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ABSTRACT
The nuclear lamina is a meshwork of intermediate filament proteins, and lamin A is the primary 
mechanical protein. An altered splicing of lamin A, known as progerin, causes the disease Hutchinson- 
Gilford progeria syndrome. Progerin-expressing cells have altered nuclear shapes and stiffened 
nuclear lamina with microaggregates of progerin. Here, progerin microaggregate inclusions in the 
lamina are shown to lead to cellular and multicellular dysfunction. We show with Comsol simulations 
that stiffened inclusions causes redistribution of normally homogeneous forces, and this redistribution 
is dependent on the stiffness difference and relatively independent of inclusion size. We also show 
mechanotransmission changes associated with progerin expression in cells under confinement and 
cells under external forces. Endothelial cells expressing progerin do not align properly with patterning. 
Fibroblasts expressing progerin do not align properly to applied cyclic force. Combined, these studies 
show that altered nuclear lamina mechanics and microstructure impacts cytoskeletal force transmis
sion through the cell.
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Introduction

Increasingly detailed structural analysis of the nuclear 
lamina has emerged showing filament size [1,2], dis
parate network localization with the nuclear mem
brane [3] and nuclear pore association [4]. 
Mutations of LMNA, which codes for A-type lamins, 
cause numerous diseases impacting different tissue 
types depending on the mutation. However, the 
increasingly accurate information on lamin architec
ture is not necessarily coupled with a better under
standing of how altered lamina structure relates to 
cellular and tissue level dysfunction. This disconnect 
between molecular assemblies and cellular dysfunc
tion prevents a full characterization of disease pathol
ogies and movement toward treatment and therapy 
options.

Hutchinson-Gilford progeria syndrome 
(HGPS) is a rare premature aging disease in 
children [5] caused by an autosomal dominant 
mutation in the LMNA gene. The mutation 

results in an alternate splicing of exon 11 leading 
to a loss of 50 amino acids in the tail domain [6]. 
This altered splicing occurs at extremely low but 
perceivable levels in wildtype cells as well, leading 
to a similar cellular phenotype in aged cells [7–9]. 
This splice variant of LMNA associated with 
HGPS is called progerin or Δ50 lamin A and 
retains a C-terminal farnesylation and carboxy
methylation that mature lamin A loses during 
processing [10]. Ultimately, progerin expression 
leads to an accumulation of structural proteins 
in the lamina (progerin plus the retention of 
other lamins), altered nuclear shape, redistribu
tion of heterochromatin, modified nuclear pore 
structure, alterations in gene expression and 
nuclear structural instability [7–9,11-13].

Important to this study, progerin expression 
changes both nuclear lamina mechanics and 
nuclear shape. Progerin-expressing cells have 
altered nuclear morphologies that have been 
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described as blebs, wrinkles or folds [8,9,14,15]. 
Progerin expression and HGPS are associated 
with increased lamina stiffness [7–9]. It is unclear 
how an increase in a structural protein and 
a stiffening of the lamina could lead to the blebbed 
nuclear lamina, which is seemingly related to 
lamina fragility. Our studies and others have 
observed the formation of microaggregates of pro
gerin within the lamina [16–18]. The goal of this 
study is to show the mechanical impacts of stif
fened inclusions of progerin microaggregates and 
how these ultimately manifest in cells as mechan
ical dysfunction of the nuclear lamina. We aim to 
link the overaccumulation of progerin associated 
with HGPS to ultrastructure changes in the 
nuclear lamina and dysfunction in cells under 
force. Thus, changes in lamina structure could 
explain cellular and tissue level disease. We inves
tigate strains in cells under confinement and cells 
under external forces. In considering our data and 
models correlating the formation of microaggre
gates of progerin to altered force propagation 
through the nucleus. We also show that cells 
expressing progerin do not align properly to exter
nal patterning or force cues, suggesting altered 
nuclear microstructure may impact cytoskeletal 
force transmission through the cell. These com
bined structural effects may have important func
tional consequences in HGPS and highlight the 
benefit of applying physical models to study bio
logical systems to determine aspects of disease 
states.

