to control mechanotransduction signaling. In particular, zyxin and 

Lmo7 are two intriguing candidates that may contribute to nuclear mechanotransduction 

processing. Downstream of ERK activation, the LIM-domain phosphoprotein zyxin relays 

signals from focal adhesions to the nucleus, where it acts as a transcription factor for genes 

related to adhesion and inflammation (Moon et al., 2006; Yoshigi et al., 2005). Zyxin 

interacts with sarcomeric elements in muscle and may directly communicate the presence of 

(intracellular) mechanical damage to the nucleus to activate either repair genes or a death 

signal, as seen in a C. elegans model for Duchenne's muscular dystrophy (Hoffman et al., 

2012; Lecroisey et al., 2013). Lmo7 is a transcription factor with major roles in cardiac and 
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skeletal muscle (Ott et al., 2008). Like zyxin, Lmo7 shuttles between focal adhesions, where 

it associates with the mechanosensitive protein p130Cas, and the nuclear envelope, where 

emerin binding modulates its activity (Sawada et al., 2006; Wozniak et al., 2013). 

Conversely, Lmo7 controls emerin expression, indicating a mutual co-regulatory mechanism 

that warrants future investigation. Lmo7 also co-localizes with F-actin and can modulate the 

G-actin/F-actin ratio (Hu et al., 2011), which may further affect MKL1 nuclear 

translocation.

While several of the molecular details of various signaling pathways are slowly coming to 

light, we still lack a fundamental knowledge of the basic biochemistry, structure, function, 

and post-translational modification of many nuclear envelope components, which may 

collectively constitute a nuclear control board. For example, the function and dynamic 

interaction of many of the nuclear membrane proteins and their binding partners remain 

incompletely understood. In addition to sequestering transcriptional regulators, nuclear 

envelope proteins can also directly affect chromatin structure and organization, thereby 

further modulating transcriptional activity (Stancheva and Schirmer, 2014). New insights 

into the role of nuclear envelope proteins into cellular mechanotransduction signaling will 

not only provide a better understanding of physiological processes, but also hold promise for 

pharmacological intervention in the diverse laminopathies (Azibani et al., 2014).

5. The consequences of impaired mechanotransduction – the nucleus and 

human disease

5.1 Mutations in nuclear envelope proteins cause dilated cardiomyopathy

Achieving an understanding of the mechanisms underlying human disease is one of the 

major drivers in biomedical sciences. A powerful illustration of the importance of 

mechanotransduction comes from the large number of human diseases linked to defects in 

cellular structure and mechanosensing, including cardiomyopathies, vascular disease, 

muscular dystrophy, cancer, reversal of the inner organs, and hearing defects (Jaalouk and 

Lammerding, 2009). Muscle diseases, such as cardiomyopathies and muscular dystrophies, 

are often caused by mutations or deletions of proteins that make up the force-generating 

sarcomeres or that connect the sarcomeres to the extracellular matrix (Harvey and 

Leinwand, 2011). In the 1990s, the finding that many of the same phenotypes can also result 

from mutations in nuclear envelope proteins, drew attention to the importance of nuclear 

proteins in mechanotransduction (Worman et al., 2010). Beyond this, different mutations in 

similar or even identical amino acid positions can cause distinct diseases. For instance, the 

T528M and T528K mutations in the LMNA gene result in lipodystrophy and muscular 

dystrophy, respectively (Bonne et al., 1999; Savage et al., 2004). The fact that mutations in 

very different proteins can lead to similar diseases while different mutations in the same 

gene (e.g. LMNA) can cause very distinct phenotypes highlights a particularly important 

question: how is the specific disease mechanism related to nuclear mechanics and 

mechanotransduction?

Cardiomyopathies are the most prevalent phenotype clinically linked to defects in the LMNA 

gene (Narula et al., 2012). In fact, up to 48% of all cases of dilated cardiomyopathy (DCM) 
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are caused by genetic mutations and 5-10% of these mutations are found to be related to 

lamin A/C (Fatkin et al., 1999; Narula et al., 2012; Sylvius et al., 2005). Thus far, 128 

LMNA mutations have been linked to DCM (http://www.umd.be/LMNA/). Other causes of 

DCM involving nuclear envelope defects arise from mutant forms of emerin, nesprin1/2, 

Lap2α and LUMA, an inner nuclear membrane protein that associates with emerin 

(Bengtsson and Otto, 2008; Bione et al., 1994; Taylor et al., 2005). Beyond nuclear proteins, 

DCM is often caused by mutations in cytoskeletal or sarcomeric proteins such as myosin, 

troponin, or desmin involved in cellular force generation and transmission (Kamisago et al., 

2000). DCM presents with a phenotype characterized by progressive weakening of the heart 

muscles, thinning of the left ventricle wall, and insufficient pumping that typically leads to 

heart failure. LMNA mutations are particularly associated with conduction defects (30-45% 

of familial and 80% of non-familial cases) and arrhythmia leading to higher incidence of 

ventricular tachyarrhythmia and subsequent sudden cardiac arrest (Narula et al., 2012; Siu et 

al., 2012). In mice, lamin A/C haploinsufficiency is sufficient to produce a phenotype; in 

humans most disease cases are the result of heterozygous lamin mutations. Recently, it has 

been shown that some DCM laminopathy patients exhibit a decrease in lamin A/C 

expression in their myocytes and in their peripheral blood compared to healthy individuals, 

which could serve as a biomarker with clinical diagnostic potential (Narula et al., 2012). 

