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Abstract

Mechanical forces are conducted through myofibers and into nuclei to regulate muscle 

development, hypertrophy, and homeostasis. We hypothesized that nuclei in aged muscle have 

changes in the nuclear envelope and associated proteins, resulting in altered markers of mechano-

signaling.

METHODS: YAP/TAZ protein expression and gene expression of downstream targets, Ankrd1 
and Cyr61, were evaluated as mechanotransduction indicators. Expression of proteins in the 

nuclear lamina and the nuclear pore complex (NPC) were assessed, and nuclear morphology was 

characterized by electron microscopy. Nuclear envelope permeability was assessed by uptake of 70 

kDa fluorescent dextran.

RESULTS: Nuclear changes with aging included a relative decrease of lamin β1 and Nup107, 

and a relative increase in Nup93, which could underlie the aberrant nuclear morphology, increased 

nuclear leakiness, and elevated YAP/TAZ signaling.

CONCLUSION: Aged muscles have hyperactive nuclear-cytoplasmic signaling, indicative of 

altered nuclear mechanotransduction. These data highlight a possible role for the nucleus in aging-

related aberrant mechano-sensing.
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1. Introduction

Skeletal muscles show decline in muscle cell (myofiber) size with age (1), resulting in a loss 

of muscle mass (sarcopenia). This deficit, together with increased susceptibility to injury (2), 

predisposes the risk of falls and related injuries, which are linked to morbidity and mortality 

(3). The precise cause of the gradual decline in muscle mass remains to be determined, but 

several mechanisms have been put forth including apoptosis (4), oxidative stress (5), chronic 

low-level inflammation (6), reduced satellite cell function (7), and blunted anabolic 

responses (8). Here we propose an additional factor that contributes to sarcopenia: aberrant 

nuclear-cytoplasmic transport in aging nuclei.

Myofibers are multinucleated, and to support the large cytoplasm in the skeletal myofiber, 

the nuclei are positioned to maximize the distance between each other (9), thereby 

minimizing transport distances (10). Each nucleus contributes to the organization of the 

cytoskeleton, but importantly the nuclei throughout a single fiber also act as cellular 

mechano-sensors (11). The nuclear lamina, a dense meshwork of nuclear lamins underneath 

the inner nuclear envelope, along with the chromatin, are the primary determinants of 

nuclear stiffness (12, 13). The nuclear lamina is integral in facilitating mechanical signals to 

the nucleus and plays an important role in DNA organization and repair, and transcriptional 

regulation (reviewed in (14). Changes in nuclear shape can result in conformational changes 

in chromatin structure, directly affecting transcriptional regulation (15), and ultimately 

altering cell function (16).

In addition to its role in mechanotransduction, the nuclear envelope is critical for the 

physical separation of the nuclear genome from the cytoplasm. That is, improperly 

compartmentalized nucleic acids arising from dysfunctional nuclear pore complexes (NPCs) 

are harmful to the cell, including aberrant nuclear entry of signaling molecules without 

regulation (17). The NPC is a small multiprotein channel that mediates molecular traffic 

across the nuclear envelope, i.e. the bidirectional exchange of proteins and mRNA between 

the nucleus and cytoplasm. Each NPC is composed of ~30 different proteins, called 

nucleoporins (aka ‘Nups’). Loss or deterioration of nucleoporins have been found to 

contribute to the aberrant regulation of gene expression, cell-cycle progression, maintenance 

of nuclear envelope integrity, and chromosome segregation (18). In neurons, processes such 

as oxidative stress can result in age-dependent NPC deterioration, which is associated with a 

loss of nuclear-cytoplasmic compartmentalization. Such findings have led to the notion that 

‘leaky’ nuclei (via NPCs) could therefore be a major driver of aging in post-mitotic cells 

such as neurons (18, 19). Here, we adopt similar methods to interrogate whether nuclei in 

adult skeletal muscle show analogous changes with aging.

