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ABSTRACT The cytoskeleton plays a key role in the ability of cells to both resist mechanical stress and generate force, but the
precise involvement of intermediate filaments in these processes remains unclear. We focus here on desmin, a type lll interme-
diate filament, which is specifically expressed in muscle cells and serves as a skeletal muscle differentiation marker. By using
several complementary experimental techniques, we have investigated the impact of overexpressing desmin and expressing a
mutant desmin on the passive and active mechanical properties of C2C12 myoblasts. We first show that the overexpression of
wild-type-desmin increases the overall rigidity of the cells, whereas the expression of a mutated E413K desmin does not. This
mutation in the desmin gene is one of those leading to desminopathies, a subgroup of myopathies associated with progressive
muscular weakness that are characterized by the presence of desmin aggregates and a disorganization of sarcomeres. We
show that the expression of this mutant desmin in C2C12 myoblasts induces desmin network disorganization, desmin aggregate
formation, and a small decrease in the number and total length of stress fibers. We finally demonstrate that expression of the

E413K mutant desmin also alters the traction forces generation of single myoblasts lacking organized sarcomeres.

INTRODUCTION

The cytoskeleton plays a central role in mechanobiology by
transmitting mechanical and chemical stimuli within and
between cells. It provides organization and structure within
the cytoplasm, and dictates the viscoelastic and mechanical
properties of cells. It also controls many dynamic processes,
such as intracellular trafficking, cell division, and adhesion,
mainly through interactions with molecular motors. The
cytoskeleton is a complex network of microfilaments, mi-
crotubules, and intermediate filaments (IFs). Until recently,
most studies of cell mechanics were dedicated to the role of
actin filaments and microtubules. However, several recent
studies suggest a key role of IFs in determining viscoelastic
properties of cells (1,2) in addition to mechanosensing
(3-5). Still, the precise roles of IFs in cells mechanical prop-
erties remain less clear than for other cytoskeletal proteins,
even though they are expressed in most differentiated cells.

The IF family is composed of five subtypes. These fibrous
proteins harbor a common tripartite organization, character-
ized by a central a-helical coiled-coil-forming domain and
non-a-helical head and tail domains of variable length and
sequence (6). Except for lamins (type V IF), which are nu-
clear and universally expressed in higher eukaryotes, IFs
are cytoplasmic and exhibit tissue-specific expression. Our
study focuses on desmin, a type III IF specifically expressed
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in muscle cells and frequently used as a skeletal muscle dif-
ferentiation marker.

Most of the previous studies concerning type III IF have
focused on vimentin, an IF expressed by fibroblasts that has
a strong sequence homology with desmin. The vimentin IF
network plays a role in mechanosensing through focal adhe-
sions (3,4,7,8) and modulates the viscoelasticity of cells
during large deformation (9,10). However, the effect of des-
min on the mechanical properties of cells is much less
documented.

Desmin is mostly studied in a pathological context.
Around sixty mutations in desmin human gene that can
lead to desminopathies have been reported up to date. Des-
minopathies constitute a subgroup of myofibrillar myopa-
thies leading to restrictive or dilated cardiomyopathies
frequently associated with progressive skeletal weaknesses
(11). Patient’s skeletal muscles are histologically character-
ized by the presence of protein aggregates containing des-
min, associated with a disorganization of the contractile
apparatus (12,13). To date, desmin mutations have been
mostly studied using either in vitro polymerization experi-
ments or murine models (14-19). In vitro experiments
have shown that desmin mutants have impaired abilities to
form filaments, and that the mechanical properties of indi-
vidual filaments or solutions of filaments were also affected
(14-17,20).

Only a few studies have investigated the consequences
of mutant desmin expression on the viscoelasticity of
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myoblasts (21,22). We have recently shown that a specific
desmin mutant affects the dynamics of cell reorientation
in response to cyclic stretch (23). But the impact of desmin
mutation on force generation by isolated cells has yet to be
investigated.

In this study, we measured both the passive mechanical
properties and active force generation of myoblasts exhibit-
ing the E413K mutation of the desmin gene. This mutation
is implicated in myofibrillar myopathy. It is located in the
C-terminal domain and leads to protein aggregation, asso-
ciated with a disorganization of the desmin network and
severe muscle weakness in patients (24). Among the
different mutated desmin mutants that we tested (25,26),
we focus here on the E413K desmin. When expressed in
myoblasts, it gives both a network and small desmin aggre-
gates that do not constrain the nucleus, contrary to large
aggregates observed with other mutants (25,26).

In this study we used C2C12 myoblasts either only
expressing endogenously functional desmin or electropo-
rated with wild-type (WT) or mutant desmin. We studied
the organization of the desmin and actin networks in three
cell types: nonelectroporated C2C12 myoblasts, C2C12
expressing an exogenous WT desmin fused with green fluo-
rescent protein (GFP), and C2C12 expressing E413K-
mutated desmin fused with GFP. We also characterized
both the passive and active mechanical properties of these
cells. On the one hand, using a custom-designed single
cell theometer (SCR) (parallel plates), we characterized
the viscoelastic properties of cells by measuring their over-
all creep properties; on the other hand, traction forces devel-
oped by isolated cells were measured using two techniques,
single cell rheometry and traction force microscopy (TFM).