However, other reports in mice and laminopathy patients found that many lamin A/C 

mutants are expressed at similar levels as wild-type lamin A/C (Zhang et al., 2013).

On a more mechanistic level, biochemical and mechanical analyses of the structure-function 

consequences of specific DCM lamin mutations will lead to better mechanistic 

understanding not only of cardiomyopathies but also other diseases related to lamins. A 

recent paper demonstrated how three DCM causing mutations led to altered secondary/

tertiary protein structure, association constants, and higher order assembly in lamins 

(Banerjee et al., 2013). Combing these types of studies with the ones done by the Neumann 

and Lammerding groups on the effect of specific mutations on other nuclear envelope 

binding and mechanics (Yang et al., 2013; Zwerger et al., 2013) will be an important step 

forward in determining disease mechanism. The addition of molecular modeling to this suite 

of experiments will only make the findings more robust for characterizing various 

mechanotransduction mechanisms.

Going beyond stand-alone DCM, muscular dystrophies also often present with cardiac 

conduction defects. Emery-Dreifuss muscular dystrophy (EDMD) can be caused by 

mutations in emerin (X-linked EDMD), lamins A/C (autosomal dominant EDMD), 

nesprins1/2 and LUMA (Bengtsson and Otto, 2008; Bione et al., 1994; Bonne et al., 1999; 

Isermann and Lammerding, 2013; Zhang et al., 2007). These nuclear envelope mutations 

produce similar, but less severe phenotypes, than the more common Duchenne's muscular 

dystrophy, which is caused by mutations in the dystrophin complex linking the cytoskeleton 

to the plasma membrane. Additionally, mutations in lamins and other nuclear envelope 

proteins can cause a variety of other diseases (laminopathies), some of which also have 

cardiac phenotypes. One such disease is Hutchinson-Gilford progeria syndrome, a premature 

aging disease that causes increased nuclear stiffness due to a mutant form of lamin 

(progerin), which alters the cellular response to mechanical stress (Dahl et al., 2006; 
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Verstraeten et al., 2008). This change in nuclear mechanics provides a potential explanation 

for the lethal cardiovascular phenotypes in this disease. Please see (Isermann and 

Lammerding, 2013) for a detailed review of other laminopathies such as liopdystrophy and 

Charcot-Marie-Tooth disorder. As lamins have a broad range of functions (Ho and 

Lammerding, 2012), it remains unclear to what extent defective mechanotransduction 

contributes to the various laminopathies.

For most of these diseases, and certainly DCM, the underlying nuclear molecular details 

remain incompletely understood, even in cases where mutations in specific genes have been 

identified as the primary cause. Is the role of the nucleus primarily structural, with a 

decrease in nuclear stability and impaired intracellular force transmission promoting cell 

death and dysfunction in mechanically stressed tissues? Is it primarily biochemical, with 

changes in specific protein-protein interactions causing aberrant signaling and function? Or 

is it a combination of both, with structural and biochemical changes affecting nuclear 

mechanosensing and mechanotransduction processing? Furthermore, are the often tissue-

specific phenotypes caused by defects in stem cell differentiation or maintenance, or do they 

result from some cell types being particularly sensitive to lamin mutations? Novel 

experimental approaches using mouse embryonic stem cells lacking specific lamins and 

studies on human iPSC-derived cardiac myocytes and other cell types will help address 

these questions.

5.2. The effect of lamin mutations on nuclear structure and mechanics

Generally, nuclear mechanics can be broken down into two main components: (1) the 

viscoelastic chromatin, which resists compaction higher than 60% (Guilak and Mow, 2000; 

Rowat et al., 2013; Rowat et al., 2006; Versaevel et al., 2013); and (2) the elastic lamina, 

which has an elastic modulus approximately 50-times higher than the plasma membrane in 

endothelial cells (Caille et al., 2002). When cells or isolated nuclei are subjected to 

mechanical stress, nuclei undergo rapid, mostly elastic (i.e., reversible) deformations with 

viscoelastic contributions on the time-scale of seconds; continued force application can 

result in additional viscous, plastic deformations (Rowat et al., 2005). For example, in cells 

exposed to shear stress, the nucleus deforms plastically with nuclear elongation and 

stiffening persisting for at least 24 hours after release from the substrate (Deguchi et al., 

2005; Sato et al., 1987; Sato et al., 1996), suggesting long-term reorganization of nuclear 

structure in response to mechanical force.

