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Progerin is a mutant form of the nucleoskeletal protein lamin A, and its expression results in 

the rare premature aging disorder Hutchinson-Gilford progeria syndrome (HGPS). Patients 

with HGPS demonstrate several characteristic signs of aging including cardiovascular and 

skeletal dysfunction. Cells from HGPS patients show several nuclear abnormalities including 

aberrant morphology, nuclear stiffening and loss of epigenetic modifications including 

heterochromatin territories. However, it is unclear why these changes disproportionately 

impact mechanically-responsive tissues. Using micropipette aspiration, we show that nuclei in 

progerin-expressing cells are stiffer than control cells. Conversely, our particle tracking reveals 

the nuclear interior becomes more compliant in cells from HGPS patients or with progerin 

expression, as consistent with decreased chromatin condensation as shown previously. 

Additionally, we find the nuclear interior is less responsive to external mechanical force from 

shear or compression likely resulting from damped force propagation due to nucleoskeletal 

stiffening. Collectively our findings suggest that force is similarly transduced into the nuclear 

interior in normal cells. In HGPS cells a combination of a stiffened nucleoskeleton and 

softened nuclear interior leads to mechanical irregularities and dysfunction of 

mechanoresponsive tissues in HGPS patients. 

 

 

 

A Introduction 

Hutchinson-Gilford progeria syndrome (HGPS) is a premature 

aging disorder caused by a mutation in lamin A, a structural 

protein of the cell nucleus. The mutant lamin A, also called ∆50 

lamin A or progerin, accumulates at the nuclear envelope1 

leading to downstream nuclear defects. These defects in nuclei 

of cells from patients with HGPS include abnormal 

morphology,2 thickening of the nuclear lamina 1 and stiffening 

of the nucleus.3 Additionally, these cells exhibit  increased 

DNA damage4 and altered chromatin modification patterns.5 

Specifically, heterochromatin appears to be decondensed in 

cells from patients with HGPS.6 However, heterochromatin is a 

load-bearing element in nuclei7 and, in some cases, dictates the 

stiffness of the entire nucleus.8-10 Thus, the precise nature of the 

nuclear stiffening from progerin within the context of the 

integrated nucleoskeleton and chromatin mechanical network is 

not well understood. 

 Systemically, effects of HGPS are most pronounced in 

structural and force-responsive tissues. These include 

endothelial cells exposed to shear stress11 and skeletal tissues 

under compression12 as well as many others. Shear stress is of 

particular interest for study in patients with progeria due to 

increased incidence of  atherosclerosis13 stemming from 

endothelial cell dysfunction and an improper genetic response 

to shear stress.14-16 However, it is unclear how a mutant protein 

expressed in most cells of the body has its most pronounced 

pathological effects primarily in force-responsive tissue types. 

Also, how nuclear stiffening could cause this progressive, 

segmented syndrome is currently unknown. 

 The role of physiological forces, including shear stress and 

compression, in stimulating changes in gene expression has 

been well established.17-19 In addition to mechanotransduction 

in the cell membrane, focal adhesions and cytoskeleton, the 

nucleus acts as a mechanoresponsive element within the cell. 

Recent work suggests that direct mechanical force propagation 

from the cell into the nuclear interior via the LINC (LInker of 

Nucleus to Cytoskeleton) complex alters nuclear structure and 

dynamics and may facilitate the underlying chemical signaling 

mechanisms.20-23 Also, evidence of force-induced changes to 

chromatin condensation state24 and enhanced force sensitivity 

in euchromatin relative to heterochromatin20 provides plausible 
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mechanisms for the role of mechanical force in chromatin 

reorganization. 

