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Abstract 

The cytoskeleton is a complex network interlinking filaments that extend throughout the 

cytoplasm from the nucleus to the plasma membrane. Three major types of filaments are found 

in the cytoskeleton: actin filaments, microtubules, and intermediate filaments. They play a key 

role in the ability of cells to both resist mechanical stress and generate force. However, the 

precise involvement of intermediate filament proteins in these processes remains unclear. Here, 

we focused on nuclear A-type lamins, which are connected to the cytoskeleton via the Linker 

of Nucleoskeleton and Cytoskeleton (LINC) complex. Using micro-constriction rheology, we 

investigated the impact of A-type lamins (p.H222P) mutation on the mechanical properties of 

muscle cells. We demonstrate that the expression of point mutation of lamin A in muscle cells 

increases cellular stiffness compared with cells expressing wild type lamin A and that the 

chemical agent selumetinib, an inhibitor of the ERK1/2 signaling, reversed the mechanical 

alterations in mutated cells. These results highlight the interplay between A-type lamins and 

mechano-signaling, which are supported by cell biology measurements.  
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1. Introduction 

 

The cytoskeleton is a complex network of microfilaments, microtubules, and intermediate 

filaments (IFs) that plays a pivotal role in sensing and transmitting both mechanical and 

chemical stimuli in cells. The cytoskeleton provides functional and structural organization and 

influences the mechanical properties of cells. Further, it controls many dynamic processes, 

including cellular stiffness, tractions, and adhesion. So far, most cell mechanical studies 

focused on elucidating the role of actin filaments and microtubules; however, recent studies 

described the influence of IF proteins in cellular mechano-signaling, -sensing, and -transduction 

[1-3]. How IFs function in cells and influence mechanical properties remains open and is 

presently the focus of much research. 

 The nuclear lamina is a meshwork of IF proteins that lies beneath the inner nuclear 

membrane [4, 5]. One of its principal functions is to control the physical properties of the 

nucleus [6]. The lamina serves as an anchor for the Linker of Nucleoskeleton and Cytoskeleton 

(LINC) complex, which binds the nucleus to the cytoskeleton to control nuclear shape and 

mechanochemical signaling [7-9]. It is known that the nuclear lamina confers mechanical 

stability to the nucleus and plays a fundamental role in cellular nuclear function such as nuclear 

localization, cell migration, chromatin organization, and DNA replication as well as repair [10-

12]. A-type nuclear lamins have been described to promote nuclear stiffness [13] and are 

developmentally regulated with their expression proportional to tissue stiffness [14].  

Mutations in LMNA, which encode A-type nuclear lamin [15], are responsible for 
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autosomal forms of Emery-Dreifuss Muscular Dystrophy (EDMD) [16], a muscular disorder 

characterized by progressive muscle weakness and wasting associated with early contractures 

and dilated cardiomyopathy [17]. These mutations further cause limb girdle muscular dystrophy 

[18], congenital muscular dystrophy [19], or isolated cardiomyopathy without skeletal muscle 

involvement [20], expanding the phenotypic spectrum of striated muscle disease linked to 

mutant A-type lamins. So far, the pathological mechanism of these striated muscle diseases 

remains elusive. To date, the main challenge is how mutations associated to ubiquitously 

expressed A-type lamin proteins, give rise to pathologies that affect only mechanically stressed 

muscles [21]. To partially explain the striated muscle diseases, it has been suggested that 

patients experience mechanical weakness in cells, caused by a disturbed nuclear architecture 

[22]. This mechanical stress hypothesis could explain the loss of muscle tissue.  

We previously demonstrated that the stress-activated extracellular signal-regulated 

kinase (ERK) 1/2 is hyper-active in EDMD [23]. In striated muscles, active phosphorylated 

ERK1/2 participates in actin filament disassembly [24] and in the regulation of actin bundling 

[25]. The actin cytoskeleton controls many dynamic processes, including nuclear and cellular 

stiffness, cellular tractions, and adhesion. Thus, how nuclear A-type lamins function in cells 

and influence mechanical properties, remains open and is presently the focus of much research. 

Previously, Maniotis et al. [10] showed that extracellular mechanical forces can be transmitted 

to the nucleus of cells, and Isermann and Lammerding [26] reported that the disruption of the 

connection between the nucleus and the cytoskeleton can lead to striated muscle disease. 