MATERIALS AND METHODS
Plasmids

The complete human desmin WT cDNA from a previously generated pLink
vector (25,26) was subcloned in a pEGFP-C1 plasmid with an EcoRI-Xbal
restriction site. Single nucleotide mutations in the desmin sequence were
obtained using the QuickChange II Site-Directed Mutagenesis Kit (Agilent
New Technologies, Santa Clara, CA) according to the manufacturer’s
instructions. These desmin mutations are similar to those observed in
patients with desminopathies. The constructs named pEGFP-des-WT or
pEGFP-Des-mut allow production of WT or mutated desmin E413K fused
with an N-terminal GFP tag. All desmin sequences were verified by
sequencing (Eurofins, MWG, Ebersberg, Germany).

Cell line, culture, and electroporation

C2C12 cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) supplemented with 10% fetal bovine serum
(PAA Laboratories, Pasching, Austria) and 1% penicillin/streptomycin
(Life Technologies, Carlsbad, CA). pEGFP constructs were electroporated
in C2C12 cells using a Gene Pulser II (BioRad, Hercules, CA). Briefly, cells
were trypsinized (Trypsin-EDTA, Life Technologies) 5 min at 37°C and
resuspended in complete DMEM medium at 2 x 10° cells/mL. 400 uL
of the cell suspension were then introduced in a Gene Pulser Cuvette
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0.4 cm (BioRad) and submitted to 250V, 1 mF during ~25 ms. After elec-
troporation, cells were plated on glass coverslips (VWR International, Rad-
nor, PA) 24 h before confocal microscopy or optical tweezers experiments.
For SCR, 24 h after electroporation cells were detached from the culture
dish using trypsin-EDTA, resuspended in medium, and left under weak
agitation for 2 h before experiment. All the experiments were performed
in DMEM medium without phenol red complemented with 10% fetal
bovine serum, 1% penicillin/streptomycin, and 0,15% HEPES.

Micropatterns

The procedure has been described elsewhere (27). Briefly, poly(N-isopropy-
lacrylamide) brushes were grafted on glass coverslips, except on regions
that were devoid from polymerization initiator by illumination with deep
ultraviolet through synthetic quartz/chromium masks with desired features.
These regions were functionalized with fibronectin and seeded with cells
for 2 h. The patterns used here were squares with an area of 900 um?, adapt-
ed to ensure full spreading of cells on each pattern in the area (27).

Immunostaining and confocal microscopy

Cells were fixed 24 h after electroporation and 2 h after seeding for exper-
iments on micropatterns with 2% paraformaldehyde (Affymetrix) for
15 min at room temperature (RT) and permeabilized 5 min with 0.5% Triton
X-100. DNA was stained with Hoechst 1 ug/mL (Sigma-Aldrich, St. Louis,
MO) for 10 min at RT. Actin was stained with phalloidin coupled to Alexa
fluor 647 (Life Technologies) at 1:250 for 30 min at RT. Immunofluores-
cence staining of desmin was performed as follows: fixed and permeabi-
lized cells were incubated with serum albumin bovine at 1 pg/mL for
20 min. Desmin was then stained using rabbit polyclonal antidesmin anti-
bodies (Biogenesis, Poole, UK) at 1:50 diluted in phosphate buffered saline
(PBS), for 1 h at RT. Vimentin was stained with the same procedure using
antivimentin at 1:500 (Ab-Cam, Cambridge, UK). Secondary antirabbit
AlexaFluor488 antibodies (Life Technologies) were added at 1:1000 for
1 h at RT. Detection of Myc-desmin in C2C12 cells was performed in
similar conditions, using anti-Myc antibody (9E10, Santa Cruz Biotech,
Dallas, TX) at 1:100. Finally, cells were rinsed three times in PBS and
mounted with Fluoromount medium (Interchim). Images were taken with
a confocal microscope (Zeiss LSM 700, Oberkochen, Germany). Aggrega-
tion rates of desmin-GFP in myoblasts were evaluated by taking at least
three separate 5 x 5 tile scan images (corresponding to 25 pictures) chosen
randomly in fields containing Hoechst-stained areas. Nuclei and cells con-
taining GFP fluorescence associated or not with aggregates were visualized
on images and manually counted. We determined the electroporation rate in
the population by calculating the ratio between the number of fluorescent
cells and the number of nuclei. Finally, we calculated the aggregation
rate as the ratio between the number of cells containing aggregates and
the number of cells expressing GFP.

Image analysis

Segmentation and analysis of cell stress fibers was carried out using a
custom plug-in and various macros written for Fiji (28). The procedure is
very similar to the one described in (29) and is fully explained in the Sup-
porting Material.

Western blot analysis

24 h after electroporation culture dishes containing cells were washed
three times in PBS and proteins were extracted with RIPA buffer
(50 mM Tris, 150 mM NaCl, 1% NP40, 5 mM EDTA, 1 mM NA;VO,,
10 mM NaF, PMSF 1 mM, and antiprotease mix from Sigma-Aldrich).
Proteins were separated by sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE) electrophoresis on a 10% acrylamid-bisacry-
lamide gel and transferred to nitrocellulose membranes (Macherey Nagel,
Duren, Germany). Membranes were saturated with 5% milk in PBS 0.5%
Tween. Primary antibodies were then added: Rabbit polyclonal antides-
min (Biogenesis England, Biotechnologies) at 1:250, mouse monoclonal
anti-o-actin (clone 4, Merck Millipore, Darmstadt, Germany) at 1:2000,
rabbit monoclonal antivimentin at 1:5000 (AbCam), rabbit polyclonal
anti-glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) (Sigma-
Aldrich) at 1:15000, or rabbit polyclonal anti-GFP (Life Technologies)
at 1:3000. Isotype-specific secondary antibodies coupled with a horse-
radish peroxydase (Pierce) were then added at 1:10000 and revealed by
incubating the membrane with enhanced chemiluminescence (Pierce,
Waltham, MA). A charge-coupled device camera FUJI Las 4000 (GE
Healthcare, Little Chalfont, UK) was used to take pictures of the
membrane.