 Here, we study the stiffness of nuclei using the traditional 

mechanical measurement technique micropipette aspiration 

(MPA) and find that nuclei of cells exogenously expressing 

progerin are stiffer than control counterparts, similar to cells 

from patients with HGPS. However, in measuring the 

compliance of the chromatin within the nucleus, we find that 

the chromatin is softer inside cells expressing progerin. Thus, 

the composite structure of the nucleus shows a stiffened 

nucleoskeleton, but softer chromatin interior with the 

expression of progerin. Further, we show that forces, from both 

the cytoskeletal molecular motors or from external stresses 

imposed on the cell, have a reduced effect on chromatin 

movements in cells expressing progerin. This suggests that 

progerin expression in HGPS alters the mechanical connections 

of the cell, and may explain altered cell function and gene 

expression in the mechanical tissues of patients. 

 

B Materials and Methods 

Cell Culture, Transfection and Characterization 

Human cervical cancer cells (HeLa, ATCC) and human 

osteosarcoma cells (Saos2, ATCC) were cultured using 

Dulbecco’s modified Eagle’s medium (DMEM, Thermo 

Scientific) with 10% fetal bovine serum (Life Technologies, 

Grand Island, NY) and 1% penicillin-streptomycin (Life 

Technologies). Human umbilical vein endothelial cells 

(HUVECs, ATCC) were cultured using endothelial base media 

with growth supplements (Lonza). Fibroblasts were generously 

donated from the Progeria Research Foundation (Peabody, MA) 

and were cultured in DMEM with high glucose, 15% fetal 

bovine serum, 1% L-glutamine and 1% penicillin-streptomycin 

(Life Technologies). Two cells lines from the Progeria research 

foundation were used: an HGPS cell line (HGADFN167, 

referred to as HGPS) with the mutation CT608 in exon 11, and 

an adult control (HGADFN168, referred to as control) from a 

40-year-old parent, negative for the point mutation. Cells were 

imaged to determine localization of exogenous lamins as well 

as confirm HGPS-related morphologies. See supplemental 

methods, supplemental results, Figures S1-S3 and Table S1. 

 Cells were transfected with recombinant DNA of 

fluorescent tagged upstream binding factor one (UBF1-GFP25) 

or fibrillarin (Fib-GFP, a kind gift from D. Discher, University 

of Pennsylvania). HeLa cells were transfected with Polyfect 

(Qiagen) per manufacturer’s recommendations, media was 

changed, and cells were incubated an additional 24 hours before 

imaging. Saos2 cells and HUVECs were transfected with 

Lipofectin (Life Technologies) and media was changed after 5-

8hrs of transfection. All cells experienced 48 hrs of incubation 

post-transfection prior to imaging.  

Micropipette Aspiration 

MPA experiments were performed on wild type cells and cells 

expressing GFP-UBF1 and DsRed-progerin. Micropipettes 

were pulled from 1 mm glass capillaries using a PMP102 

Micropipette puller (Microdata). The ends of the micropipette 

tips were between 3 and 10 µm in diameter. Cells were 

trypsized and resuspended in a PBS solution with 3 µM of 

cytochalasin D (Sigma-Aldrich), 0.125 µM of Nocodazole 

(Sigma-Aldrich) and 0.17 µg/mL of Hoescht 33342 to label the 

nuclei (Life Technologies). Nocodazole inhibits polymerization 

of microtubules and cytochalasin D inhibits actin 

polymerization. A micromanipulator (Narishige) was used to 

approach the cells of interest. A pressure was then applied and 

the cells were aspirated into the pipette. Pressure was applied 

through a syringe and passes from air to a water reservoir that 

runs parallel to a pressure transducer (Validyne) and the pipette 

that is in contact with the cell of interest. Any change in 

pressure was given time to equilibrate at which time an image 

was captured, then the pressure was increased and the process 

repeated. The effective whole nuclear stiffness (Eeff) was 

computed from the micropipette radius (Rp), the change in 

pressure (∆P), and the length of the cell up the pipette (LP).  

