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Abstract
Introduction—Vascular cells are regulated by continuous
hemodynamic forces in vivo, and mechanical forces such as
shear stress are proposed to involve in the progression of
cardiovascular diseases such as atherosclerosis. Lamin A/C
makes up the nuclear lamina, which structurally supports the
nucleus while also functionally participates in chromatin
organization and gene transcription. Diseases caused by
lamin or other nuclear proteins are called laminopathies. One
example, Hutchinson Gilford Progeria Syndrome (HGPS)
where young patients show signs of accelerated aging, is
caused by de novo mutations on the lamin A/C gene.
Vasculature of HGPS patients shares many similarities with
people of advanced age, suggesting a role for lamin in
vascular aging.
Methods—In this study, we examined how arterial shear
stress affects lamin A/C expression in bovine aortic endothe-
lial cells at different population doubling levels (PDL). We
also used fluorescence image analysis to examine nuclear
shape changes with shear stress and PDL.
Results—Our results suggest that laminar shear stress down-
regulated lamin A/C expression in low PDL cells, but the
effect was reversed in high PDL cells. Nuclear shape changes
were more prominent after shear stress in low PDL cells.
Moreover, lamin A/C accumulated more at the nuclear
periphery after exposure to shear stress.
Conclusions—Overall, our results indicate that both shear
stress and cell passage can have an impact on lamin
expressions at transcriptional and translational levels, as we
continue to understand the effect of shear stress on endothe-
lial lamina as part of the vascular aging process.
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INTRODUCTION

Cardiovascular disease is often associated with
many risk factors, such as obesity, unbalanced diet,
hypertension, and the use of tobacco or alcohol.33

Atherosclerosis, for example, is a chronic inflammation
process in arteries, and the plaque buildup over the
progression can narrow the arteries and eventually lead
to arterial occlusion. Studies suggest that hemody-
namic forces such as shear stress may play a role in
atherosclerosis formation, where altered or disturbed
shear patterns were observed at athero-prone sites,
such as curvature and branching points.27 Studies have
also shown a potential athero-protective role of uni-
form high shear stress on vascular cells through a
myriad of mechanotransduction pathways.9

Endothelium is the main subject of shear stress gen-
erated by blood flow due to the physiological structure
of blood vessels, and its ability to transduce and respond
to shear stress has been reported.51,52 Research also
suggests that endothelial cells can distinguish different
patterns of mechanical forces,3 and that shear stress can
activate or suppress mechanosensitive pathways in
endothelial cells.37 Many candidates in endothelial
mechanotransduction pathways have also been pro-
posed and studied, including transcription factors,
cytoskeleton components, transmembrane proteins,
mechanosensitive ion channels, and focal adhesion.10

Discoveries of new mechano-sensitive candidates are
still in progress. In this paper, we mainly focused on
lamin A/C, a structural protein of the nuclear lamina,
since the mutations in lamin and lamin-associated pro-
teins have caused defects in nuclear mechanical prop-
erties and gene regulation.25,48 Based on the above
findings, it is suggested that nuclear lamins could also be
part of endothelial mechanotransduction pathways.

A-type lamins (lamin A/C) and B-types lamins (la-
min B1 and B2) are major components of nuclear
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lamina in mammals, and they formed separate fila-
mentous networks and followed different assembly
mechanisms during nuclear lamina formation after
mitosis.31 Moreover, B-type lamins were associated
with chromatin, and engaged in nuclear envelope
assembly earlier than A-type lamins. Besides acting as
supporting structures for nuclear shape,24 lamins were
also found to interact with chromatin and be involved
in many mechanotransduction pathways. For instance,
the activation of p38 mitogen-activated protein kinases
(MAPK) was shown to upregulate lamin B1 expression
in human primary fibroblasts during oxidative
stress.4,15 Abnormal activation profile of extracellular
signal-regulated kinase (ERK) pathway together with
reduced cell spreading and contraction were observed
in human skin fibroblasts with mutant lamin A/C,
indicating defective endogenous tensional forces inside
the cells through ERK pathway.12,34