Analysis of cells lacking specific nuclear envelope proteins revealed that nuclei from lamin 

A/C-deficient cells have a much lower elastic modulus and increased nuclear fragility 

compared to control cells (Broers et al., 2004; Guilluy et al., 2014; Lammerding et al., 2006; 

Lammerding et al., 2004; Lee et al., 2007), with nuclear stiffness increasing as a function of 

lamin A/C expression (Lammerding et al., 2006; Swift et al., 2013; Zwerger and Medalia, 

2013). Interestingly, changes in the levels of lamin B1/B2 or emerin had only relatively 

minor or no effects on nuclear deformability (Lammerding et al., 2005a; Rowat et al., 2005; 

Rowat et al., 2006). Of note, different disease-causing lamin A/C mutations can have very 

distinct effects on nuclear mechanics. While mutations responsible for familial partial 

lipodystrophy do not disturb the structural function of lamins, many, but not all, mutations 
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causing muscular dystrophy and dilated cardiomyopathy result in a loss of structural 

function, reflected in increased nuclear deformability (Zwerger et al., 2013). On the other 

hand, expression of progerin, the mutant lamin A responsible for Hutchinson-Gilford 

progeria syndrome, results in increased nuclear stiffness (Dahl et al., 2006; Verstraeten et 

al., 2008).

6. The road ahead - Technology leading the way

The ability to identify specific changes to gene location, chromatin structure, chromatin 

organization, and transcriptional activity in response to mechanical force would bring much 

clarity to identify specific nuclear mechanotransduction mechanisms. Emerging methods 

and technologies that can relate intranuclear forces with biochemical events such as 

conformational changes and transcriptional processes, particularly on the single cell level, 

have the potential to transform the way we study the nucleus (Fig. 4) and will help 

determine whether the nucleus itself can transduce mechanical forces into biochemical 

signals or whether it merely processes and relays the aftereffects of mechanotransduction 

events happening elsewhere in the cell.

6.1 Measuring forces at the molecular level

Experiments on primary cardiac myocytes and cultured cells have yielded valuable insights 

into the forces generated by the cells and transmitted to their microenvironment. In contrast, 

there is a tremendous need to measure the forces acting on intracellular structures, 

particularly the nucleus and nuclear interior, in resting cells and under physiological load, 

e.g. during cardiac myocyte contraction and dilation. Genetically encoded FRET-based 

biosensors offer a particularly attractive tool to study mechanically induced conformational 

changes inside living cells at high tempo-spatial resolution, as indicated by their successful 

use in studying the physical forces acting on vinculin at focal adhesions (Grashoff et al., 

2010) and spectrin structures in the cytoskeleton (Meng and Sachs, 2011). Similar force 

sensors could be used to measure the forces transmitted from the cytoskeleton to the nucleus 

or the forces acting on specific DNA domains, which would provide valuable input for 

single molecule experiments and computational molecular simulations (see below). FRET-

based approaches, albeit to study protein-protein interactions rather than to measure forces, 

have already contributed new insights into nuclear mechanosensing (Poh et al., 2012) and 

may be further strengthened by recent advancements in FRET technology (Rahim, Kamm, 

2013; others). In addition to FRET-based probes, other new technologies have been recently 

developed which may be adapted to measure forces acting on or within the nucleus. Tension 

gauge tether (TGT) technology uses ligand-conjugated DNA tethers covalently attached to a 

surface to determine single molecule forces required for mechanical signaling in cells. 

Applied to isolated nuclei, TGT could help to characterize forces on nuclear envelope 

proteins (Wang and Ha, 2013). Silicon pressure sensor chips are small enough to be taken up 

by cells and may be used in or near the nucleus to study response to osmotic stress or other 

forces (Gomez-Martinez et al., 2013). Ligand-conjugated fluorocarbon oil droplets are 

currently too large to fit in cells, but can already help quantifying the mechanical forces in 

living tissue (Campas et al., 2014). Ultimately, these approaches might be further optimized 
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to be introduced into living cells, assuming the sensors can be stably incorporated without 

altering cellular or nuclear integrity.

6.2 Superresolution imaging

Superresolution imaging techniques such as photoactivatable localization microscopy 

(PALM) and stochastic optical reconstruction microscopy (STORM) hold the promise of an 

improved understanding of force-induced changes in chromatin folding and localization. 

Currently, many changes in nuclear structure and organization may go undetected without 

the sufficient spatial resolving power offered by advanced microscopy methods. Stimulated 

emission depletion (STED) microscopy has already been used to image the remodeling of T-

tubule membrane structures in cardiomyocytes following infarction (Wagner et al., 2012). 

