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Abstract

There are both theoretical and empirical underpinnings that provide evidence that the 

musculoskeletal system develops, functions, and ages as a whole. Thus, the risk of osteoporotic 

fracture can be viewed as a function of loading conditions and the ability of the bone to withstand 

the load. Both bone loss (osteoporosis) and muscle wasting (sarcopenia) are the two sides of the 

same coin, an involution of the musculoskeletal system.

Skeletal loads are dominated by muscle action; both bone and muscle share environmental, 

endocrine and paracrine influences. Muscle also has an endocrine function by producing bioactive 

molecules, which can contribute to homeostatic regulation of both bone and muscle. It also 

becomes clear that bone and muscle share genetic determinants; therefore the consideration of 

pleiotropy is an important aspect in the study of the genetics of osteoporosis and sarcopenia.

The aim of this review is to provide an additional evidence for existence of the tight genetic co-

regulation of muscles and bones, starting early in development and still evident in aging. Recently, 

important papers were published, including those dealing with the cellular mechanisms and 

anatomic substrate of bone mechanosensitivity. Further evidence has emerged suggesting that the 

relationship between skeletal muscle and bone parameters extends beyond the general paradigm of 

bone responses to mechanical loading.

We provide insights into several pathways and single genes, which apparently have a biologically 

plausible pleiotropic effect on both bones and muscles; the list is continuing to grow. 

Understanding the crosstalk between muscles and bones will translate into a conceptual 

framework aimed at studying the pleiotropic genetic relationships in the etiology of complex 

musculoskeletal disease. We believe that further progress in understanding the common genetic 

etiology of osteoporosis and sarcopenia will provide valuable insight into important biological 

underpinnings for both musculoskeletal conditions. This may translate into new approaches to 

reduce the burden of both conditions, which are prevalent in the elderly population.
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Introduction

The risk of osteoporotic fracture can be viewed as a function of the ability of bone to 

withstand the applied loads. Skeletal loading conditions are largely dominated by muscle 

action, more so at younger ages. Muscles and bones develop, act, and age as a whole. Since 

bone and muscle cells share the same mesenchymal precursor, it is thus reasonable to 

hypothesize that adult bone strength and muscle mass share genetic determinants, and these 

determinants may also influence skeletal development as well as aging.

The physical forces produced during daily activities induce tissue-level strains, which are the 

physical cues directing skeletal growth [74]. Functional adaptation to physical forces ensures 

that structures like long bones are sufficiently stiff to support loading demands and 

sufficiently strong to resist fractures [74]. An interplay of multiple genetic factors and 

environmental demands is thus expected to shape bones in vivo. It is well accepted that sex 

(or gender) can be viewed as a form of environment. The distinct sexual dimorphism 

observed for muscles and bones underlies several possible etiologies of musculoskeletal 

degenerative disease. First, there may be differences in the response of the musculoskeletal 

systems of men and women to the environment. Alternatively, this sexual dimorphism may 

be a sex-hormone-related phenomenon or there may be a genetic explanation. It seems that 

different loading demands on the male skeleton combined with differences in the intrinsic 

milieu between the sexes make male skeleton more resistant to age-related losses. With 

advanced age, there is a decline of muscle input; also, bones might undergo a decline in their 

responsiveness to mechanical loads from exercise [127], which probably corresponds to the 

aging-related changes in cellular and hormonal mechanisms of muscle actions. The question 

here is, do the age-related declines in bone and muscle mass have a common etiology or do 

the two processes occur independently in parallel? Our underlying premise is that, for the 

most part, these and other related questions can be answered by considering genetic factors.

The aim of this review is therefore to summarize evidence from experimental and 

epidemiological studies for the biological, and especially the genetic, mechanisms 

underlying an interaction between bones and muscles in adults. We recently described this 

new conceptual framework in our perspective paper [82], in which we first provided an 

overview of the importance of muscle mass and physical exercise’s effects on the skeleton; 

however, we raised the possibility that both muscle and bone might be controlled by other 

factors such as genetic determinants; and further, we provided indications that, instead of 

merely a causal relationship, genetic influences are shared between muscles and bone 

strength. We then offered some insights on the possible nature of shared genetic factors. In 

the last year, several major developments occurred, such as solid evidence of the paracrine 

regulation of bones and muscles [118] and notably, genome-wide association studies 

(GWAS) for bone density [137] and lean mass. Paradigm-shifting manuscripts were 

published [128], including those dealing with the cellular mechanisms and anatomical 

substrate of bone mechanosensitivity [20]. Also, more evidence emerged suggesting that the 

relationship between muscle strength and bone parameters extends beyond the general 

paradigm of bone responses to mechanical loading.
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We believe that further progress in understanding genetic etiologies of osteoporosis and 

sarcopenia lies in continuous uncovering of the molecular mechanisms, preferably those 

shared among the musculoskeletal traits. Guided by contemporary tools, this knowledge will 

ultimately lead to approaches aimed at reducing the burdens of both conditions via improved 

diagnosis and early-targeted treatment.

Relationship between bone and muscle throughout the life span

Allometry and pleiotropy during development and growth

The bone and muscle relationship starts early on, with patterning of the somites in 

embryonic life. For recent and comprehensive reviews of embryonic sources of muscle and 

bone development as well as progenitor cells, see Refs. [127] and [114]. In brief, muscle and 

bone develop from somites and share a common mesenchymal precursor. Somewhat 

surprisingly, muscle and bone develop independently and form attachments with one another 

secondarily, but in a highly regulated fashion. Bone morphogenetic proteins are important, 

since they are required not only for skeletal patterning during embryonic development, but 

also for bone response to mechanical stimulation and ensuing remodeling at specific 

anatomic sites in the skeleton [69].

Muscle precursors migrate to the extremity bud during limb morphogenesis in intra-uterine 

development. Muscle precursors are multipotent and able to form both adipocytes and 

osteogenic cells in proper conditions. The concept of a universal biomechanical unit [49,51] 

was explored by Matsuoka et al. [114] who, in particular, identified genes involved in the 

cellular modularity of muscle and bone of the shoulder girdle during the embryonic stages.

As the musculoskeletal apparatus grows, allometric relationships become more apparent and 

critical. Allometry is usually defined as the form/size/shape covariance or the relationship 

between the growth and size of one body part to the growth and size of the whole organism. 