Mechanotransduction, the process by which mechanical force is translated into a 

biochemical signal to activate downstream cellular responses, is crucial to myofiber 

function. Although much research has focused on how protein complexes at the sarcolemma 
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and within the fiber respond to mechanical stress, the nucleus has emerged as a crucial 

organelle for the cell to perceive and respond to changes in its mechanical environment. YAP 

(Yes-associated protein) and its paralog TAZ (transcriptional coactivator with PDZ-binding 

motif) have been touted as nuclear relays of mechanical signals (20). In response to 

mechanical load, unphosphorylated YAP/TAZ translocates to the nucleus and binds to a host 

of transcription factors (primarily TEAD1-4 (21)), inducing the transcription of many 

downstream genes. Although nuclear translocation of YAP/TAZ appears to be dependent on 

force transmission, the effect of aging on YAP/TAZ signaling has not been examined.

We used muscles from young and aged mice to study the nuclear envelope and associated 

structures. We tested the hypothesis that compared to nuclei in young muscle, nuclei in aged 

muscle have changes in the nuclear lamina and NPC proteins, with parallel changes of 

altered nucleo-cytoplasmic transport and mechano-signaling indicators in skeletal muscle.

2. Materials And Methods

2.1. Animals

We used young (2–5 months) and aged (24–28 months) male mice from the C57BL6 strain 

(purchased from The Jackson Laboratory, Bar Harbor, ME, and obtained through the NIA 

Aged Rodent Colonies). A total of 21 mice were used for these studies, with specific 

numbers per experiment listed below. Mice were maintained under a 12-hour light/12-hour 

dark schedule with ad libitum access to food and water. All experimental procedures were 

approved by the University of Maryland Institutional Animal Care & Use Committee.

2.2. Western blotting

Quadriceps muscles (N = 3 for young, N = 3 for aged mice were homogenized in RIPA 

buffer (Cell Signaling Technologies, 9806S, supplemented with 1% SDS and Protease/

Phosphatase inhibitor, Invitrogen, A32961) with sonication. BCA protein assay was used to 

measure protein concentration in homogenates (Thermo Fisher Scientific, Waltham, MA), 

and 30 μg of protein were loaded and separated in 4–12% gradient gels. Separated proteins 

were transferred to a nitrocellulose membrane, with membranes blocked in 5% milk. 

Membranes were incubated in primary antibodies against Lamin A/C (Cell Signaling 

Technology, Danvers, MA, 2032, 1:1000 dilution), total-YAP/TAZ (Santa Cruz 

Biotechnology, Dallas, TX, sc-101199, 1:500) and phospho-YAP/TAZ (Cell Signaling 

Technology, 4911S, 1:500 dilution). 60 μg of protein were also loaded, separated in 4–12% 

gradient gels and transferred to nitrocellulose membranes. Membranes were also blocked in 

5% milk and incubated in primary antibodies against Lamin β1 (Cell Signaling Technology, 

13435S, 1:1000 dilution), Nup107 (Proteintech, Rosemont, IL, 19217-1-AP, 1:500), Nup93 

(Proteintech, 13077-1-AP, 1:500), Nup88 (Abcam, ab79785, 1:500), Nup98 (Cell Signaling 

Technology, 2598S, 1:500), KPNA4 (Proteintech, 12463-1-AP, 1:500), CRM1 (Cell 

Signaling Technology, 66763-1-AP, 1:1000), RAN (BD Biosciences, 610341, 1:1000) and 

RCC1 (Proteintech, 22142-1-AP, 1:500). Membranes were visualized after incubation with 

HRP-conjugated rabbit and mouse antibodies and ECL substrate (Thermo Fisher Scientific). 

Ponceau S staining was performed to ensure proper loading and to monitor the quality of 

protein transfer to the membrane. Bands were quantified using ImageJ software and 

Iyer et al. Page 3

Exp Gerontol. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normalized to GAPDH (Santa Cruz, 6C5, 1:1000). Protein expression was normalized to 

levels in young samples for obtaining the fold change in expression. Changes were not 

altered even with densitometry measures normalized to Ponceau stain.

2.3. Quantitative RT-PCR

For real time (RT)-PCR detection of YAP and downstream targets of YAP/TAZ, three young 

and three aged quadriceps muscle were snap frozen and then homogenized in Trizol reagent 

(Invitrogen, Carlsbad, CA). Total RNA was extracted according to manufacturer’s 

instruction, and reverse transcribed. Quantitative RT-PCR was performed as described 

previously, with an ABI 7300 Sequence Detection System (Applied Biosystems, Foster City, 

CA) using SYBR green. Relative expression was determined by comparison to 

housekeeping gene, GAPDH, using the geNorm software (v3.5, Ghent University Hospital, 

Ghent, Belgium). No significant changes (p > 0.05) were observed between young and aged 

muscles for cycle threshold values for GAPDH. Transcripts for YAP (Yap), and its 

downstream targets (Ankrd1 and Cyr61) were assessed (Primer sets described in S1A).