Materials and Methods

Cell Culture and Transfection

For HUVEC studies, primary HUVEC (pooled, 
passages 3–5, Lonza, Basel, Switzerland) were 
grown in EGM-2 medium (Lonza, Basel, 
Switzerland). To express progerin in HUVEC an 
adenovirus was developed to express HA-tagged 
progerin (HA-progerin was a gift of Bryce Paschal 
[19]; adenovirus was prepared by Vector Biolabs, 
Malvern PA). The lowest level of adenovirus that 
infected nearly 100% of cells was used. To over
express wild-type lamin A in HUVEC, lamin 
A adenovirus (based on RefSeq BC014507) was 
purchased from Vector Biolabs and used at an 

identical titer level as progerin. Western blots of 
lamin and progerin levels in HUVEC are shown in 
Supplemental Figure 1. For actin depolymerization 
studies, latrunculin A (Tocris, Bristol, United 
Kingdom) was added at 10 μM for reported 
times before cell fixation and labeling.

For fibroblasts studies, primary human dermal 
fibroblasts were cultured under 5% CO2 in DMEM 
(Thermofisher) supplemented with 15% FBS 
(Thermofisher). The primary fibroblast cell lines 
used in our studies included AG06299 (normal) 
and AG11513 F (HGPS patient with mutation in 
exon 11 of LMNA gene), obtained from NIA 
Aging Cell Repository, Coriell Institute.

Micropatterning

HUVECs were seeded on micropatterned lines of 
width 20 or 40 µm, as previously described [20]. 
Briefly, the stamps used to micropattern fibronec
tin lines of 20 or 40 µm were made with polydi
methylsiloxane (PDMS). Stamps were coated with 
fibronectin and were pressed onto a prepared cov
erslip. Once stamped, the coverslips were washed 
and treated with Pluronic F-127 to limit cell adhe
sion to only the fibronectin lines. Cells were then 
seeded onto the coverslip.

Cell stretching

Fibroblasts cells were seeded onto UniFlex culture 
plates (FLEXCELL International Forporation, 
NC) coated with 60 ng/mL of Fibronectin 
(Sigma). The cells were exposed to uniaxial stretch, 
using the FlexCell 5000 (FLEXCELL International 
Corporation, NC) with 10% strain and frequency 
of 0.5 Hz for 24 hours.

Cell Fixation, Immunocytochemistry Labeling 
and Western Blotting

Cells were fixed using 4% formaldehyde in phosphate 
buffered saline (PBS) and permeabilized using 0.2% 
Triton X-100 in PBS. For fluorescence microscopy 
experiments, cells were stained with 0.1 μg/mL 
Hoechst 33342 (ThermoFisher, Waltham, MA, 
USA) for DNA staining. HUVECs were stained 
with anti-lamin A/C antibody (cat # sc-7292, Santa 
Cruz Biotechnology, Dallas, TX, USA) for control 
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cells or anti-HA antibody (cat # 901501, Biolegend, 
San Diego, CA, USA) for progerin-expressing cells 
with an Alexa Fluor 488 fluorescent secondary (cat # 
A-21202, ThermoFisher, Waltham, MA, USA). 
HUVECs were also stained with rhodamine phalloi
din (cat # PHDR1, Cytoskeleton, Denver, CO, USA). 
The same antibodies were used for Western Blotting 
quantification of overexpression.

Imaging and Analysis

Fibroblast cells were imaged using a Zeiss 710 
LSM confocal at 20x and 63x and 1.4NA. Fixed 
HUVEC cells were imaged on a Nikon Eclipse 
TS100-F widefield fluorescence microscope with 
a 50x (1.4NA) oil immersion oil objective. Live 
HUVEC cells were imaged on a Leica DMI6000 
inverted microscope using a 63x (1.4 NA) oil 
immersion objective. During imaging, the entire 
microscope environment was regulated by a Pecon 
live-cell imaging chamber heated to 37°C. Images 
were processed using ImageJ. Alignment was done 
for more than 100 cells per condition, multiple 
fields of view, random sampling per field of view 
using the angle tool. Manual angle analysis using 
the angle tool was preferred to avoid biasing for 
artificially bright actin stress fibers of other struc
tures. Methodologies for wrinkle analysis are pre
sented in Supplemental Figure 5 (for data in 
Figure 4). Again, 100 cells were considered but, 
in some cases, only 20% of cells had wrinkles, but 
some cells had numerous wrinkles.