One limitation of many current superresolution approaches is the long time required for 

complete image acquisition. As mentioned previously, mechanical forces propagate faster 

than chemical forces; thus, to accurately distinguish between biochemical and mechanical 

effects will require extremely high temporal resolution, requiring additional experimental 

approaches (e.g., particle tracking, fluorescence correlation spectroscopy, etc.) and further 

technology development. In the end, combining superresolution technologies with 

previously established techniques such as FRET, fluorescence lifetime imaging (FLIM), 

fluorescence recovery after photobleaching (FRAP), and similar variations will enhance our 

understanding of nuclear protein dynamics, binding and diffusion. One recent development 

in DNA-protein interaction studies combined binding activatable localization microscopy 

(BALM) with a method for preparing chromatin spreads from isolated nuclei, confirming 

that active RNA pol II colocalizes with decondensed regions of chromatin (Wang et al., 

2014). An important next step will be to adapt this technology to image transcriptionally 

active sites in living cells. For a more detailed discussion of these imaging technologies, 

particularly in cardiac biology, we refer the reader to some excellent recent reviews 

(Esposito et al., 2009; Kohl et al., 2013).

By combining novel imaging platforms with some of the DNA technologies discussed in the 

following section (6.3), the response of specific genes of interest to mechanical stimulation 

can be monitored. For example, epigenetic changes such as DNA methylation and histone 

modification can be visualized using superresolution microscopy in conjunction with novel 

microfluidic technologies that allow rapid detection of multiple epigenetic markers in single 

DNA strands (Benitez et al., 2012). The finding that lamins and emerin are powerful 

modulators of epigenetic modification highlights the importance of epigenetics research. For 

example, mesenchymal stem cells transfected with lamin A/C siRNA do not exhibit the 

same reduction in histone deacetylation following compression compared to control cells (Li 

et al., 2011), and emerin activates histone deacetylase 3 as part of a process to control 

myogenic gene expression (Demmerle et al., 2012). Advanced imaging technologies may 

also help to identify local changes in nuclear structure in response to mechanical force, 

particularly on the chromatin level, as discussed below.

6.3 Detecting the effect of force on DNA, RNA and proteins

To fully characterize the effect of forces on chromatin structure and transcriptional activity, 

additional biomolecular techniques are needed. Providing an alternative to DNA 
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fluorescence in situ hybridization (FISH), a GFP-labeled CRISPR-dCas9 system can be used 

to fluorescently tag specific genetic loci of interest in living cells to monitor changes in 

nuclear localization under mechanical forces. Other techniques such as such as 

Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)-seq or DNase-seq can 

identify regions in chromatin that unfold/open up/become active in response to mechanical 

stress. In addition, imaging nucleosome dynamics can be used to monitor chromatin 

accessibility, as demonstrated by a clever imaging technique involving fluorescence 

correlation spectroscopy and Monte-Carlo computer simulations (Hihara et al., 2012). These 

techniques are essential to identify if/how global force application to the nucleus can 

activate specific genes, rather than cause global changes in chromatin structure and 

transcriptional activity.

At the protein level, questions remain regarding the composition of the nuclear envelope and 

the structure of its constituents, such as lamins. There has also been a report of a highly 

dynamic perinuclear region of unknown composition and function which may modulate 

forces propagating to the nucleus (Shaiken and Opekun, 2014), but further investigation is 

necessary. Continued advances in mass spectrometry will help to explore the role of 

posttranslational modifications (e.g. phosphorylation, other chemical modifications, and 

local opening/unfolding) in nuclear mechanotransduction. The CS-MS technology 

developed by Discher and colleagues to identify force-induced unfolding of the lamin Ig-

fold under force (Swift et al., 2013) is a prime example of how advances in technology can 

drive the field of mechanobiology. Such techniques, when combined with controlled force 

application to cells or isolated nuclei, will be pivotal in determining how observed structural 

changes can affect the biological activity of the affected molecules. In addition to improving 

our understanding of normal nuclear mechanosensing, insight from these studies may also 

reveal how specific mutations in nuclear envelope proteins contribute to impaired 

mechanotransduction and disease.

6.4 Molecular dynamics modeling/simulations

Modeling the intracellular events, both from a mechanical/structural and chemical point, will 

be crucial to further understand the molecular mechanisms of nuclear mechanotransduction. 

Importantly, models must be capable of generating predictions that can be experimentally 

tested to validate the model or to guide further refinement. Given the size of nucleus and 

many of the involved protein complexes, computational modeling will likely require multi-

scale approaches (from the nanometer range to tens of micrometers) and coarse-graining, as 

molecular dynamics simulation are still limited to relatively few large molecules and 

extremely short time frames. Furthermore, for many important nuclear envelope proteins 

such as lamins, their full structural details and assembly mechanisms remain incompletely 

understood, stimulating more experiments.

6.5 Localized force application

Studying force-induced molecular events requires controlled and localized force application 

to cells, isolated nuclei, or individual molecules. Single molecule force spectroscopy 

(SMFS) techniques such as atomic force microscopy (AFM), optical and magnetic tweezers, 

are powerful means of applying and quantifying picoNewton-sized forces. These methods 
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excel at probing cell surfaces and biomolecules in vitro, but are limited in their probing 

depth and in their in vivo capabilities. Exposing cells seeded on flexible silicone membranes 

to cyclic strain enables a high throughput approach to studying cell and nuclear mechanics. 