In regard to the musculoskeletal system, morphological traits like joint shapes and sizes, 

long bone diaphyseal morphology, muscle–bone interfaces (entheses) and bone-muscle lever 

orientations, covary significantly with gross morphological parameters (such as length of 

body segments) due to the need to maintain an integrated, functioning system in spite of 

inter-individual variation in overall form and shape [30]. In theory, the pattern of 

(co)variation should evolve to match fitness demands (e.g., see works of Cheverud’s group 

[26]), and alleles whose pleiotropic effects contribute to the attainment of appropriate 

proportions by interdependent parts will generally be favored by natural selection [108]. 

Models of allometric scaling of bone variables have been proposed [25,119,120]. The theory 

of allometry is consistent with the possibility that genetic influences on bone and muscle are 

exerted in a pleiotropic manner. In addition to genetic regulation, other factors may exert 

effects on multiple traits during development, such as a hormonal signal (e.g., growth 

hormone or sex hormones) that regulates cellular activity [74].

Allometric shifts do not occur rapidly in an evolutionary and ontological sense; this is a long 

and intricate process. Although bone has often been considered as a dynamic responsive 

structure under a given loading condition, it cannot immediately attain an optimum state 

under a varying load, because of the slow speed of adaptation [11]. Recent empiric and 
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theoretical work suggests that there is no single optimal bone architecture; instead many 

different architectural solutions produce adequate bone strength [123,165]. Some believe 

that, in evolutionary terms, most of bone-related traits were never selected – either for or 

against – and they are merely a mechanical consequence of a peculiar locomotion of humans 

[99].

Bones and muscles in adult life

In adult life, mineral mass and muscle mass content of the human body may also be 

functionally associated. For example, the area and radiographic density of the trunk 

musculature have been associated with both lower back pain and level of physical function 

in elderly individuals [66,67]. Bioimpedance (BIA) or DXA-measured lean (non-adipose 

soft tissue) mass also serves as indirect indicators of mechanical loading upon bone [132]. 

Higher lean mass is associated with greater muscle strength and better functioning 

[21,70,180]; leg lean muscle mass measured by DXA has been shown to be associated with 

mobility disability [178–180].

Studies of both humans (adults and children) and laboratory animals have documented a 

strong, positive correlation between muscle strength and bone mass [54]. Thus, muscle 

atrophy is concomitant with the observed bone loss [75]. There is a “mechanical” 

explanation for this phenomenon. Mechanical loads activate new bone formation on cortical 

and trabecular surfaces; strain can activate bone cells, which then respond with gene 

activation, increased metabolism, growth factor production and matrix synthesis [46,49]. 

Mechanical stimulation of bone cells may induce elevated levels of insulin-like growth 

factor I (IGF1), which stimulates the differentiation of osteoblasts into osteocytes [148]; 

osteocytes, in turn, are necessary to maintain bone mass in response to normal load [20].

In addition, the lumbar spine ex vivo, without assistance from muscles, buckles under 

compressive loads thousand times lower than those that in vivo spine withstands during daily 

tasks [29,116]. The ability of the in vivo spine to tolerate such high loads is mainly 

attributable to the dynamic stabilizing capacity of the trunk musculature [66,156]. In 

addition, the abdominal muscles by their attachment to the dorsolumbar fascia can not only 

flex and extend the lumbar spine, but also eliminate shear stress on the lumbar intervertebral 

segments. Similarly, it has been suggested that muscle-induced stiffness (of the abdominal 

muscles and iliopsoas) reduced the shear levels in the sacroiliac joint in preparation for load 

transfer from the spine to the legs [176]. Numerous muscles interact to create the mechanical 

environment of the bones, calling for an integrated approach to studying this complex 

structure–function relationship [108].

Environmental signals triggering bone response, conductors and recipients 

of those signals

When considering the genetic “determinants” of a functionally unified muscle–bone system 

[114], one would still expect there to be an interaction between genetic susceptibility and 

environmental factors [91]. Even if there is an obvious environmental trigger, there should 
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be a molecular substrate in bone responsible for recording and responding to the action of 

muscles; this susceptibility to outside triggers should be genetically determined [30,183].

The mechanostat theory postulates that bone strength adapts primarily to muscle forces [49]. 

It has been a long-held belief that bone cross-sectional properties mostly reflect shape 

adaptations to only the most vigorous forms of loading rather than to typical habitual 

activities [127]. It has been also hypothesized that extremely small strains, if induced at a 

sufficiently high frequency, are strong determinants of bone intrinsic morphology [141]. 

Thus, evidence suggests that bone tissue depends as much on the persistent, low-magnitude 

strains that arise through dominant activities such as standing as it does on the relatively 

large, but rare strain events of intense (strenuous muscular) activity [2]. From this 

perspective, the bone loss that accompanies aging or period of prolonged bed rest, may 

result from both diminished numbers of low strain and high strain magnitude cycles, due to 

the muscle wasting (sarcopenia, or progressive atrophy of muscle mass) which parallels 

these conditions [36].

An exciting experiment by Xie et al. [190] emphasized effects of extremely low-magnitude, 

high-frequency mechanical stimuli on the quality of the adolescent musculoskeletal system 

in juvenile mice. Following 6 weeks of the whole-body vibration, their periosteal bone area, 

bone marrow area, cortical bone area, and the moments of inertia of the tibial metaphysis 

were all significantly greater than in controls (up to 29%, p<0.05); the mice that received the 

vibratory mechanical stimulus also had 14% greater trabecular bone volume (p<0.05) than 

controls. Very importantly, the soleus muscle also expressed gains, with total type I and type 

II fiber cross-sectional area as much as 29% greater in vibrated mice (p<0.05) [190]. This 

experiment thus confirmed that, first, the mechanosensitive elements of the musculoskeletal 

system are not necessarily dependent on strenuous, long-term activity to initiate response in 

young age, and secondly, that whole-body vibration provides a “pleiotropic” stimulus to 

both bone and muscle. It is important to identify a substrate for the responses of the various 

muscle receptors to vibration, which may include the receptors of stretch (muscle spindle 

primary ending), length (muscle spindle secondary endings), and tension (Golgi tendon 

organs) receptors [40].

In the absence of loading, bone is lost, while in the presence of loading, bone is either 

maintained or accrued. The skeleton is unique in its ability to adaptively remodel in response 

to its perception of mechanical loading or lack of loading or disuse [20] to prevent an 

underdesigned (or over-designed) structure [74]. How this external loading signal in bone is 

transmitted at the cellular level is not well established; the bone matrix is undergoing tissue 

deformation, but to what extent and how is not clear [20].