Simulations of inclusions

All modeling was completed in Comsol Multiphysics 
5.3 using the two-dimensional (2D) plane stress 
module. The lamina was modeled as a uniform 2D 

elastic material with elastic modulus of 50 kPa. We 
chose this number based on Vaziri and Mofrad [21] 
with updates based on a new understanding of 
lamina thickness to be 10–100 nm based on super- 
resolution microscopy (from [2] and [3]); although 
scaling neglects the need for an absolute stiffness. 
Circular inclusions were modeled as linear elastic 
materials within the lamina. For this study, we 
approximated an infinite sheet by modeling a 4 μm 
by 4 μm square region of the membrane with a small 
inclusion ranging from 0.05 μm to 0.4 μm in dia
meter with varying stiffnesses. Unconfined 25% uni
axial strain in the x-direction (aside constraint 
holding the midline at y = 0) with Poisson ratio 
ν = 0.49 resulted in a stiffness profile around the 
y = 0 axis. Von Mises stresses are shown and peak 
midline stresses are reported.

Results

Progerin-expressing cells often show punctate 
inclusions or aggregates

Similar to other studies [16–18], we consistently 
observe punctate inclusions of progerin in cells 
overexpressing progerin, which are not observed 
in lamin A overexpressing cells or control cells 
(Figure 1). Densitometry analysis of Western 
blots (Supplemental Figure 1) shows that lamin 
A overexpressing cells have 2.5x the lamin 
A compared with control cells; HA-progerin 
shows a 3x increase in A-type lamins with 2.5x 
of that increase from the HA-progerin. These 
aggregates at the nuclear lamina could be due to 
the altered stability of the tail domain of the pro
gerin mutant compared to the wildtype [22], 
hydrophobic aggregation of the farnesyl tail of 
individual proteins within filaments, associations 

Figure 1. Punctate inclusions in progerin-expressing nuclei. Confocal images of HUVECs labeled via immunocytochemistry for 
endogenous LA/C, overexpressed LA and HA-tagged progerin. Control and LA cells show uniform equitorial labeling with come 
wrinkles due to actin fibers whereas progerin-expressing nuclei show punctate inclusions (arrows). The z-resolution for the lamin 
channel (488 nm) was chosen at 1.0 μm, so folds and puncta of the nuclear face may appear in the same confocal frame as the 
midline edge.
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of the tail domains to specific regions of the inner 
nuclear membrane, or a combination of all of 
these [23]. We did not observe any large differ
ences in actin organization with overexpression of 
progerin nor in patient cells (Supplemental 
Figure 2). These aggregates are observed (and 
likely exaggerated) in overexpressing cells, but 
regions of domain formation are also observed in 
patient cells (Supplemental Figure 3) [8].

Simulations of stiffened inclusions show stress 
fields consistent with wrinkling

To consider the consequence from aggregation of 
stiffening elements, we utilized a simulation to 
consider a stiffened region within the lamina, 
most simplistically modeled as a 2D continuum. 
We approximated the stiffness of the lamina (50 
kPa, see Methods), added a stiffened inclusion 
within the uniform field (black circle), and then 
uniaxially strained in the x-direction and pinned 
along the black line at y = 0 (Figure 2). We then 
tracked the peak stress along the midline outside 
of the inclusion. High stresses in deviation from 
the bulk would lead to asymmetries that could 
initiate out of plane bending. Importantly, we 
found that the size of the inclusion (from 50 to 
400 nm) did not influence the peak midline stress 
(Supplemental Figure 4). However, the ratio of 
stiffness of the inclusion to the material led to 

greater midline stresses, as expected (Figure 2). 
Thus, we suggest that the presence of stiffened 
inclusions leads to larger-scale stress features in 
the bulk of materials under strain. This continuum 
simulation shows the initiation of stresses, but it is 
important to state that any further analysis of 
instabilities or out-of-plane bending should be 
considered in a coursegrained filamentous model.