2.4. Myofiber isolation

After mice were euthanized, the flexor digitorum brevis (FDB) muscles were harvested 

bilaterally. To obtain single myofibers by enzymatic dissociation, muscles were placed into 

DMEM with 10% Fetal Bovine Serum (FBS), 1 μl/ml gentamicin, and 1 mg/ml type A 

collagenase (Roche, Basel, Switzerland, 11099793001) overnight at 37°C. Myofibers were 

plated on extracellular matrix (ECM, Sigma E1270)-coated imaging dishes (MatTek 

Corporation, Ashland, MA, P34G-1.0, 0-14-C) before fixation. The small size of the mouse 

FDB muscle makes it ideal for performing these enzymatic dissociations to obtain isolated, 

live myofibers, which are challenging to perform with the larger size of the mouse 

quadriceps muscle.

2.5. Examination of ultrastructure with electron microscopy

Fixed single myofibers were isolated from FDB muscles as above, and were stored at 4°C 

before processing (N=3 mice for young and N=4 mice for aged animals). Fixed cultures 

were washed and post-fixed with 1% osmium tetroxide and 0.75% potassium ferrocyanide in 

0.1M PIPES, PH 7 for 1 hour at 4oC. After osmication, specimens were washed in water, 

stained en bloc with 1% (w/v) uranyl acetate for 1 hour and dehydrated using 30%, 50%, 

70%, 90% and 100% ethanol in series. After dehydration, specimens were infiltrated and 

embedded in Araldite-Epoxy resin (Araldite, Embed 812, Electron Microscopy Sciences, 

PA) following manufacturer’s recommendations. Ultrathin sections were cut at ~70 nm 

thickness on a Leica UC6 ultramicrotome (Leica Microsystems, Inc., Bannockburn, IL) and 

examined in a Tecnai T12 transmission electron microscope (Thermo Fisher Scientific) 

operated at 80KeV. Digital images were acquired by using an AMT bottom mount CCD 

camera (Advanced Microscopy Techniques, Woburn, MA) and AMT600 software. ImageJ 

software (NIH, Bethesda, MD) was used to determine the number of invaginations, the 

length of invaginations, and the length of the nuclear envelope gap in young and aged nuclei.
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2.6. Nuclear isolation and leakiness assessment

To isolate intact nuclei, we used a protocol described by Cutler et al (22). All steps were 

carried out at 4 °C. Whole quadriceps and gastrocnemius muscles (N = 3 young, N = 5 aged) 

were dissected, minced, and suspended in 10 mL homogenization buffer 1 (10 mM HEPES, 

60 mM KCL, 0.5 mM spermidine, 0.15 mM spermine tetrahydrochloride, 2 mM EDTA, 0.5 

mM EGTA, 300 mM sucrose, 5 mM MgCl2, 2 mM dithiothreitol (DTT), and 5% complete 

mini protease inhibitors (Roche)). Muscles were then homogenized with approximately 50 

strokes using a Dounce homogenizer, filtered (40 μm filter) and centrifuged at 1000g for 10 

min, yielding a crude nuclear pellet. The pellet was resuspended in homogenization buffer 

and loaded over a sucrose gradient: 2.8 M sucrose and 2.0 M sucrose in 50 mM HEPES, 25 

mM KCl, and 5 mM MgCl2. The sample was centrifuged for 4 h at 27500 RPM in a SW28 

rotor in a Beckman Optima L Series ultracentrifuge.