  

 ∆� ∝ ����
��

	�
  (Equation 1) 

Shear and Compressive Force 

For shear experiments, transfected cells were passed into a 

micro-slide VI flow chamber (ibidi) 24 hours prior to a shear 

exposure. The shear stress was applied from a peristaltic pump 

(Instech) through two media reservoirs to buffer the flow and 

then through the ibidi micro-slide. Media was pre-equilibrated 

to 37oC and 5% CO2 for a minimum of 30 minutes, and the 

entire flow apparatus was housed inside a Pecon live-cell 

imaging chamber on the microscope. Nuclei were labeled with 

1 µg/mL Hoechst 33342 (Life Technologies) and incubated for 

a minimum of 30 minutes. Images of cells were captured at 

multiple sites per experiment using an automated stage every 3 

minutes. Cell viability was confirmed by continued imaging for 

over an hour after the completion of data collection. Shear 

stress of 20 dyn/cm2 was used for all shear experiments.   

 During compression experiments, transfected cells were 

seeded into 35 mm MatTek dishes. The compressive force was 

applied by a 100 g weight set on top of a glass coverslip above 

the cells, leading to a total force of 1.0 N. Nuclei were labeled 

with 1 µg/mL Hoescht 33342 and with 0.3 µg/ml propidium 

iodide (Life Technologies, Grand Island, NY) to indicate cell 

death and incubated for a minimum of 30 minutes prior to 

starting the experiments. Images were acquired every 2 

minutes, and cell viability was confirmed by propidium iodide 

staining and continued imaging for over an hour after the 

completion of data collection. 

 Cells were imaged on an inverted microscope (DMI6000, 

Leica) 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 37oC. Cells were 

viable beyond 2 hours, the duration of the experiment. The time 
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steps used in these experiments were determined in order to 

account for phototoxity and photobleaching over the course of 

the experiments.  

Particle tracking analysis 

Data analysis was done as consistent with previous studies.26-28 

Particle tracking image analysis was done with custom 

Laptrack71 suite of programs designed in Matlab.29 Images 

were initially aligned to remove noise caused by cellular drift, 

translocation, and rotation. The images were then statistically 

segmented to select for bright spots and the spot information 

was restructured into particle tracks (Figure S4). Mean squared 

displacement (MSD) was calculated for the first hour of data 

taken (Equation 2) where t is time, τ is the time lag, and x and y 

are the position coordinates at the given times.  

 
�� 
 	 〈����� � ���
� � ����� � ���

�〉 (Equation 2) 

 
�� 
 	 �����
�   (Equation 3) 

The chromatin dynamics measured by MSD exhibit power-law 

time dependence (Equation 3). Further characterization of the 

nature of these dynamics comes from the fitting parameters. 

Previous studies of cellular manipulation by biological agents 

have shown that the fitting parameters are separable and 

indicative of cellular events. Specifically, Jeff is a measure of 

the effective compliance of the intranuclear chromatin network, 

where chromatin decondensation enhances the effective 

compliance and vice versa increasing the amplitudes of the 

motion within the nucleus.28 By contrast, α indicates the level 

of system forces driving these dynamics including motor 

proteins that enhance motion beyond thermal energy and 

external force application.28 We have summarized the control 

data from previous studies showing the impact of known 

chromatin compliance and system forces on particle tracking 

results in Figure 1.28 

 

Figure 1: Summary of previous control studies of nuclear 

particle tracking and discrete impacts on chromatin 

compliance and system forces.28 (A) Fits of experimental data 

to MSD versus τ on a log-log graph yield straight lines. (B) The 

intercept, Jeff from Equation 3, is modulated by decondensation 

of chromatin by trichostatin A (biological) and daunomycin 

(chemical). (C) Conversely, system forces, α from Equation 3, 

are altered by myosin inhibiting Blebbistatin, dominant 

negative KASH domain protein and ATP depletion. 

Particle tracking statistics 

Between 5 and 15 different nuclei from 2-3 independent 

experiments were analysed for each data set with when 

calculating MSD. For all fitted parameters of “chromatin 

compliance” (Jeff) and “system forces” (α), statistical 

significance is determined by students T-test with *p<0.05 and 

error bars are 95% confidence intervals. 