Endothelial cells confined to one-dimensional 
patterns show differential lamina deformation

To examine the role of extracellular perturbation 
on nuclear lamina reorganization, we considered 
how cells respond to growth on patterns. 
Endothelial cells were grown on patterned lines 
of 20 µm or 40 µm in order to ascertain the extent 
of deformation of the lamina network under cell 
confinement. Previously, patterning on lines of 
this thickness has been shown to exert forces on 
the nucleus from the cytoskeleton [20,24,25]. On 
20 µm lines, nuclei are oblate and orient in the 
direction of the actin filaments. This orientation 
has been shown to be a direct function of the 
cellular confinement to patterning [24]. There are 
some folds in control lamina, but these coincide 
with actin filament structures (Figure 3(a–d)). 
Progerin-expressing cells show numerous folds 
and wrinkles in the nuclear lamina, but these dys
morphic structures do not align or co-register with 

Figure 2. Strain on an inclusion of increased stiffness causes a line of increased stress normal to the imposed strain. Comsol 
simulation of a homogeneous structure with a stiffened inclusion is compressed in y and dilates in x. The resulting von Mises 
stiffness profile is shown for increasing inclusion stiffnesses (1, 1.2, 1.5 and 2x as stiff as the background material). The peak midline 
stress in the x-direction outside of the inclusion is plotted as a function of stiffness ratio.
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confocal actin filament structures at a similar 
plane (Figure 3(e–h)).

We quantified the dysmorphic structures or wrin
kles observed in the lamina, visualized in Figure 3 
along the length of the nucleus and compared them 
to the orientation of the nucleus (see schematic in 
Supplemental Figure 5A). Note that z-resolution of 
lamins was 3.5 μm – larger than normal confocal 
sections – to allow full visualization along the length 
of the nuclear lamina wrinkle. Earlier studies have 
suggested that cells under extreme loading condi
tions or, in this case, confinement may propagate 
wrinkle or fissure formations [25]. Lamin networks 
that are healthy have been found to deform uni
formly under similar conditions [24]. For cells pat
terned on 20 µm stripes, wrinkles observed in the 
lamina (seen in Figure 3) were not statistically dif
ferent for control and progerin-expressing endothe
lial cells (Figure 4(a)). As an additional control, we 
also overexpressed wild-type lamin A in cells to 
ensure that the results were from progerin expres
sion and not from either increased lamin A or from 
viral treatment. Levels of exogenous lamin A, mea
sured from confocal immunocytochemistry, were 
204 ± 43% higher compared to wildtype cells. 
Endothelial cells grown on wider, 40 µm stripes 
without progerin did not show any wrinkles whereas 
progerin-expressing cells had wrinkles statistically 

similar to cells without progerin grown on 20 µm 
stripes (Supplemental Figure 6(a)).

In cells on 20 µm stripes, we also considered the 
orientation of the wrinkles (see Supplemental Figure 6 
(b)). Our data indicate that the most deformations in 
control nuclear lamina structures lie in the direction of 
the primary orientation of the cells with more than 
half at 0–20° (Figure 4(b)). This agrees with the orga
nized actin cytoskeleton visible along the length of the 
stripes visible in the overlays (Figure 2). Conversely, 
progerin-expressing cells displayed angles ranging 
from 40° to 90° for many of these folds. For progerin- 
expressing cells on 40 µm stripes, there is an increased 
number of wrinkle formations in the range of 80–90°, 
which is nearly normal to the applied force from the 
actin cytoskeleton (Supplemental Figure 6(b)).