After ultracentrifugation, the nuclei concentrated at the interface between the 2.0 M and 2.8 

M sucrose layers were collected in conical tubes pretreated with 1% BSA, diluted with 

resuspension buffer (20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM spermidine, 

0.15 mM spermine, and 0.2 mM EDTA), mixed thoroughly by inverting and pelleted at 

1000g for 10 min. The remaining pellet was washed in 1% BSA, diluted with resuspension 

buffer and pelleted again at 800g for 10 min. The pellet was resuspended with 1% BSA, 

diluted with resuspension buffer. For assessing nuclear leakiness, isolated nuclei were 

stained with 1 μg mL−1 DAPI and 60 μg mL−1 70 kDa fluorescein isothiocyanate (FITC)-

conjugated dextran (Sigma-Aldrich) in 1% BSA, diluted in resuspension buffer and 

examined by digital images obtained with Zeiss LSM Duo microscope (Oberkochen, 

Germany, 40x objective). Average intensity of FITC-conjugated dextran in the area outlined 

by DAPI labeling, and the corresponding background intensity of the image area was 

measured in z-stacked images using ImageJ. The nuclear leakiness (leakiness was indicated 

by normalized intensity of FITC-conjugated dextran greater than 1) was measured for more 

than 450 nuclei for each group, and was averaged for each animal (18, 22).

2.7. Statistical analysis

Statistical analyses were performed using SigmaStat 3.5 (San Rafael, CA). Data are 

presented as mean ± SD unless otherwise noted. Statistical significance was assessed using a 

t-test with p < 0.05. Assumptions of normality and equal variance were confirmed. If the 

assumptions of normality or equal variance were not met, a Mann Whitney U-test was 

performed. Scatter plots were produced using RStudio (RStudio: Integrated Development for 

R. RStudio, PBC, Boston, MA) and open source ggplot2 3.1.0 package (23).

3. Results

3.1. Nuclear mechano-signaling

Changes in YAP/TAZ phosphorylation reflect nuclear mechano-signaling. The phospho/total 

ratio of YAP/TAZ is an indicator of this nuclear localization, as only unphosphorylated 

YAP/TAZ can translocate to the nucleus. Thus, a decrease in the phospho/total ratio, as seen 

in aged muscle for both YAP and TAZ, (Figure 1A) indicates increased nuclear signaling. 

We found an increase in total TAZ protein content in aged muscle, although we did not see a 
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corresponding change in the total YAP protein content. Gene expression of downstream 

targets of YAP/TAZ signaling, Ankrd1 and Cyr61, was increased in aged muscle (Figure 

1B). Elevated YAP/TAZ signaling supports the notion of altered nuclear 

mechanotransduction in aging muscles.

3.2. Nuclear Structure and Transport

Although protein expression of lamin A/C was unchanged in aged muscle, lamin β1was 

decreased in aged muscle (Figure 2A). These nuclear envelope proteins are known to play a 

key role in nuclear morphology, which was examined using electron microscopy in nuclei 

from isolated myofibers (Figure 2C). We found an increased number of invaginations in 

nuclei of aged muscles, although the lengths of these invaginations were not different 

between young and aged muscles (S1F). Protein levels for nucleoporins were also assessed 

by western blot (Figure 2B and S1H). We found differential protein expression of 

nucleoporins in nuclei between young versus aged muscles, with decreased expression of 

Nup107, increased expression of Nup93 and no change in protein expression of Nups88 and 

98. The gap for the NPC in the nuclear envelope (Figure 2D) measured with EM was smaller 

in aged muscles. Fluorescent dextran was used to detect influx via the NPC into the nucleus 

(18, 22). NPCs typically exclude 70 kDa dextran. The average fluorescence was not 

significantly different between young and aged nuclei (S1G). We used a quantitative 

measure to define leakiness (normalized nuclear intensity of FITC-conjugated dextran 

greater than the background fluorescent intensity). A higher percentage of nuclei in aged 

muscle are leaky, with the NPCs incapable of excluding 70 kDa dextrans (Figure 2E). It has 

been shown previously that dextran influx assays can detect a single defective pore, making 

it a more sensitive indicator than measurement of transport through the NPC (18, 24).

4. Discussion

Myofibers are constantly subjected to mechanical forces. Proper structure and levels of 

proteins in the nuclear lamina and NPCs are required for proper mechano-signaling (15, 25). 

Extracellular and cytoplasmic forces are transmitted across the nuclear envelope to the 

nuclear interior, where they can cause deformation of chromatin and nuclear bodies (26–28). 