SCR
Creep function measurements

We used a custom-made uniaxial stretching device (30,31) to globally
deform cells and measure their creep function. Briefly, cells were trypsi-
nized and centrifugated at 140 x g for 3 min, diluted in DMEM supple-
mented with 15 mM HEPES, and maintained under smooth agitation for
2 hat 37°C. The delay of 2 h was necessary for the cells to regenerate adhe-
sion proteins expressed at the cell surface. The experimental chamber was
filled with this cell suspension, and a cell was caught between two parallel
glass microplates coated with fibronectin (32), as schematically depicted in
Fig. 1. One plate was rigid, the other one flexible and used as a spring of
calibrated stiffness k. After waiting for 2-3 min to allow cell spreading
on the microplates, a controlled deflection 6 was applied to the flexible
microplate and held constant in time via a feedback loop (31). This allowed
us to apply a controlled constant traction force on the cell, F' = kd, and thus
a constant stress gy = F/S = ké/(ﬂ’Rz), where R is the apparent contact
radius between the cell and the plates, measured from bright field images.
We assume that cell/plates contact areas are disks, the diameters of which
can be measured from lateral view images (33) (see Fig. S1). The cell strain
e(t) was calculated from the measured cell length L(¢) and its initial value
Ly: (t) = (L(1)-Ly)/Ly. The creep function was then assessed using the rela-
tionship: J(f) = e(t)/ao. The cell strain was always smaller than 10% to
ensure a linear deformation regime.

Characterizing traction force generation by a single myoblast

The same setup also allows one to measure the force generated by an iso-
lated cell. A single myoblast spreading between the two parallel plates ex-
erts forces that deflect the flexible microplate (32,34). The force generated
as a function of time can be retrieved from the deflection 6(¢) of the flexible
microplate of stiffness k: F(f) = k 6(f). After measuring the creep function

stiffness k 5

L)

t=0 t>0

FIGURE 1 Schematic drawing of a creep experiment with the SCR. A
cell is caught between a flexible microplate with a stiffness k (top) and a
rigid one (bottom), with an initial length L. At r = 0 the flexible microplate
is deflected by 6, and this deflection is then maintained constant over time
by a feedback loop applying a displacement AL() to the rigid microplate.
The constant applied stress is inferred from the constant deflection o,
whereas the cell deformation is retrieved from its elongation AL(?).
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of an isolated cell over a period of typically 10 s, the cell was relaxed to its
original length L,. The setup was then switched to a constant length mode
(isometric traction), in which a feedback loop adapts the flexible plate
deflection to counteract the force generated by the cell. We have previously
shown that these conditions lead to maximum values of the rate of force in-
crease dF/dt as well as of the plateau traction force F, (31,34). These exper-
iments, where the distance between the parallel microplates is maintained
constant in time, are similar to isometric exercise of a muscle, in which
the muscle develops its maximum force by contracting without changing
length. We measured the rate of force build-up, dF/dt = k dd/dt, in these
conditions.

TFM

TFM experiments were performed to quantify the contractile energy trans-
mitted by cells to a 5 kPa polyacrylamide gel substrate. The experimental
procedure is described in detail in (35). Briefly, acrylamide and bisacryla-
mide solutions were mixed (ratio 37.5:1) in Dulbecco’s phosphate buffered
saline (Gibco, Waltham, MA) at 6.7% final concentration. Fluorescent
far red beads (dark red 200 nm, Invitrogen F-8807, Waltham, MA) were
dispersed in this solution by sonication, and 1 uL N,N,N',N'-tetramethyle-
thyliendiamine and 1 ul. ammonium persulfate were finally added. A
droplet of this solution was plated between two coverslips, one of which
had been silanized with 3-(trimethoxysilyl)-propyl methacrylate. After
polymerization gel was detached from the nonsilanized coverslip and
incubated during 30 min in a N-hydroxysuccinimide (Sigma) and N-(3-di-
methylaminopropyl)-N-ethylcarbodiimide hydrochloride (Sigma) solution.
Finally, the gel was coated with a 30 ug/mL fibronectin solution (Sigma)
during 1 h at 37.5°C. Cells were plated on the gel 24 h after electroporation
and incubated for 2 h before starting experiments. Coverslip was mounted
in a chamber under an inverted microscope (Ti-E; Nikon (Tokyo, Japan),
63X air objective, NA 1.4) equipped with a charge-coupled device camera
(CoolSNAP; Roper Scientific, Trenton, NJ) and maintained at 37°C. The
deformation field of the gel was assessed from beads displacements analysis
determined from fluorescence images before and after removal of cells with
trypsin. Quantification of traction stresses exerted by cells on the substrate
was extracted from gel strain by using the Fourier-transform traction cy-
tometry method (36,37).