This has yielded new insights on nuclear mechical properties and mechanosensitive gene 

activation (Table 2); however, it lacks the resolution desired by biophysicists to understand 

the underlying mechanisms within single cells. In addition to well established techniques 

such as atomic force microscopy and micropipette aspiration, novel experimental 

approaches such as microfluidic perfusion devices, microneedle manipulation, and 

compression chambers have recently been developed to study the role of disease-causing 

mutations on nuclear mechanics. Combined with molecular probes to study intracellular 

forces and molecular events inside the nucleus, these approaches will help address important 

questions relevant to nuclear mechanosensing (Isermann et al., 2012; Verstraeten and 

Lammerding, 2008). Microfluidic tools have the particular advantage that they can probe 

hundreds of cells/nuclei per minute, as opposed to the current AFM and micropipette 

aspiration techniques.

Forward progress will depend on the development of smaller tools such as magnetic or 

dielectric beads that can be conjugated with natural biological or biosynthetic tethers to 

allow incorporation into specific molecular niches. Laser ablation can sever individual 

filaments in the cytoskeleton or nucleoskeleton, and can be used to study the redistribution 

of force within and around structural elements such as chromatin and nuclear actin. Recent 

application of this technique to cytoskeletal actin induced rapid changes in nuclear 

morphology and even DNA reorganization, and should be repeated using beating 

cardiomyocytes (Li et al., 2014; Lu et al., 2012; Nagayama et al., 2013; Tamiello et al., 

2013). Taking advantage of the heart's innate excitation-contraction coupling to deliver 

electrical pulses which are transduced into mechanical forces is another strategy to apply 

forces to the nucleus. Patch-clamp technologies and emerging optogenetics can be used to 

gain experimental control over cardiac myocytes excitation modulate and may even record 

voltage potentials across the nuclear membrane in isolated nuclei.

6.6 More realistic in vitro models to study (cardiac) cells under physiological conditions

Micropatterned substrates to control cell shape and engineered substrates with varying 

stiffness are currently being used to better understand cellular responses to their mechanical 

environment, including changes in nuclear shape and morphology; such approaches should 

be further exploited to create better in vitro models and maintain consistent (and more 

physiological) experimental conditions (Lovett et al., 2013; Tamiello et al., 2013; Versaevel 

et al., 2012). For example, culturing neonatal cardiac myocytes on micropatterned substrates 

helps to control sarcomere organization and alignment, which is likely to be an important 

factor in transmitting forces to the nucleus. Culturing cells in three-dimensional (3-D) 

environments to better mimic their physiological environment is another important advance, 

but often comes at the cost of reduced imaging quality and experimental accessibility of the 

cell surface. One emerging technique for achieving even more physiological environments is 

the use of decellularized tissues, currently being explored mostly in tissue engineering. One 

aspect that is particularly needed in relation to cardiac systems is the incorporation of 

excitation contraction coupling – whether it is measurements of spontaneous electrical 
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impulses in correlation with nuclear events or the application of a specific potential. A better 

understanding of the interplay between nuclear mechanics, nuclear mechanotransduction, 

and electro-mechanical coupling could help explain many of the conduction defects and 

arrhythmias seen in various laminopathies.

6.7 Model Organisms

Mouse models of laminopathies have been instrumental in not only investigating the disease 

mechanism, but also in providing an important tool to study the role of the nucleus in 

mechanotransduction. Sullivan et al. described the first laminopathy mouse model 

(Lmna−/−), resulting from a large deletion of the Lmna gene (Sullivan et al., 1999). Lmna−/− 

mice appear normal at birth, but rapidly decline as they develop dilated cardiomyopathy, 

muscular dystrophy, and growth defects until death from cardiac failure occurs at about 6 

weeks of age (Nikolova et al., 2004; Sullivan et al., 1999). An independent Lmna-null model 

(LmnaGT−/−) generated using genetrap technology displays an even more severe phenotype 

(Kubben et al., 2011). Curiously, heterozygous LmnaGT+/− mice do not exhibit a phenotype, 

whereas the Lmna+/− heterozygotes develop electrophysiological abnormalities (at four 

weeks) and late-onset cardiomyopathy (Kubben et al., 2011; Wolf et al., 2008). This 

difference may be explained by recent reports of the presence of lamin A/C fragments in the 

Lmna−/− mice, suggesting that the fragments may retain some residual or dominant negative 

function (Jahn et al., 2012). On the other hand, recent biomechanical assays have shown that 

these lamin A/C fragments do not exert any dominant negative effects on nuclear stability 

(Zwerger et al., 2013), leaving the door open for their exact role in mediating disease 

phenotypes.