Notably, the absence or mutation of lamin A/C can
result in many tissue specific disorders known as la-
minopathies, including muscular dystrophy, adipose
tissue abnormalities, axonal neuropathy and dilated
cardiomyopathy.8,54 Among these laminopathies is
Hutchinson Gilford Progeria Syndrome (HGPS), a
rare genetic disorder caused by point mutation at
LMNA gene that encodes lamin A/C.13 This mutation
will lead to a deletion of 50 amino acids from the se-
quence, which contains a recognition site for
ZMPTE24 (zinc metallopeptidase STE24) that is
responsible for the cleavage of the last 15 amino acids
at C-terminal polypeptide on prelamin A (lamin A
precursor). This results in the production of an un-
cleaved progerin with permanently farnesylated C-
terminal instead of the mature lamin A.54 Patients with
HGPS appeared normal at birth, but showed many
aging symptoms after few years, such as delayed
growth, wrinkled skin and stiffened arteries,36 and they
often died in their teens on average.41 Although HGPS
patients did not show all aspects of physiological aging
such as increased susceptibility to tumor formation,32

this mutation in LMNA can induce many events that
are considered to be hallmarks for aging, such as
decreased compliance and increased stiffness in arteries
at tissue level, and reduced telomere length and mod-
ifications in histone methylation at cellular and
molecular levels.5,18,36,44,47 Therefore, HGPS can be
regarded as a model for prelamin A-dependent aging,
which may also contribute to the normal aging.

HGPS patients share something else with people of
advanced age: the development of cardiovascular dis-
eases such as atherosclerosis; and HGPS patients often
died from stroke or heart attack at an average age of
13.41 Nuclei with defective lamina in aged cells shared
similarities with those of HGPS cells, such as distorted
nuclear shape and increased mechano-sensitivity.53

However, while progerin was responsible for signs of
aging in HGPS,7,30 a much lower level of progerin was
observed in healthy cells from either young or old
donors, compared to HGPS cells, including cells in
vascular system.28–30,36 On another hand, the accu-
mulation of prelamin A was reported in vascular
smooth muscle cells (VSMCs) from old donors,26,42

and the roles of prelamin A in accelerating cell senes-
cence and DNA damage have also been observed.22

Therefore, prelamin A could be another mechanism in
vascular aging, and either prelamin A or progerin
accumulation may contribute to signs of aging and the
development of atherosclerosis.

Much effort has been devoted to explore how lamin
A/C affects nuclear mechanical properties as well as
gene regulation. Nuclear defects caused by lamin A/C
deficiency have been reported,17,25 and some shear
stress-induced pathways involving lamin A/C have also
been recognized.19 While research has identified many
downstream factors regulated by lamin A/C, here we
examined if endothelial lamin A/C expression itself is
sensitive to mechanical forces such as shear stress, and
if that response is dependent on cell passage. In this
paper, we focused on evaluating how lamin A/C
expression pattern was influenced by laminar shear
stress, and our results indicate that both shear stress
and cell passage level could have an impact on lamin
A/C expressions at both transcriptional and transla-
tional levels.

MATERIALS AND METHODS

Cell Culture

Bovine aortic endothelial cells (BAEC from Lonza
Company, USA) were grown in Dulbecco’s Modifi-
cation of Eagle’s Medium (DMEM, Corning) con-
taining 10% of FBS (Fetal Bovine Serum, JR
Scientific), 1% of L-glutamine (Cellgro) and 2% Peni-
cillin streptomycin (Cellgro). Cells were maintained in
a humidified incubator at 37 �C supplemented with
5% CO2, and subculture was conducted at a ratio of
1:6 when cells were reaching 95% confluency.

Population Doubling Level

Population doubling level was utilized to denote cell
age, which is an indication of the number of times
that cells have divided.38 Assuming that cells were
growing at an exponential growth rate, population

doubling level was calculated as n ¼ logN�logX0

log 2 ¼ 3:32

ðlogN� logX0Þ, where N is the cell population at
confluency in the flask, X0 is the initial amount of cell
population, and n is the number of generations that
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cells have gone through in the flask. We chose to de-
scribe cells as ‘‘low’’ to describe PDL of up to 13 after
first passage, ‘‘middle’’ as PDL estimated at 45 � 5,
and ‘‘high’’ refers to PDL estimated at 60 � 5.

Shear Stress Experiment

To apply shear stress on cells, a parallel flow
chamber was used to generate laminar flow on cells as
indicated.43 Navier–Stokes equation was used to de-
scribe the motion of the media based on its viscous
property, and after simplification, shear stress (s) was
calculated as s ¼ 6lQ=hA, where l is the viscosity, Q is
the flow rate, h and A are geometrical parameters of
the flow chamber. Therefore, shear stress (s) depended
on the flow rate and viscosity of flow, with constant
area and height of the flow chamber. Shear stress was
set to 15 dyne/cm2, which was controlled by volumet-
ric flow rate. Cells were exposed to shear for 6 h.