To compare control versus progerin-expressing 
cells, we considered cells on 20 µm stripes and 
quantified the wrinkles in the nuclei. In cells con
fined on the stripes, we depolymerized actin using 
latrunculin A, fixed cells at increasing time, and 
imaged the nuclear lamina in control and HA- 
progerin expressing cells. The actin depolymerized 
within a minute as expected but the wrinkles in 
nuclei took some time to be removed, likely based 
on the stiff mechanics of the nucleus. We plotted 
the length of wrinkles versus time after actin depo
lymerization treatment to determine if there was 

Figure 3. Confocal fluorescence microscopy confocal sections for cells patterned on lines. Fixed HUVECs were stained for Lamin (control) 
or HA (Progeria), and all cells were also stained for actin (phallodin) and DNA (Hoechst 33342). (a) Lamin A/C (control) stained with a lamin 
A/C antibody. (b) Control cell stained for actin to check the orientation of folds against the filament structures. (c) Lamin A control cells with 
Hoescht staining for DNA. (d) Merge of the lamin and actin channels shows nuclear alignment with the stripes and lamin folds coincident 
with the actin filaments. (e) Progerin-expressing cells stained with anti-HA to label HA-progerin express more wrinkles. (f) Progerin- 
expressing cells stained for actin to show the orientation of folds against the filament structures. (g) Progerin-expressing cells with Hoescht 
33342 staining for DNA. (h) Merge of the lamin and actin shows lamin folds distinct from actin filaments. For both conditions the 
z-resolution for the lamin channel (488 nm) was chosen at 3.5 μm, actin channel (561 nm) 1.9 μm and DNA channel (405 nm) 1.3 μm.
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a difference in the loss of wrinkles. From the plot 
(Figure 4(c)), the wrinkle loss from both cases can 
be modeled as an exponential decay. Fits of expo
nential decay of control and HA-progerin are 
shown in Figure 4(c); progerin-expressing cells 
show a slower loss of wrinkles on a timescale of 
111 min versus 45 min control cells. Exogenous- 
lamin A expressing cells are statistically similar to 
control at 0 and 60 min (Figure 4(d)).

Fibroblasts fail to align when exposed to uniaxial 
stretch

In addition to defects associated with exogenous 
progerin-expressing cells, we also aimed to examine 
cells from HGPS patients. HGPS patient fibroblasts 
are available from the Coriell Institute, along with 
HGPS control fibroblasts. Fibroblasts have pre
viously been shown to align when the substrate is 
deformed perpendicular to the applied stretch [26]. 
The alignment of nuclei and actin cytoskeletal 

structures align dependent, to some degree, on fre
quency of stretch, amount of stretch and integrated 
time of stretch [27]. Control primary fibroblasts 
showed actin and nuclear alignment, but HGPS 
patient cells did not (Figure 5). Despite similar, 
high initial seeding densities between control and 
HGPS patient cells, there was substantial cell loss in 
the HGPS patient cells under stretch, likely due to 
cell death or detachment possibly due to the inability 
to adapt under force. Given the nearly complete lack 
of alignment as well as the heterogeneous shape of 
the HGPS cells (Figure 5) it was difficult to quantify 
the lack of alignment in the HGPS sample.

Discussion

Nuclei in cells from patients with HGPS can exhibit 
protrusion of the nucleus toward the cytoplasm [11] as 
well as many other gross nuclear morphological 
changes [8,14]. There are many structural changes 
associated with HGPS including reduced lamin B1 

Figure 4. Formation of wrinkles for cells under one-dimensional confinement. (a) Length of deformations or wrinkles for control, 
exogenous lamin A or HA-progerin expressing endothelial cells cultured on 20 µm diameter stripes. (b) On 20 µm diameter stripes, 
wrinkles in control cells and exogenous lamin A expressing cells (+ lamin A) primarily align with the stripe axis whereas HA-progerin- 
expressing cells do not show preferred orientation. (c) On 20 µm diameter stripes, treatment with latrunculin A and fixation at different 
time points shows an exponential decay. (d) Fits of exponential decay shows the differential decay constants for control and exogenous 
lamin A versus HA-progerin cells. Fits same for 4 points as 2 points. 30–50 cells per condition considered. * indicates statistically similar 
p > 0.05; ** indicates 0.001 < p < 0.05; (c and d) no * indicates statistically different with p < 0.001 using unpaired Students t-test.
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levels [28], loss of heterochromatin [12], changes in 
chromatin-lamin binding [29], altered lamin-nuclear 
envelope association [30], altered nuclear pore com
plex [31] and changes in how the nucleus binds to the 
cytoskeleton [25]. Here, we have tried to examine 
lamina-specific defects through different cellular 
manipulations of cells exogenously expressing pro
gerin. Of note by our group and others is that the 
exogenous expression of progerin, by plasmid such as 
DsRed-progerin or virus such as HA-progerin, is not 
the same as HGPS. Defects that result from exogenous 
expression appear to be more severe from the higher 
expression levels [7]. However, the physical model we 
propose here is entirely consistent with the force- 
induced wrinkling behavior observed in nuclei from 
patients with HGPS [8]. In previous studies, micro
pipette aspiration of isolated nuclei from patients 

