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Abstract

The nuclear envelope and nucleoskeleton are emerging as signaling centers that regulate how 

physical information from the extracellular matrix is biochemically transduced into the nucleus, 

affecting chromatin and controlling cell function. Bone is a mechanically driven tissue that relies 

on physical information to maintain its physiological function and structure. Disorder that present 

with musculoskeletal and cardiac symptoms, such as Emery-Dreifuss muscular dystrophies and 

progeria, correlate with mutations in nuclear envelope proteins including Linker of Nucleoskeleton 

and Cytoskeleton (LINC) complex, Lamin A/C, and emerin. However, the role of nuclear envelope 

mechanobiology on bone function remains underexplored. The mesenchymal stem cell (MSC) 

model is perhaps the most studied relationship between bone regulation and nuclear envelope 

function. MSCs maintain the musculoskeletal system by differentiating into multiple cell types 

including osteocytes and adipocytes, thus supporting the bone’s ability to respond to mechanical 

challenge. In this review, we will focus on how MSC function is regulated by mechanical 

challenges both in vitro and in vivo within the context of bone function specifically focusing 

on integrin, β-catenin and YAP/TAZ signaling. The importance of the nuclear envelope will 

be explored within the context of musculoskeletal diseases related to nuclear envelope protein 

mutations and nuclear envelope regulation of signaling pathways relevant to bone mechanobiology 

in vitro and in vivo.
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1. Introduction

Bone protects and mechanically supports the physiologic functions of the body. Osteoblast 

and osteoclast activity constantly remodels bone to maintain its structure. While many 

factors such as age, diet, and genetics are important in regulating resident bone cell 
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functions, mechanical signals remain the most important factor for enhancing bone 

structure [1]. The response of bone to mechanical force depends on both mature bone 

cell populations–osteoblasts, osteocytes, and osteoclasts– as well as of bone marrow 

mesenchymal stem cells (MSCs). The proliferation and osteoblastic differentiation of MCSs 

in response to mechanical stimulation is required for the maintenance and repair of bone. 

When physical loading is reduced, such as in astronauts, injured service personnel with 

long periods of bedrest, and physically inactive aged individuals, MSCs tend to enter into 

adipogenic lineage [2], resulting in decreased bone and increased fat content [3].

Characterization of bone microenvironments enabled by recent technologies such as 

CLARITY [4], single cell sequencing [5] and tracing studies [6–10] suggests that 

multipotent stromal cells populations with varying osteogenic and or adipogenic capacity 

exist both within and outside of bone marrow, including peri-arteriolar, abluminal 

multipotent stromal cells that significantly contribute to maintenance and mechanical 

regulation of bone. The emerging organizational and functional complexity of bone 

marrow microenvironments suggest that site specific mechanical information contributes 

to the functioning and structural organization of these niches. However, how mechanical 

information may interact with these different cell populations within bone marrow is outside 

of the scope of this review and thus the mechanical models we present takes a simplified 

view of the complex heterogeneous nature of bone marrow biology.

Inside the bone marrow, bone surfaces where bone cells reside are exposed to 

matrix deformations [11–15], accelerations [16–21], fluid flow [22–26] and changes in 

intramedullary pressure [27–29], each of which are inseparable [30]. During high physical 

activity, such as running, the bone is subjected to deformations with a magnitude of 2000–

3500 microstrains (με) [12]. These local strain and pressure gradients induce local fluid flow 

within, as well as in and out, of the bone matrix. In vivo strain magnitudes around 400 με 
produce fluid velocities up to 100 μm/s within the lacunar–canalicular network generating 

fluid shear stress values as high as 5 Pa around osteocytes [31]. MSCs within bone marrow 

and osteoblastic cells that reside on or in proximity to bone surfaces also experience fluid 

flow associated with motions of the bone marrow relative to bone surfaces. During moderate 

running, tibial accelerations approach 2 g (1 g corresponds to 9.8 m/s2 - Earth’s gravitational 

pull) [32]. In addition to relatively high magnitude strains arising from physical activity, 

bone experiences a barrage of small strains. For example, measuring strain history of long 

bones within a 24 h period showed that large strains (>1000 με) occur relatively few times 

a day while very small strains (<10 με) occur thousands of times daily, suggesting that 

small magnitude events must also be physiologically relevant [33]. Not surprisingly, external 

application of high frequency (0–100 Hz), low magnitude (0.1–1 g) vibrations have been 

shown to increase bone and muscle indices in clinical studies [34,35]. While the predicted 

motions at the marrow-bone interface in response to strains and accelerations are smaller 

compared to canaliculi, the high viscosity of red marrow (400 cP) [36] results in appreciable 

fluid shear stress on cells residing in close proximity to these surfaces. In silico studies that 

model fluid shear stresses at bone-marrow interfaces reveal that sinusoidal vibrations within 

0.1–2.0 g acceleration magnitude generate fluid shear stresses up to 2 Pa [37–40]. These 

finding clearly show that bone is a dynamic environment and simultaneously subjected 
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to a multitude of mechanical signal intensities at both high and low frequencies (Fig. 1). 

Ultimately, the tissue level forces are transduced to bone cells and drive cellular function.

Numerous studies have revealed how mechanical force regulates cell function through 

integrin-mediated signaling cascades and cytoskeletal structure; readers are encouraged 

to read excellent reviews on these topics for an in depth discussion on integrin and 

cytoskeleton related cell signaling [41–43]. In order to alter cell function, mechanical 

signals or mechanically-activated signaling molecules need to reach to cell nucleus. The 

nucleus, central to all cellular activity, relies on both direct mechanical input as well as 

its molecular transducers to sense external stimuli and respond by regulating intra-nuclear 

chromatin organization which ultimately determines cell function and fate. The nucleus 

was historically viewed as a passive organelle, however studies in the last decade have 

demonstrated that it is an active participant in mechanosensing and mechanosignaling.