Western Blot Analysis

After shear experiment, the monolayer of BAEC
was washed with PBS, and lysed and collected by
RIPA lysis buffer containing 20 mM Tris HCl,
150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton-
X, 1 mM DTT, 0.5 mM PMSF and 150 mM Protease
inhibitor. Protein samples were loaded on a polyacry-
lamide gel and transferred to a PVDF membrane.
Anti-lamin A/C antibody (Cell Signaling, #4777), anti-
actin antibody (Sigma A2066), and the corresponding
secondary antibodies conjugated to HRP (Bio-rad) as
well as chemiluminescence HRP substrate reagents
were used in subsequent incubation steps.

Quantitative RT-PCR Analysis

Quantitative real-time polymerase chain reaction
was performed to examine lamin A/C transcription
level. Cells were first collected from glass slides, after
which RNA was purified by the RNA isolation kit
(Thermo Scientific). Then reverse transcription was
conducted by a cDNA reverse transcription kit (Ap-
plied Biosystem), and SYBR green dye (Applied
Biosystems) was utilized in the following cDNA
amplification. Primer pairs for target gene (LMNA)
from Bio-rad had the context sequence of 140 base
pairs of the lamin gene. Primer pairs for control gene
GAPDH (Forward primer: 5¢-GCAAGTTCAACGGC
ACAGTCA-3¢; Reverse primer: 5¢-ACCAGCATCAC
CCCACTTGAT-3¢, Invitrogen) were also used.

Considering the actual efficiencies of primers: 90.35
and 89.72% for target gene (LMNA) and control gene
(GAPDH), respectively, Pfaffl method39 was applied to

analyze RT-PCR results, whose formula is shown be-
low:

Ratio of increase ¼ ð1þ ELMNAÞDCtLMNA

ð1þ EGAPDHÞDCtGAPDH

where ELMNA or EGAPDH is the efficiency of LMNA or
GAPDH primers, DCtLMNA or DCtGAPDH denotes dif-
ference in thresholds between control samples and
treated samples after amplification step for each gene.
Any result greater than 1 indicates upregulated lamin
A/C transcription, and any value smaller than 1 de-
notes downregulated lamin A/C transcription.

Immunohistochemistry

To access cell morphological information and to
confirm the Western Blot results, immunostaining was
conducted to examine the effects of mechanical forces
on cells. Cells were fixed by 4% paraformaldehyde
(PFA) to cross link proteins.50 Then fixed cells were
blocked by 1% BSA and incubated with primary
antibody of lamin A/C (Cell Signaling) at 1:100 dilu-
tions and secondary antibody with FITC (SC-2099,
Santa Cruz) at 1:100 ratios. For nucleus staining, after
the blocking step, cells were incubated with Hoechst
blue stain solutions at 1:1000 dilution for 15 min in the
dark before imaging. Fluorescence was detected by a
fluorescent microscope (Leica DMI6000B). Images
were acquired by a digital camera (Leica DFC350 FX)
with fluorescence filter cube (Excitation filter BP 340–
380 nm, suppression filter LP 425 nm) and GFP cube
(Excitation filter BP 470/40 nm, suppression filter LP
525/50 nm). A 409 objective (Leica HCX PL FLUO-
TAR L 409 with NA of 0.60) and Leica Application
Suite X software were used for image acquisition.

Image Analysis

To characterize cell morphology, nuclei (on average
about 45) were picked for each data group, and shape
factors (area, elongation and circularity/shape index)
were measured and calculated by the following for-

mulas: Elongation = p�Feret diameter
perimeter

, and Circular-

ity = 4p�area
perimeter

2, using the ImageJ software (NIH). To

quantify how lamin A/C localized within the nucleus,
analysis was performed to calculate the ratio of lamin
A/C at the periphery over the whole nucleus (including
the periphery).40 Around 20 nuclei were chosen for
each data point. For consistency, the periphery inten-
sity was acquired by averaging eight points at nuclear
perimeter and on the evenly-distributed radial lines
from the midpoint of Feret’s diameter.
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Image analysis and measurements were all done
with ImageJ software. Images were firstly converted
into greyscale, and nuclei were identified by using the
threshold function, after which shape factors as well as
intensity were measured in ImageJ.

Statistical Analysis

To maintain consistency, every data point was re-
peated at least three times independently. To quanti-
tatively show significant changes, unpaired t test was
performed between two groups, and a comparison with
P value less than 0.05 was regarded as significant. One-
way ANOVA was performed for multiple groups, and
was followed by Turkey multiple comparison proce-
dure by SAS at a ¼ 0:05. Data were expressed as
mean � SEM.