Osteocytes, the most abundant cells in bone, have been implicated as the link between 

external loading and the skeletal re-organization, since they are necessary to maintain bone 

mass in response to both normal load and extreme force (reviewed in [20]). In brief, 

osteocytes are embedded in mineralized matrix; they are distributed throughout the bone 

tissue volume, communicating with each other via gap junctions. They also communicate 

with osteoblasts on the bone surface through their dendritic processes within the tunnels 

called canaliculi, thereby forming a neuron-like network throughout the skeleton. Osteocytes 
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have recently been shown to be the major bone cell population responsible for 

mechanotransduction [20]. It is still poorly understood how osteocytes translate the 

mechanical stimulus (tension or loading) information into the biochemical signals to direct 

bone formation by osteoblasts [104].

There are few studies that have examined whether discrete, localized loads, such as those 

created by muscle contractions on attachment sites, have local osteogenic effects. In one 

study, tensile forces induced the production of IGF1 and IGF1-receptors and proliferation of 

osteoblast-like cells at the site of load application [68]. The anatomical substrate for these 

actions of muscles on bones is not entirely clear. On one hand, tendons determine the 

translation of muscle force to the bone via the periosteum [32]. It is believed that muscle 

growth produces stretching of collagen fibers and periosteum at the muscle/bone interface, 

which then stimulates local periosteal growth [65]. On the other hand, specifically in 

entheses, there is a gradual transition between tissue types with distinctly different elastic 

moduli, which is thought to enhance the ability of tendons to dissipate force evenly during 

muscle contraction, thus resisting shear stresses at the bone surface [16,197]. We might 

hypothesize that recent molecular discoveries [118,193] as well as novel molecular pathways 

discovered by large-scale genetic analyses, will help to better identify the receptors and 

response elements.

Sex as environment for bone and muscle phenotypes: Role of sex hormones

Sexual dimorphism is marked in both skeletal development, adult maintenance, and aging 

and is not limited to skeletal dimensions, cortical thickness, and BMD. For example, in the 

Framingham cohorts, adult men have longer femora, with more obtuse neck shaft angles, 

longer and wider femoral necks, in addition to higher BMD [194]. The differences between 

the sexes in the structural components of bone strength seem to be partly due to their 

particular biomechanical responses, which might depend on differences between the 

hormonal mileau of men and women [80].

Hence, gender-specific predisposition to osteoporosis and fracture risk may lie in genes 

determining both the structural and mineral constituents of bone strength (and fragility). 

Despite pronounced sexual dimorphism in mass, structure and shape, there is no strictly sex-

limited phenotype to be defined at the tissue level, i.e. distinctive features of the male and 

female skeleton result from quantitative and qualitative variations of bone modeling and 

remodeling, not from completely different mechanisms of regulation. Estrogen has also been 

suggested to sensitize the mechanosensory system to loading (reviewed in [153]). Bones of 

men respond to estrogen as well as to testosterone [90]. Replacement of testosterone in 

hypogonadal elderly men has successfully increased both muscle mass and strength [42]. 

The actions of androgens on muscles are well known in body-builders of each sex. Currently 

not much is known about the role endogenous estrogens, and administration of estrogen may 

play in the management of sarcopenia; it seems that the muscle effect of estrogens is not 

significant compared to that of androgens. Thus, estrogen replacement therapy (ERT) did not 

prevent loss of muscle composition and strength with aging [88,160]. On the other hand, the 

skeletal actions of androgens may result from direct activation of the androgen receptor 

(AR), or may alternatively depend on stimulation of the estrogen receptors (ESRs) following 
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aromatization of androgens into estrogens that occurs in peripheral tissues, catalyzed by the 

enzyme, aromatase. Uniquely for women, though, the rise in estrogen levels at puberty leads 

to the deposition of additional cortical bone mass to satisfy the anticipated physiological 

needs of the subsequent reproductive period [94], such as in pregnancy and lactation [153].

Notably, differences in response to estrogen and testosterone have been shown for male and 

female chondrocytes, osteoblasts, myoblasts, and other cells [31,164]. Corsi et al. [31] 

recently found that, when stimulated with bone morphogenetic protein 4 (BMP4), skeletal 

muscle-derived stem cells (MDSCs) from male mice had a larger increase in osteogenic 

gene expression and a higher alkaline phosphatase activity than cells derived from female 

mice. These results suggest that male MDSCs have a significantly greater osteoprogenitor 

potential, which may serve a basis for enhanced bone regeneration, which is characteristic of 

males [31].

Aging of bone and muscle: Osteoporosis and sarcopenia

The process of involution of the musculoskeletal system seems to be a general phenomenon 

and an example of tissue atrophy with age [81]. Bones undergo a decline with age in their 

responsiveness to mechanical loads from exercise [127], a decline that parallels – and 

probably corresponds to – the decrease in muscle input that arises from energy deficiency 

and fiber loss. After the skeleton has reached maturity, bone remodeling is responsible for 

the complete replacement of old bone tissue with new tissue [112]. Bone’s ability to 

regenerate (remodel itself, even in absence of trauma) is characteristic of that tissue [20]. 

With advanced age and sex steroid deficiency, the placement and quality of new bone are 

altered, causing a derangement in the normal process of bone regeneration [112]. This 

alteration is caused by the change in areas of remodeling due to disease, accumulated micro-

trauma, and by variations in muscle strength and direction of applied force. Catabolic illness, 

such as surgery, injury, palsy, and immobilization (due to bed rest [135] or space flight [22]), 

may contribute to rapid bone degeneration.

Similar to bone, muscle tissue deteriorates with the age. Age-associated loss of muscle 

fibers, fatty degeneration, and decreased number of functioning motor units bring about 

decline in muscle quality (i.e. force generated per unit of muscle mass) [100]. The weight of 

skeletal muscle comprises ~45% of body weight at age 21–30 but decreases to ~27% at age 

70+years [161]. Sarcopenia (muscle wasting) is manifested by decreases in muscle strength 

and muscle mass with age, mainly as a result of the alterations in muscle morphology. This 

is due mostly to a decreased proportion and cross-sectional area of type II (fast-twitch) 

fibers; however, single fiber analysis suggests that the contractile proteins also become less 

effective with age [48].