The outermost layer of the nucleus is the nuclear envelope (NE), comprised of proteins 

occupying the inner and outer nuclear membranes, that acts as a unit to maintain a 

dynamic connectivity between the cytoskeleton and chromatin [44–46]. In addition to well­

characterized proteins, such as nuclear pore complexes (NPC) and nuclear lamina proteins 

(Lamin A, Lamin B and Lamin C), the nuclear envelope has been shown to have >200 

unique transmembrane proteins in the liver [47], leukocytes [48], skeletal muscle [49] and 

mesenchymal stem cells [50]. While the function of many of these proteins remains to 

be determined, the most notable include emerin, a small 35 kD protein that plays a role 

in cytoskeletal organization, signal molecule transduction and nuclear structuring [51,52], 

and a family of proteins that harbor KASH (Klarsicht, ANC-1, Syne Homology) and SUN 

(Sad1p, UNC-84) domains. These KASH domain harboring proteins (nesprins 1, 2, 3, and 

4) and Sun proteins bind together in the nuclear envelope to form the LINC complex 

(Linker of Nucleoskeleton and Cytoskeleton) [53]. Our group and others have shown that 

LINC complexes not only play a critical role in providing physical connectivity between 

cytoplasmic and nuclear compartments, but also in maintaining cell mechanosensitivity 

[54,55], chromatin organization [56–58], and DNA repair mechanisms [59,60]. LINC 

complexes have also been shown to regulate the nuclear access of molecular transducers 

YAP/TAZ [61] and βcatenin [62], both of which are critical for bone function. Despite 

the close association between nuclear envelope mediated cell functions and bone health, as 

well as the clinically relevant musculoskeletal diseases that arise from mutations of nuclear 

envelope proteins, the role the nuclear envelope plays in the mechanical regulation of bone 

remains underexplored.

In this review, we will first consider how different mechanical signals may regulate bone 

structure and discuss the elements of the nuclear envelope that transmit these external forces 

into the cell nucleus via cytoskeletal connections. Owing to the lack of studies that focus 

on nuclear envelope function in osteoblasts, osteoclasts and osteocytes, we will focus on 

the influence of mechanical forces on MSCs as it relates to the osteogenic and adipogenic 

lineages. We will also explore the possible signaling mechanisms that regulate MSC lineage 

commitment in response to mechanical force. Using in vivo and in vitro evidence, we will 

explore how disrupting mechanocoupling at the nuclear envelope can lead to pathology and 
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altered mechanobiology, as well as the consequences of mutations and loss of function of 

nuclear envelope elements on bone function.

2. Regulation of bone by mechanical signals

Exercise is one of the most commonly prescribed activities to combat the effects of bone 

loss in astronauts under microgravity [63] as well as aging populations on earth. Physically 

active adults are at reduced risk of hip and vertebral fracture and show increased skeletal 

muscle mass, strength, power, and intrinsic neuromuscular activation [64]. Early preclinical 

studies focused on loading regimes suggested that periosteal bone formation in response to 

exercise is associated with strain gradients rather than strain magnitude [63]. Later studies 

conformed that bone formation more strongly correlates with sites of high strain gradients, 

as opposed to strain magnitude, using finite element modeling in conjunction with bone 

histomorphometry in sheep models [65] and axial forearm loading in humans [66]. These 

findings suggest a role for strain rate in regulating bone modeling during exercise. In 

addition to matrix strains exercise results in periodic fluid motions within bone that produce 

fluid shear stress proportional to the change in fluid velocity between the fluid and bone 

surface. A recent tibia axial loading model in C57BL/6 mice correlated the bone modeling 

response with both experimentally measured strain magnitudes and computationally derived 

fluid flow velocity using a poroelastic finite element model with a constant shear rate (i.e. 
laminar flow) [67]. Results indicated that fluid flow magnitudes as small as 0.1 μ/s, but not 

strain energy, predicts endosteal bone formation suggesting a role of fluid shear stress in 

regulating bone during bone deformations.

Fluid shear stress also influences bone modeling in the absence of strain-induced fluid 

shear stress. Application of sinusoidal vibrations to bone explants at 0.3 g acceleration 

magnitude and 30 Hz frequency, a frequency/acceleration combination that does not 

generate appreciable strain on bones (<10 με) [19], results in a 5% increase of trabecular 

volume fraction within the bone marrow cavity [68]. Dynamic finite element simulations 

based on solid-fluid interaction formulas predict that this vibration regimen will produce 

an average fluid shear stress magnitude of 0.6 Pa on trabecular and endocortical bone 

surfaces. These regions of shear stress correlate with mineral deposition and resorption sites. 

Importantly, in all samples tested, fluid flow treatment resulted in less bone deposition when 

compared to vibration treated groups suggesting fluid shear stress alone cannot explain 

bone formation rates observed in vibrated groups. In agreement with vibration-induced fluid 

shear stress predictions in explant models [37,69] in vitro studies using osteoblasts [70], 

osteocytes [71] and MSCs [72] found no correlation between fluid shear stress and cell 

response during low intensity vibrations.. This suggests that bone can directly respond to 

high magnitude accelerations at the cellular level with no influence from vibration-generated 

fluid shear.

The natural frequency of dynamic muscle oscillation without electrical stimulation can be 

as high as 50 Hz [73] and up to 400 Hz when under external force [74]. This represents 

the physiological range by which bone may vibrate during daily activities. Importantly, 

these low-magnitude mechanical events generated by muscles decrease with age-related 

muscle weakness or disuse [75] providing a correlation between muscle deterioration and 
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bone loss. In clinical studies treatment with low intensity vibrations (LIV),usually applied 

between 30 and 100 Hz, has been shown to promote bone quantity and quality in women 

with osteoporosis [34,76], and children with disabling conditions including cerebral palsy 

[35], and augment bone indices in child cancer survivors [77]. Animal studies demonstrate 

that external LIV application is sufficient to increase trabecular bone density and volume 

[16], enhance bone stiffness and strength [78], and slow bone loss caused by disuse [79]. 