 

  We therefore hypothesize that ERK1/2 signaling is related to changes in the mechanical 

properties of muscle cells expressing mutated A-type lamins and test the chemical inhibitor 

selumetinib on ERK1/2 activity using micro-constriction rheometry. 
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2. Materials and methods 

 

Cell culture and reagents 

The generation of stable C2C12 cells expressing wild type (C2-WT) and H222P (C2-H222P) 

lamin A has been previously described by [27]. C2-WT and C2-H222P cells were transiently 

transfected with plasmids, using Lipofectamine 2000 (Invitrogen) according to manufacturer’s 

instructions. A concentration of 50 μM selumetinib (AZD6244) was prepared from a stock 

solution diluted in 5% dimethylsulfoxyde (DMSO). Cells were cultured in skeletal muscle cell 

growth medium supplemented with a 5% PromoCell supplement Mix (PromoCell), 1.5% 

Glutamax (Gibco), 0.3% Gentamycin (Gibco), and 10% FCS. These cells were then incubated 

with cytochalasin D for 45 min and selumetinib for 15 h.  

 

2.1. Wound healing assay  

For wound healing assays, equal numbers of C2-WT and C2-H222P cells were plated at high 

density in 6-well plates and grown to confluency overnight. The next day, the monolayer was 

scratched using a 10 μL pipette tip, and the media was changed to remove debris, and the wound 

was imaged over time. For the wound healing assay using selumetinib, C2-H222P cells were 

treated with 50 μM selumetinib for 15 h prior to wounding. 

 

2.2. Protein extraction and immunoblotting 

Total proteins were prepared by resuspending cultured cells in extraction buffer (Cell 

Signaling) with the addition of protease inhibitors including 25 g/ml aprotinin, 10 g/ml 

leupeptin, 1 mM 4-[2-aminoethyl]-benzene sulfonylfluoride hydrochloride, and 2 mM Na3VO4. 

The lysates were sonicated at 3 pulses of 10 s and 30% amplitude to allow dissociation of 

proteins from chromatin and solubilization. Sample protein content was determined by the 
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Bicinchoninic Acid Assay protein assay (Thermo Fisher Scientific). Extracts were analyzed by 

SDS-PAGE using a 10% gel and transferred onto nitrocellulose membranes (Invitrogen). 

Subsequent to being washed with Tris-buffered saline containing 1% Tween 20 (TBS-T), the 

membranes were blocked by 5% bovine serum albumin (BSA) in TBS-T for 1 h at room 

temperature, then incubated with the appropriate antibody overnight at 4 °C. Further, to being 

washed with TBS-T, the membranes were incubated with horseradish peroxidase-conjugated 

anti-rabbit or anti-mouse antibodies for 1 h at room temperature. After washing with TBS-T, 

the signal was shown, using Immobilon Western Chemiluminescent Horse Radish Peroxidase 

(HRP) Substrate (Millipore) on a G-Box system with Gene Snap software (Ozyme).  

 

2.3. Antibodies 

The following primary antibodies were used: anti-cortactin (Cell Signaling), anti-

phosphorylated (S405) cortactin, and anti-phosphorylated (S418) cortactin (both a gift from S. 

A. Weed), anti-phosphorylated FAK, anti-paxillin, anti- actinin, anti-zyxin, anti- 

phosphorylated ERK1/2 antibody (Cell Signaling), and anti-ERK1/2 (Santa Cruz 

Biotechnology). Secondary antibodies for immuno-fluorescence were: Alexa Fluor-488 

conjugated goat anti-rabbit IgG, Alexa Fluor 568-conjugated goat anti-mouse IgG, and Alexa-

Fluor-488-conjugated donkey anti-goat IgG (Life Technologies). Secondary antibodies for 

immunoblotting were HRP-conjugated rabbit anti-mouse and goat-anti rabbit IgG (Jackson 

ImmunoResearch). 