 

 

C Results  

Exogenous progerin expression stiffens nuclei 

Previously, nuclei isolated from HGPS patient fibroblasts were 

shown to be stiffer than control nuclei.3 To test if the exogenous 

expression of progerin has the same nuclear stiffening effect, 

we investigated the effect of DsRed-progerin expression in 

HeLa cells using the same technique: micropipette aspiration 

(MPA). We characterized localization of exogenously 

expressed progerin and nuclear morphological differences 

associated with progerin expression, and we showed exogenous 

expression was similar HGPS pathology (Figure S1, S3, Table 

S1). Expression of progerin causes some dysmorphic 

formations in nuclei including invaginations, creases, and 

blebbing of the nuclear lamina (Figure S2). When considering 

large numbers of samples, nuclei either showed no statistical 

difference from control or small differences in lamin 

localization and shape (Table S1), as seen previously.30 The 

effect of exogenous UBF1-GFP (used in subsequent 

experiments) was monitored by co-transfection. Most human 

nuclei deform viscoelastically.31 However, our results 

demonstrate that HeLa nuclei deform elastically under MPA-

imposed forces on short time scales (on the order of seconds) 

with increasing pressure causing increased deformation into the 

micropipette, as observed previously in HeLa cells.32  

 Control HeLa cells displayed an effective whole nuclear 

stiffness of ~4 kPa (Figure 2). In contrast, progerin expression 

resulted in an effective whole nuclear stiffness of more than 

double that of control cells of ~9 kPa. This suggests that the 

overexpression of progerin is sufficient to significantly stiffen 

the nucleus, as seen in patient cells.3  
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Figure 2: Exogenous progerin expression stiffens nuclei. A) 

Schematic of micropipette aspiration (MPA) of the nucleus 

within a cell. B) MPA was performed on whole HeLa cells with 

depolymerized cytoskeleton and nuclei labeled with Hoechst 

33342. An example aspirated nuclei expressing DsRed-

progerin. Scale bar is 10 µm. C) With increasing pressure, 

nuclear deformation was determined from nuclear stretch into 

the micropipette. DsRed-progerin-expressing cells are 

approximately 2.4 times stiffer than the other control cell 

populations. n>6 for all measurements. Error bars are mean 
squared error (SEM) *p<0.05. 

Progerin expression reduces chromatin condensation 

and softens the nuclear interior 

The stiffness of the nucleus is governed both by the stiffness of 

the lamina nucleoskeleton as well as the chromatin interior. 

Since progerin accumulates at the nuclear envelope,1 we next 

sought to examine how progerin expression affects the 

chromatin dynamics and mechanics of the nuclear interior. To 

do this we expressed chromatin-bound, GFP-tagged probes 

(UBF1-GFP or Fib-GFP since chromatin dynamics are probe 

independent27, 28) and tracked the movements in live cells (for 

trajectories see Figure S4). With image processing to remove 

cellular movements, we were able to calculate the intranuclear 

dynamics of chromatin (mean squared displacement or MSD). 

MSD versus lag time values were then fit to the model in 

Equation 3 to determine quantifiable parameters for chromatin 

compliance and system forces driving chromatin movement. 

MSD can be decoupled into “Chromatin Compliance” as a 

measure of chromatin condensation and “System Forces” as a 

measure of myosin II motor activity on the cytoskeleton 

directed through the LINC complex into the nuclear interior 

(see Methods, Figure 1 and previous work28 for details). 

 Imaging of particle tracks in cells from HGPS patients and 

control cells show different behaviour (Figure S6). By fitting 

data to the model and examining the time-independent factor 

(Jeff, Equation 3), we find a statistically significant increase in 

the chromatin compliance of HGPS cells over control (Figure 

3). This is similar to other studies that have shown that 

chromatin in HGPS nuclei is less condensed than control cells.6 

 

Figure 3 HGPS patient cells show enhanced chromatin 

compliance. (A) Punctate regions of GFP-tagged proteins used 

for particle tracking with Hoechst 33342-stained DNA in 

control patient (left) and HGPS patient cells (right). Scale bar is 

10 µm. (B) HGPS patient cells have increased chromatin 

compliance relative to patient control cells indicating reduced 

chromatin condensation in HGPS patients. For raw MSD data 
see Figure S6.    