shows wrinkling under high stress that is independent 
of the direction of applied force [8]. Thus, it appears 
that this model would hold with endogenous expres
sion as well as with exogenous expression.

Several other lamin and nuclear envelope muta
tions are associated with nuclear dysmorphisms 
[32], and the term ‘blebbing’ has been used to 
categorize most of these altered shapes [33]. 
Although progerin-induced lamin misalignment 
may be due to altered signaling, it might not be 
mutually exclusive. We suggest here that the 
unique aspects of the nuclear shape changes – out
ward blebbing seen in some nuclear defects [34] 
versus the folds observed in HGPS – are likely 
significant markers of the etiology of this mechan
ical dysfunction. We suggest that the phrase bleb
bing should be used exclusively for an increase in 

Figure 5. HGPS patient fibroblasts do not align under uniaxial stretch. Fibroblasts from a patient with HGPS or parent control were 
grown on deformable substrates and stretched at 0.5 Hz for 10% for 24 hr. Control cells showed characteristic orthogonal alignment 
to the applied stress with both actin and nuclei reorienting perpendicular to the direction of the stress. HGPS patient cells showed 
no particular alignment patterns. Comparatively, cell and nuclear shapes were also heterogeneous and irregular. Quantification 
(n > 100 cells per condition) shows alignment of actin fibers and nuclei preferentially 90° from the direction of stress. HGPS cells 
show mostly random distribution with some preference for 40°-70° distributions, but these are skewed by drastic cell shape 
differences. Error bars reflect sample size by Fisher’s exact method.
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the size of the nuclear envelope and an outward 
distention of a particular region of the nucleus. 
Thus, models developed for other nuclear blebs 
as outward protrusions and dilations may not 
necessarily be applied to progeria [3,35,36]. 
However, ‘traditional’ outward nuclear blebs have 
been observed in nuclei from progeria patients 
[11], which may be a function of passage time 
and other cellular factors suggesting numerous 
lamina failure mechanisms.

Micro-aggregate model of the HGPS nuclear 
lamina

The energy of bending for an elastic two-dimensional 
surface that bends into a third dimension can be 
calculated based on previous works by Israelachvili 
[37]. Lamina networks are mostly elastic [38–40], 
and weak bending is a type of deformation that costs 
significantly less energy than stretching. The bending 
modulus, κ, of a general single elastic sheet is defined 
according to:

κ ¼
1

12
Kstretchh2 

where h is thickness and is the Kstretch dilation mod
ulus [37]. For the lamina of progerin-expressing cells, 
the Kstretch would increase [8] and the local thickness, 
h, of the lamina increases significantly with progerin 
accumulation, as has been shown by electron and 

light micrographs [8,11]. Thus, κ would be much 
higher for progerin-expressing cells over control 
cells. Micropipette aspiration has confirmed the 
increased stiffening of the lamina nuclei from cells 
exogenously expressing progerin [7] in addition to 
nuclei from patients with HGPS measured by micro
pipette [8] and by stretching [9].

The resulting energy, ebend, to bend around 
a segment radius of curvature, R, can be described 
as [37]:

ebend ¼
1
2

κ
1

R2 

Since nuclei in both control and progerin- 
expressing cells show wrinkles and invaginations 
(Figure 3), in many cases with progerin-expressing 
cells showing more wrinkles then we assume that 
R doesn’t change or gets larger. Thus, if the energy 
required to bend the progerin lamina was much 
higher than a control lamina, then the deflections 
should be much smaller than control lamina. 
However, this is not the case. Another mechanism 
governing the wrinkling of the progerin lamina 
must be occurring.