Gene expression is dependent on chromatin organization (29), thus, unstable regulation of 

this pathway in response to mechanical stress could drive sarcopenia (30–32). Our results 

also revealed age-dependent changes in the lamina (specifically a reduction in lamin-β1) and 

in the NPC (specifically a reduction in Nup107 and an increase in Nup93). These findings 

could provide a possible molecular explanation, such as destabilized nucleocytoplasmic 

transport (i.e. ‘leaky nuclei’) and aberrant mechano-signaling (i.e. elevated YAP/TAZ 

signaling) underlying sarcopenia.

Although an increase in YAP/TAZ signaling typically drives hypertrophy, when 

constitutively active, YAP/TAZ paradoxically leads to atrophy and degeneration (33). We 

and others have observed increased YAP/TAZ signaling in diseased muscle (34, 35). YAP 

and TAZ are molecular indicators of nuclear mechanotransduction (20), and are altered with 

changes in expression of nuclear envelope and cytoskeletal proteins. The anabolic response 

to exercise is attenuated with aging, and recent work confirms minimal increases in nuclear 
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signaling with loading in aged skeletal muscle (36). This attenuated response to loading in 

aged skeletal muscle could be due to the already elevated baseline of YAP/TAZ signaling 

(both decreased phospho/total protein ratio and increased gene expression of downstream 

targets) we describe here.

We further observed a relative increase in total TAZ protein expression, but not in total YAP 

protein expression. YAP and TAZ have common roles in skeletal muscle (e.g. both enhance 

proliferation), however they also have distinct roles (e.g. only TAZ enhances differentiation) 

(37, 38). TAZ increases dramatically during skeletal muscle differentiation, while YAP 

remains relatively constant. Others have reported differences in total YAP between young 

and aged muscle, however this could be due to the use of a different muscle (gastrocnemius) 

(39).

Lamins govern numerous biological functions, both biophysical and biochemical. This 

includes determination of nuclear size, shape, stiffness (25), regulation of transcription 

factors (40) and chromatin (41), and control of cell polarization and migration (42). Indeed, 

mechano-sensing by the nuclear lamina is thought to be important for protection against 

nuclear rupture and damage (43). Laminopathies, which include a subset of muscular 

dystrophies resulting from genetic mutations in lamins, have disrupted nuclear 

mechanotransduction (14). Our results indicate a decrease in protein expression of lamin-β1, 

but not lamin A/C, with aging. In non-muscle cells, lamin-β1 appears to be a marker of 

cellular senescence and various forms of cellular stress (44). Such findings suggest that 

defects in the nuclear lamina can impair the ability of cells to respond appropriately to 

mechanical forces.

Previous studies have observed alterations in nuclear shape and chromatin organization in 

aged muscle (9, 31, 45), which have been linked to changes in lamins. While other studies 

have observed invaginations in aging nuclei, there have been no quantitative measures. 

Previous studies on nuclei with lamin mutations have also observed nuclear invaginations 

(46, 47). Abnormal nuclear shape, such as our finding of increased number of invaginations 

with aging, could also affect transcription (48), further implicating abnormal nuclear 

function in aging.

The loss of lamin-β1 in neurons has been associated with altered nucleo-cytoplasmic 

transport consequent to changes in NPCs (49). Previous studies on nuclei in neurons have 

also reported loss of lamin-β1, increase in the fraction of ‘leaky’ nuclei, and altered 

expression of Nups (50, 51). Our finding that increased nuclear influx (‘leaky nuclei’) occurs 

in nuclei of aged skeletal muscle, and that a subset of nucleoporins is altered in aged 

myofibers, is consistent with the notion that accumulation of damage at the NPC might be a 

crucial aging event, as has been postulated in aging neurons (18). We examined nucleoporins 

in different regions of the NPC (Figure 3A) to examine the impact of aging. We found 

changes only in some Nups, such as: Nup107 (nuclear and cytoplasmic ring), Nup93 (central 

channel scaffold), but not in other such as Nup88 and Nup98 (connecting the NPC to both 

the cytoplasm filaments and the nuclear ring). These nucleoporins were examined not only 

to sample from different regions of the NPC, but also because of evidence that they change 

with aging in other tissues. For example, Nup98 and Nup93 are reduced in nuclei of aged 
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neurons (50), and Nup107 is increased in isolated skeletal muscle nuclei with aging (52). 