 

2.4. Immunofluorescence microscopy 

C2C12 cells were grown on coverslips, washed with PBS, and fixed with 4% paraformaldehyde 

in PBS for 10 min. Cells were permeabilized with 0.2% Triton X-100 diluted in PBS for 7 min, 

and non-specific signals were blocked with 0.2% Triton X-100 and 5% BSA for 30 min. The 
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samples were then incubated with a primary antibody for 1 h in PBS with 0.1% Triton X-100 

and 1% BSA at room temperature. Cells were washed with PBS and incubated for 1 h with a 

secondary antibody. Cells and slides were then mounted in Vectashield mounting medium with 

DAPI (Vector Laboratories). Immunofluorescence microscopy was performed using an 

Axiophot microscope (Carl Zeiss). All images were processed using Adobe Photoshop 6.0 

(Adobe Systems).  

 

2.5. Micro-constriction rheology 

The micro-constriction setup and evaluation of quantitative cell mechanical properties have 

been described in detail by [28]. In brief, the microfluidic device consists of eight parallel 

constrictions connected to a single inlet and outlet with a low-resistance, pressure-equalizing 

bypass. The suspended cells first passed through a filter mesh before the flow was divided into 

eight parallel constriction branches. In each branch, the cells were squeezed through a micron-

sized constriction and had to conform to the size of the constriction in order to pass through. 

The width and height of the device was in the range of the cell diameter constriction: width of 

7.7 μm and height of 18.9 μm for C2-WT and C2-H222P cells with/without selumetinib. With 

these dimensions, an average cell entry time between 5 and 1000 ms can be achieved. The cell 

transit was continuously monitored by a high-speed camera (GE680, Allied Vision, Germany; 

750fps) in bright-field mode on an inverted microscope (DM-IL, Leica) with 10x magnification 

with a custom-written LabVIEW-program (National Instruments). All cells were cultured as 

described above and harvested at a confluency of approximatively 80%. 

 

2.6. Statistical evaluation 

Testing significant differences when comparing pairs of conditions or cell populations, the area 

of overlap between the probability density distributions of the fitted parameters was computed. 
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Differences were considered statistically significant for an overlap percentage of *p 0.05, **p 

< 0.005, and ***p < 0.0005 by either Student’s (t) or Anova test.  

 

3. Results 

3.1. ERK1/2 signaling participates in the alteration of force-generating structures in muscle 

cells expressing mutated A-type lamins 

 

To examine whether actin-containing cytoskeletal structures were affected in muscle cells 

expressing mutated lamin A, we examined actin stress fibers and focal adhesions [29, 30]. We 

observed that both the number and size of focal adhesions (Fig. 1A+inset) as well as paxillin, 

vinculin, and p-FAK expression (Fig. 1B+plot) were reduced in mutated C2-H222P cells 

compared with C2-WT cells. Treating C2-WT and C2-H222P cells with cytochalasin D (Fig. 

1C+inset) depolymerized the actin network and subsequently changed the focal adhesion 

complex structure and size; and washing-out these drugs led to the re-polymerization of F-actin. 

However, actin re-polymerization and focal adhesion complex formation were slower in C2-

H222P cells compared with C2-WT cells. These effects were diminished when selumetinib, a 

selective inhibitor of MEK1/2, was added to the cell culture. In summary, these findings 

indicate that ERK1/2 signaling affects actin polymerization and focal adhesion formation in 

muscle cells expressing mutated lamin A. 

In muscle cells, actin stress fibers interact with myosin II and are the force-generating 

structures that respond to the surrounding physical environment [31]. Looking at the stress fiber 

and myosin II distribution (Fig. 1D+inset) and the expression of myosin II in these cells (Fig. 

1E+plot), we showed that they were significantly decreased in C2-H222P cells compared with 

C2-WT cells but increased in C2-H222P cells when treated with selumetinib. These data 

indicate that the H222P lamin A variant disrupts the organization of stress fibers in muscle 
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cells, which is under the control of ERK1/2 signaling. 

 

3.2. ERK1/2 signaling decreases cellular migration abitity caused by mutated A-type lamins 

 

Since mutated lamin A/C alters the intracellular actin cytoskeleton [24, 25, 32], we hypothesize 

that this could also impact cytoskeleton-based cellular processes, e.g. ERK1/2 signaling-

dependent actin dynamic processes such as cell locomotion. To investigate the effect of mutated 

lamin A on cell migration, C2-WT and C2-H222P muscle cells were grown to confluency and 

scratched to create a wound. The rate of wound healing was then monitored over time. The 

results showed that wound closure of C2-H222P cells was slower compared with C2-WT cells 

(Fig. 2A). Adding selumetinib to C2-H222P cells, the wound healing rate increased and was 

similar to C2-WT cells as shown in (Fig. 2B). This observation indicates that ERK1/2 signaling 

affects migration in muscle cells expressing mutated lamin A.  