Further, LIV enhanced muscle contractility [80], strength [81], and cross-sectional area [82], 

indicates that LIV signals are anabolic to skeletal muscle.

These studies across different loading regimes collectively show that bones are responsive 

to mechanical force and perhaps suggest that the type of stimuli is less important when 

compared to the magnitude of cellular responses they elicit. For example, our group 

compared the efficacy of different mechanical regimes in activating the FAK (focal adhesion 

kinase) phosphorylation at tyrosine 397, which is required for integrin engagement and 

subsequent activation of RhoA (Ras homolog family member A) mediated increase in 

cytoskeletal contractility [43]. Sequential or repeated applications of substrate strain, LIV, 

and lysophosphatidic acid (LPA), a biochemical RhoA-activator, all additively increased 

FAK phosphorylation. This uniformity of a cell’s ability to process different mechanical 

input types suggests that how these different signals are transmitted within the skeletal 

tissues, not the signal type, may lead to specific cell responses.

While the bone mechanobiology field has produced detailed models on how bone tissue 

strains, fluid flow, and even vibrations may result in loading events on osteocytes and 

osteoblasts that reside on or within bone surfaces [83–86], the mechanical environment 

of mesenchymal stem cells within bone marrow is underexplored due to the complexity 

of characterizing and studying this bone compartment [69,87]. Mesenchymal stem cells 

robustly respond to mechanical force, yet there is a lack of experimental and computational 

models to study cell-specific mechanical information in the bone marrow. This dearth of 

information precludes the determination of how mechanical factors affect MSCs inside 

the bone marrow. For example, using a 5-week treadmill intervention period on four-week­

old C57BL/6 mice demonstrated increased proliferation of MSCs in exercised animals 

versus controls along with increased osteogenic differentiation indicated by higher levels 

of alkaline phosphatase activity, osteopontin and osteocalcin, as well as reduced bone 

marrow cavity fat [88]. Supporting these findings, a recent randomized clinical trial on 

pre-osteoporotic postmenopausal women demonstrated that LIV is protective against loss 

of mechanical strength in bones, and that LIV intervention minimizes the shift from 

the osteoblastic to the adipocytic lineage of MSCs [89]. One source of mesenchymal 

stem cells in limbs and calvaria are Prrx1 positive progenitors [90]. A recent study 

that explored the load-induced proliferation of Sca-1+Prrx1+and Sca-1− Prrx1+ cells of 

endosteal and periosteal surfaces in C57BL/6 mice found that both Sca-1+Prrx1+and Sca-1− 

Prrx1+ cells respond to load by increasing proliferation on periosteal bone surfaces while 

only Sca-1− Prrx1+ cells were responsive to load at endosteal surfaces [91]. Critically, 

increased proliferation was absent in aged animals. Evidence suggests that, in addition to 

possible age-related deficiencies in MSCs [88,92], physical changes in the niches of aging 

bone marrow may attenuate the mechanical signals that stimulate MSCs [93] reducing 

the efficacy of physical activity. Therefore, development of computational models - in 
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combination with in vivo, ex vivo or tissue- engineering models - that can capture the 

mechanical and geometrical complexity of the bone marrow environments of MSCs may 

be critical in mechanistic approaches to understanding mechanical factors that drive MSC 

mechanoresponse at the cellular level.

3. Mechanical signal transduction in cells

Mechanical stimulation of bone travels within skeletal tissues and is ultimately transduced 

into the cell through cytoskeletal networks composed of actin, microtubules, and 

intermediate filaments. Mirroring the tissue level adaptations, these cytoskeletal networks 

respond to external mechanical forces by adapting cytoskeletal and nuclear mechanics as 

well as initiating signaling pathways to regulate cell function.

Cell structure is under a constant force-balance where compressive forces on microtubules 

balance the contractile pulling forces generated by F-actin stress fibers. This ever-maintained 

state is termed as tensegrity and allows instantaneous balancing of forces via deformations 

propagated within the cell by cytoskeletal networks, including into the nucleus [94] where 

intermediate filaments, actin, and DNA provide additional structural scaffolding [95]. 

Tensegrity based computational models predict equi-directional deformations of adherent 

cells under laminar fluid flow [96] as well as non-linear cell stiffening in response 

to external loads applied to cell membrane via magnetic beads [97,98]. Further, the 

transmittance of this fast stress propagation appears to be dependent on the baseline 

stress the cytoskeleton is under such that increasing the cellular tension via collagen-I 

coating directly increases the strain levels measured inside the cell nucleus upon external 

deformations [99]. In this way, extracellular deformations applied by magnetic beads on the 

cell surface have been shown to propagate via the cytoskeleton to deform chromatin [100]. 

In this study, inserting small bacterial transgene constructs engineered to express mouse 

DHFR mRNA upon stretching showed instantaneous DHFR mRNA expression proportional 

to the magnitude of chromatin stretching visualized with optical tracking. Importantly, 

chromatin stretching and DHFR mRNA expression were absent in cells treated with siRNA 

against the Sun-1 and Sun-2 elements of the LINC complex suggesting instantaneous 

mechanical nuclear stress propagation in intact cells. While these studies open up interesting 

areas of research in understanding how cytoskeletal forces may correlate with genomic 

function, measuring the cytoskeletal forces generated on the cell nucleus is a challenging 

task. Traditional approaches, like traction microscopy, can only estimate forces at the 

focal adhesions [101]. At the nuclear surface, one successfully utilized approach is the 

usage of FRET based sensors in conjunction with fluorophore-tagged nuclear envelope 

proteins such as Nesprin-2, and possibly others, to quantify deformations due to F-actin 

tension on the nuclear envelope [102,103]. One drawback of these approaches is that the 

measurements are relative and rely on overexpression of truncated or mutated versions 

of endogenous proteins that may affect cell physiology. In addition, experimental studies 

that utilized tracking of nuclear motion following laser-guided dissection of stress fibers 

have estimated, using standard linear solid model, that a single apical actin stress fiber can 

generate forces up to 65nN on the nucleus [104]. While these measurements are valuable in 

understanding the native forces on the nucleus, the estimations rely on certain assumptions 

and simplifications. Therefore, there is a need to estimate native intra-cellular cytoskeletal 
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forces. One possible option to generalize and standardize these measurements across studies 

could be to incorporate of multiple inputs from cell level mechanical and imaging-based 

studies in finite element models to predict cell level forces in vivo.