Nup88 is a key nucleoporin that can bind to lamin A (53), supports nuclear export, and helps 

regulate neuromuscular junction formation and acetylcholine receptor clustering (54), which 

is impaired in aging skeletal muscle. Interestingly, we found no differences between young 

and aged muscle in the nucleo-cytoplasmic transport machinery we examined (RAN, RCC, 

CRM1 and KPNA4) (Figure S1 D).

In non-muscle tissues, it has been suggested that NPCs deteriorate with time, losing 

nucleoporins responsible for maintaining the pore diffusion barrier (19, 22). Indeed, nuclei 

of old rat neurons show an increased permeability, and the age-dependent nuclear pore 

deterioration is associated with a loss of cell nuclear-cytoplasmic compartmentalization (18). 

Mislocalized NPC proteins could result in the impairment of various cellular functions, such 

as chromatin organization and gene expression (55). It is unclear whether the stable scaffold 

of the NPC is turned over by replacing the entire scaffold at once, or whether NPCs are 

maintained by piecemeal replacement of subunits, resulting in mosaic complexes of 

polypeptides with vastly different ages (56).

While Nup107, Nup93 and Nup88 are long-lived nucleoporins, Nup98 is a dynamic 

nucleoporin. The long-lived nucleoporins are primarily in the scaffold, and are frequently 

associated with oxidative damage, potentially yielding malfunctional NPCs (18). Here, we 

observed a decrease in Nup107 expression and an increase in Nup93 expression in skeletal 

muscle with aging. Both Nup107 and Nup93 bind chromatin (57–59). Previous studies have 

reported an increase in Nup107 in aged skeletal muscle nuclei, but no change in aged brain 

nuclei (18, 22). In fact, a loss-of-function mutation in Nup107 rescues the neurodegeneration 

in drosophila models of amyotrophic lateral sclerosis (60). However, more work is needed to 

characterize the role of these nucleoporins in skeletal muscle.

While neurons are postmitotic cells, satellite cells in skeletal muscle can divide and produce 

new myofiber nuclei. Muscle fiber nuclei are post-mitotic and cannot replace themselves. 

However, skeletal muscle is maintained by repair and regeneration, due to the presence of 

satellite cells, which divide to replace nuclei. The turnover of nuclei in rodent muscle is at 

most between 1–2% per week (61). Studies of human skeletal muscle suggest nuclei in 

healthy adults can age as much as 15 years (62), making skeletal muscle a low-turnover and 

relatively post-mitotic tissue (63). In addition, aged skeletal muscle has a depletion of 

satellite cell number and function (64–66), which could potentially result in primarily older 

nuclei with accrued defects in NPCs and other structures. Previous studies on aged nuclei in 

neurons have also found significantly higher percentage of ‘leaky nuclei’ without any 

significant change to normalized dextran fluorescence, similar to our study (51), further 

implying accrued defects in skeletal muscle aging nuclei. Moreover, aberrant nuclear-

cytoplasmic transport has also been implicated in age-related diseases related to nerve 

degeneration (60). Our finding that there is more NPC leakiness in aged nuclei, despite no 

increase in length of the nuclear envelope gap, could indicate altered function at the nuclear 

pore. Dysfunction of the NPC could be due to oxidative damage of nucleoporins in the NPC 

(18) or disrupted NPC assembly (19, 56), but either way such findings have led to the notion 

that ‘leaky’ nuclei (via NPCs) could be a major driver of aging (17–19). Although we did 

not study changes across the mouse life-span, changes in the nuclear lamina, the NPCs, and 
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YAP/TAZ signaling might contribute to the decline in skeletal muscle function. When 

phosphorylated, YAP/TAZ remains in the cytoplasm of the myofiber. Unphosphorylated 

YAP/TAZ can translocate to the nucleus, forming a complex with TEAD transcription 

factors to regulate gene expression (Figure 3B). However, the link between our findings on 

nuclear changes with age and sarcopenia is speculation at this point, and more work is 

needed to identify how specific changes in morphology and NPC structure/function might 

contribute to sarcopenia. Human and animal studies have demonstrated that aged muscles 

maintain the ability to undergo hypertrophy, but the capacity to sense and subsequently 

respond to the mechanical stimuli is diminished (67). The elderly have a blunted response to 

exercise/resistance training (68), and recovery of muscle function following contraction-

induced damage severely diminished in aging muscle (69). Perhaps this blunted response is 

due, at least in part, to the already heightened YAP/TAZ signaling, which cannot respond 

further to mechanical load (34).