RESULTS

Lamin A/C Expression Pattern Changes with Increasing
PDL

Reduced lamin A/C protein expression was
observed in high PDL endothelial cells (Figs. 1a and
1b), and immunostaining of lamin A/C antibody fol-
lowed by quantification of the fluorescence was per-
formed to verify the decreasing trend (Figs. 1c and 1d).
Lamin A and C expression decreased significantly in
higher PDL cells compared to lower PDL cells. This
expression change coincides with similar findings in
different types of cells (osteoblasts, dermal fibroblasts
and cardiomyocytes) in mice.1,11 Considering lamin A/
C as a supporting structure at the nuclear envelope, its
reduction over cell division may contribute to nuclear
fragility by the mechanical loadings during cardiac
cycles. Besides quantitative amount changes of A-type
lamins in cells with different PDL, we also analyzed
their distribution within the nucleus based on
immunostaining images. We saw from Fig. 1c, that
lamin distribution within the nucleus changed from a
more even distribution throughout the nucleus in early
stage, to a skewed distribution with more accumula-
tions at the nuclear periphery at higher PDL. To rule
out the area effect on intensity, we quantified mean
intensity, which was calculated as overall intensity per
area of each nucleus. Nuclei were visualized by staining
lamin A/C using immunohistochemistry (Fig. 1c), and
more than 30 nuclei were included for each data point
in Fig. 1d. The result showed that the overall intensity
decreased (significantly in high PDL cells), regardless
of nuclei area, a trend that is consistent with Western
results (Figs. 1a and 1b).

Nuclear Shape is Modulated After 6-h Shear Regardless
of Cell Age

We next examined the effect of shear stress on nu-
clear shape in endothelial cells (PDL up to 50). Cells
were seeded on glass slides and were exposed to
15 dyne/cm2 of shear stress for 6 h. Shear stress was
applied in the horizontal direction. Another slide that
has been plated at the same time was placed in an
incubator as a static control. To visualize the nucleus,
we stained both control and sheared cells by Hoechst
fluorescent stain (Figs. 2a and 2b, respectively). A
minimum of 50 nuclei in both static and shear cases
were analyzed, and shape factors (circularity, elonga-
tion and area) were measured and displayed in
Figs. 2c, 2d and 2e, respectively. Our result shows that
the nucleus was elongated and less circular toward
shear stress, and nuclear area was decreased after
shear. These data suggest that cells were adjusting their
nuclear shape in response to shear stress, which could
be an effort to minimize exerted force on nuclei.20

Nuclear Morphology Changes More After 6-h Shear in
Low PDL Cells

To further explore whether the cell doubling process
influenced nuclear shape modulations toward shear
stress, cells were divided into low, middle, and high
PDL groups. Nuclear area, elongation and circularity
were measured again by staining lamin A/C protein
rather than using Hoechst DNA stain. Representative
images in Fig. 3a show the stained nuclei before and
after exposure to 6-h horizontal laminar shear stress.
As shown in Figs. 3b and 3c, both circularity and
elongation increased in cell nuclei that were exposed to
shear stress at all PDL stages, while the overall area
only decreased in low PDL cells after shearing
(Fig. 3d). Parallel comparisons between groups with
different PDL indicate that as the PDL went up in
either static or sheared cells, increased area, elevated
circularity and reduced elongation were observed in
cell nuclei. Those differences suggest changes in nu-
clear mechanical properties in higher PDL cells that
may result from lamin A/C reduction and redistribu-
tion within the nucleus. The data also suggest that cell
PDL may affect nuclear lamin expression, as well as its
ability to provide structural support to the nucleus.

Interestingly, when we compared Figs. 2 and 3, we
saw fairly consistent results. We observed a decrease in
nuclear area and an increase in elongation after applied
shear stress regardless of PDL. Only the circularity of
the nuclei stained by lamin A/C antibody (Fig. 3b) was
inconsistent with Fig. 2c, where Hoechst stain was
used. Further validation was performed using cells at
the same PDL level (middle PDL). Cells were sheared
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and stained by those two reagents. Following quanti-
tative analysis, the result confirmed slightly decreased
circularity in cells stained by Hochest solution but
increased circularity in cells stained by anti-lamin A/C
antibody (Fig. 3e).