Numerous proteins maintain the structure and contractility of the F-actin cytoskeleton. 

Polymerization of new actin filaments, as well as branch formations, is largely modulated 

by actin related protein (Arp) 2/3 complexes [105] while formin homology 1 (FH1) 

and 2 (FH2) domain containing proteins regulate the end-to-end actin formation [106]. 

Contractility and tension on actin fibers are largely regulated by small Rho GTPases, such 

as RhoA, Ras and CDC42A [107]. RhoA for example, recruits myosin light chain kinase 

to F-actin fibers through its effector protein ROCK, which in turn activates the dimerized 

motor protein myosin II to generate tension by pulling F-actin bundles together [108]. While 

force generation of F-actin on the cytoskeleton can act as a signal initiator for further 

cytoskeletal restructuring [109], such as recruitment of zyxin [110] to repair nano-cracks 

generated during F-actin contractions, the majority of cytoskeletal remodeling in response 

to external mechanical force is initiated at focal adhesions. Focal adhesions are <200 nm 

protein plaques comprised of integrins, focal adhesion kinase (FAK), talin, paxilin, vinculin, 

and zyxin, that enable direct connections between the extracellular matrix (ECM) and the 

cell [111].

Application of substrate strain in vitro recruits signaling complexes to focal adhesions, 

essentially turning them into intracellular signaling relays for extracellular mechanical 

information [112]. Upon mechanical challenge, structural elements, such as vinculin, paxilin 

and talin, as well as signaling molecules, including FAK, Src, and Akt, are recruited into 

focal adhesions [113–117]. Mechanically-driven changes in RhoA–Rock activity has been 

implicated in the osteogenic commitment of MSCs as they increase the activity of two early­

stage osteogenic markers, osterix (Osx) and Runt-related transcription factor 2 (Runx2). 

We have recently reinforced the role of RhoA in MSC osteogenesis by demonstrating that 

regulation of RhoA activity through leukaemia-associated Rho guanine nucleotide exchange 

factor (LARG) and Rho GTPase-activating protein 18 (ARHGAP18) regulates osteogenic 

commitment in MSCs where activation of RhoA increased the osteogenic commitment 

of stem cells [118]. Similarly, directing RhoA activation through increased extracellular 

matrix stiffness results in increased osteogenesis and decreased adipogenesis and vice 
versa [119,120]. Instead of providing an indirect control of RhoA via substrate mechanics, 

expressing a dominant negative form of RhoA has been shown to induce adipogenesis while 

the constitutively active RhoA expression favors osteogenic commitment in human sourced 

MSCs [121]. In addition to static matrix properties, dynamic changes in cell environment 

including fluid flow, matrix strain and low intensity vibration have been shown to drive 

osteogenesis in MSCs. For example, application of cyclic strain in the absence of any 

soluble osteogenic factors is sufficient to upregulate osteogenic and suppress adipogenic 

mRNA markers [122]. Fluid flow, when applied in either oscillatory or in laminar form, can 

increase osteogenic commitment in MSCs [123,124]. When applied at high frequencies low 

intensity vibrations also increases osteogenic and suppresses adipogenic phenotypes of stem 

cells in both 2D and 3D culture systems [72,125]. These findings indicate that the RhoA­

mediated cytoskeletal restructuring caused by static or dynamic mechanical cues, in addition 

to soluble factors, are powerful regulators of osteogenesis in vitro. Therefore approaches 
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that leverage bioreactor systems and force-adaptive progenitor cells to generate bone-like 

constructs for bone tissue engineering and regeneration may present unique opportunities 

to not only drive osteogenic phenotypes, but also direct the structural qualities of these 

engineered scaffolds for improved functionality under physiologic demand [126].

Cytoskeletal restructuring events in cells result in activation of a number of signaling 

molecules including MAP kinases, β-catenin, and YAP/TAZ. Perhaps the most studied 

signaling proteins in bone derived stem cells are β-catenin and YAP/TAZ. Following a 

mechanical challenge, FAK activation initiates the Akt mediated inhibition of GSK3β 
function leading to increased levels of β-catenin and its nuclear accumulation [127,128]. 

Similarly, YAP and TAZ nuclear entry are triggered by soluble or mechanical factors that 

increase F-actin contractility such as LPA [129,130], increased substrate stiffness [131], 

and substrate stretch ranging from 3% to 15% [132,133]. We have recently reported that 

low intensity vibrations also result in increased nuclear YAP [134]. Not surprisingly, both 

βcatenin and YAP/TAZ have been shown to be highly-interdependent in their roles in 

regulating cell function [135]. Some examples include the requirement of both βcatenin 

and YAP for strain-mediated increase in cell proliferation [133] and the necessity of YAP­

triggered βcatenin signaling during epithelial regeneration [136]. This suggests that the 

inter-dependent activity and compartmentalization of βcatenin and YAP/TAZ are critical 

for an effective cellular response. In bone, coordination of βcatenin, YAP, and TAZ are 

integral in skeletogenesis and bone regeneration. Not only does deletion of both βcatenin 

and YAP/TAZ result in skeletal deficits [137,138], they also modulate the function and 

expression of the master osteogenic transcription factor Runx2 in stem cells. For example, 

through canonical Wnt signaling, βcatenin/TCF1 binds and activates Runx2 expression 

in MSCs [139], TAZ forms complexes with Runx2 to increase its function [140], and 