It has previously been reported that cortactin associates with actin and regulates the 

cytoskeletal network through several pro-migratory signaling pathways [33, 34]. Serine 

phosphorylation of cortactin is known to govern its ability to regulate actin organization [35, 

36]. We therefore tested whether phosphorylated (=activated) cortactin was changed in C2-WT 

and C2-H222P cells. The expression of phosphorylated cortactin at position S405 and S418 by 

ERK1/2 signaling was previously described [37, 38]. We found that p-cortactin expression was 

increased at position (S418) and (S405) relative to total cortactin in C2-H222P cells compared 

to C2-WT cells (Fig. 3A); however, the phosphorylation was significantly reduced after the 

addition of selumetinib to C2-H222P cells. Further, the ratio of total cortactin to control protein 

(gapdh) and pERK1/2 to ERK1/2 expression was notably higher in C2-H222P cells compared 

to C2-WT and C2-H222P treated with selumetinib (Fig. 3B). Overall, these results indicate that 

pERK1/2 catalyzes the serine phosphorylation of cortactin in muscle cells expressing lamin A 
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H222P, which correlates with altered F-actin dynamics (Fig. 1C) and decreased cellular 

movement (Fig. 2B). 

 

3.3. ERK1/2 signaling modulates cellular stiffness in muscle cells expressing mutated A-type 

lamins 

We imaged C2-WT and C2-H222P cells with a high-speed camera as they passed through the 

micro-constriction device and determined the mechanical properties from the apparent cell 

deformation, where max equals the cell strain, p the pressure drop, and tentry the cell passing 

time (Fig. 4A). The apparent cell mechanical response to micro-constrictions was determined 

by the effect of stress/strain stiffening [28]. 

The measured values, which are connected to a power-law relationship, allowed the 

determination of the stiffness of C2-WT cells and C2-H222P cells in the presence/absence of 

selumetinib. We found that the cell stiffness was increased in mutated cells compared to wild 

type cells (Fig. 4B). However, when selumetinib was added, the cell stiffness was reduced to 

wild type level, showing that ERK1/2 signaling caused changes in mechano-signaling in muscle 

cells expressing mutated lamin A.  

To gauge whether the difference in cell stiffness was associated with increased 

remodeling dynamics of the cytoskeleton, we also measured the power-law exponent of the 

creep response (Fig. 4C). A higher power-law exponent indicates a more fluid-like behavior of 

the cell due to higher dynamics of cytoskeletal components (39, 40]. The fluidity (i.e. 

cytoskeletal dynamics) was slightly decreased in C2-H222P compared to C2-WT cells (Fig. 

4C), but similar between C2-H222P and C2-H222P cells plus selumetinib, indicating that 

mutated lamin A might stabilize cytoskeletal structures. However, treating C2-H222P cells with 
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selumetinib led to a decrease in  cellular stiffness compared to untreated cells (Fig. 4B), which 

may be associated to increases in focal adhesion protein and actomyosin expression in cells 

treated with the inhibitor by ERK1/2 signaling (Fig. 1B+E).  

 

4. Discussion 

Our findings that LMNA mutation leads to changes in the cytokeletal network confirms work 

from others [11,12]. They suggested that LMNA mutations associated with striated muscle 

disorders render cells more sensitive to mechanical stress and mechanosignaling/transduction 

[13-15], and the aberrant activation of stress-activated ERK1/2 signaling might be the reason 

for it [16, 23]. 

It is known that A-type lamins connect the actin cytoskeleton through the (LINC) 

complex, which comprises of the nesprin and SUN 1/2 proteins. This molecular connection 

between the nuclear envelope and cytoskeletal elements is believed to serve as a 

mechanosensor, translating mechanical cues into biochemical signals, thus allowing cells to 

adapt to their physical environment [41, 42]. Kanellos et al. [43] showed that the decoupling of 

the nucleus and cytoskeleton by knocking-down nesprin-2 and SUN1 components of the LINC 

complex or ADF/cofilin-1 is responsible for promoting nuclear deformation, most likely by 

inverting increased contractile forces to the nuclear envelope via its attachments to the LINC 

complex. This implies that dynamic regulation of actin by ADF/cofilin-1 might be important 

for the actin-LINC complex to control nuclear shape. 

In our study using micro-constriction rheology, we observed differences in the 

mechanics of C2-H222P cells expressing mutated lamin A and wild-type (C2-WT) cells. The 

high sensitivity of this method to cytoskeletal and nuclear changes in these cells was shown, 

when the chemical substance selumetinib was added to C2-H222P cells. The mechanics of C2-
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H222P cells was restored back to wild-type C2-WT level, where stress/strain stiffening 

determined cellular mechanics. 

Based on all our studies, we therefore propose that in muscle cells expressing mutated 

lamin A, the aberrant activation of ERK1/2 signaling leads to phosphorylation of cortactin 

(S405, S418), activates ADF/cofilin-1, alters actin dynamics as well as actin-containing 

structures, focal adhesion protein expression, and ultimately participates in cellular mechanics.  
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Figures and legends 

 

Fig. 1. ERK1/2 signaling changes focal adhesions in muscle cells expressing mutated lamin A. 

(A) Representative immuofluorescence micrographs of focal adhesion staining of C2- 

WT and C2-H222P cells and nuclei counter-stained with DAPI. (B) Immunoblots of 

phosphorylated-FAK, paxilin, and vinculin expression from C2-WT and C2-H222P 

cells with relative protein expression plots compared to ERK1/2 by Student’s t-test. (C) 

Micrographs of C2-WT, C2-H222P, and C2-H222P cells treated with 50 M 

selumetinib for 15 h show phalloidin (F-actin) and paxilin staining during the 

cytochalasin D washout experiment. Micrographs were taken 5 min and 30 min after 

washout. Insets show representative areas. (D) Representative immuofluorescence 

micrographs by stress fiber staining of C2-WT and C2-H222P cells as well as nuclei 

counterstained with DAPI. (E) Immunoblots show non-muscle myosin II expression of 
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C2-WT, C2-H222P, and C2-H222P cells treated with 50 M selumetinib for 15h and a 

MII/ERK1/2 protein expression plot analyzed by Student’s t-test (*p < 0.05 and p** < 

0.005). ERK1/2 was used as loading control. In summary, selumetinib may affect 

ERK1/2 signaling, actin polymerization, focal adhesion formation, and myosin II 

expression.  

 

Fig. 2. Wound closure of muscle cells expressing mutated lamin A. (A) Cellular wound closure 

was analyzed with C2-WT, C2-H222P, and C2-H222P cells treated with 50 M 

selumetinib after 0, 3, 6, 9, and 12 h post-wounding. (B) A plot (% open wound) over 

time using an Anova test (***p < 0.0005). In summary, selumetinib may trigger ERK1/2 

signaling and cellular migration in C2-H222P cells. 

 

Fig. 3. ERK1/2 drives the serine phosphorylation of cortactin in muscle cells expressing 

mutated lamin A. (A) The immunoblot shows phosphorylated (pS418) and (pS405) as 

well as total cortactin and phosphorylated and total ERK1/2 in C2-WT, C2-H222P, and 

C2-H222P cells treated with 50 M selumetinib with gapdh as loading control. (B) 

Relative protein expression plots using an Anova test (*p < 0.05 and p*** < 0.0005). 

 

Fig. 4. Mechanics of C2-WT, C2-H222P, and C2-H222P cells treated with 50 M selumetinib 

using micro-constriction rheology. (A) In each plot, only cells that experienced the same 

deformation and pressure during the measurements were selected for quantitative 

comparison. (B) Cell stiffness and (C) Cell fluidity [28]. Error bars represent S.E. and 

were calculated by bootstrapping. *p < 0.05 (Student t-test). In summary, selumetinib 

may stimulate ERK1/2 signaling in C2-H222P cells by destabilizing the nucleus and 

cytoskeleton and increasing cellular compliance. 
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