Given the differential responsiveness on patterns 
(Figure 3) and this model prediction, we suggest in 
sum that the deformations in the lamina of progeria 
cells are driven by entirely or mostly different factors 
that those seen in control cells. In Figure 6, we sum
marize a model that conveys the mechanism that we 

Figure 6. Model of nuclear lamina under force. (a) The nuclear lamina for control cells experiences a thinning of membrane and 
dilation of lamin A network. (b) The nuclear lamina for progerin-expressing cells experience high stress and buckle at the aggregates 
irrespective of force application. Wrinkles then emanate from the aggregate space. (c) In control cells cytoskeletal forces are 
balanced through the nuclear lamina and are propagated from one side of the nucleus to the other. (d) With wrinkles or defects in 
progerin-expressing cells forces may be disrupted along the lamina.
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suggest for the nuclear lamina wrinkles associated 
for progerin. For control cells, due to a uniform dis
tribution of lamin, stress, and exogenous forces cause 
the nuclear lamina to become thinner due to the 
elastic properties of the lamina [40] and therefore 
results in a dilation of the lamina network and low 
intensity values at the site of applied force (Fig. 56). 
Conversely, progerin-expressing cells show microac
cumulations of progerin and deformation occurs at 
these regions rather than at regions of applied force 
(Figure 6(b)). This model will always show high 
intensities of progerin associated with defects. 
Figure 1 shows increased progerin intensity at the 
invaginations and Figure 5 shows defects growing 
from regions of high intensity. Also, this model 
accounts for defects that occur in regions not neces
sarily associated spatially with the application of 
force (Figures 2 and 3, wrinkles not aligned with 
actin filaments), rather defects associate with the 
region of accumulation of progerin. This model is 
consistent with our simulations as well as the con
cepts of stiffened inclusions shown in many examples 
throughout materials science.

Previous models of blebs have suggested that the 
lamina is restorative and resistant to blebs [35,36]. 
Finite element analysis of an isotropic elastic two- 
dimensional sheet has predicted folds rather than 
blebs in shape bifurcation studies, but not at regions 
distinct from applied pressure [41]. Also, the nature 
of intermediate filaments makes the lamina resistant 
to holes and defects from loss of local filament struc
ture [42]. However, as with the HGPS defects seen 
here, there may be unrepairable damage to the 
lamina associated with overaccumulation.

Implications in force transmission through the 
lamina and nucleus

One particularly important implication for the pro
gerin-expressing nucleus would be structural integra
tion of the cytoskeleton with the nucleoskeleton called 
the LINC (linker of nucleus to cytoskeleton) complex. 
The LINC complex is important in balancing forces 
throughout the cell and transmitting forces across the 
cell (Figure 6(c))[43,44]. Severing the LINC complex 
prevents forces from being transmitted to the inside of 
the nucleus [45] and forces from being transmitted 
from one side of the cell to the other [46]. It is unclear 
if LINC components are changed in HGPS cells. 

However, even if LINC complexes are maintained, 
we suggest that improper distribution of forces across 
the nuclear lamina from the non-isotropic distribu
tion of lamins associated with progerin expression 
could modify the propagation of force throughout 
the cell (Figure 6(d)). This may be in-part why the 
wrinkles form away from the direction of the actin 
filaments in progerin-expressing cells (Figures 3 
and 4). Thus, in HGPS premature aging, and in 
aspects of normal cellular aging [47], accumulated 
nuclear lamina defects may prevent proper force 
transmission through cells.

Conclusions

Our findings reveal that the abnormal nuclear 
morphology observed in HGPS and progerin 
expression is a consequence of both structure and 
mechanics. Excessive accumulation of progerin at 
the nuclear lamina causes wrinkles and invagina
tions observed in numerous cellular conditions. 
We suggest that these altered shapes are a result 
of microaggregates rather than just a uniform stif
fening of the lamina.
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