A leading contemporary theory suggests that both decreasing muscle activity and muscle 

mass are the main causes of age-related bone loss [77]. Aging is typically accompanied by 

declines in physical activity; some relate it to the afore-mentioned energy deficiency in older 

persons. In addition, it is well known that adult bone is less sensitive to exercise-induced 

changes in peak muscle strain than younger, growing bone [166]. It is believed that exercise 
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cannot add significant new bone mass in adults. Rather, the benefit of physical activity with 

regard to the adult skeleton lies mostly in conservation [47].

Genetics of bone and muscle mass: Pleiotropy?

Pleiotropy: what it means and what it does not

There are several potential mechanisms underlying associations between genetic 

polymorphisms and the musculoskeletal apparatus, including the mediation of 

environmental influences by genetic factors. The spectrum of pleiotropic effects of a gene on 

a morphological trait may include both “direct” and “indirect” effects (via some intermediate 

mechanism), with a possible continuum in-between [87]. There are at least two possible 

scenarios of gene actions (see scheme in Fig. 1), which include: (A) pleiotropic effects of 

gene polymorphisms on two traits, bone and muscle, (B) a conditional model (confounding), 

in which a gene is associated with one trait, and that trait in turn influences another trait. For 

example, considering bone and muscle size as traits of interest, genes might regulate how 

bone responds to actions of a large muscle (or, less plausible, how large a muscle should be 

to operate a larger bone). Testing Scenario (B) vs. Scenario (A) provides statistical evidence 

that the effect of the gene is “really” pleiotropic and not an indirect effect. In support of 

Scenario (A) (a “true” pleiotropy), one study reported that adjustment for lean mass 

increased the heritability estimate for femoral neck BMD in parent–adult child pairs [18].

It may be a single gene that can trigger changes in bone anatomy and as a result, affect 

muscle architecture. However, it is more plausible that alterations in certain systemic control 

factors active during development will have profound downstream consequences, e.g., small 

modulations of the growth hormone (GH) axis can generate fully coordinated morphological 

change [108]. There are a plethora of indications that GH and related factors (such as 

insulin-like growth factor I) may exert both direct anabolic effects on bones, as well as 

indirect effects, via influences on muscle. Furthermore, the rate and/ or duration of mitosis 

in the proliferative zones of femoral growth plates [186] or delayed mineralization of growth 

plate cartilage, may lead to elongation of the femoral neck with reduction of the neck shaft 

angle and height of the greater trochanter; these changes in bone geometry involve 

functional adaptations of soft tissues to maintain fitness in walking [108].

In summary, DNA variants having direct effects on bone may represent genes that alter the 

responsiveness of bone to its external loading demands. In contrast, SNPs that influence 

bone indirectly may represent genes that do not alter the responsiveness of bone but rather 

alter the stimulus imposed on the system [74] such as muscle strength. In any case, genetic 

strategies hold a promise to both propose (by statistical means) and validate (via introducing 

the perturbations) possible mechanisms.

Evidence for shared genetics between bone and muscle mass

Given that muscle cells and osteoblasts derive from a common mesenchymal precursor and 

that muscle and bone are directly connected to each other, beginning with the previously 

mentioned somite patterning, it is plausible that there would be potential genes determining 

characteristics of both traits. High genetic correlations ranging from 0.28 to 0.69, have been 
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reported between femoral geometric parameters and total body lean mass in adults from 

Nebraska [158]. The bivariate genome linkage analysis in that same sample produced two 

chromosomal regions, 5q35 and 10q24, with pleiotropic effects on these phenotypes [34]. 

Our results in the Framingham Osteoporosis Study demonstrated similar bivariate genetic 

correlations between leg lean mass and cross-sectional femoral geometry; bivariate linkage 

analysis identified significant quantitative trait loci (QTL) shared by leg lean mass with shaft 

CSA on chr. 12p12–12p13 and with neck shaft angle, on 14q21–22 [85]. Most recently, in 

102 monozygotic and 113 dizygotic older female twin pairs, muscle CSA of the lower leg, 

bending strength of the tibial shaft, and compressive strength of the distal tibia from pQCT 

scans, were shown to share genetic components [117].

Animal models confirm the above human observations: thus, inactivating mutations of the 

myostatin (growth differentiation factor 8, GDF8) gene induce a hypermuscular phenotype 

in mammals. pQCT data show that myostatin-knockout mice have significantly greater 

cortical bone mineral content at the L5 vertebra [60], as well as a larger size of the spinous 

processes and greater expansion of entheses on both the femur and humerus, than normal 

mice [59]. QTLs have been identified for traits related to both bony carcass and meat quality 

in Scottish sheep [79]; these traits were found to share regulatory genes also in beef cattle 

[147] and pigs [113]. Further, Structural Equation Modeling (SEM) was used by Lang et al. 

[96], to explore the extent to which select genetic loci manifest their pleiotropic effects 

through functional adaptations to biomechanic stimuli. QTL analysis was used to identify 

regions of chromosomes that simultaneously influenced skeletal mechanics (as tested to 

failure in three-point bending), muscle mass, and/or activity-related behaviors in young and 

aged mice of both sexes (B6XD2 intercross F2). Correlations among bone strength, muscle 

mass, and physical activity suggested that these traits may be modulated by common genetic 

and/or environmental mechanisms. The study pointed out QTLs at several mouse 

chromosomes that were responsible for mechanosensitivity. In a similarly interesting study, 

Kesavan et al. [89] applied bending loads to the tibiae of 10-week old female F2 mice 

derived from another intercross, B6XC3H. This expression study provided evidence for the 

presence of multiple genetic loci regulating bone anabolic response to loading in mice. 

Whether these genes have pleiotropic actions on muscles too, needs to be shown. Future 

studies should cross-validate these QTLs among different mouse strains and experiments 

and compare them with results from humans.