TAZ nuclear presence positively drives MSC osteogenesis [140]. YAP on the other 

hand, maintains stem cell multipotentiality through repressing Runx2 function [141] and 

promoting the expression of Wnt inhibitory molecule Dkk-1 [142]. Further, we have shown 

that the absence of nuclear YAP amplifies osteogenesis in a Runx2 dependent manner 

[143]. Despite their overlapping and competing functionalities, both YAP/TAZ [144] and 

βcatenin [145,146] activities are indispensable to osteogenesis. Collectively, these studies 

show that mechanical information has to transmit through the nuclear envelope and into 

the nucleus to direct cell function and fate. This may occur through direct chromatin 

deformation, regulation of cytoskeletal contractility, or activation of mechanotransducers 

such as β-catenin and YAP/TAZ.

4. Role of nuclear envelope on cell mechanosignaling

Emerging evidence suggests that the nuclear envelope houses several mechanoregulatory 

proteins and has an active role in both cytoskeletal dynamics and nuclear access to 

molecular transducers of mechanical information. Mechanically, the cytoskeleton couples 

to the nucleus through the LINC complex proteins [147]. F-actin binds to a nesprin protein 

(Nesprin-1 or Nesprin-2), which are spectrin repeat proteins that pierce the nuclear envelope, 

connecting via its KASH domain to intra-membrane leaflet SUN proteins (Sun-1 and 

Sun-2) [147]. N-termini of giant nesprins share a calponin homology (CH) domain that 

binds to actin with high affinity. The CH domains found in Nesprin-1 and Nesprin-2 giant 
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isoforms are identical to that found in α-actinin [148,149]. Nesprin CH domains promote 

actin polymerization in-vitro [149] and interact with microtubules through intermediate 

proteins such as dynein and kinesin [150,151]. Earlier studies showed that the mechanical 

connectivity provided by the LINC complex was critical in transmitting force to nuclei [152] 

and later studies utilized FRET based sensors to show nesprins are under constant force 

via the cytoskeleton [103]. This connectivity between F-actin and the nuclear envelope is co­

regulated by other adaptor proteins such as FH1/FH2 domain-containing protein 1 (FHOD1) 

that binds to the spectrin repeat domain of giant nesprin-2 and increases the coupling 

strength between LINC and F-actin [153]. Recent studies further demonstrate that LINC 

complexes co-localize Rac1 selective GEF protein Sif and TIAM1-like Exchange Factor 

STEF to regulate the activity of non-muscle myosin IIB via Rac1 at the nuclear envelope 

[154]. Apical cytoskeletal F-actin also associates with LINC complex [155] and connects 

it to a subset of focal adhesions at the cell periphery [156,157]. In this way, depletion of 

Nesprin-1 [158] or Sun-1 [159] directly alters focal adhesion dynamics and upregulates 

cytoskeletal contractility and focal adhesion maturation while Sun-2 depletion results in 

reduced size and number of focal adhesions [160]. Nucleo-cytoskeletal connectivity has 

further implications on how focal adhesions respond to mechanical force and how nuclear 

mechanics adapt to external mechanical stimuli. Our group has reported in Sun-1 & 2 co­

depleted or dominant negative KASH overexpressing MSCs that disconnecting Sun-Nesprin 

binding results in muted FAK phosphorylation at Tyr397 and impaired anti-adipogenic 

effect in response to LIV [127]. We have also recently reported that application of a single 

LIV regimen results in nuclear stiffening that can be measured from isolated cell nuclei 

via atomic force microscopy but not when LINC complex function was disabled [161]. 

This suggests that changes in cytoskeletal F-actin contractility is, in part, retained by the 

nucleus via increased nuclear stiffness and changes in heterochromatin structure in a LINC 

complex dependant manner. These findings open up an interesting possibility that regulation 

of LINC complex, whether through mechanical signals or other means, may result in 

altered mechanosensitivity of cells and skeletal tissues. Indeed, our group has reported that 

subjecting cells to simulated microgravity for 72 h results in decreased levels of Nesprin-2 

and Sun-2 which were recovered by daily application of LIV [162]. Similarly, in healthy 

human MSCs application of LIV result in increased expression of LINC elements [163].

βcatenin signaling is recognized as critical for slowing down adipogenic differentiation 

[164,165] and maintenance of the proliferative, multipotential state of MCSs [166], as 

well as being an integral component of osteocyte-mediated bone mechanoresponse [138]. 

LINC complexes participate in βcatenin nuclear trafficking as evidenced by giant nesprins 

associating with αcatenin and βcatenin at the nuclear envelope [167,168]. Depletion of 

Nesprin 1 also reduces nuclear βcatenin levels [167]. βcatenin does not possess a classic 

nuclear localization signal; instead, it transits through the nuclear leaflets via direct contact 

with the nuclear pore complex (NPC) [169,170]. βcatenin is localized on the LINC element 

Nesprin-2 that appears to provide a ‘launching-pad’ for subsequent nuclear entry [167]. Our 

findings show that untethering Nesprin-2 from the nuclear envelope via co-depletion of Sun 

1 and 2 proteins displaces βcatenin from the nuclear envelope, reduces its nuclear levels, 

and impedes its nuclear entry rate such that neither mechanical force nor pharmacological 

stabilization of βcatenin are recovered in LINC deficient MSCs [62]. YAP and its paralog 
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TAZ are the other mechanosensitive molecular transducer proteins that in part rely on LINC 

function. YAP and TAZ alter their nuclear localization [131] in response to mechanical cues 

in order to direct MSC fate selection [171]. Loss of YAP/TAZ not only retards osteogenesis 

and promotes an adipogenic phenotype but also inhibits mechanical control of MSC 

differentiation [131]. Nuclear translocation of YAP is responsive to cytoskeletal contractility 

as evidenced by the application of substrate strain [132], Atomic Force Microscope-induced 

nuclear indentations [61], LIV [134], and pharmacologic RhoA-activators such as LPA [172] 

increasing YAP nuclear entry. Conversely, loss of cytoskeletal connec-tivity by disabling 

LINC function, either via depletion of Nesprin-1 [132] or overexpression of the Nesprin 

KASH domain [134], impedes me-chanical induction of YAP nuclear translocation.