Understanding the mechanisms of impaired mechanotransduction in aging muscle is likely 

to shed light on strategies designed to prevent and treat aging-associated skeletal muscle 

dysfunction. Because pathways that regulate muscle mass may represent a potential 

therapeutic avenue for interventions, it would also be interesting if future studies were 

conducted to determine whether pharmacological interventions targeting YAP/TAZ signaling 

can help ameliorate age-dependent weakness and susceptibility to injury. Aberrant mechano-

signaling in aged muscles, secondary to alterations in nuclear structure and transport, likely 

contributes to sarcopenia.
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Figure 1: 
Elevated YAP/TAZ signaling in aged muscle. A: Phosphorylated (P) and total (T) YAP/TAZ 

protein expression determined using western blots. The cropped blot and Ponceau stain in 

each panel are from a single gel and single exposure of two contiguous lanes. Densitometry 

measures were normalized to GAPDH expression. Densitometry measures were further 

normalized to levels in young samples for obtaining the fold change in expression. B: 
Relative gene expression of Yap and downstream targets of YAP/TAZ, Ankrd1 and Cyr61. 

Both results indicate increased YAP/TAZ activity in aged muscle.

¥, p-value < 0.05 compared to young muscles; Y indicates 2–5 months old; A indicates 24–

28 months old.
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Figure 2: 
Alterations to the nuclear structure and transport with aging. A: Expression of nuclear 

lamina proteins, lamin A/C and lamin β1, determined using western blots. Lamin β1 is 

significantly reduced with aging. B: Expression of nuclear pore complex proteins Nup107 

and Nup93 were determined using western blots. Aged muscles have altered expression of 

nuclear pore complex proteins. The cropped blot and Ponceau stain in each panel are from a 

single gel and single exposure of two contiguous lanes. Densitometry measures were 

normalized to GAPDH expression. Densitometry measures were further normalized to levels 

in young samples for obtaining the fold change in expression. C: Representative EM image 

of an aged nucleus showing example of invaginations (arrow). Number of invaginations per 

nucleus were measured in young and aged nuclei in isolated muscle fibers. Scale bar = 500 

nm. D: Representative EM image of the cross-section of the nuclear envelope gap in which 

the NPC resides. Scale bar = 100 nm. E: Representative image of DAPI (blue) and 

corresponding 70 kDa fluorescent dextran (green) in isolated nuclei from aged muscle. 70 

kDa dextran, which typically cannot enter through the nuclear pore, freely enters some 

nuclei from aged muscle, indicating aberrant (“leaky”) nuclear transport (white arrows). 

Aged muscles have significantly higher percentage of leaky nuclei than young muscles (see 

Methods). Scale bar = 10 μm.

¥, p-value < 0.05 compared to young muscles; Y indicates 2–5 months old; A indicates 24–

28 months old.
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Figure 3: 
Nuclear Pore Complex and Aging. A: Schematic shows structure of the nuclear pore 

complex (NPC). The nuclear envelope serves as a permeability barrier, with the NPC 

mediating movement of molecules across the nuclear envelope. ONM: outer nuclear 

membrane, INM: inner nuclear membrane. B: Young (left side): YAP/TAZ (green circles) 

localization reflects nuclear mechano-signaling. When phosphorylated (P), YAP/TAZ 

remains in the cytoplasm of the myofiber. In response to mechanical load, unphosphorylated 

YAP/TAZ can translocate (arrow) into the nucleus to regulate gene expression. Aging (right 

side): We found a decrease in the phospho/total ratio for both YAP and TAZ in aged muscle 

(end result is increased YAP/TAZ nucleocytoplasmic transport into the nucleus). This 

heightened mechano-signaling (i.e. increased YAP/TAZ signaling) might contribute to 

sarcopenia.

Iyer et al. Page 16

Exp Gerontol. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials And Methods
	Animals
	Western blotting
	Quantitative RT-PCR
	Myofiber isolation
	Examination of ultrastructure with electron microscopy
	Nuclear isolation and leakiness assessment
	Statistical analysis

	Results
	Nuclear mechano-signaling
	Nuclear Structure and Transport

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:

