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The Effect of Cyclic Strain on
Human Fibroblasts With Lamin
A/C Mutations and Its Relation
to Heart Disease
Although mutations in the Lamin A/C gene (LMNA) cause a variety of devastating dis-
eases, the pathological mechanism is often unknown. Lamin A/C proteins play a crucial
role in forming a meshwork under the nuclear membrane, providing the nucleus with
mechanical integrity and interacting with other proteins for gene regulation. Most LMNA
mutations result in heart diseases, including some types that primarily have heart disease
as the main pathology. In this study, we used cells from patients with different LMNA
mutations that primarily lead to heart disease. Indeed, it is a mystery why a mutation to
the protein in every nucleus of the body manifests as a disease of primarily the heart in
these patients. Here, we aimed to investigate if strains mimicking those within the myo-
cardial environment are sufficient to cause differences in cells with and without the
LMNA mutation. To test this, a stretcher device was used to induce cyclic strain upon
cells, and viability/proliferation, cytoskeleton and extracellular matrix organization, and
nuclear morphology were quantified. The properties of cells with Hutchinson-Gilford
progeria syndrome (HGPS) were found to be significantly different from all other cell
lines and were mostly in line with previous findings. However, the properties of cells
from patients who primarily had heart diseases were not drastically different when com-
pared to individuals without the LMNA mutation. Our results indicated that cyclic strain
alone was insufficient to cause any significant differences that could explain the mecha-
nisms that lead to heart diseases in these patients with LMNA mutations.
[DOI: 10.1115/1.4044091]
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Introduction

Genetic mutations that affect cellular functions and properties
potentially develop into detrimental diseases in the body. One
gene that is known to lead to pathologies, when mutated, is the
Lamin A/C gene (LMNA) [1,2]. Lamins A and C, A-type lamins
encoded by LMNA, are type V intermediate filament proteins
present in all nucleated somatic cells in the body [3]. These pro-
teins form a supportive meshwork, known as the nuclear lamina,
which provides mechanical and structural support for the nuclear
envelope [4]. In addition, A-type lamins interact with nucleoplasm
and chromatin proteins allowing them to take part in both gene
regulation and mechanical signaling [5–7]. Mutations to LMNA
have been linked to a wide range of diseases, referred to as lami-
nopathies, affecting multiple tissues and organs systems within
the body [1,2]. Though each mutation variant may affect different
parts of the body, most laminopathies are known to be associated
with some form of heart disease [1,2]. Indeed, there are also
LMNA mutations which primarily lead to heart diseases with no
other detrimental pathologies [8–10]. Given that A-type lamins
are found in every nucleated cell throughout the body, it is unclear
why the heart is specifically vulnerable to the LMNA mutation.

Mutations in A-type lamins are known to make cells vulnerable
to mechanical perturbations due to the decrease in stiffness and sta-
bility of the nuclear lamina [11–14]. For example, an impaired
nuclear lamina can result in a loss of cell viability and functionality,
especially in mechanically stressed tissues [12]. Indeed, when static
strain was applied to cells with the mutation, increased deformabil-
ity of the nuclear envelope and a higher percentage of dysmorphic
nuclei were observed [12,13,15]. Although many parts of the body
are exposed to strains, only the heart is subjected to repeated �1 Hz
contractions over a lifetime. Thus, cardiomyocytes are uniquely
exposed to nonstop cyclic strain which has not yet been investigated
for its effects on cells with the LMNA mutation. If the consequences
are similar to those observed in static strain, cardiomyocyte func-
tionality and heart activity may also be negatively affected.

To understand the mechanisms leading to heart diseases in lami-
nopathies, we investigated if strains mimicking those in myocar-
dial environment alone are sufficient to demarcate cells with and
without the LMNA mutation. To study this, skin biopsies were
taken from patients with LMNA mutations who primarily exhib-
ited heart disease [8–10]. In addition, these were compared to cells
from healthy individuals with no mutations and from a patient with
Hutchinson-Gilford progeria syndrome. Fibroblasts were specifi-
cally used as they were observed in a previous study to have func-
tional pathologies in vitro [16] and are not normally subjected to
cyclic strain. By subjecting these nonstretching cells to cyclic
strain and observing the consequences on the nuclei, we can better
clarify the role of dynamic mechanical strain in causing heart dis-
eases. Thus, a monolayer of cells was uniaxially and cyclically
stretched with magnitudes similar to the heart to investigate the
effects on cell viability/proliferation, cytoskeleton and extracellu-
lar matrix organization, proportion of dysmorphic nuclei, and
nuclear shape [17]. These experiments allowed us to address how
the myocardial environment affects cells with the LMNA mutation
and determine if the observed results were sufficient to explain
pathways that lead to heart diseases in laminopathies.

Methods

Skin Fibroblast Acquisition. Informed consent was obtained
and approved by UC Irvine Institutional Review Board (IRB#
2014–1253) for this study. Skin fibroblasts were collected from
three families with different LMNA mutations: Family A having
three individuals with the heterozygous LMNA splice-site muta-
tion (c.357-2A>G) [8], Family B having three individuals with
the heterozygous LMNA nonsense mutation (c.736 C>T,
pQ246X) in exon 4 [9], and Family C having three individuals
with the heterozygous LMNA missense mutation (c.1003C>T,
pR335W) in exon 6 [10]. In addition, for each family, fibroblasts

were collected from three age and gender matched individuals
without the mutation to serve as related negative controls. Unre-
lated negative control fibroblasts, referred to as donor cells, were
purchased from Lonza (catalog# CC-2511) and Coriell (catalog#
ND31845, AG14284). HGPS fibroblasts with a heterozygous
LMNA G608G point mutation were obtained from Coriell Insti-
tute for Medical Research (Camden, NJ: catalog #AG11513) to
serve as a positive control [18]. The individuals with LMNA
mutations from the families were referred to as Patients. Negative
Controls included individuals without mutations from the three
families and the donors. For nomenclature, patient (P), control
(C), or donor (D) are followed by the family designator (A, B, or
C) and the preassigned number of the individual (1, 2, 3, or 4).

Cell Culture. All cell lines were expanded to passage 16 for
these experiments. Cells were cultured in media consisting of mini-
mum essential media (MEM, ThermoFisher, Grand Island, NY),
10% Fetal Bovine Serum (FBS, ThermoFisher, Grand Island, NY),
and 1% Hyclone Antibiotics Antimycotic solution (AB, GE Life
Sciences, Utah). Cells were passaged at 80–100% confluency,
using 0.05% Trypsin (Fisher Scientific, Hanover Park, IL).

Stretcher Experiments. MechanoCulture FX-2 (CellScale,
CDN), stretcher device, was used for all experiments. The actua-
tor was programmed to execute manufacturer specified 15% uni-
axial cyclic stretch at 1 Hz for 24 h or 20% uniaxial cyclic stretch
at 1 Hz for 72-h depending on the experiment.

The wells were first washed with the phosphate buffered saline
(PBS, ThermoFisher, Grand Island, NY). A 0.05 mg/mL fibronec-
tin solution was then added to each well (Fisher Scientific, Hano-
ver Park, IL) followed by a 2-h incubation for the adhesion of an
isotropic fibronectin monolayer to the silicone well bottoms. After
being washed with PBS to remove excess fibronectin, a 300 lL
solution of 2.0� 105 cells and culturing media was then seeded
into each well and allowed to incubate for 24 h. After incubation,
media was changed to a maintenance media consisting of MEM,
2% FBS, and 1% AB to maintain confluency. The stretcher device
was then initiated with the desired stretching protocol and placed
inside an incubator with 5% CO2 at 37 �C for the duration of the
experiment. For the 72-h experiments, maintenance media was
changed every two days.

Fixing and Immunofluorescent Staining. The cells were fixed
with a solution of 4% paraformaldehyde (VWR, Radnow, PA)
and 0.05% Triton X-100 (Sigma-Aldrich, Saint Louis, MO). Once
fixed, the cultures were stained for nuclei (4,6-Diamidino-2-
Phenylindole Dihydrochloride, DAPI, ThermoFisher, Grand
Island, NY), actin (Alexa Fluor 488 Phalloidin, ThermoFisher,
Grand Island, NY), and fibronectin (polyclonal rabbit antihuman
fibronectin, Sigma-Aldrich, Saint Louis, MO). Secondary staining
was done for fibronectin using goat antirabbit IgG secondary anti-
bodies (Alexa Fluor 750, ThermoFisher, Grand Island, NY).
Afterward, the wells were punched out with a commercially pur-
chased metal square hole puncher as high-resolution images could
not be obtained through the membrane. The punched-out wells
were flipped, mounted onto glass microscope slides with ProLong
Gold Antifade Mountant (ThermoFisher, Grand Island, NY), and
sealed with clear nail polish around the edges.

Imaging and Data Acquisition. The samples were imaged with
an IX-83 inverted motorized microscope (Olympus America, Center
Valley, PA). Images were taken using an UPLFLN 40� oil immer-
sion objective (Olympus America, Center Valley, PA) and a digital
CCD camera ORCA-R2 C10600-10B (Hamamatsu Photonics, Shi-
zuoka Prefecture, Japan). Ten fields of views randomly selected for
each sample and imaged at 40�magnification (6.22 lm/pixel).

MATLAB Analysis. A custom written MATLAB code was used to
classify nuclei as normal or dysmorphic and measure nuclear
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properties [16]. Aspect ratio and area were also simultaneously
calculated by the code during the process. Additionally, another
in-house set of MATLAB codes was used to quantify the orientation
order parameter (OOP) of actin and fibronectin [19].

Statistical Analysis. Unless otherwise specified, statistical
analysis was done using analysis of variance (ANOVA) one-way
testing with Tukey’s method. For nonparametric variables (i.e.,
nuclei defectiveness), the Kruskal Wallis tests was used followed
by Dunn’s multiple comparison test. Significance was defined as
having a p-value of less than 0.05. Sample sizes for density, OOP,
and percentage of defective nuclei were the number of individual
wells for each group. Sample sizes for area and aspect ratio were
the total number of individual nuclei for each group. A secondary
statistical analysis was also done for area and aspect ratio where
sample sizes were the individual patients. A summary of the sam-
ple sizes of each statistically tested group and the respective statis-
tical tests for each quantification can be found in Tables 1 and 2.

Results

Dynamic mechanical stimulation is one of the obvious differen-
ces between heart and other tissues in the body. To determine if
cyclic strain alone is sufficient to cause issues, fibroblasts from
cell lines with a LMNA mutation were exposed to simplified
myocardial-like strains, 15% strain at 1 Hz for 24 h. Cells with
known LMNA mutations leading primarily to heart disease
(Patients), cells without LMNA mutations (Negative Controls),

and HGPS cells (Positive Control) were cyclically stretched and
analyzed for cell viability and cytoskeleton morphology.

Quantifying Cell Viability/Proliferation and Matrix
Organization. To determine if viability/proliferation is affected
by cyclic stretching, nuclei were stained after both static and
stretch protocols (Fig. 1(a), (i) and (ii)). As the cells were seeded
at 2.0� 105 cells/well for all conditions, the final density quanti-
fied from the nuclei stain is a measure of the combined viability
and proliferation potential. Compared to both Patients and Nega-
tive Controls, the Positive Control generally exhibited a lower cell
density (Fig. 1(a), (iii)). However, cyclically stretching the cells
did not induce a change in viability/proliferation in either Patient
or Positive Control groups. Interestingly, Patients cells also did
not have a compromised cell viability/proliferation compared to
the Negative Controls (Fig. 1(a), (iii)). To quantify the effects of
the LMNA mutation on the cytoskeleton and the extracellular
matrix, OOP was used as a measurement of organization for actin
(Fig. 1(b)) and fibronectin (Fig. 1(c)) [19]. Without stretch, the tis-
sues and underlying extracellular matrix remained isotropic (low
OOP) with no differences observed in actin or fibronectin organi-
zation for all groups (Figs. 1(b), (iii) and 1(c), (iii), purple bars
(print: black)). Conversely, cyclic stretching induced organization
(high OOP) in both the tissues and the underlying fibronectin
(Figs. 1(b), (iii) and 1(c), (iii), yellow bars (print: gray)). Interest-
ingly, in the Positive Control, actin and fibronectin were less
organized poststretch when compared to Negative Controls
(Figs. 1(b), (iii) and 1(c), (iii)). Yet, there were no differences

Table 1 Summary of sample sizes of statistically tested groups

I. Metric
II. Experimental

groups III. Condition
IV. Compiled number

of nuclei
V. Number of

coverslips
VI. Number of

individuals
VII. Test and

sample size used

Density Patients Static 14,629 95 9 ANOVA coverslips (column V)
Stretch 15,065 102

Negative Controls Static 17,492 112 10
Stretch 16,450 118

Positive Controls Static 5789 46 1
Stretch 5751 46

Actin OOP Patients Static N/A 94 9 ANOVA coverslips (column V)
Stretch 101

Negative Controls Static N/A 112 10
Stretch 117

Positive Controls Static N/A 47 1
Stretch 47

Fibronectin OOP Patients Static N/A 81 9 ANOVA coverslips (column V)
Stretch 88

Negative Controls Static N/A 102 10
Stretch 107

Positive Controls Static N/A 41 1
Stretch 41

% Defective nuclei Patients Static 5823 94 9 Kruskal–Wallis and Dunn’s
multiple comparison

coverslips (column V)
Stretch 5832 102

Negative Controls Static 7687 112 10
Stretch 7595 117

Positive Controls Static 3059 46 1
Stretch 2921 46

Aspect ratio and area Patients A Static 738 33 3 ANOVA nuclei (column IV) and
individuals (column VI)Stretch 1012 40

Patients B Static 2445 30 3
Stretch 2480 30

Patients C Static 2640 31 3
Stretch 2340 32

Negative Controls Static 7687 112 10
Stretch 7595 117

Positive Controls Static 3059 46 1
Stretch 2921 46
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observed in either actin or fibronectin organization between
Patients and Negative Controls (Figs. 1(b), (iii) and 1(c), (iii)).

Subtle Effects of Cyclic Strain on Nuclear Morphology. To
further assess if cells with LMNA mutations are vulnerable to
cyclic strain, nuclear morphology was examined. Nuclei were
automatically detected, categorized, and measured for morpholog-
ical properties using custom software [16]. To determine if cells
with the LMNA mutation are more vulnerable to deformities by
cyclic strain, the percentage of defective nuclei was calculated in
both static and stretch conditions (Fig. 2(a)). The nuclei of Posi-
tive Control cells were found to be generally more defective than
Patients and Negative Controls for both conditions (Fig. 2(b)).
However, no differences were found between Patients and Nega-
tive Controls in any of the conditions (Fig. 2(b)). Interestingly,
exposing cells to cyclic stretch did not increase the percentage of
defective nuclei for any of the groups (Fig. 2(b)).

For a more detailed analysis, the aspect ratio (Fig. 2(c)) and
area (Fig. 2(d)) of the nuclei were measured. Aspect ratio, a mea-
sure of eccentricity, is one for perfectly circular nuclei (Fig. 2(c),
(iii), left) and less than one for elongated nuclei (Fig. 2(c), (iii),
right). Each variation of the LMNA mutation responded differ-
ently to cyclic strain (Fig. 2(c), (i) and (ii)). The nuclei of the