 

In cells from patients with HGPS, chromatin compliance was 

significantly increased compared with matched controls (Figure 

3B). Similarly, exogenous expression of DsRed-progerin 

resulted in increased chromatin compliance for HeLa cells 

(Figure 4D), HUVECs (Figure 4E) and Saos2 cells (Figure 4F). 

Thus, our results all show that progerin expression consistently 

causes increased compliance (effective softening) of the nuclear 

interior. Comparison with control experiments (Figure 1) 

suggests that progerin expressing cells have reduced chromatin 

condensation. Further, these results indicate that the stiffening 

of the nucleus in progerin-expressing cells is associated with a 

stiffened nucleoskeleton and not the nuclear interior. 

 

Figure 4: Exogenous expression of DsRed-Progerin 

enhances chromatin compliance in cells. Punctate regions of 

GFP-tagged proteins used for particle tracking Hoechst 33342 

labelled nuclei in (A) HeLa cells, (B) HUVECs and (C) Saos2 

cells with and without DsRed-Progerin. Exogenous progerin 

expression increased chromatin compliance in (D) HeLa cells, 

(E) HUVECs and (F) Saos2 cells relative to controls indicating 

reduced chromatin condensation. Scale bars are 10 µm. For raw 
MSD data see Figures S7-S9. 

Progerin expression reduces propagation of 

cytoskeletal forces to the nuclear interior 

From the fits of MSD, it is also possible to determine system 

forces that providing the driving force for chromatin dynamics 

(α from Equation 3). In cells at rest these enhanced system 

forces above thermal motion are derived from molecular 

motors, primarily the cytoskeletal molecular motors myosin II, 

propagated to the nuclear interior that augment movements of 

the chromatin as well as mechanically communicating force 

from the cell to the nuclear interior.20, 28 All cells expressing 

progerin, including HGPS patient cells, had a reduction in 

system forces, most of which were significant (Figure 5). 

Previously we have shown that force transmission from the 

cytoskeleton to the nuclear interior can be inhibited by 

interrupting the LINC complex that connects the cytoskeleton 

to the nucleoskeleton (Figure 1). Here, we suggest that an 

alteration of cytoskeletal-nuclear mechanical transduction can 

also be altered with a stiffening of the nucleoskeleton. Progerin 
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expression and nucleoskeletal alterations may damp force 

propagation into the nuclear interior from the cytoskeleton. 

 

Figure 5: Progerin expression reduces cytoskeletal force 

propagation to the nuclear interior. System forces as 

measured from the particle tracking experiments indicate the 

level of cytoskeletal forces and external forces propagated to 

the nuclear interior. Progerin expression in patient cells (A) as 

well as exogenous expression in HeLa cells (B), HUVECs (C) 

and Saos2 cells (D) results in reduced system forces from 

reduced force propagation to the nuclear interior.  For raw 

MSD data see Figures S6-S9. 

 

Progerin expression also reduces the intranuclear 

response to extracellular applied force 

HGPS pathology is most pronounced in mechanically active 

tissues where the progerin-induced dysfunction results in 

aberrant mechanosensing. As such, we aimed to investigate 

progerin-expressing cells under physiologically relevant force. 

Since progerin-expressing cells are less able to transduce force 

from the cytoskeleton to the nuclear interior, we were interested 

in how this affects the intranuclear response to external force. 

We tracked motion of chromatin in live cells under stress using 

fluid shear stress on endothelial cells (HUVEC) and 

compression on bone cells (Saos2). The stress type was 

matched to the cell type since endothelial cells are responsive to 

shear stress in blood vessels and bone cells are responsive to 

compressive stress in bone.  