Lamin A/C Accumulates at the Nuclear Periphery After
Shear, Especially in Low and High PDL Cells

Furthermore, our data suggest that shear stress
brought more lamin A/C to the nuclear periphery
(Fig. 3f). To quantify how lamin A/C localized within
the nucleus, quantitative analysis was carried out to
measure lamin A/C intensity at the periphery as well as
overall nuclear area, based on fluorescent images of
cells labeled with anti-lamin A/C antibody. The ratio
of intensity was calculated as the ratio of lamin A/C at
the periphery over the whole nucleus (including the
periphery). Figure 3f shows that shear stress signifi-
cantly increased peripheral lamin A/C in both and low
and high PDL groups after shear experiment. This
accumulation was noticeable in the high PDL group,
where lamin A/C was more evenly distributed at the

nuclear periphery in sheared cells compared to static
cells, where lamin A/C was more speckled at the nu-
clear rim (Fig. 3a). We saw a similar trend earlier in
Fig. 1c, where lamin distribution changed from the
nuclear interior to the nuclear periphery in higher PDL
cells. Quantitative results also showed elevated ratio of
lamin A/C intensity at the nuclear periphery over
whole nucleus with increasing PDL (Fig. 3f), suggest-
ing that lamin A/C tended to accumulate at the nuclear
periphery as PDL increased. This phenomenon in
higher PDL cells might be a way to compensate the
nuclear mechanical sensitivity due to decreased overall
lamin A/C. Overall, our result indicates that shear
stress may affect lamin A/C redistribution within the
nucleus, in a PDL dependent manner.

Protein Expression of Lamin A/C Responds to Shear
Stress Differently Depending on PDL

Western Blot was conducted to examine the pos-
sible effect that PDL could bring on lamin A/C
expression after applying shear stress. Figure 4a
shows representative Western blots at different PDL
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FIGURE 1. Expression patterns of lamin A/C in BAEC with varied PDL. (a) Representative Western Blot images for cells at low,
middle, or high PDL. (b) Quantitative result of repeated Western blots. One-way ANOVA was conducted followed by Turkey–Kramer
method. Actin was used to normalize lamin A/C expression in each group, and all data points were then normalized to low PDL
cells for lamin A and lamin C. Both lamin A and lamin C showed significant decreases with higher PDL (+p< 0.01 and #p<0.001 for
lamin A and lamin C, respectively. (c) Representative images of nuclei stained with lamin A/C antibody. Left and right panels are
BAEC with low and high PDL, respectively. (d) Quantitative image analysis result based on fluorescent images of BAEC stained
with lamin A/C antibody. The result showed that mean intensity (overall intensity per nuclear area) decreased with PDL number,
normalized with respect to low PDL values (#p< 0.001 of middle and old-PDL cells compared to low PDL group). Significance was
observed at a ¼ 0:05 level between low and high as well as middle and high PDL groups. Scale bar: 5 lm.
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levels. Results show that lamin A/C expression was
reduced in response to shear stress in low PDL cells
(Fig. 4b). However, this trend dissipated as PDL
increased (Fig. 4c), and was reversed in high PDL
cells (Fig. 4d). To verify Western Blot results, mean
intensity (overall intensity/area) based on lamin
immunostaining images was quantified and normal-
ized (Figs. 4e, 4f and 4g). There is a good agreement
between Western and fluorescence intensity results for
middle and high PDL cells. Interestingly, no signifi-
cant lamin A/C change was observed in low PDL
group after shear based on the result of fluorescence
intensity. A similar trend was observed for overall
intensity that is independent of changes in area
observed in Fig. 3d. The discrepancy between Wes-
tern blot and fluorescence intensity results for low
PDL cells (Figs. 4b and 4e) could be contributed in-
stead to the significant change in lamin distribution,
from the nuclear interior to periphery after shear
stress, in low PDL cells (Fig. 3f).

These results suggest that shear stress can better
modulate lamin A/C in low PDL cells, which may
facilitate nuclear remodeling, since the high level of
lamin A could hinder nuclear shape changes.49 Similar
to Western results, the mean intensity was significantly
increased in high PDL cells (Fig. 4g). These data fur-
ther support a regulatory role for shear stress on lamin
A/C expression in BAEC that is highly sensitive to cell
passage number or PDL. While other studies have
shown changes in lamin expression in primary
endothelial cells in response to different shear levels,19

this is the first study demonstrating that shear stress
affects lamin expression in a PDL dependent manner.

High PDL Cells Have Elevated mRNA Level of LMNA
Gene After 6-h Shear

To examine if transcription level of lamin A/C was
affected by shear stress, real time qPCR was utilized
to investigate transcription levels of lamin A/C in
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cells (Fig. 5). GAPDH was used as the normalization
gene for each plate. The fold increases of LMNA gene
for low, middle, and high PDL cells after shear stress
were compared to each respective static control group
first. Results for these three groups were 1.01 ± 0.02,
0.89 ± 0.02 and 1.43 ± 0.04, respectively. The
mRNA synthesis level did not change significantly
after shear in low and middle PDL groups, while it
was significantly elevated in high PDL group after
exposure to shear stress. The mRNA expression level
followed a similar trend as the protein expression le-
vel, particularly for high PDL cells (Figs. 4d and 4g).
This suggests that the expression changes of lamin A/
C in low PDL cells due to shear stress could be post
transcriptional, while in high PDL cells shear stress
affected transcriptional regulation of lamin A/C gene
expression. The result further supports our previous
findings that mechanical stress such as fluid shear
stress plays a role in lamin A/C expression changes,
and that the effect of shear stress is dependent on cell
division level.