Statistics

Distributions of the different measured values were tested using Shapiro-
Wilk tests for their normality. Because most values do not exhibit normal
(Gaussian) distributions, adapted nonparametric tests were performed.
Tests were performed using a statistical significance level of 5%.

RESULTS

All experiments were performed on three cell types:
nonelectroporated C2C12 cells (C2C12-NE), C2CI12
expressing WT human desmin fused with GFP (C2C12-
WT-GFP), and C2C12 expressing E413K mutated human
desmin fused with GFP (C2CI12-E413K-GFP). C2C12-
WT-GFP served as controls for our investigation of the
influence of overexpression of WT desmin and its fusion
with GFP on the morphology of the desmin network and
on the cells mechanical properties. C2C12-E413K-GFP
are cellular models for desminopathies with a simultaneous
expression of endogenous WT desmin and exogenous
mutated desmin. GFP-tag was used to recognize cells ex-
pressing exogenous desmin.
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Exogenous desmin is expressed at a
physiological level in electroporated myoblasts
and induces no change in actin expression nor in
vimentin expression

Expression profiles were quantified by Western blot WB
analysis on at least three independent WB, using GAPDH
expression level as a reference. The amount of endogenous
desmin is unchanged by the electroporation process:
electroporated myoblasts expressed as many endogenous
desmin as C2C12-NE. Furthermore, a moderate amount of
exogenous desmins were overexpressed in electroporated
cells as compared to endogenous (Table 1). Indeed,
C2C12-WT-GFP cells express on average 1.9 molecules
of exogenous desmin per endogenous desmin, whereas for
C2C12-E413K-GFP cells the ratio is 2.0/1 (Table 1 and
Fig. 2, A and B). Moreover, we have verified that GFP is
not cleaved from exogenous desmin, which would lead to
a bias in the calculation of the exogenous to endogenous
desmin ratio (Fig. S2). We also investigated whether desmin
overexpression had an impact on the expression of actin,
which plays a central role in cell mechanics and dynamics.
Using GAPDH as a reference (Fig. 2 A) we measured that
the actin expression level was not disturbed in cells ex-
pressing desmin-WT-GFP or mutant desmin-E413K-GFP.
Finally, we investigated whether desmin overexpression
alters vimentin expression. Vimentin expression in myo-
blasts is downregulated during myogenesis in favor of des-
min upregulation. Using GAPDH as a reference (Fig. 3, A
and B), we measured that the vimentin expression level
was not disturbed in desmin-WT-GFP or mutant desmin-
E413K-GFP as compared to nonelectroporated (NE) cells.

Expression of E413K mutated desmin disturbs
the desmin network morphology, but not the
vimentin network, and decreases the number and
length of stress fibers

The endogenous desmin network of immunostained C2C12-
NE cells was imaged in confocal microscopy. Cells show
well individualized and interconnected desmin filaments
(Fig. 2 C). The desmin network is cytoplasmic, spreading
from nucleus to cell membrane with a higher density around
the nucleus. The actin network is mostly located at the cell
periphery and in stress fibers.

TABLE 1 Quantification of Exogenous to Endogenous
Desmin Ratios

C2C12-WT-GFP  C2C12-E413K-GFP

Fraction of GFP positive 44% 40%
cells (electroporation rate)

Exogenous to endogenous 0.9 = 0.1 0.8 = 0.1
desmin ratio from western
blot analysis

Normalized exogenous to 1.9 =02 2.0 = 0.1

endogenous desmin ratio
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C2C12-E413K-GFP cells show two phenotypes: 70% of
the cells display a regular desmin network, whereas ~30%
contain both a network and aggregates containing desmin
(Fig. 2 D). Aggregates vary in number, morphology, and
location within cells. Most cells containing aggregates
display multiple aggregates that are typically smaller than
0.5 pum in diameter and randomly distributed all over the
cytoplasm. However, some cells show a single large aggre-
gate often located at the nucleus periphery. Most of the
C2C12-WT-GFP cells exhibit healthy desmin network
morphology, yet 8% of the cells still contain cytoplasmic
aggregates of desmin-WT-GFP. This aggregation is presum-
ably due to the fusion with the GFP tag in the N-terminal
end of desmin, which leads to a ubiquitous increase of
aggregation.

We also checked if endogenous and mutated desmin
could colocalize by using C2C12 cells coexpressing des-
min-WT-Myc and desmin-E413K-GFP. We evidence a
colocalization of the two desmin cytoplasmic networks
(Fig. S3). Furthermore, desmin-WT-Myc is also found in
aggregates rich in desmin-E413K-GFP (Fig. S3). Desmin-
WT-Myc is visible as a ring at the periphery of the largest
aggregates, presumably because the antibody is unable to
diffuse inside this dense structure.

The vimentin network of immunostained C2C12 cells
was similarly imaged in confocal microscopy for the three
cell types. As desmin and vimentin can copolymerize
in vitro, we checked whether vimentin distribution was
altered by the expression of exogenous desmin. The vimen-
tin network is cytoplasmic, spreading from nucleus to cell
membrane with a lower density around the nucleus in all
cases (Fig. 2 E). Neither WT-desmin-GFP nor mutant
desmin-E413K-GFP expression induces vimentin aggrega-
tion or alteration of its localization, even in the presence
of aggregates (Fig. 2 E).