Nucleoskeletal Lamin A/C lines the inner nuclear membrane providing mechanical 

resilience to the nucleus [173] and is implicated in modulating MSC differentiation as well 

as skeletal phenotypes. MSCs and osteoblastic cells possess robust Lamin A/C networks 

[174] and Lamin A/C levels increase when MSCs enter the osteogenic lineage [175]. This 

increase in Lamin A/C levels may also explain the increased cellular stiffness of osteoblasts 

[176]. Overexpression of Lamin A/C results in osteogenic differentiation of MSCs [177] 

while Lamin A/C decreases during adipogenic differentiation [178]. Although depleting 

Lamin A/C was associated with increased adipogenesis in MSCs [174], lipodystrophy­

associated mutations of Lamin A/C were shown to slow adipogenic differentiation in cells 

[179]. Lmna knockout (Lmna − /−) mice have a significant reduction in bone mass and 

microarchitecture compared to WT mice as reflected by reduced osteoblast, osteocyte, and 

osteoclast numbers [180]. While these findings suggest a role for Lamin A/C in regulating 

the differentiated state of MSCs and osteoblasts, the role Lamin A/C plays in mechanical 

regulation of MSC and skeleton differentiation remains insufficiently explored.

Another important nuclear envelope associated regulator of mechanosensing is Torsin A. 

Torsin A is a nuclear envelope protein that belongs to AAA+ family (ATPases associated 

with various cellular activities) that utilizes ATP to unfold other proteins [181,182]. 

Torsin A interacts with Sun-1 [183], Nesprin 3α [184], lamina associated polypeptide 

1 (LAP-1) [185], and emerin [186]. While the exact function of Torsin A in nuclear 

mechanotransduction is unclear, its functional role in the formation of perinuclear actin 

cables during rearward nuclear movement [187] suggests that it is important in regulating 

the cytoskeletal dynamics at the nuclear envelope.

An important protein that plays a prominent role in nuclear envelope mechanotransduction 

is emerin [188], which acts as a capping protein in vitro [189]. The application of substrate 

strain on epidermal stem cells results in emerin enrichment at the outer nuclear envelope 

where it recruits non-muscle myosin IIA to promote local actin polymerization at the 

perinuclear region [190]. Emerin is further shown to regulate nuclear export of βcatenin by 

depletion of emerin levels reducing nuclear βcatenin accumulation [191–193]. Furthermore, 

when magnetic beads were used to apply force to isolated nuclei, emerin was shown to 

undergo a Src dependent phosphorylation that eventually led to increased nuclear stiffness in 

a lamin A/C dependent manner [52].
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While not directly perceived as a nuclear protein, actin has been emerging as a critical 

regulator of nuclear structure and thus skeletal health. We recently showed that cytochalasin 

D, a potent actin depolymerization agent, induces rapid influx of G-actin into the nucleus 

causing YAP exportation from the nucleus. YAP depletion results in derepression of Runx2 

activity and increased osteogenic differentiation in MSCs as well as a strong increase in 

bone volume in mice [143]. Importantly, using actin branching inhibitor CK666 following 

cytochalasin D treatment mutes the osteogenic effect of nuclear actin suggesting that actin 

structure is important in regulating osteogenesis [143,194]. In agreement with these findings, 

knockdown of nuclear formin mDia2 results in increased osteogenesis and alters Lamin A/C 

levels [195]. Interestingly, nuclear F-actin polymerization was shown to be Lamin A/C and 

LINC dependent [196].

As summarized in Table 1, the nuclear envelope and its related proteins may plan an 

important role in skeletal mechanobiology.

5. Nuclear envelope related diseases of bone

The importance of nuclear envelope integrity on cell function has been thoroughly explored, 

but how we can use that information to improve skeletal health is less well studied. Evidence 

of the interdependence of nuclear envelope integrity on skeletal health manifests in clinically 

relevant skeletal diseases related to disruptions of the nuclear envelope architecture. 

Exploring the consequences and mechanisms of nuclear envelope dysfunction may lead 

to improved therapies and interventions for orthopedic pathologies. A brief summary is also 

presented in Table 2.

5.1. Progeroid syndromes

Progeroid syndromes are clinically characterized by premature or accelerated aging, and 

therefore, result in age-related bone loss and skeletal abnormalities. Hutchinson-Gilford 

progeria syndrome (HGPS), atypical progeria syndromes (APSs), mandibuloacral dysplasias 

type A and B (MADA/MADB), restrictive dermopathy (RD), and Nestor-Guillermo progeria 

syndrome (NGPS) all present with similar bone pathologies and are secondary to nuclear 

envelope protein gene mutations in either LMNA, ZMPSTE24, or BANF1 genes [197].

HGPS is the most common and widely studied progeroid syndrome that occurs due to a 

de novo silent mutation in the LMNA gene. This mutation interferes with the maturation 

of lamin A from prelamin A resulting in a truncated version of lamin called progerin 

which disrupts nuclear envelope integrity due to abnormal accumulation. Transgenic mice 

with alterations in Lamin A have progeria with cardiomyopathy and sarcopenia, exhibit 

low bone mass, and increased marrow adiposity [180]. Mutated Lamin A/C forms may 

be detrimental to formation and maintenance of LINC/nucleoskeleton connections [198] 

and may contribute to age-related cell senescence [199]. Interestingly, similar to declining 

βcatenin signaling in LINC deficient cells [168], progeric mutations in mouse lines 

carrying a mutated LMNAL530P/L530P gene also diminish canonical Wnt signaling due to 

reduced nuclear localization and transcriptional activity of Lef1, leading to altered ECM 

synthesis [200]. Other HGPS studies similarly reported decreased nuclear βcatenin levels 

and diminished mineralization capacity both in vitro and in vivo [201]. These studies point 
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out that the etiology of bone related problems in HGPS patients may be due to diminished 

nuclear connec-tivity between the cytoskeleton and βcatenin signaling. Interestingly, siRNA 

mediated depletion of Lamin A/C does not affect βcatenin nuclear access [62], suggesting 

a functional difference between the absence of Lamin A/C and progerin accumulation at 

the nuclear envelope. It has been recently reported that progerin leads to defects in nuclear 

F-actin dynamics as progerin lacks the actin-binding site of Lamin A where dysregulation 

of F-actin functionality resulted in altered nuclear morphology and jasplakinolide-induced 

Wnt/β-catenin signaling [202]. APSs are also caused by mutations in the LMNA gene and 

present with similar clinical characteristics to HGPS, but affected cells do not accu-mulate 

progerin in the same manner [203], suggesting that progeria symptoms can manifest in a 

progerin independent manner representing a multimodal breakdown of normal functionality.

MADA, MADB, and RD are caused by a mutation in the ZMPSTE24 gene which codes 

for the enzyme responsible for the final cleavage step of prelamin A to lamin A [204,205]. 

Similar to progerin accumulation in HGPS, this creates an accumulation of prelamin A 

which may lead to the abnormal skeletal phenotypes seen in patients with a ZMPSTE24 

mutation [205]. NGPS is caused by a mutation in the BANF1 gene which codes for the BAF 

protein which is involved in nuclear assembly, chromatin organization, and regulating gene 

expression. This disease process presents with similar skeletal features as HGPS including 

decreased bone density and osteolysis, but lacks the cardiovascular effects [207]. Physical 

rehabilitation could improve skeletal health in patients with NGPS as indicated by bone 

growth of the proximal humerus and styloid process due to structural stress from muscle 

contraction and resorption phenomena in unloaded bone noted by Cabanillas et al. [207].

5.2. Greenberg skeletal dysplasia

Greenberg skeletal dysplasia (GSD), also known as hydrops-ectopic calcification-“moth 

eaten” (HEM) skeletal dysplasia, is a lethal process that presents with fetal hydrops, 

short-limbed dwarfism, and abnormal chondro-osseous calcification [208–210]. The latter 

resulting in a “moth eaten” appearance of long bones and the pelvis visualized on ultrasound 

radiography. GSD results from a mutation in the Lamin B receptor (LBR) protein, located 

on the inner nuclear envelope, which interferes with cholesterol biosynthesis suggesting a 

primarily metabolic disease mechanism [211].

5.3. Sclerosing bone dysplasias

Increased bone density and bony lesions characterize sclerosing bone dysplasias including 

osteopoikilosis, melorheostosis, and Buschke-Ollendorff Syndrome (BOS). These dysplasias 

are caused by a dysfunction in the MAN1 protein secondary to a mutation in the LEMD3 

gene. MAN1 is involved in canonical TGF-β signaling which is fundamental during in 
utero skeletal development and post-natal bone maintenance by promoting bone progenitor 

enrichment [212,213]. Additionally, MAN1 is physically coupled to, and thus closely 

regulated by, lamin A/C and colocalizes with Runx2, both of which are important nuclear 

envelope proteins for bone health as previously described. Loss of lamin A/C in vivo 
causes an increase in MAN1 expression while decreasing MAN1/Runx2 colocalization, 

thus affecting osteogenesis of MSCs [180]. Therefore, this loss of signaling due to MAN1 

dysfunction likely contributes to the skeletal abnormalities seen in sclerotic bone disease.
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5.4. Other musculoskeletal conditions

Other conditions, including muscular dystrophy, joint disorders, normal aging, and cancer, 

also have deleterious effects on skeletal health. Mutations in nuclear envelope proteins 

emerin, nesrpin-1,and lamin A/C lead to various muscular dystrophies, such as Emery­

Dreifuss Muscular Dystrophy, and joint disorders, such as arthrogryposis, that may have 

secondary effects on skeletal health due to reduced skeletal muscle movement from 

progressive muscle weakness and joint contractures [214,215], but are not directly related to 

bone pathologies.

Aging is a complex condition regulated by many factors including dysregulation of Lamin 

A/C and LINC. During the aging process, the Lamin A/C network decreases [175] and 

mutated forms of Lamin A/C have been identified in aged nuclei [216]. This suggests 

that bones may have altered mechanoresponses due to nuclear envelope changes in aged 

individuals. Mechanosensitivity studies conducted by comparing young and aged human 

primary bone cell response to fluid shear [217] and work from our laboratory comparing 

early and late passage MSC response to substrate strain [218] show that acute signaling 

response does not diminish during either chronological or in vitro aging. Being active, 

however, is not sufficient to stop age-related attenuation of exercise efficacy in older 

individuals [219]. While it is not clear why response to mechanical challenge diminishes 

with age, it is known that aging MSCs lose proliferative and differentiative capacity [220–

223].