DISCUSSIONS

Atherosclerosis is believed to be related to the
mechanical forces exerted on vascular cells. Hemody-
namic forces (shear stress and circumferential stretch
force) in vivo are modulating vascular cell behaviors
either by remodeling cellular supporting network or by
regulating biological pathways. One of the most
important risk factors for atherosclerosis is aging.
However, the role of vascular mechanical stresses on
normal vascular aging, and the molecular pathways
that might be involved, are not fully understood. In
premature aging syndromes such as HGPS, the nuclear
lamina is significantly damaged due to the production
of a mutant lamin called progerin. These patients de-
velop atherosclerosis despite young age, and almost
always die from cardiovascular events. Since HGPS
cell nuclei share many characteristics with cells from
healthy elderly people, nuclear lamin could potentially
play a significant role in vascular aging. Hemodynamic
forces due to blood flow also contribute to maintaining
normal physiological profiles of vascular cells. We
began to investigate the role that nuclear lamin plays in
vascular aging, particularly in endothelial cells that are
continuously exposed to shear stress.

In this paper, we mainly focused on how lamin A/C
responds to shear stress in endothelial cells in vitro.
Furthermore, we looked at the effect of population
doubling on cells’ ability to respond to mechanical
stress. PD levels were used to indicate low, middle, and
high cell passage groups. Although cells in serial sub-
culture documented by PDL are not a direct model for
in vivo aging, they still share many common charac-
teristics. For instance, cells with high PDL and cells
derived from old donors both showed decreased pro-
liferation capacity and shortened telomere length.45

Elevated senescence in aged endothelium and at
atherosclerosis-prone site has also been reported,2,35

which may indicate a changed response toward shear
stress in older cells. Further, it is not known how
senescent endothelial cells are replaced throughout
aging process in vivo.14

Our results demonstrated the regulation of lamin A/
C expression by shear stress in a PDL-dependent
manner. The overall nuclear morphological changes
were first observed in endothelial cells after 6-h shear
regardless of PDL. Figure 2 showed that the nuclei
were elongated and the average nuclear area was also
decreased after shear, which might be a result of
changes in nuclear lamina under shear. However, when
we looked at cells with low, middle, and high PDL to
consider cell doubling effect on lamin A/C, different
nuclear shape changes by shear stress were observed
(Fig. 3). Hoechst stain was used in Fig. 2, while nu-
clear perimeter was stained by lamin A/C antibody in

bFIGURE 3. Shape analysis of endothelial nuclei for groups
with different PDL. Cells were labeled with lamin A/C antibody
either in static condition or after 6-h shear. At least 28 nuclei
were picked for each analysis. (a) Fluorescent images of nu-
clei stained by anti-lamin A/C antibody before and after shear.
Upper panel shows cells in static state, and lower panel
shows cells after 6-h shear. Low, middle, and high PDL cells
were presented in separate columns, from left to right. Scale
bar: 10 lm. (b) Circularity of nuclei with varied PDL before and
after shear. All groups of cells had increased circularity by
shear stress (#p< 0.001 compared to static), and when com-
pared with high PDL group, low and middle PDL groups all
showed significant decrease in either static or shear case
(+p< 0.01, Dp< 0.001 compared with high PDL group in static
state, and Xp<0.001 compared with high PDL group after 6-h
shear). (c.) Elongation of nuclei with varied PDL before and
after shear. All groups of cells had elongated nuclei by shear
stress (#p<0.001 compared to static), and when compared
with high PDL group, low PDL group showed significant in-
crease in either static or shear case (Dp< 0.001 and Xp< 0.001
compared with high PDL cells in static and shear case,
respectively), while middle PDL group only showed signifi-
cance in control cells compared with high PDL control cells
(*p< 0.05). (d) Nuclear area (lm2) of cells with varied PDL
before and after shear. Cells with low PDL had decreased area
after shear (#p< 0.001), while no significance was observed
within either middle or high PDL groups. When compared with
the high PDL group, low and middle PDL groups all showed
significant area decrease in either static or shear case
(*p< 0.05, Dp< 0.001 compared with high PDL in static state,
and Xp< 0.001 compared with high PDL after 6-h shear). (e)
Circularity of nuclei with middle PDL before and after shear
stained either by Hoechst solution or anti-lamin A/C antibody.
Only nuclei labeled with anti-lamin A/C antibody showed
increased circularity after exposed to shear stress (#p< 0.001
compared to static). (f) Ratio of lamin A/C intensity at the
nuclear periphery over whole nucleus. Both low and high PDL
group showed significant increase in intensity ratio after
shear (/p< 0.01 and *p< 0.05, respectively). Significant in-
crease in ratio was also observed in high PDL in static state
(+p< 0.05 compared to low PDL static cells). Moreover,
sheared high PDL group showed significant increase com-
pared to the other two (Xp< 0.001 and pp< 0.05, respectively).