Implications for the genetic studies of osteoporosis: A need to consider pleiotropy

The most important clinical outcome of any anti-osteoporosis intervention is a reduction in 

the risk of fractures. Risk of fracture is also a function of muscle weakness, therefore a more 

comprehensive fracture risk assessment should account for the musculoskeletal unit as a 

whole [111]. It is also important to remember that the genetic contribution to a risk factor 

may differ from the genetic contribution to the ultimate disease phenotype. For example, 

DXA-derived aBMD, which has been commonly used as an endophenotype for fractures 

due to osteoporosis, was found to share only modest genetic variance with osteoporotic 

fractures [8,35,171,177]. Therefore, neither aBMD alone nor bone geometry, muscle mass or 

strength, can individually serve as perfect surrogates of the skeleton’s ability to withstand 

the forces that produce fracture.
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How can a genetic study help to overcome these deficiencies? We have argued [82] that 

there are several benefits of exploring pleiotropy. First, the “post-genomic” era provides the 

opportunity to utilize a technically advanced hypothesis-free selection method to identify the 

major genetic variants (using GWAS, expression tests etc.). Second, the computational tools, 

exhaustive databases and advanced database querying methods support the conduct of 

multivariate analyses. Finally, newly proposed analytic approaches, such as “reverse 

phenotyping” [62,150], which uses genetic marker data to drive new phenotype definitions, 

would provide an opportunity to theoretically increase power by performing joint analyses 

of genetically correlated traits [7,63,185], as well as decrease the problem of multiple testing 

[126]. With the advent of genome-wide association scans [34], expression experiments [55], 

and bioinformatic tools [52], new candidate genes may emerge for further pursuit.

Candidate genetic mechanisms exerting effect on bones and muscles

Numerous candidate genes have been proposed as contributors to osteoporosis risk based on 

bone biology [133,136,170]. The candidate gene approach needs a strong prior hypothesis 

and has proven viable when there is a strong biological basis for considering a gene as a 

plausible candidate. Exploring the roles of candidate genes belonging to the signaling 

pathways/gene regulation network with biological relevance to both bones and muscles is 

also a promising strategy. The majority of candidate genes are traditionally suggested by 

basic studies in cell cultures and animal models.

We and others [82,181] postulated that possible pathways through which genes may 

influence bone mass and geometry should include genes for responsiveness of bone to 

applied mechanical loading (i.e., set points for mechanosensitivity, in a “mechanostat”-like 

mechanism [49,181]). To adapt bone structure to the strains derived from customary 

mechanical usage in each region of the skeleton, sex hormones or related factors could affect 

the threshold of the feedback system that controls bone remodeling [45,50,153]. However, 

there are examples of “serendipitous” discovery of potentially pleiotropic genes: thus, 

human chromosomal region 3p14–25 has been shown to be linked to BMD in multiple 

cohorts [71]. One gene in the region, the filamin B, is known for being involved in several 

rare human skeletal disorders, such as atelosteogenesis, spondylo-carpo-tarsal syndrome, 

and Larsen’s syndrome. Two recent independent studies explored FLNB as a positional 

candidate and confirmed its association with BMD in women, Caucasian [187] and Southern 

Chinese [103]. This gene is involved in actin binding and cytoskeleton functions and is 

active in skeletal muscle development.

In Table 1, we provide several pathways and single genes, which apparently have 

biologically plausible pleiotropic effects on both bones and muscles. Only those genes for 

which more than a single reference was available are listed in Table 1. Of note, this is not a 

comprehensive review of the literature nor a formal search of the relevant databases; these 

genes were identified by perusal of recent papers in PubMed for the above concepts.

“Classic” candidate genes: Sex hormones

Most hormones affect the remodeling of the skeleton via a direct osteogenic effect, although 

there may also be indirect effects through hormonal influence on muscle. Sex hormones are 
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obvious candidates for regulation of both bones and muscles since there is pronounced 

sexual dimorphism in bone size, shape, mass and muscle mass/strength (detailed above). Sex 

steroids, androgens and estrogens, are believed to modulate the function of the muscle–bone 

unit. Their receptors are essential for normal skeletal growth and bone mineral acquisition 

[53] as well as being important regulators of recovery from disuse atrophy. Skeletal muscle 

myoblasts, myotubes, and mature fibers also express functional androgen and estrogen 

receptors [115]. Polymorphisms in the AR [64], two estrogen receptors, ESR1 and ESR2 
[58,151,152], as well as in the aromatase gene CYP19 [53,84] have been extensively 

studied. Thus, in a recent GWAS of 19,195 adults from five Caucasian populations, SNPs in 

ESR1 were confirmed associated with FN and LS BMD [134].

Another candidate that has been studied with regard to bone and muscle effects is catechol-

O-methyltransferase (COMT), an estrogen-degrading enzyme, involved also in the 

degradation of catecholamines. The COMT Val158Met polymorphism was associated with 

peak BMD in young men [106] and most recently, an interaction of COMT with physical 

activity on BMD was found in the same young men [107]. Girls with COMTLL compared to 

COMTHH genotype had more lean mass as measured by DXA, and an increased muscle area 

in the tibia as measured with pQCT [39].

Insulin-like growth factor I (IGF1)

Growth hormone (GH) and/or its related factors are active during musculoskeletal 

development and repair. Several reports [83,97] have documented a decrement in IGF1 

plasma levels with age in humans. Growth hormone activates IGF1 gene transcription in 
vivo; IGF1 is an autocrine/paracrine growth factor, which may mediate the response of bone 

to mechanical loading via the IGF-1 receptor [78]. Mechanical stimulation of bone cells may 

induce elevated levels of IGF1, which in turn prompts the differentiation of osteocytes from 

osteoblasts and thus promotes bone formation [68]. IGF1 induces muscle hypertrophy by 

activating the IGF1 receptor, which then triggers multiple signaling pathways, including the 

PI3K and MAPK pathways. Inhibition of IGF-I production together with consistently high 

levels of inflammatory cytokines (such as IL-6) in old age is presumed to contribute to 

sarcopenia. The IGF2 gene also has been associated with total body fat-free mass in humans 

[149] and muscle growth in pigs [169]. The IGFs are thus believed to generate 

morphological change in bones in a fully coordinated manner with the skeletal muscle.

Vitamin D receptor (VDR)

The VDR gene has long been targeted as one of the genetic determinants influencing bone 

status because it is involved in bone homeostasis as a part of the vitamin D endocrine 

system. There are a few studies that also have examined the associations between VDR and 

muscle strength. Endo et al. [38] found that the muscle fibers of the VDR-null mice were 

smaller and had persistently elevated expression of early markers of myogenic 

differentiation, which are normally down-regulated in controls.

A number of single nucleotide polymorphisms within this wellknown and widely studied 

gene for osteoporosis have been studied, including the BsmI, ApaI and TaqI polymorphisms 

located in the 3′end of the gene [167] or Cdx-2 transcription factor-binding site which is 
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located within the promoter region [9]. Table 1 provides indications of associations of VDR 

polymorphisms with bone geometry [41], fractures [167], muscle mass or strength [57,188], 

and most recently, falls and balance [14]. Interestingly, VDR showed no statistically 

significant association with BMD after adjustment for multiple testing in a recent meta-

analysis of bone density traits from the GEFOS consortium [134].