 As expected, application of stress to control cells resulted in 

an increase in “System Forces”, additive above the actin-

myosin system forces, driving enhanced chromatin movement 

compared to the stress-free cells (Figure 6C-D). In this case, the 

increased force propagation to the nuclear interior is derived 

from the myosin motors and applied stress. Application of 

stress also reduced chromatin compliance (Figure 6A-B). There 

are numerous reasons that this could occur; we suggest the 

possibility that this change occurs from nuclear compression 

and reduced nuclear volume.24  

 

 

Figure 6: Progerin expression reduces intranuclear 

mechanical sensitivity to external force application. External 

force application from 20 dyn/cm2 shear stress to HUVECs or 1 

N compression to Saos2 cells results in reduced chromatin 

compliance (A and B, respectively) while increasing system 

forces propagated to the nuclear interior (C and D, respectively) 

in control cells. By contrast, while progerin-expressing cells 

experienced reduced chromatin compliance upon external force 

application relative to static progerin-expressing cells, it fails to 

recapitulate the chromatin condensation state of control cells 

under shear (A) or compression (B). Further, progerin-

expressing HUVECs under shear experience no increase in 

system forces relative to static progerin-expressing cells (C) 

while progerin-expressing Saos2 cells under compression do 

not experience the same degree of system forces propagated to 

the nuclear interior as control cells under compression (D). For 
MSD data see Figures S8 and S9. 

 

In progerin-expressing cells exposed to the same stresses, we 

observed an attenuated response. We again observed a decrease 

in chromatin compliance with applied stress (Figure 6A-B), but 

the progerin-expressing HUVEC cells were less responsive 

than control cells. More dramatically, the progerin-expressing 

HUVECs showed no statistical change in system forces with 

shear stress application (Figure 6C). This suggests these 

extracellular applied forces are not significantly transduced to 

the nuclear interior with exogenous progerin expression. 

Progerin-expressing Saos2 cells under compression also 

showed a statistically attenuated response to stress application 

(statistical difference when comparing Saos2 cells under force 

with and without progerin, Figure 6D). However, the impacts of 

progerin expression are less detrimental in the case of 

compression, likely because the large force is applied normal to 

the cells. Generally, these results suggest that progerin 

expression results in an attenuated intranuclear mechanical 
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response to external force likely due at least in part to 

nucleoskeletal stiffening. 

 

 

 

D Discussion 

Previously, nuclear stiffening has been observed in HGPS 

patient fibroblasts.3, 33 Here, we show that exogenous progerin 

expression also causes stiffening of the whole nucleus, as 

measured by MPA. While progerin expression stiffens the 

nucleus when measured as a whole structure, particle tracking 

experiments of chromatin bound probes indicate the nuclear 

interior softens as a result of progerin expression in both patient 

cells and exogenously expressing cells. Our group and others 

have shown that particle tracking can show changes in 

intranuclear rheology associated with cell treatment,34-37 

complementing high strain alternatives such as MPA. Thus, 

nucleoskeletal stiffening seems to be the predominant 

contributor to the increased nuclear stiffness observed in 

progerin-expressing cells. We suggest that this is consistent 

with the preferential localization of progerin to the nuclear 

envelope resulting from farnesyl tail association with the 

membrane,3 whereas wild type lamin A can exchange between 

the nucleoplasm and the lamina.3, 38  

 Progerin expression has previously been shown to reduce 

chromatin condensation in heterochromatin territories labelled 

by H3K9me3 and HP1α and in silenced inactivated X 

chromosomes.6  Progerin-induced dysregulation of genome 

organization includes altered chromatin tethering at the nuclear 

periphery,39 the mislocalization of telomeres and the clustering 

of centromeres.13 We similarly find an overall reduction in 

chromatin condensation associated with progerin expression, 

and our work highlights the impact on chromatin dynamics that 

may further impact this dysregulation. Analysis of our 

chromatin dynamics data suggests that the enhanced chromatin 

compliance we observe with progerin expression is a 

manifestation of the loss of higher order chromatin 

organization. This likely results in a loss of genome function, 

where aberrant transcriptional activity40 and increased 

incidence of DNA damage and compromised repair are 

associated with progerin expression.41-43 It is of particular 

concern with DNA damage, where increased chromatin 

dynamics may be implicated in translocation frequency.44, 45 

Given HGPS patient cells exhibit elevated levels of reactive 

oxygen species (ROS) causing increased DNA damage,43 

further genomic instability imparted by increased chromatin 

dynamics may act to compound the problem.  