Y. JIANG AND J. Y. JI60



(a)

Lamin A/C

Actin

Low
Static    6h Shear

Middle
Static   6h Shear

High
Static   6h Shear

72 kDa
62 kDa

42 kDa

(e)

0

0.2

0.4

0.6

0.8

1

1.2

Static 6h Shear

N
or

m
al

iz
ed

 to
 C

on
tro

l

Lamin A
Lamin C

0

0.5

1

1.5

2

2.5

Static 6h Shear

N
or

m
al

iz
ed

 to
 C

on
tro

l

Lamin A
Lamin C

*

(b)

(c)

0

0.2

0.4

0.6

0.8

1

1.2

Static 6h Shear

La
m

in
s E

xp
re

ss
io

n 
La

m
in

s E
xp

re
ss

io
n 

La
m

in
s E

xp
re

ss
io

n 
N

or
m

al
iz

ed
 to

 C
on

tro
l

Lamin A
Lamin C

*
+

(f)

(d) (g)

0.6

0.7

0.8

0.9

1

1.1

1.2

Static 6h Shear

O
ve

ra
ll 

In
te

ns
ity

/A
re

a

0.6

0.7

0.8

0.9

1

1.1

1.2

Static 6h Shear

O
ve

ra
ll 

In
te

ns
ity

/A
re

a

0

0.5

1

1.5

2

Static 6h Shear

O
ve

ra
ll 

In
te

ns
ity

/A
re

a

#

FIGURE 4. Lamin A/C protein expression after 6-h shear in cells at different PDL levels. (a) Representative blot images of lamin A/
C and actin before and after applying laminar shear in groups with varied PDL. (b) Lamin A/C protein expression after 6-h shear in
low PDL group, which shows significant decreases compared to control sample (*p< 0.05 for lamin A and +p< 0.01 for lamin C). (c)
Lamin A/C protein expression after 6-h shear in middle PDL cells, and no significant difference was observed. (d) Lamin A/C
protein expression after 6-h shear in high PDL cells, which shows significant increase for lamin C compared to control sample
(*p< 0.05). (e, f, g) Mean intensity of lamin A/C within the nucleus before and after shear for three groups: low, middle, and high PDL
cells, respectively. Cells were stained with lamin A/C antibody either in static condition or after 6-h shear, and results show
changes with respect to static control. Significant increase was observed in high PDL cells after shear (#p< 0.001 compared with
static group).
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Fig. 3. In both cases, nuclear area decreased (particu-
larly for low PDL cells) and elongation increased
consistently. However, circularity based on chromatin
stain decreased by shear stress, while circularity cal-
culated by lamin staining increased consistently at all
PDL levels (Fig. 3e). One explanation would be the
difference in the staining reagents. Hoechst stain
bound to DNA which mostly dispersed at nucleo-
plasm, while staining for lamin A/C protein delineated
the nuclear periphery and provided information about
lamin A/C protein distribution. Cells stained by anti-
lamin A/C antibody appeared to have smoother nu-
clear outline that may contribute to increased circu-
larity. B-type lamins, which interconnect with lamin A/
C meshwork and have more physical associations with
chromatin, are thought to play a bigger role in
anchoring nucleus to the cytoskeleton.16,23,46 Lamin B1
may also allow for different changes in chromatin and
nuclear lamina shapes by providing the link between
the nucleus and the cytoskeleton. Changes in lamina
circularity and lamin A/C distribution can be corre-
lated with changes in B-type lamins to yield a more
complete picture of how shear stress affects the nuclear
lamina.