The actin network was also imaged in the three cell
lines, using Alexa fluor 647 phalloidin. It shows a healthy
morphology in all cell lines (Fig. 2, C and D), in both its
distribution as well as in the formation of stress fibers.
The presence of desmin aggregates, including large ones,
does not disrupt the actin network and we found no detect-
able colocalization of actin with the aggregates. We
measured the areas and shape factors for the three cell types
and found no significant differences, although there is a
slight shift in the area distribution toward large values for
C2C12-WT-GFP cells.

A detailed analysis of stress fibers distribution showed
small but significant differences for the myoblasts ex-
pressing the desmin E413K mutant. This difference was
quantified using cells plated on adhesive micropatterns, to
decouple the effect of desmin mutation on the stress fibers
distribution from the cells size and shape variability. The
cells were constrained to an adhesive square micropattern
(Fig. 3). The stress fibers were automatically detected on
the fluorescence images, following the procedure described
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FIGURE 2 Impact of desmin-GFP expression on the cells cytoskeleton. (A) Typical immunoblots for analyzing desmin, actin, and vimentin contents in
nonelectroporated C2C12 cells (NE), C2C12 expressing WT desmin-GFP or E413K mutated desmin-GFP (E413K). GAPDH is used as a loading control.

(legend continued on next page)
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in the Material and Methods and Supporting Materials and
Methods sections. Their number, lengths, and orientation
with respect to the cells large axis (diagonal of the square)
were measured for each cell. There were no significant dif-
ferences in the orientation of the stress fibers in the three cell
lines. On the contrary, both the number and mean length of
the stress fibers were significantly smaller for myoblasts
expressing the E413K desmin mutant. The results are sum-
marized in Table 2 and Fig. 3 B. Altogether, the total length
of stress fibers is ~25% smaller in C2C12-E413K-GFP than
in the two other cell lines. There were no significant differ-
ences between cells with or without desmin aggregates.

Overexpression of WT desmin increases cell
rigidity

A typical measurement of cell creep function J(f) as
measured with the SCR is displayed in Fig. 4 in log-log
scale. As already observed (38-40), J(f) can be fitted by a
power law of time (Fig. 4), J(t) = At®, over more than two
decades, 0.1s—10s, for all cell types. As previously discussed
(39), this is equivalent to a viscoelastic modulus G varying
as a power-law of frequency f (G = Gof*, Go = (2m)*/
[AT(1 + «)]), and a constant phase-shift, tan(an/2), be-
tween the storage (elastic) part G’ and the loss (viscous)
part G” of G: Gy is a measure of the cell rigidity at 1 Hz
and « is a measure of the repartition between elasticity
and viscosity into the cell.

For the three cell-types characterized in this study, values
of a show approximately normal (=Gaussian) distributions,
whereas values of G, show broad approximately log-normal
distributions (Fig. 5): the cumulative distributions of « and
of log(Gy) roughly show the characteristic shape of error
functions. These results are consistent with previous mea-
surements (30,39,40). The measured mean values of « and
geometric mean values of G, are displayed in Table 3.
The values of o as measured with the SCR show very similar
distributions for the three cell types, with a mean value
of 0.22 for C2C12-NE and C2C12-E413K-GFP cells, and
of 0.20 for C2C12-WT-GFP cells. This slight difference is
just beyond significance.

In contrast, the measured geometric mean value of Gy is
higher for C2C12-WT-GFP than for other cell types: the
expression of desmin-WT-GFP significantly increases the
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rigidity of the cells from ~400 Pa to ~600 Pa. We thus
observe a significant increase in cell rigidity when func-
tional desmin is added in myoblasts. On the contrary, such

an increase is not observed with the expression of mutated
E413K desmin.

Expression of E413K mutated desmin decreases
the rate of force generation of single myoblasts in
three-dimensional geometry

Combined measurements of creep function and rate of force
generation

After the creep measurement, the cell is relaxed to its initial
length. The setup is then switched to a mode allowing the
cell to deflect the flexible plate while spreading. In these
conditions, the cell generates a force increasing linearly
with time after typically 1 min transient regime ((32) and
Fig. S4). This phase of constant rate of force production
lasts for 10 to 40 min, and the force finally saturates to a
plateau value ((32) and Fig. S4). The values of the plateau
force F, and the rate of force generation dF/dt are correlated
(32). We have previously shown that dF/dt increases with
the stiffness & of the plate the cell is pulling on, and saturates
at a maximum value for infinite stiffness, just as F, does
(32,34). In this work, using the infinite stiffness mode of
the SCR (see Materials and Methods section for details),
we have measured this maximum value of dF/dt and we
use it as a measure of the ability of the cell to generate trac-
tion forces. dF/dt was measured for each cell through a
linear fit of the F(f) curve on a typical time range of 10—
20 min (Fig. S4).

The rate of force generation is reduced by desmin mutation
and aggregation

The measured values of dF/dt show wide distributions for
all cell types. These distributions are approximately log-
normal for both control C2CI12-NE cells and C2CI12-
WT-GFP cells: The cumulative distributions of log(dF/dt)
roughly show the characteristic shape of error functions
(Fig. 6). The geometrical mean value of dF/dt is ~80 pN/s
for the two cell types. For C2C12-E413K-GFP cells on
the contrary, the distribution of dF/dt is clearly not log-
normal, with a spreading in the low values domain. To

Actin expression is similar in the three cell types. (B) Quantification of actin, vimentin, and desmin expression levels, normalized by GAPDH. The control
value obtained with NE cells is used as a reference. Actin and vimentin expressions are unaltered by overexpressing WT- or E413K-desmin-GFP. The two
desmin-GFP constructs are moderately overexpressed, without impact on the level of endogenous desmin. All these quantifications have been made on five
(desmin) or four (actin and vimentin) independent electroporation experiments. (C) Confocal images of actin and desmin in C2C12-NE cells. Desmin is
stained by immunofluorescence, actin is stained with phalloidin, and nuclei with Hoechst. Scale bar = 20 um. (D) Confocal images of actin and desmin
in C2C12-WT-GFP cells and C2C12- E413K-GFP cells. Desmin is directly visualized by imaging the GFP. C2C12-WT myoblasts exhibit a normal desmin
network. C2C12-E413K cells display two phenotypes: 70% of cells contain only a desmin network, 30% of cells contain both a desmin network and cyto-
plasmic aggregates, which can be clearly seen on the enlarged box (X3). The actin network shows a healthy morphology for the two cell types. Scale bar =
20 um. (E) Confocal images of vimentin and desmin in NE, C2C12-WT-GFP, and C2C12- E413K-GFP cells. Vimentin is immunostained and exogenous
desmin is directly visualized by the GFP. C2C12-WT-GFP and C2C12-E413K-GFP cells exhibit a normal vimentin network, even in cells containing cyto-
plasmic desmin aggregates, without colocalization in desmin aggregates. Scale bar = 20 um
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elucidate the origin of this modified distribution, C2C12-
E413K-GFP cells were separated in two subgroups: cells
containing cytoplasmic desmin aggregates (+) and those
without aggregates (—). Indeed, the two subgroups show
distinct contractile properties: C2C12-E413K-GFP cells
without cytoplasmic aggregates show dF/dt values similar
to control cells (C2C12-NE and C2C12-WT-GFP), whereas
C2C12-E413K-GFP cells containing cytoplasmic aggre-
gates display significantly lower values of dF/dt, by ~four-
fold (Fig. 6 and Table 4). We checked whether this
decrease in force generation was solely due to the presence
of desmin aggregates, by similarly separating C2C12-
WT-GFP cells in two subgroups: those containing desmin
aggregates (+) and those without aggregates (—). The distri-
butions of dF/dt values are similar for the two subgroups
(Fig. 6 and Table 4). Note that to obtain relevant statistics,
experiments were performed on a large number of C2C12-
WT-GFP + cells, which is not representative of the percent-
age of aggregates positive cells in the C2C12-WT-GFP
population.

Fig. 6 and Table 4 summarize the results obtained on the
five groups and subgroups of C2C12 cells: The values of
dF/dt show approximately log-normal distribution for all
cell types. All cell types have similar distributions and geo-
metric mean values of dF/dt, except C2C12-E413K-GFP+
cells, which show a large decrease in the dF/dt value, by
fourfold. In contrast C2C12-WT-GFP+ cells do not show
this decrease in force generation.

We checked that this difference was not due to a differ-
ence in the spreading velocity of cells on microplates: it
does not significantly differ for the different cell types and
is equal to 6 nm/s on average.

TABLE 2 Properties of the Stress Fibers for the Three Cell
Types on Square Micropatterns

Mean Length
of Stress
Fibers (um)

Total Length
of Stress Fibers
per Cell (um)

No. of Stress
Fibers per Cell

C2C12-NE 75 = 8 54 = 0.6 403 * 47
C2C12-WT-GFP 81 = 13 54 = 06 436 * 61
C2C12-E413K-GFP 63 £ 12 4.8 = 0.7 298 =+ 58
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We finally checked whether cell aggregates could be a
consequence rather than a cause of the observed smaller
rate of force generation, by measuring the percentage of
C2C12-E413K-GFP cells that show cytoplasmic aggregates
when they are treated with 5 or 15 uM of blebbistatin. This
drug decreases the contractility of cells and has been shown
to decrease the level of forces generated by myoblasts in the
SCR (32). Cells were treated 8 h after electroporation with
blebbistatin (Sigma) 5 or 15 uM overnight and then fixed
and immunostained. We measured no significant influence
of blebbistatin on the aggregation rate in C2C12-E413K-
GFP cells.

Mutated desmin impairs myoblasts contractile energy in
two-dimensional geometry

We tested if a decrease in myoblast force generation ability
induced by mutated desmin expression was also observed in
a more traditional two-dimensional (2D) cell-culture-like
geometry by performing TFM measurements. Such experi-
ments allow one to measure the contractile energy Ec spent
by adherent cells to deform their substrate. Fig. 7 and Table
5 display the results obtained on the different cell types.
C2C12-NE cells and C2C12-WT-GFP cells show compara-
ble distributions of Ec, with a geometric mean value of
~8.5 107" J, whereas C2C12-E413K-GFP cells develop a
much smaller Ec, with an average value of ~3.5 107 1.

1.00 -0.2
E
3
w 0.10 - S
£
e}

J(t)
0.01 T r r 0.0
0.0 0.1 1.0 10
Time (s)

FIGURE 4 Creep experiment carried out with the SCR. The cell strain &
under constant applied stress is plotted as a function of time in log-log scale.
e is well fitted by a power law of time, over two decades.
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FIGURE 5 Cumulative distributions of « values (A) and of G, values (B),
for single C2C12-NE (NE, n = 43 cells), C2C12-WT-GFP (WT, n = 60
cells), and C2C12-E413K-GFP cells (E413K, n = 30 cells). There are no
significant differences in « values between the three cell types. The star
symbol indicates a significant p-value (p < 0.05) for C2C12-WT-GFP cells,
which are stiffer than the two other cell types.

Both aggregate positive and aggregate negative cells
expressing E413K mutated desmin show a drop down of
Ec by ~threefold as compared to control cells. Strikingly,
the loss in contractile energy is in the same order of magni-
tude as the loss in the rate of force generation in SCR
experiments.

DISCUSSION

In this work, we have used an isogenic model, C2C12 cells
electroporated with plasmids coding for WT or mutant des-
min, to study the effect of a desmin overexpression and a
desmin mutation on cytoskeleton organization and on cell
passive and active mechanical properties at a very short
time after expression. Using electroporation instead of lipo-
fection allowed us to obtain moderate overexpression levels
of exogenous desmin. We show that exogenous WT desmin
fused with GFP is able to polymerize within the cytoplasm

TABLE 3 Values of Gy and « for the Three Cell Types
Gy Values (Pa)

Geometric
Mean Values Confidence Interval « Values
C2CI12-NE 408 187 to 891 0.22 = 0.01
C2C12-WT-GFP 603 305 to 1189 0.20 = 0.01
C2C12-E413K-GFP 405 186 to 881 0.22 = 0.01
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FIGURE 6 Cumulative distributions of the rate of force generation dF/dt as
measured with the SCR for single C2C12-NE (NE, n = 28 cells), C2C12-WT-
GFP and C2C12-E413K-GFP cells. Both C2C12-WT-GFP and C2CI12-

“_»

E413K-GFP populations are divided into two subpopulations: “~” containing
only desmin network (WT —, n = 26 cells, and E413K —, n = 11 cells), and
“4” containing both aggregates and network of desmin (WT +, n = 17 cells,
and E413K +, n = 11 cells). The distribution for E413K+- cells is shifted to-
ward small values in comparison to other cell types (p < 0.01).

and induces a 1.5-fold increase in the global rigidity of myo-
blasts. This is consistent with results obtained on the role of
vimentin in the mechanical properties of fibroblasts (1,10).
Vimentin is a type III IF, homologous to desmin, and is
also expressed in connective tissues and in immature myo-
blasts. It was shown that the lack of vimentin expression
induces a twofold decrease in the elastic modulus of fibro-
blasts’ cytoplasm (1,10). Similarly, the increase in the visco-
elastic modulus that we measured here for C2C12-WT-GFP
cells could be due to an increase in the stiffness of the cyto-
plasm in cells overexpressing WT desmin. Strikingly, this
effect is not observed with the desmin-E413K-GFP mutant.
It has been previously reported that desmin-E413K is unable
to form filaments in vitro (4 1), presumably because its tetra-
mers are hyper stable, and that it does not copolymerize
with WT desmin, neither in vitro nor in transfected
C2C12 cells. Indeed, the mutation is located on the last
amino acid of the highly conserved YRKLLEGEE motif
of IFs, which has been shown to play a central role in the
proper formation of tetramers (42). We observe here that,
though inducing the formation of aggregates in 30% of
the cells, desmin-E413K-GFP is able to polymerize in
C2C12 cells, and probably to enter the endogenous desmin

TABLE 4 Values of the Rate of Force Generation, dF/dt
dF/dt (pN/s)

Geometric Mean Values  Confidence Interval

C2CI2-NE 83 31 to 222
C2CI12-WT-GFP — 80 55to 118
C2C12-WT-GFP + 69 40to 116
C2C12-E413K-GFP — 74 33 to 168
C2C12-E413K-GFP + 17 8 to 39

—, without aggregates; +, with aggregates.
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FIGURE 7 Cumulative distributions of the contractile energy E.. of single
C212-NE (NE, n = 48 cells), C2C12-WT-GFP (WT, n = 59 cells), and
C2C12-E413K-GFP cells as measured by TFM. C2C12-E413K-GFP pop-
ulation is divided into two subpopulations: “—” containing only desmin
network and “+” containing both aggregates and network of desmin
(E413K —, n = 25 cells, and E413K +, n = 45 cells). The statistics have
been enriched in E413K + cells and is not representative of the repartition
between “+” and “—” cells in the C2C12-E413K-GFP cells population.
Cells expressing E413K mutated desmin, with or without cytoplasmic ag-
gregates, show distributions of Ec values shifted toward low values in com-
parison to C2C12-NE and C2C12-WT-GFP cells (p < 0.01). The geometric
mean value of E, is three times lower for C2C12-E413K cells than for the
two other cell types.

network. This polymerization is probably enabled by the
low ratio of exogenous to endogenous desmins in electropo-
rated cells (2:1), as compared to transfected cells (~10:1,
data not shown). Yet the desmin-E413K-GFP network is
unable to increase the viscoelastic modulus of the cell, con-
trary to desmin-WT-GFP. A possible interpretation of this
result is that the mutated desmin shows a partial loss of
function, preventing it to reinforce the endogenous desmin
network. This is consistent with previous in vitro measure-
ments, which have shown that the addition of most mutated
desmins to WT desmin gels in vitro increases their viscosity,
except for the E413K mutant (41). On the contrary, our
results differ from the ones published on primary human
myoblasts from patients with desminopathies, which appear
stiffer than healthy ones (22). However, the two systems
are fundamentally dissimilar. First, the mutations are of a
different nature; second, the timescales of mutated desmin
expression are different: endogenous expression for the pri-

TABLE 5 Contractile energy values, as measured with TFM
E. (1072 J)

Geometric Mean Value Confidence Interval

C2C12-NE 8.2 2.7t025
C2C12-WT-GFP 9.0 33t025
C2C12-E413K-GFP — 2.9 1.5t05.6
C2C12-E413K-GFP + 3.7 1.7 to 8.0

—, without aggregates; +, with aggregates.
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mary myoblasts probably results in large remodeling in
response to the expression of the mutated protein that was
limited during the 24-h period used in our work. Addition-
ally, primary myoblasts from healthy and desminopathy
patients do not have the same genetic background, whereas
in our work all cells are isogenic.

Because myoblasts generate traction forces and can con-
tract their substrate, we have also characterized their force
generation abilities. An important feature of the mechanical
activity of the cells is the rate of force generation dF/dt,
which is representative of the mechanical power, i.e., the en-
ergy per unit time invested by the cell to build up force and
deform its mechanical environment (32). Using a single-cell
parallel-plates setup (32,34), we quantified the mechanical
activity of C2C12 cells by measuring the maximum dF/dt
values in infinitely stiff conditions, similar to isometric
contraction of muscles. We measured both the creep func-
tion J(¢) and the maximum rate of traction force generation
dF/dt on each single tested cell. We could thus avoid any
differences in the samples that may have hindered our com-
parison of the effects of desmin mutations on the passive and
active features of myoblast mechanics. We observed that
whereas the expression of desmin-WT-GFP increases the
viscoelastic modulus of C2C12 cells, it has no effect on their
ability to generate traction forces. Conversely, the expres-
sion of desmin E413K-GFP, which has no effect on the
viscoelastic modulus of C2C12 cells, induces a fourfold
decrease in their rate of force generation in the presence
of aggregates. These disparate results for cells expressing
two different desmins (WT-GFP vs. E413K-GFP) provide
an internal control that the observed decrease in traction
forces is neither due to GFP alone nor to overexpression
of desmin alone. Using TFM to characterize the effect of
desmin mutation on the traction forces generated by
myoblasts in a more usual 2D substrate geometry, we also
measured that the contractile energy of cells expressing des-
min-E413K-GFP shows a threefold decrease as compared to
NE cells or cells expressing desmin-WT-GFP. We thus
demonstrate by two different techniques that E413K-muta-
tion of desmin significantly decreases myoblasts abilities
to generate traction forces. Nevertheless, the results ob-
tained from rate of force generation (SCR) and from con-
tractile energy measurements (TFM) slightly differ. TFM
measurements, performed on cells spread for 2 h, show
that the presence of the mutated desmin impairs the level
of forces that C2C12 myoblasts develop and transmit to their
substrate. This result is consistent with the observed reduced
number and length of stress fibers in C2C12-E413K-GFP
cells. The results are also in agreement with recent studies
on vimentin: it was shown that the vimentin IF network, in
fibroblasts and endothelial cells, is involved in the develop-
ment of a high level of forces, in the maturation of focal ad-
hesions, and more generally in mechanosensing through
focal adhesions (3,5,7), presumably by regulating integrin
functions. However, the mechanism underlying this effect
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is not clear. On the other hand, with the SCR we measure the
force generation rate of myoblasts in the first 10-20 min of
spreading, presumably before the build-up of stress fibers.
We show then that the build-up force of C2C12-E413K-
GFP cells is affected only in the presence of desmin aggre-
gates. One possible explanation for the difference between
the two measurements could be that traction through cortical
actomyosin at a short timescale, as measured with the SCR, is
only affected when a large amount of functional desmin is
trapped within aggregates, whereas long timescale traction
forces (TFM) generated through stress fibers, involving
more proteins of the cytoskeleton, could be altered even in
cells presenting no aggregation.

CONCLUSIONS

We show that the desmin IF plays arole in both the passive and
active mechanical properties of myoblasts. Until recently, lit-
tle attention had been paid to dynamical properties of IFs and
to their implication in force generation. The lack of research is
likely because IFs are not associated with molecular motors
like actin and microtubules. Our results, along with other
recent works (3,43), highlight the implication of IFs in dynam-
ical processes and active mechanical properties of cells. The
cell-specific IF network is often pictured as an integrator of
the actin and microtubules networks via a complex set of
cross-bridging proteins (44), and thus could be involved in
the actomyosin contractility by mechanisms that still have
to be elucidated. Strikingly, E413K desmin mutation impairs
stress fibers and force generation in myoblasts expressing
mutated desmin for 24 h. This loss in tensile activity in the
immature myoblast could play a role in the progressive muscle
weakness observed in desminopathies, via the failure to estab-
lish a proper sarcomeric registry, which has been shown to
alter contraction and calcium signaling in myocytes (45).
This possible link and the related mechanisms will have to
be explored in future experiments on myotubes.

SUPPORTING MATERIAL

Supporting Materials and Methods and eight figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)04702-5.
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