Patients A group were more elongated compared to the Negative
Controls in both static and stretch conditions (Fig. 2(c), (i) and
(ii)). In contrast, Patients C nuclei showed less elongation in gen-
eral while Patient B nuclei showed no significant differences
when compared to the Negative Controls (Fig. 2(c), (i) and (ii)).
As expected, Positive Control nuclei were the least elongated
among all cell lines for both static and stretch conditions (Fig.
2(c), (i) and (ii)) [16]. For nuclear area, cells with different
LMNA mutations also exhibited varying responses (Fig. 2(d), (i)
and (ii)): Nuclei ranged from small (Fig. 2(d), (iii), left) to large
(Fig. 2(d), (iii), right) areas for both static and stretch conditions.
Though when summarized, Patients A and B groups did not show
a change in nuclear area poststretch while the Patients C group
significantly increased in response to stretching (Fig. 2(d), (i) and
(ii)). In addition, the Patients B group showed no differences
when compared to the Negative Controls in the static and stretch
conditions, unlike both Patients A and C groups (Fig. 2(d), (i) and
(ii)). Similar to aspect ratio, Positive Control had the greatest
nuclear area poststretch compared to all Patient groups and Nega-
tive Controls (Fig. 2(d), (i) and (ii)). When both area and aspect
were compared by pooling individual patients instead of all
patients and coverslips, many significances resulting from large
sample sizes were removed. The Patients A group still had

Table 2 Summary of sample sizes of statistically tested groups for 72-h experiments

I. Metric
II. Experimental

groups III. Condition
IV. Compiled

number of nuclei
V. Number

of coverslips
VI. Test and

sample size used

Density Control A1 Static 2513 14 ANOVA coverslips (column V)
Stretch 2390 18

Control A1 (72-h) Static 2602 16
Stretch 1713 13

Patient A1 Static 2108 12
Stretch 2922 18

Patient A1 Static 2293 13
(72-h) Stretch 1839 15

Actin OOP Control A1 Static N/A 14 ANOVA coverslips (column V)
Stretch 18

Control A1 (72-h) Static N/A 16
Stretch 13

Patient A1 Static N/A 12
Stretch 18

Patient A1 Static N/A 13
(72-h) Stretch 15

Fibronectin OOP Control A1 Static N/A 6 ANOVA coverslips (column V)
Stretch 10

Control A1 (72-h) Static N/A 16
Stretch 13

Patient A1 Static N/A 6
Stretch 12

Patient A1 Static N/A 13
(72-h) Stretch 15

% Defective nuclei Control A1 Static 267 14 Kruskal–Wallis and Dunn’s multiple
comparison coverslips (column V)Stretch 358 18

Control A1 (72-h) Static 1554 16
Stretch 1080 13

Patient A1 Static 292 12
Stretch 519 18

Patient A1 Static 1368 13
(72-h) Stretch 1223 15

Aspect ratio and area Control A1 Static 267 14 ANOVA nuclei (column IV)
Stretch 358 18

Control A1 Static 1554 16
(72-h) Stretch 1080 13

Patient A1 Static 292 12
Stretch 519 18

Patient A1 Static 1368 13
(72-h) Stretch 1223 15
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significantly more elongated nuclei when compared to the Patients
C group and Negative Controls (Fig. 2(c), (i), green lines). For
area, only the patients C group maintained a significant increase
in nuclear area poststretch (Fig. 2(d), (i), green lines). Unlike all
of the other cell-lines, upon exposure to cyclic stretching, the
Patients C group exhibited a combination of nuclear area and
aspect ratio changes indicating that either the nuclear volume
increases or the height of the nuclei decreases in the Patients C
group (see Fig. S3 available in the Supplemental Materials on the
ASME Digital Collection).

Consequences of Exposure to Extensive Cyclic Strain. The
choice to expose fibroblasts to 24 h of strain was dictated by
experimental convenience, but it can be argued that one day or
normal 15% strain is an insufficient amount of time and/or stretch
to cause LMNA mutation driven changes. We therefore cultured
matched patient and negative control cell lines for 72-h while
exposing the cells to a higher strain. As a result of applying cyclic
strain for 72 h, Patient A1 cells (PA1), unlike Control A1 cells
(CA1), showed decreased viability/proliferation (Fig. 3(b), yellow
bars (print: gray)). Yet, neither CA1 nor PA1 showed increased
amounts of defective nuclei as a result of longer exposure times to
cyclic strain (Fig. 3(c)). To further examine the effects of pro-
longed cyclic stretching, organization of tissues and underlying