We showed decreased lamin A/C expression with
increasing PDL (Fig. 1), which is in good agreement
with other observations.1,11 Different regulation pat-
terns of lamin A/C by shear stress were observed in
cells at different PDL levels. Our results showed that
the lamin A/C were downregulated in low PDL cells,
however, the decreasing trend was not significant in
cells with middle PDL, and was even reversed in cells
with high PDL (Figs. 4b–4d). Quantitative image
analysis and statistical results also showed that, as

PDL increased, A-type lamins became more localized
to the nuclear periphery (Fig. 3f). Therefore, with
increased cell doubling level, the overall expression of
lamin A/C was suppressed, while its aggregation along
the nuclear periphery was more enhanced. On the
other hand, the distribution of lamin A/C within the
nucleus also changed after 6-h shear, where the lamin
A/C accumulated more at the periphery after shear
(Fig. 3f), which might contribute to the nuclear shape
adjustment toward shear. In addition, the anti-lamin
A/C antibody we used has the antigen spanning the
sequence around lamin A/C K470 at C terminal. It is
also possible that the epitope recognized by the antigen
was exposed more at the nuclear periphery after
applying laminar shear stress on cells, which can also
contribute to the observed redistribution effect.21

Moreover, the stable transcription levels in cells
with low PDL indicate that the transcription was not
affected by shear stress (Fig. 5), therefore, the down-
regulation effect in lamin A/C protein expression must
happen after transcription, where either the mRNA or
the protein was degraded by some regulators when
being exposed to laminar shear stress. Meanwhile, the
transcription levels in high PDL cells after shear
increased, indicating potential regulation by tran-
scription factors of the LMNA gene. Lamin A/C
phosphorylation at Ser22 is also associated with
myosin-II under environmental tensions, which led to
lamin turnover and softening of the nucleus.6 Acto-
myosin activity and cell contractility under shear
stress, plus other factors such as substrate stiffness that
may affect lamin phosphorylation, could also con-
tribute to post-transcriptional changes in lamin.

Overall, we provided evidence that both cell passage
and fluid shear stress can affect lamin A/C expression
and nuclear localization patterns, as well as the sup-
port for the hypothesis that PDL level has an impact
on the regulatory pathway for lamin A/C induced by
laminar shear stress. Similar decrease in lamin A/C
expression was observed either by increasing cell pas-
sage or by applying shear stress in low PDL cells. In
high PDL cells, shear stress actually induced increase
in lamin A/C expression. The effect on nuclear shape
also varied between low and middle PDL cells: As
PDL increased, the nuclear shape was enlarged, while
shearing on low PDL cells promoted nuclear elonga-
tion as well as reduced nuclear area. Our results
showed that lamin A/C is a novel mechano-sensitive
nuclear structural protein, whose expression and
functions are also affected by cell passage.

In our study, we compared static cells with cells
exposed to laminar shear stress at 15 dyne/cm2, which
is at a more athero-protective shear level. Shear stress
level could also be an important factor, since low level
of shear stress would be more inflammatory. A previ-
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FIGURE 5. Fold increase of LMNA (Lamin A/C) mRNA after 6-
h shear with varied PDL compared to that of GAPDH. Values
greater than 1 indicate increase in mRNA synthesis after shear
experiments, and values less than 1 indicate decrease after
shear. High PDL cells show significantly higher transcription
level of LMNA after exposed to shear stress (*p<0.05 com-
pared to control cells).
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ous report showed reduced lamin A expression in
primary rat aortic endothelial cells (within passage 2–
4) under low shear stress (5 dynes/cm2) compared with
normal shear stress (15 dynes/cm2).19 However, our
results showed that only high PDL cells had elevated
lamin A/C expression in response to shear stress of 15
dynes/cm2. Although lamin A/C regulation under
shear has been confirmed, it is still not known what
regulators suppressed lamin A/C protein expression in
low PDL cells, and what transcription factors pro-
moted lamin A/C mRNA synthesis in sheared high
PDL cells. High passage cells are likely to begin
experiencing cell senescence, and changes in lamin
expression due to mechanical stress could also con-
tribute to cell senescence. Although elevated laminar
shear stress in the vasculature is protective against
developing atherosclerosis, its effect could be balanced
by cell age.

In HGPS patients, the overexpression of progerin
could accelerate cell senescence, especially in those
vascular cells that sustain high level of mechanical
force and have high proliferative rate,30 which may
contribute to atherosclerosis formation. Therefore, the
altered lamin A/C expression toward shear stress in
senescent cells can also provide a cellular pathway for
atherosclerotic development during cell senescence.
Future studies could also include using progerin or
pre-lamin A accumulation as models for cell aging.
Such studies would not only help understand molecu-
lar mechanisms of HGPS, but also help clarify the
mechano-transduction link between vascular aging and
nuclear lamin. Exploring the upstream factors that
influence lamin expression would also shed light on
understanding how early atherosclerosis develops
under hemodynamic forces and its relationship with
vascular aging.
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