Wnt/beta-catenin

Polymorphisms in the low-density lipoprotein receptor-related protein 5 (LRP5), a Wnt 

coreceptor, have been associated with BMD in men and women [43,170,172]. In mice, 

Akhter et al. [4] hypothesized that the denser and stiffer bones in G171V mice may represent 

greater sensitivity to normal mechanical stimuli resulting in an over-adaptation of the 

skeleton to weight-related forces. More recent studies confirmed this assertion [146]. In our 

study [92], genetic variation in polymorphisms of the LRP5 gene was found to modulate the 

relationship between physical activity and BMD in men, thus suggesting that LRP5 may 

play a role in the adaptation of bone to mechanical load in humans as well.

Both bone and muscle are signaled via the Wnt pathway [114]. Wnt signaling has been 

implicated in overload-induced skeletal muscle hypertrophy in mice [10]. Wnt/beta-catenin 

signaling regulates cell differentiation during embryonic and postnatal development; in 

particular, it inhibits adipogenic and enhances chondrogenic differentiation of pericytes [93]. 

Lanyon et al. [98] suggested that ESR1may play a role in shuttling β-catenin into the nucleus 

in response to mechanical strain in osteoblasts. This may in part explain how estrogen 

regulates bone mass [20]. β-catenin accumulates in the cytoplasm and then translocates into 

the nucleus to affect gene transcription by a mechanism that is not well understood 

(reviewed extensively in [20]).

Sclerostin, encoded by the SOST gene, was shown to bind to LRP5 and LRP6 and inhibit 

Wnt/β-catenin signaling in vitro. Sost(−/−) mice were resistant to mechanical unloading-

induced bone loss [104]. These findings together suggest that Wnt signaling and specifically 

LRP5 and SOST may be involved in muscle/bone crosstalk.

Biological candidates: Response to load/mechanical stress

Bone is an exquisitely mechanosensitive organ, and bone homeostasis depends on ability of 

its cells to sense and respond to mechanical stimuli [110]. It is still poorly understood how, 

on sensing a mechanical stimulus, osteocytes translate the loading information into the 

biochemical signals to direct bone formation in osteoblasts [104]. Multiple chemicals 

transduce the mechanical signal. Osteocytes possess primary cilia that project from the cell 

surface and deflect during fluid flow. These primary cilia are required for osteogenic and 

bone resorptive responses to dynamic fluid flow [110]. Disruption of the ciliary protein 

polycystin 1, a mechanosensing protein, impairs the bone response to mechanical loading 

[110]. Also of interest is the observation that osteocytes express large amounts of Connexin 

43, which is the component of gap junctions and a target of Wnt/β-catenin signaling [168]. 

Similarly, gap junctional communication is a feature of tendons, however, there is no data on 

whether tendons are directly communicate with osteocytes [15].
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One of the “big” questions in mechanotransduction is the molecular nature of the receptor(s) 

for mechanical force (candidate mechanoreceptors). A number of important molecules were 

shown in vitro and in vivo to be modulated in osteocytes in response to increased 

mechanical stress, including ATP, nitric oxide (NO), prostaglandin E2 (PGE-2), IGF-1, 

glutamate transporter, c-fos, ion channel, and intracellular calcium, but few of these 

responses have been shown to be a prerequisite for loading adaptation [104]. Integrins have 

been implicated as mechanoreceptors in a wide range of cells including myocytes, 

fibroblasts, endothelial cells, chondrocytes, and bone cells (reviewed in [143]).

Integrins play an important, albeit not well defined, role in facilitating signaling by IGFs and 

by other growth factors. Signaling via integrin receptors is a prominent aspect of the afferent 

response of bones to loading; their expression is reduced during skeletal unloading. The 

interaction between certain integrins and the IGF receptor are of especial importance with 

respect to the ability of bone to respond to mechanical load: disruption of this interaction 

blocks IGF signaling and results in bone loss. The mechanical stimulation by osteocyte 

stretching, which prevents osteocyte apoptosis [130], is transmitted by integrins. Fluid flow 

has been shown to activate MAPK via β1 integrin [143].

Vasculature also seems to play a part in the muscle/bone interface. Since blood flow to the 

limb is proportional to lean (muscle) mass [61], one may expect that Haversian perfusion 

will also benefit from well-developed musculature. Muscle contractions might be 

responsible for basal transport of nutrients to the osteocytes [20], probably by intensifying 

local circulation. Nitric oxide is produced in response to mechanical loading; it seems to 

promote the osteogenic response to loading. Whether the nitric oxide derives primarily from 

bone or the vasculature in bone is not yet clear [143]. Bone NO derives primarily from the 

endothelial isoform of nitric oxide synthase (eNOS, coded by NOS3), with the highest 

eNOS expression occurring in osteocytes. The strained bone cell downregulates its 

expression of RANKL, and upregulates expression of eNOS [142]. A reduction in a number 

of NOS3-expressing osteocytes, coupled to an increase in their remoteness from canal 

surfaces (and from blood supply), may thus possibly contribute to the fragility of 

osteoporotic bone [109]. Of note, in two recent studies, NOS3 genetic variation did not 

appear to be a major contributor to adult bone density/ultrasound or geometry in older men 

and women [28,163].

Biological candidates: Muscle as endocrine organ

In some respects, muscle may serve as an endocrine organ, which can contribute to 

homeostatic regulation of both bone and muscle. Indeed, skeletal muscle produces bioactive 

molecules, including interleukin (IL)-6, IL-15, insulin-like growth factor-binding protein-5 

(IGFBP5), and insulin-like growth factor-1 (IGF-1) [193]. Notable, the mRNA level of 

IGFBP5, which modulates the activity of IGF-1, is decreased in skeletal muscle during 

fasting [193]. Actions of interleukin 6 in bone and muscle loss also become apparent [155]. 

IL-6 is a cytokine that has been shown to be produced at high levels by human skeletal 

muscle (therefore called “myokine”) following endurance type exercise [128]. In vitro 
studies demonstrated that IL-6 inhibits the secretion of IGF-1, thus the negative effect of 

IL-6 on bone tissue might be mediated through IGF-1 [13].
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A Japanese group [193] recently identified a novel skeletal muscle-derived secretory factor 

named musclin; its protein sequence is identical to that of osteocrin (Ostn) cloned from 

developing bones [118]. Ostn was also detected in tendons and ligaments, making it a viable 

candidate for both an anatomical and a physiological interface between muscles and bones. 