The fact that heterozygous Lmna+/− mice develop late-onset dilated cardiomyopathy has 

made these animals an attractive model to study the effect of increased mechanical stress on 

cardiac function. The Fatkin group sought to exacerbate the typically mild phenotype by 

subjecting Lmna+/− mice to chronic (treadmill) exercise or short-duration transverse aortic 

constriction (TAC), which results in left ventricular pressure overload. Based on their 

findings, they concluded that stress-induced apoptosis is not the driver of dilated 

cardiomyopathy (Chandar et al., 2010) however another study showed that when electrical 

stimulus was coupled with mechanical contraction apoptosis increased in induced patient 

specific pluripotent stem cells (Siu et al., 2012). Using a similar TAC model, but following 

mice over a longer period of time, Cupesi et al. found that Lmna+/− mice have a decreased 

response to left-ventricular pressure overload, reflected in impaired activation of the 

mechanosensitive gene Egr-1 and reduced cardiac hypertrophy and fibrosis (Cupesi et al., 

2010). Subsequent studies of Lmna+/− mice suggested that impaired MKL1/SRF signaling 

contributes to the reduced hypertrophy in the heterozygous mice (Ho et al., 2013b).

Further follow-up studies, potentially using double knock-out and knock-in mice, may help 

to determine the primary mechanotransduction defect(s). For example, studies in nesprin1/2 

cardiac-specific double knockout mice confirmed the importance of at least one functional 

LINC complex due to some redundancy in cardiac function and mechanotransduction 

signaling (Banerjee et al., 2014). Similarly, the generation of Lmna/Lap2α-double knockout 

mice helped to identify Lap2/pRb and Smad2/3 signaling pathways as mediators of 
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defective muscle growth in Lmna−/− mice (Cohen et al., 2013). Crossing Sirt1-deficient 

mice with laminopathy models may draw connections between gene silencing and the 

nuclear envelope, as well as cell mechanics and metabolism, since Sirt1 is a histone 

deacetylase shown to be activated by lamin A. Interestingly, resveratrol treatment enhances 

Sirt1-lamin-A binding, rescues adult stem cell decline, and increases life span in mouse 

models of progeria (Liu et al., 2012). Sirt1-deficient mice develop cardiomyopathy linked to 

disturbed modulation of Mef2 transcription factors, which control mitochondrial-related 

genes. These mice have disturbed mitochondrial function and dilated hearts, potentially 

bridging the gap between two classes of cardiomyopathy: mitochondrial myopathies and 

dilated cardiomyopathies (Planavila et al., 2012).

Knock-in models offer an important experimental platform for studying diseases caused by 

lamin mutations, since the majority of human laminopathies are caused by autosomal 

dominant mutations, in which mutant lamins are expressed at similar levels as wild-type 

lamins (Zhang et al., 2013). These models reflect the tissue specific distribution with the 

LmnaN195K/N195K model exclusively affecting cardiac muscle, while the LmnaH222P/H222P 

model exhibits both cardiomyopathy and muscular dystrophy (Arimura et al., 2005; 

Mounkes et al., 2005). However, it is noteworthy, that these studies have not closed the gap 

in our understanding of how the nucleus is important in disease progression or mechanism. 

For a detailed review of the various laminopathy mouse models, including knock-in and 

knock-out models relevant to striated muscle and progeroid laminopathies, we refer the 

reader to one of the excellent recent reviews (Azibani et al., 2014; Zhang et al., 2013).

Importantly, mouse models not only motivate potential therapies by revealing molecular 

mechanisms underlying disease pathology, but they also provide the means of testing these 

therapies in preclinical trials. Muchir, Worman and colleagues have already provided strong 

evidence that pharmacological inhibition of the mechanosensitive MAPK pathway, which is 

hyperactive in a variety of laminopathies, can dramatically improve the cardiac phenotypes 

in a variety of lamin and emerin mutant mouse models, while studies with drugs targeting 

lamin processing (e.g., farnesyltransferase inhibitors) show promise in treating progeroid 

mouse models (King and Heyer, 2013; Muchir et al., 2012a). Moving forward, novel animal 

models will provide invaluable tools for understanding nuclear mechanotransduction and its 

effect on the tissue and organismal level.

Beyond the mouse models discussed above, invertebrate models such as Drosophila and C. 

elegans provide convenient and cost-effective ways to investigate a large number of 

different mutations using powerful-genetic techniques (Lyakhovetsky and Gruenbaum, 

2014). The recent arrival of the CRISPR-Cas9 platform is expected to further accelerate the 

creation of complex disease models in a variety of organisms, allowing quicker and more 

efficient evaluation of the role of various nuclear envelope proteins in mechanotransduction 

(Shen et al., 2014).

7. Outlook & Conclusions

We can confidently proclaim that the nucleus plays an important role in cellular 

mechanotransduction and function, as the many diseases resulting from mutations in nuclear 
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envelope proteins attest. Increasing evidence suggests that the nucleus itself can respond to 

mechanical forces and deformations, resulting in altered transcriptional regulation and 

cellular function. However, many of the mechanisms remain unclear and underexplored, 

including the precise role of nuclear envelope proteins such as lamin and emerin. Do these 

proteins primarily process biochemical signals, transmit mechanical forces, or integrate 

various mechanical and biochemical inputs? Recent studies indicate that mammalian cells 

have over 100 different nuclear envelope proteins, with a large fraction of them expressed 

only in specific cell types or certain conditions, for example, during myoblast 

differentiation. These tissue-/development-specific expression patterns are likely to play 

important roles in normal cellular function and the many diseases caused by mutations in 

nuclear envelope proteins. Nonetheless, the vast majority of the nuclear envelope proteins 

are understudied, their function often completely unknown. A detailed characterization of 

these proteins is needed, ranging from their identification, expression and localization in 

various cells/tissues, interaction partners, and function. Similarly, we are still lacking a 

fundamental knowledge of the dynamic organization of the proteins that make up the 