extracellular matrix were examined along with nuclear morphol-
ogy (Figs. 3(d)–3(g)). Indeed, as observed in the 24 h experiment,
tissues remained isotropic with no differences in actin or fibronec-
tin organization for all groups without stretching (Figs. 3(d) and
3(e), purple bars (print: black)). Correspondingly, the presence of
the 72-h cyclic strain increased organization in actin and fibronec-
tin for both CA1 and PA1 as it did for the 24 h experiment (Figs.
3(d) and 3(e), yellow bars). For nuclear morphology, only subtle
differences were observed among both individuals under all expo-
sure conditions (Figs. 3(f) and 3(g)). In addition, unlike CA1,
exposure to cyclic strain did not induce an increase in nuclear area
for PA1 from static to stretch conditions (Fig. 3(g), matching pat-
terns of purple bars to yellow bars (print: black to gray)).

Discussion

In this work, we examined if simplified myocardial-like strains
are sufficient to induce a difference between cells with and with-
out LMNA mutations. To achieve this, human fibroblast lines
were assessed for cytoskeleton and extracellular matrix organiza-
tion, nuclear morphology, and viability after being exposed to uni-
axial cyclic strain.

In analyzing the results, it is useful to note several differences
between the dynamic mechanical environment inside the

Fig. 1 Consequences of cyclic strain on cell viability/proliferation and organization. (a) (i–ii) Example images of nuclei stained
with DAPI (blue (print: gray)); (iii) cell density estimated by nuclei count. (b) (i–ii) example images of actin stained with Phalloi-
din (green (print: gray)); (iii) quantification of actin organization. (c) (i–ii) Example images of samples stained for fibronectin
(red (print: gray)); (iii) quantification of extracellular matrix organization. (a–c) Scale bar: 25 lm; (i) stains in the static condition;
(ii) stains in the stretch condition with black arrows indicating the direction of stretch; (iii) connecting lines represent signifi-
cances within conditions and between corresponding groups (p < 0.05); sample sizes listed within the bars. Summary of statis-
tical analysis and sample sizes found in Table 1.
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Fig. 2 Consequences of cyclic strain on nuclear morphology. (a) Automatic nuclei detection, classification, and measure-
ment of nuclear properties; nuclei are designated as defective (red (print: dark gray)) and normal (green (print: light gray))
[16]. (b) Percent of defective nuclei; sample size is the number of individual coverslips (#c.s.); error bars represent the stand-
ard error of the mean; connecting black lines represent significances between corresponding groups (p < 0.05). ((c) and (d)) (i)
Summary of aspect ratio (c) and area (d); sample sizes: total nuclei number (n) and number of patients (#p); error bars repre-
sent standard deviation calculated for nuclei by pooling all coverslips and patients (black) or individual patients (green (print:
light gray)); green lines (print: light gray) represent significances analyzed by individual patients (p < 0.05); (ii) significance
matrix of (i) for individual nuclei, i.e., black error bars, with red (print: dark gray) numbers corresponding to the respective
labeled group in plot; (iii) example nuclei with a high aspect ratio or small area (left) and a low aspect ratio or large area (right).
All scale bars: 25 lm. Summary of statistical analysis and sample sizes found in Table 1. Data presented for separate individu-
als is plotted in Fig. S1 available in the Supplemental Materials on the ASME Digital Collection.
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myocardium and on the planar silicon membranes. In the
myocardium, with cells oriented in varying circumferential and
longitudinal directions, at peak systole, a range of measured cir-
cumferential, radial, and longitudinal strains have been reported
as �23% to �10%, 30 to 47%, �23 to 0%, respectively [20–29].
In contrast, uniaxial strains, similar to in vitro models [30–32] and
a significant simplification of the myocardial environment, were
used to generat data for Figs. 1–3. Additionally, there are known
differences between cardiomyocytes and fibroblasts in their
responses to strain; cardiomyocytes organize parallel to the direc-
tion of strain while fibroblasts organize orthogonally (see Fig. S2
is available in the Supplemental Materials on the ASME Digital
Collection) [33–35]. Consequently, after the cells had organized
(within 2-h), stretching exposed fibroblasts to strains orthogonal
to their cytoskeleton, which is different from the strains experi-
enced by cells in the myocardium. Given that cyclic strain is sus-
pected to be an important factor in LMNA mutation-driven
pathologies in the heart, these differences of how fibroblasts are
exposed to strains should be considered when interpreting the
results of these experiments.