In contrast to the recommended high frequency of exercise for healthy aging and stronger 

musculoskeletal form, there are only a handful of studies that have investigated the role 

of exercise on MSC function as the majority of MSCs are generally derived from already 

young or aged sources. One study examined the effects of a 3-month-long daily 15 m/min 

treadmill activity on MSCs from adult 6-month-old female rats. Compared to neonatal 

MSCs (day 2), decreased osteogenic capacity in the sedentary adult group was partially 

recovered following exercise [224]. Another study investigated the effect of a 4-month-long 

daily ladder-climbing regimen. This study started at 17-months of age and compared aged 

and exercised cells to adult MSCs derived from 5-month-old rats. MSCs from aged cells 

showed decreased osteogenesis, which was partially restored by the 4-month-long exercise 

intervention [225]. While these studies highlight the benefits of exercise for MSCs, dynamic 

mechanical signals generated during exercise are accompanied by a systemic increase of 

heart rate, blood circulation, respiration, and caloric expenditure [226,227]. Therefore, 

it is hard to pinpoint if these observed effects are due to mechanical challenge alone 

or other physiological parameters including exercised-induced cardiovascular changes. In 

order to study the isolated effects of mechanical signals on aging MSC function, we 

applied LIV as an in vitro exercise mimetic to primary MSCs in a replicative senescence 

model where MSCs underwent 60 serial passages either with or without daily application 

of LIV. Our results indicated that mechanical signals protected declining proliferation, 

as well as adipogenic and osteogenic differentiation capacity in MSCs [218]. Simulated 

microgravity, another analog for unloading, also supports these findings. We have reported 

that consistent LIV delivery can normalize decreased cell proliferation and YAP protein 

levels under simulated microgravity [134,162]. These results suggest that the active 
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mechanical environment may improve bone response to mechanical challenge long term 

by directly affecting MSCs proliferation, differentiation, and YAP signaling.

While not directly related to bone cells, breast cancer metastasis into bone impacts bone 

health through the activation of osteoclast function which results in increased bone loss 

[228]. Interestingly, breast cancer cells also display reduced levels of Lamin A/C and 

LINC complex elements [229], and application of LIV has been shown to alleviate cancer 

related bone loss in mice [230]. We recently examined the mechanisms through which 

cancer cells sense and respond to LIV. LIV decreased matrix invasion and impaired the 

secretion of osteolytic factors PTHLH, IL-11, and RANKL from cancer cells. Furthermore, 

transferring conditioned media from mechanically stimulated cancer cells reduced osteoclast 

differentiation and resorptive capacity. Disrupting the LINC complex by knockdown of 

Sun-1 & 2 impaired LIV-mediated suppression of metastatic cell invasion and osteolytic 

factor secretion, suggesting that LIV reduces the metastatic potential of human breast cancer 

cells through mechanosensing mediated by LINC complexes [231].

6. Conclusions

Bone is a mechanically rich ecosystem. The body of work discussed here shows that cells 

respond to wide variety mechanical signals irrespective of how they are applied and these 

signals eventually activate common signaling cascades and adaptation mechanisms. Thus, 

possible future studies investigating how bone is regulated by mechanical signals should 

focus on how mechanical signals are manifested at the cellular level to inform their function. 

In the last decade, considerable progress has been made in identifying the mechanisms by 

which cells sense and adapt to dynamic mechanical forces in their immediate environment. 

Mechanically derived adaptations in cytoskeletal and nuclear structure not only modulate 

the force transmission within cells, but lead to repositioning of signaling events and gene 

expression. At this juncture it appears that the nuclear envelope presents a critical barrier to 

the propagation of extracellular mechanical information into the nucleus through regulation 

of nuclear trafficking of transcriptional factors as well as the structural organization of 

chromatin through its connections with the cytoskeletal networks. To this end, future 

studies focusing on nuclear envelope mechanobiology as an integral part of the cellular 

mechanosensory mechanism would be valuable (Fig. 2).
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Fig. 1. 
Physical activity exerts forces on bone at multiple length scales. Bone matrix is subjected 

simultaneously to numerous mechanical forces during physical activity including strains, 

accelerations, and fluid shear stress. These tissue level forces are transduced to various 

cell populations in bone, including osteoblasts, osteocytes, osteoclasts, adipocytes and 

mesenchymal stem cells, and provide a basis of mechano-regulation of bone at the cellular 

level.
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Fig. 2. 
The nucleoskeleton structurally and functionally couples the genome to extracellular 

dynamics. Extracellular forces activate integrin and focal adhesion signaling to increase 

F-actin contractility, which leads to increased polymerization of the actin cytoskeleton. 

LINC complexes composed of Sun trimers and Giant Nesprin mechanically couple the actin 

cytoskeleton and regulate the access of important mechanical transducers such as βcatenin 

and YAP/TAZ. Mechanical coupling of actin and LINC involves a cytoplasmic formin 

FHOD1 that attaches nesprin and actin at multiple points for a more robust association. 

Torsin A may also facilitate the LINC assembly at the nuclear envelope. Emerin associates 

with both sides of the nuclear envelope to regulate extra and intranuclear actin dynamics. 

Inside the nucleus, G-actin is assembled into linear and branched networks to regulate 

chromatin dynamics and gene access.
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Table 2

Disease impacts of the nuclear-mechanotransductive pathways.

Disease Gene Outcome References

HGPS, APSs, 
MADA

LMNA Accumulation of progerin disrupts nuclear envelope integrity [168,180,198,199]

MADB and RD ZMPSTE24 Accumulation of prelamin A which may lead to the abnormal skeletal phenotypes [204–206]

NGPS BANF1 BAF protein which plays a role in nuclear assembly, chromatin organization. 
Decreased bone density and osteolysis, but no cardiovascular effects

[207]

Greenberg 
dysplasia

LBR Interferes with cholesterol biosynthesis suggesting a primarily metabolic disease 
mechanism

[208–211]

Sclerosing bone 
dysplasias

LEMD3 Involved in canonical TGF-β signaling which is crucial for in utero skeletal 
development and post-natal bone maintenance by promoting bone progenitor 
enrichment. Loss of lamin A/C in vivo causes an increase in MAN1 expression 
while decreasing MAN1/Runx2 colocalization, thus affecting osteogenesis of 
MSCs.

[212,213,180]
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