Ostn appears to modulate osteoblastic differentiation in the growth plate of chondrocytes. 

Thus, the Ostn-transgenic animals displayed elongated long bones [118]. It could also 

function as an autocrine and paracrine factor linked to glucose metabolism in skeletal 

muscle. Indeed, musclin expression is tightly regulated by nutritional status and its role 

could be linked to glucose metabolism/glycolytic activity of type IIB fibers [118]. Thus, 

musclin gene expression was markedly decreased by fasting, restored by refeeding, and 

upregulated by insulin [193]. There is a possibility of Ostn/Musclin acting as a “myokine” 

with actions on distal tissues such as liver and fat to regulate whole-body homeostasis [118].

Candidate genes: De-novo discovery

Genome-wide association studies

Unprecedented potential for the discovery of potentially pleiotropic associations is made 

possible by GWAS. For example, in GWAS for adult height, Sanna et al. [144] identified an 

osteoarthritis-associated locus GDF5-UQCC. The GDF5 gene codes for a cartilage-derived 

morphogenetic protein. The UQCC gene functions in concert with FGF2 and BMPs, 

therefore also can play role in bone metabolism. This finding is not surprising given that 

adult height is largely explained by the length of extremities and vertebral segments, which 

are a function of bone lengths [27]. Further GWAS by Weedon et al. [184] identified 20 loci 

that influence adult height; they confirmed GDF5 as one of the top genes and identified 

SOCS2; the latter is a negative regulator in the GH/IGF1 signaling pathway (also anabolic 

for both bone and muscle).

Further, in a recent study of 19,195 adults from five Caucasian populations [137], 20 

genome-wide significant signals were found at several chromosomal locations. Especially 

notable are the following two newly identified genes, both significantly associated with 

femoral neck BMD: MEF2C (on 5q14) and SOX6 (11p15). In particular, MEF2C (myocyte 

enhancer factor 2), is a central regulator of diverse developmental programs; it is a 

ubiquitous transcription factor. The Mef2 genes are highly expressed in striated muscles 

[131]. Most recent study [33] demonstrated the expression of MEF2C in osteocytes, as well 

as regulation of DMP1 and SOST genes by MEF2C. The SRY (sex determining region Y)-

box (SOX6) gene was identified via a SNP located 297 kb upstream from the gene. Also, the 

same gene was reported in a bivariate association with BMI-hip BMD in males [105]. SOX6 

is a transcription factor of the SOX gene family, which is expressed in a variety of tissues, 

most abundantly in skeletal muscle. Sox6 knock-out mice present with mild skeletal 

abnormalities affecting size and mineralization of endochondral elements [154]. Other SOX-

family genes regulate RUNX2-mediated differentiation of mesenchymal cells during 

endochondral ossification/skeletogenesis [196].

In summary, Table 1 provides indications that genes from multiple pathways, including 

inflammatory, growth hormone, and steroid metabolism, are candidates for pleiotroipic 

regulation of bone and muscle. The pathways, as genetic mechanisms governing complex 
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metabolic processes, tend to be redundant, pleiotropic and polygenic, for safety reasons 

[153,189]. Other possible candidates such as leptin, transcription factor SRY-box 17, 

pleiotrophin, vascular endothelial growth factor, Notch signaling pathway, and 

glucocorticoid receptor, are also shown in Table 1; for these genes, less is known about their 

pleiotropic action on bone and muscle. This list needs to be added and refined by 

bioinformatic search of genetic association and expression databases, and a candidacy of any 

gene to be confirmed via functional studies. We did not review genes with overt pleiotropic 

functions observed in several monogenic syndromes involving bones, muscles, and other 

tissues.

Expression experiments

Physiology of the bone and muscle inter-relationship requires understanding of the gene 

expression patterns and regulatory networks involved in skeletal development, maintenance 

and remodeling, as well as muscle in exercise and unloading. Comprehensive analysis of 

gene expression became feasible recently with the advent of gene array technology [125]. 

Early reports evaluated gene expression mostly in osteoblastic cell lines undergoing 

osteogenic differentiation via stimulation by BMP2 or PTH. A recent study of preosteocytes 

and osteocytes [125] confimed many genes to be important for the osteoblast to osteocyte 

transition.

Analysis of microarray data from skeletal muscles of mice after a spaceflight found that 272 

mRNAs were significantly altered by spaceflight, the majority of which displayed similar 

responses to hindlimb suspension [6]. Several mRNAs altered by spaceflight were associated 

with muscle growth. Thus, mRNA levels of the PPAR-γ coactivator-1α and the transcription 

factor PPAR-α were significantly decreased in spaceflight. Importantly, reloading (after 

landing) tended to counteract these expression changes [6]. In another experimental study, 

the expression patterns of two genes, Collagen X (ColX) and Indian hedgehog (Ihh), were 

shown to colocalize with biophysical stimuli induced by embryonic muscle contractions, 

identifying them as potentially being involved in the mechanoregulation of bone formation 

[123].

Most recently, another group [33] studied gene expression profiles from osteocytes purified 

from calvariae of 5–8 day-old mice. Among the 269 overexpressed osteocyte-specific 

genes ; there were many genes and transcription factors known to control muscle 

differentiation and contractility. The investigators proposed a regulatory network model, 

which included showed that many osteocyte-specific genes, including two well-known 

osteocyte markers DMP1 and SOST, had highly conserved clustering of cis-regulatory 

modules such as muscle-related Mef2c and Myogenin [33]. This thought-provoking finding 

thus supports the concept that a muscle-related gene network probably has a role in muscle 

contractility as well as dynamic movements of the osteocyte. Other sources of the heuristic 

discovery are emerging. Other genes with possible pleiotropic actions do exist and might be 

highlighted in the future. We may expect, for example, that GWAS of muscle characteristics 

might provide important discoveries (partly serendipitous), by pointing out genes thought to 

be candidates for height, BMI, and bone strength. The progress in these studies may help 
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understand genetic underpinnings of broader musculoskeletal concepts, such as sarcopenia 

and frailty.