The number of dysmorphic nuclei and viability/proliferation
was first evaluated to see how strains similar to those within the
myocardium affect cells with and without LMNA mutations. For
our experiments, as the initial density was the same for all cell
lines, the final density after each culturing period was used as a
representative measure of viability/proliferation. If the results had
shown significant differences between any of the experimental

groups involving the Patients and Negative Controls, it would
have been interesting to distinguish between viability and prolifer-
ation with either a live/dead viability assay or fluorescence-
activated cell sorting to assess the number of apoptotic cells.
However, as there were no significant differences in these experi-
ments of the groups, the measurement viability/proliferation is
sufficient. Furthermore, the number of dysmorphic nuclei was
defined as the number of irregularly shaped nuclei instead of
nuclei with blebbing since the former more frequently leads to
nuclear membrane rupturing and consequentially DNA damage
[36]. From the previous literature, both Lamin A/C knockout
(Lmna�/�) and lamin C-only expression (LmnaLCO/LCO) mouse
embryonic fibroblasts (MEFs) were found to have significantly
higher amounts of irregular-shaped nuclei compared to those with
normal LMNA expression [12,13,36]. Similarly, our experiments
using human fibroblasts with HGPS, one of the more severe varia-
tion of LMNA mutations, had significantly higher amounts of dys-
morphic nuclei compared to Negative Controls (Fig. 2(b)).
Patients, known to have only one mutated LMNA allele [8–10],
might be comparable to heterozygous Lamin A/C knockout
(Lmnaþ/�) MEFs [13]; both exhibited no significant increase in the
number of dysmorphic nuclei when compared to their negative
controls (Fig. 2(b) and see Ref. [13], respectively). For viability,
Lammerding et al. quantified the number of apoptotic cells for
MEFs with different LMNA mutations. Both Lmna�/� and
LmnaLCO/LCO MEFs had similar viabilities compared to MEFs
with normal LMNA expression, but when subjected to biaxial

Fig. 3 Exposure to extensive cyclic strain and its effects: (a) summary of the three different cyclic stretching regimes/experi-
ments (insert scale bar: 25 lm); (b) cell density estimated by nuclei count; (c) percent of defective nuclei; error bars represent
the standard error of the mean; (d) quantification of actin organization; (e) quantification of extracellular matrix organization; (f)
summary of aspect ratio for all nuclei in each experiment; (g) summary of nuclear area for all nuclei in each experiment. (b)–(g)
Static data shown in purple (print: black) and stretched data in yellow (print: gray). Patterns: solid bars for 24 h of 15% cyclic
strain and hatch bars for 72-h of 20% cyclic strain; significance matrices of corresponding bars labeled in red (print: gray) (gray
boxes p < 0.05, white boxes p > 0.05); sample sizes denoted in white within bars. ((b), (d)–(g)) Error bars represent the standard
deviation. Summary of statistical analysis and sample sizes found in Table 2.
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cyclic stretch, only the former had decreased viability [13]. In our
experiments, HGPS had significantly lower cell viability compared
to the Negative Controls in static conditions, but this was not exa-
cerbated when cells were subjected to uniaxial cyclic stretching
(Fig. 1(a), (iii)). For both Patients and Lmnaþ/� MEFs, viability
was not compromised or affected by cyclic stretching (Fig. 1(a),
(iii) and see Ref. [13], respectively). The minor discrepancies seen
in cell viability between our results and previous literature might
be caused by not only the varying LMNA mutations in Patients but
also the differences between uniaxial and biaxial cyclic stretching.
Although there is a disparity between external stretching, our
experiments, versus the strains applied to the nucleus within the
cardiomyocytes, overall our results were mostly in line with what
was expected from LMNA knockout mouse experiments
[12,13,36].