‘nucleoskeleton’ or nuclear scaffold, including nucleoplasmic lamins, nuclear actin, and 

possibly spectrin, myosin and even titin. It is highly likely that the structure and function of 

these proteins has important effects on the three-dimensional (3-D) chromatin organization 

and transcriptional activity, particularly in response to mechanical stress. Shining light onto 

this nuclear ‘dark matter’ has tremendous potential and must go beyond a purely ‘DNA-

centric’ view.

One powerful approach to further investigate processes involved in nuclear mechanosensing 

will be to combine techniques used for the identification of (dynamic) 3-D nuclear 

architecture and gene positioning with assays that enable imaging chromatin configuration 

and transcriptional processes in living cells, particularly during mechanical perturbation, so 

that the coordinated events that govern transcriptional regulation and activity in response to 

mechanical stress can be assessed. The use of new technologies, novel applications of old 

technologies, and a combination of tools spanning different length scales are beginning to 

“close the gap,” linking global forces experienced by the cell to precise biophysical ripples 

in the genomic landscape and transcriptional events, bringing us ever closer to fully 

understanding nuclear mechanotransduction.
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Figure 1. Nuclear deformation during cardiac myocytes contraction
Time-lapse sequence of mouse neonatal cardiac myocytes spontaneous contracting in 

culture; the cytoskeleton exerts substantial forces on the cell nucleus (blue), resulting in 

reversible large nuclear deformations (white arrow). Mitochondria are shown in red.
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Figure 2. A ‘direct connection’ from the extracellular matric (ECM) to the genome
Schematic illustration highlighting the (protein) elements that maintain the structural 

integrity of the cell, as well as some of the important signaling molecules and transcriptional 

regulators (ERK 1/2, β-catenin, nuclear, pRb) and intranuclear domains (nucleolus, Cajal 

bodies). Integrins at the plasma membrane connect the ECM to cytoskeletal filaments, 

which bind the nucleus through LINC complex proteins (nesprins and SUN proteins) and the 

nuclear lamina. The outer nuclear membrane (ONM), along with the 30-50 nm wide luminal 

space enclosed between the inner nuclear membrane (INM) and ONM, is continuous with 

the endoplasmic reticulum. Bridging the nuclear membranes are nuclear pores that allow for 

transport of large molecules, such as transcription factors or RNA, between the nucleus and 

the cytoplasm. Composed of both A- and B-type lamins, the lamina helps to tether 

heterochromatin, transcription factors, and nuclear membrane proteins to the nuclear 

periphery (Ho and Lammerding, 2012; Lin et al., 2000; Wilson and Foisner, 2010; Zuleger 

et al., 2012). This physical connectivity between nesprins, SUN-proteins, and the nuclear 

interior allows a direct route for mechanical signals to reach the nucleus and also impacts 

how biochemical signals traverse the cytoplasm and the nuclear envelope or interact with 

nuclear proteins once inside the nucleus. It is important to note that emerin and some nesprin 

isoforms can be found on both the INM and ONM (Salpingidou et al., 2007; Zhang et al., 

2002); however, it remains unclear whether they fulfill distinct functions depending on their 

localization. Within the nesprin families, there are wide variations in size due to alternative 

splicing and transcriptional initiation, with the largest isoforms, referred to as nesprin-1/2 

giant, respectively, reaching ~800 – 1,000 kD in size, which may enable them to reach as far 

as 1 μm into the cytoplasm (Rajgor et al., 2012).
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Figure 3. Potential mechanisms of nuclear mechanosensing
The nucleus receives a vast amount of mechanical and biochemical signals from the 

surrounding cytoplasm. Incoming signals may trigger various responses at the nuclear 

envelope or within the interior that can result in changes in gene expression. (1) Nuclear 

deformations may alter the interactions (via change in proximity or other means) between 

chromatin and the nuclear lamina, causing transcriptional activation or repression. Force-

induced changes in chromatin organization may also alter accessibility of chromatin to 

transcriptional regulators. (2) Mechanically-induced damage to the nuclear membranes, or 

changes in the permeability of nuclear pores or stretch-sensitive ion channels can results in 

altered nuclear import/export. (3) Ca2+ or other ions may enter the nucleus or be release 

from perinuclear stores in response to osmotic stress or other mechanical stimuli. (4) Forces 

transmitted across the LINC complex may lead to force-induced conformational changes in 

nuclear envelope proteins, resulting in their phosphorylation or altered interaction with 

binding partners. (5) Nuclear actin serves as both a mechanical scaffold and a signaling 

moiety; nuclear actin polymerization can modulate activity and import/export of MKL1/