Summary and recommendations

In conclusion, bones and muscles develop and age together. The cellular mechanism for 

biological regulation of this phenotypic covariation needs to be better explored [74]; there 

are still many more questions than answers. It is not fully understood how bone senses 

mechanical loading, which cells are responsible for this ability, and whether bone loses its 

mechanosensitivity with aging. Additionally, there are other non-loading related 

mechanisms, such as the para- and endocrine crosstalk of muscle to bone, which should be 

studied to a greater extent. We postulate that to achieve success in the study of osteoporosis 

(or in genetics of sarcopenia) one needs to undertake a pleiotropic approach, to take into 

account the multivariate nature of complex diseases and to capitalize on statistical benefits 

of joint analyses [74,105]. A joint approach focusing on common genetic determination of 

both skeletal geometry and muscular mass will identify new signaling pathways, which in 

turn will pinpoint novel biological mechanisms. The study of model organisms as well as 

whole-genome expression and candidate gene association that simultaneously deals with two 

outcomes, muscular and skeletal, should prove helpful in this task.

Identification of a mechanism for mechanotransduction in bone or a hormonal factor 

affecting the system as a whole, could lead to therapeutic approaches for combating bone 

loss due to osteoporosis and disuse [110]. Identifying significant genetic variants underlying 

both bones and muscles, measured with state-of-the-art technology and replicated in large 

human cohorts and animal experiments, will provide valuable insight into important 

potential targets for risk stratification, as well as pharmacogenetic interventions aimed at 

increasing bone strength, muscle strength, or both.

There are new ways to evaluate how genetic variants affect multiple traits simultaneously. 

This knowledge “may provide a way to improve diagnosis by identifying at-risk individuals 

earlier in life, and to identify novel biological pathways that can be used to treat individuals 

earlier and more effectively” [74].
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Fig. 1. 
Diagram of possible action of a gene shared between muscle and bone.
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Table 1

Candidate genes and pathwaysa for pleiotropic action on bone and muscle.

Gene (abbrev.) Gene title Action Reference

Sex hormones

AR Androgen receptor Decreased AR activity results in a loss of bone 
mass

[17]

CAGn repeats associated with fat-free mass in men [182]

ESR1 Estrogen receptor 1 In a meta-analysis, XbaI polymorphism associated 
with BMD and fracture risk in women

[72]

Esr1 knock-out mice unable to respond to physical 
exercise with a periosteal bone expansion 
compared to wildtype mice

[101]

PvuII polymorphism may modulate the effect of 
exercise on BMD

[159]

Note: no relationship between TA-repeat 
polymorphism and muscle mass and strength in 
young adult women

[58]

Growth hormone/insulin-like growth factors

IGF1 Insulin-like growth factor I CA-repeat promoter polymorphism has effects on 
femoral bone geometric parameters

[136]

CA-repeat polymorphism was associated with 
increased bone strength and muscle volume and 
strength

[95]

Alternative splicing was involved in the 
mechanotransduction of bone cells

[56,162]

Transforming growth factor-β superfamily

GDF8 Myostatin Myostatin-null mice had significantly greater 
cortical bone mineral content and larger entheses 
than normal mice

[59,60]

mRNA levels were reduced in response to heavy-
resistance strength training in older adults

[138]

rs2293284 and rs7570532 were associated with hip 
peak BMD variation in Chinese women

[195]

Vitamin D signaling

VDR Vitamin D receptor In a meta-analysis, Cdx-2 polymorphism was 
associated with risk for vertebral fractures in 
women

[167]

BsmI polymorphism was associated with decreased 
vertebral area and femoral narrow neck width

[41]

BsmI polymorphism was associated with muscle 
strength

[57,188]

FokI polymorphism was associated with fat-free 
mass and sarcopenia in older men

[140]

Interactions between leisure physical activity and 
VDR BsmI genotype on the lumbar spine BMD in 
active post-menopausal women

[19]

Association between VDR polymorphisms and 
falls, balance and muscle strength

[14]

Inflammatory cytokines

IL6 Interleukin 6 −174 GC polymorphism was associated with 
increased risk of wrist fracture in post-menopausal 
women

[122]
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Gene (abbrev.) Gene title Action Reference

−174 GC was associated with hip BMD in post-
menopausal women

[44]

−174 GC was associated with fat-free mass in men 
but not women

[139]

Exercise increases IL-6 receptor production in 
human skeletal muscle

[86]

Other pathways

BMP2 Bone morphogenetic protein-2 Young males with the rs15705 C/C genotype were 
associated with an increased gain in skeletal 
muscle volume (p=0.0060) following resistance 
training

[37]

BMP2 was linked and associated with BMD at 
different skeletal sites

[157,192]

PPARγ Peroxisome proliferator-activated receptor-gamma Polymorphisms in the PPARγ were associated with 
aBMD in both mice and humans

[1]

Mutations in PPARγ result in increased fatty acid 
flux to the skeletal muscle

[145]

GCR Glucocorticoid receptor Contributed both to bone and lean mass in older 
persons, muscle strength in younger males

[173,174]

ER22/23EK polymorphism was associated with 
lower trochanteric BMD in elderly women

[175]

PTN Pleiotrophin Over-expression affects mouse long bone 
development, fracture healing and bone repair

[102]

Potential mediator of mechanotransduction 
signaling in regulating periosteal bone formation 
and resorption in mouse

[191]

Expression levels lowered in response to 
spaceflight

[121]

NOTCH1 Notch homolog 1, translocation-associated NOTCH1 inhibits bone resorption, both directly on 
osteoclast precursors and indirectly via osteoblast 
lineage cells

[12]

Significantly lower expression found in muscle 
biopsies from older men compared to muscle from 
younger men

[24]

RETN Resistin Serum levels showed a significant negative 
correlation with lumbar spine BMD in middle-aged 
men

[124]

Polymorphisms associated with muscle and bone 
phenotypes in men and women

[129]

SRY-17 Transcription factor SRY (sex determining region Y)-
box 17

Involved in endochondral bone growth [3]

Downregulated in older men’s muscles (as a part of 
the “sarcopenia signature”)

[55]

SOX6 (sex determining region Y)-box 6 Associated with BMD in GWAS studies [137,105]

Expressed in a wide variety of tissues, most 
abundantly in skeletal muscle

[154]

NF-kB Nuclear factor of kappaB NF-kB proteins implicated in muscle wasting 
(short-term hindlimb unloading in rodents)

[76]

Activation of NF-kB can induce muscle atrophy in 
transgenic mice

[23]

LMNA Lamin A/C Mutations cause primary laminopathies, including 
skeletal muscular dystrophies

[73]

Lamin A/C knockdown had a negative impact on 
osteoblastogenesis and bone formation in vitro

[5]

a
Pathways may overlap (the same gene may belong to more than one pathway).
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