To further examine LMNA mutations and their relation to heart
diseases, nuclear morphology, cytoskeleton organization, and
extracellular matrix organization were compared among the
groups after exposure to cyclic stretching. As expected from the
previous literature [33–35], uniaxial cyclic stretching induced
actin and fibronectin organization for all cell lines (Figs. 1(b), (iii)
and 1(c),(iii)). Predictably, since HGPS patients have severe skin
abnormalities, HGPS cells had less organization poststretch when
compared to Negative Controls (Figs. 1(b), (iii) and 1(c), (iii)).
Interestingly, there were no differences in organization among
Patients and Negative Controls for either static or stretch condi-
tions (Figs. 1(b), (iii) and 1(c), (iii)). When area and eccentricity
were examined in the previous literature, similar trends were
observed where HGPS cells and Lmna�/� MEFs were rounder
with nuclear areas comparable to their respective negative con-
trols [12,37,38]. Indeed, for our experiments HGPS cells were
also observed to be rounder and have similar sized nuclei when
compared to Negative Controls (Figs. 2(c), (i)–(ii) and 2(d),
(i)–(ii)). For Patient groups, the inconsistencies seen among them
may suggest that different mutations may have their own subtle
and diverse effects on the mechanical properties of the nucleus as
seen in Fig. S3 which is available in the Supplemental Materials
on the ASME Digital Collection [8–10].

The direct mechanisms of how the LMNA mutation affects
cells and their nuclei are still largely unknown. However, it is pos-
sible that the mutation can have an effect on the cytoskeleton, and
in turn, cellular morphology, which has been observed to influ-
ence nuclear shape and positioning [39,40]. While the tissue char-
acterization performed in our experiments does not provide direct
measurements of cell morphology (Fig. 2(b)), the lack of changes
in actin organization in the three families compared to the nega-
tive controls suggests that cell morphology is not likely to be the
cause of the subtle differences found between the nuclear shapes
in the three families (Figs. 2(c), (i)–(ii) and 2(d), (i)–(ii) and see
Fig. S3 available in the Supplemental Materials on the ASME
Digital Collection). However, the possibility remains that there
are subtle cell shape differences that could affect cell-lines with a
mutation, which could be further investigated in the future with
single cell experiments or by specifically staining for cell mem-
brane proteins.

For each patient, it was also determined in a previous study that
the amount of dysmorphic nuclei is negatively correlated to the
age at which heart disease symptoms are first presented [16].
Thus, it was uncertain if subjecting these cell lines to cyclic
stretching for just one day was adequate to induce disease-causing
differences that take years to develop within these patients. There-
fore, additional strain experiments were conducted on a patient
cell line (PA1) with an early presentation age and the correspond-
ing related control (CA1) to examine the effects of longer expo-
sure times. When the percentage of defective nuclei was
quantified, no significant changes were observed after prolonged
exposure to cyclic strain for either CA1 or PA1 (Fig. 3(c)). How-
ever, PA1 did exhibit a loss in viability/proliferation after 72-h of
higher magnitude cyclic stretching when compared to the 24 h
condition, but it only decreased to levels similar to CA1

(Fig. 3(b), hatch bars). While applying higher strains may induce
a greater response, it is beyond the physiological strain ranges,
10–20% [30–32], and thus the scope of this manuscript. Alto-
gether, increasing exposure time to cyclic stretching and the strain
to peak intensities within the physiological range did not deviate
our findings greatly from the shorter experiments and results of
previous publications.

Regardless of exposure time, cyclic strain was found to be
insufficient to consistently affect the number of defective nuclei,
nuclear morphology, viability, and cytoskeleton and extracellular
matrix organization. Unlike HGPS individuals, cells from patients
with primarily heart pathologies just exhibited subtle differences
in nuclear morphology, but they were not drastically different
compared to cell lines with normal LMNA genotype. Thus, simple
cyclic strains in fibroblasts within the physiological ranges of
strain were insufficient to promote differences that would explain
pathways leading to the main pathology of heart disease in these
patients with LMNA mutations.
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