 HGPS patients experience dysfunction associated with 

mechanoresponsive tissues including bone degradation and 

cardiovascular complications, with heart attacks and strokes 

being the most common fatalities. Previous studies have shown 

that progerin-expressing cells are more mechanosensitive and 

prone to apoptosis in response to mechanical stress.33 Our 

results provide some mechanistic details suggesting why 

mechanosensitive tissues show altered gene expression 

patterns. Specifically, we find the nuclear interior of progerin 

expressing cells to have a reduced response to forces, either 

from the cell’s own molecular motors or from extracellular 

applied force. In the most dramatic example, we observe no 

change in force propagation to the chromatin in progerin-

expressing HUVECs under shear whereas control cells showed 

shear stress related changes.27 Thus, it seems progerin 

expression reduces the natural mechanical force propagation to 

the nuclear interior that is necessary for the normal mechanical 

response.  

 In normal individuals, a number of genes expressed in 

endothelial cells and smooth muscle cells under shear stress are 

thought to confer an “atheroprotective” phenotype inhibiting 

atherosclerosis.46 The attenuated intranuclear response to force 

(as evidenced in the muted chromatin dynamics) in progerin-

expressing cells resulting from progerin accumulation may play 

a role by inhibiting the mechanical signalling required for 

chromatin reorganization and expression. To this end, recent 

work has highlighted the role of direct mechanical force 

transduction in mediating biochemical signalling cascades 

through force-induced chromatin decondensation and increased 

fluctuations.20, 28 Further, nuclear transport of some 

transcription factors has been shown to depend on the presence 

of intact cytoskeletal-nuclear mechanical structures, with 

transport coinciding with cytoskeletal reorganization and 

chromatin remodelling.20 Thus, it seems likely that the 

attenuated genetic response of progerin-expressing cells to 

mechanical stimulus may follow directly from the reduced 

force transduction into the nuclear interior,47 which we show 

definitively contributes to reduced chromatin dynamics relative 

to control cells. 

 The increased stiffness of the nucleoskeleton is the most 

obvious rationale for the reduced force transduction in 

progerin-expressing cells. We suggest that the presence of a 

disproportionately stiffer nucleoskeleton would damp forces 

transmitted from outside the nucleus. However, progerin 

expression also alters nucleoskeletal connections to the LINC 

complex,48 which would further limit force transduction. We 

have also shown recently that HGPS patient cells have reduced 

traction force generation49 and other studies indicate decreased 

cytoskeletal stiffness,50, 51 both of which likely contribute to the 

loss of cell polarity observed and the reduced ability to align in 

the flow direction under shear. These hallmarks of the disease – 

reduced cytoskeletal force generation, loss of proper LINC 

connections and a stiffened nucleoskeleton – likely result in the 

reduced system forces driving chromatin dynamics in progerin-

expressing cells even under static conditions where less 

cytoskeletal force is transmitted to the nuclear interior. More 

broadly, our findings suggest a complete collapse of 

mechanical integrity in progerin-expressing cells. These results 

highlight that the nucleus and cytoskeleton operate as a wholly-

integrated mechanical network that operates bi-directionally to 

facilitate nuclear structure and genome function on one side and 

to balance force generation for adhesion and motility on the 
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other. As such, dysfunction in a single component results in 

loss of proper chromatin organization and dynamics as well as 

nucleoskeletal and cytoskeletal mechanical integrity. Thus, 

HGPS provides a model system that demonstrates a necessary 

role for mechanical mechanisms as regulators of genome 

function and stability, the absence of which provides insight 

into the pathologies of cardiovascular disease and DNA 

damage. 
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