SRF. (6) Changes in membrane fluidity or curvature may alter the conformational state of 

bound proteins and cause assembly/disassembly of multi-protein structures at the nuclear 

envelope. (7) Nuclear envelope proteins can sequester transcriptional regulators at the 

nuclear periphery or form active/inactive complexes, thereby regulating their activity. (8) 

Nuclear actin (along with other structural elements such as spectrin IIα may also serve as a 

scaffold for transcriptional regulation by positioning DNA near transcriptional machinery or 

specific DNA-regulatory elements. In addition to the depicted mechanisms, additional 

mechanisms, such as osmotic changes in the nucleus caused by volume changes, may 

contribute to nuclear mechanosensing.
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Figure 4. Avenues for new technologies to investigate nuclear mechanosensing
Schematic cartoon of the typical experimental workflow. Most experimental approaches 

begin with cells or tissues derived from animal models or human patients. Animal models 

can provide cells and tissues with a specific genetic background or mutation of interest. 

Mice with several deletions (DKO – double knock-out) can help assess synergies and 

redundancies between different genes. The development of advanced in vitro models, 

including cells cultured in 3-D environments and decellularized tissues, can provide 

improved accessibility of cells for experimental purposes while mimicking physiological 

conditions. Tissue samples, cells, or isolated nuclei can then be manipulated with an array of 

experimental techniques to apply either controlled mechanical forces or deformations. The 

biomechanical properties can be inferred from the measured force-displacement 

relationships. Advanced imaging modalities and emerging novel technologies that enable 

measuring the intracellular forces at the molecular level provide improved insights into 

force-induced changes of nuclear structures at higher and higher temporal and spatial 

resolution. Examples include genetically encoded FRET-based tension sensors or other 

methods such as microfabricated pressure sensors. Alternatively (or in addition), researchers 

may wish to employ a method of detecting molecular events or structural changes (e.g. 

chromatin/protein unfolding, gene translocation, etc.). Ultimately, observed mechanically 

induced changes in nuclear structure must be linked to readouts of cellular function to 

ensure their biological relevance. Such readouts can include changes in transcriptional 

activity (gene expression), epigenetic modifications, or kinase activation. The quantitative 

experimental data can provide input for computational models, ranging from molecular 

dynamics to systems biology analysis. These models are then validated by experimentally 

testing generated predictions, or refined to reflect new experimental insights.
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Table 2

Nuclear mechanics and the role of nuclear proteins on cell organization/function.

Category Insight Reference

Nuclear Mechanics The nucleus has two main mechanical components: 
(1) the viscoelastic chromatin, and (2) the elastic 
lamina.

(Caille et al., 2002; Guilak and Mow, 2000; Rowat et al., 
2013; Rowat et al., 2006; Versaevel et al., 2013)

The nucleus can undergo both elastic and plastic 
deformations.

(Deguchi et al., 2005; Sato et al., 1987; Sato et al., 1996)

Cells deficient in A-type lamins, but not B-type, 
have increased deformation in response to 
mechanical stimuli.

(Broers et al., 2004; Guilluy et al., 2014; Lammerding et 
al., 2006; Lammerding et al., 2004; Lee et al., 2007)

Disease causing lamin point mutations can increase, 
decrease, or have no effect on nuclear mechanical 
properties.

(Zwerger et al., 2013); (Dahl et al., 2006; Verstraeten et 
al., 2008)

Force Propagation LINC complexes are necessary for mediating the 
mechanical connection from the focal adhesions to 
the nucleus.

(Maniotis et al., 1997); (Crisp et al., 2006a; Lombardi et 
al., 2011)

Cellular Organization 
and Function

LINC complex disruption and emerin deficiency 
disrupt the underlying nuclear lamina and cause 
defects in cell polarization and migration.

(Anno et al., 2012; Chambliss et al., 2013; Chancellor et 
al., 2010; Hale et al., 2008; Lombardi et al., 2011; 
Luxton et al., 2010; Morgan et al., 2011)

The perinuclear actin and vimentin structures help to 
deform or stabilize the nucleus, respectively, and are 
disrupted by nuclear envelope protein depletion.

(Versaevel et al., 2012); (Lovett et al., 2013; Tamiello et 
al., 2013); (Li et al., 2014; Lu et al., 2012; Nagayama et 
al., 2013; Tamiello et al., 2013; Tremblay et al., 2013)

Nuclear lamin A/C levels correlate with substrate 
stiffness.

(Swift et al., 2013)

The nucleus must undergo substantial deformation 
during migration through constructions and transit 
efficiency is a strongly correlated with lamin A/C 
levels.

(Balzer et al., 2012; Fu et al., 2012; Harada et al., 2014; 
Wolf et al., 2013); (Rowat et al., 2013); Harada et al. 
2014)

A brief overview of the work done over the past 15 years on nuclear/cellular structure and mechanics and the effect of specific nuclear proteins.

Prog Biophys Mol Biol. Author manuscript; available in PMC 2015 August 01.


