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Force-Induced Changes in Subnuclear Movement and Rheology
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ABSTRACT Extracellular mechanical forces result in changes in gene expression, but it is unclear how cells are able to perma-
nently adapt to new mechanical environments because chemical signaling pathways are short-lived. We visualize force-induced
changes in nuclear rheology to examine short- and long-time genome organization and movements. Punctate labels in the
nuclear interior of HeLa, human umbilical vein endothelial, and osteosarcoma (Saos-2) cells allow tracking of nuclear move-
ments in cells under varying levels of shear and compressive force. Under adequate shear stress two distinct regimes develop
in cells under mechanical stimulation: an initial event of increased intranuclear movement followed by a regime of intranuclear
movements that reflect the dose of applied force. At early times there is a nondirectionally oriented response with a small
increase in nuclear translocations. After 30 min, there is a significant increase in nuclear movements, which scales with the
amount of shear or compressive stress. The similarities in the nuclear response to shear and compressive stress suggest
that the nucleus is a mechanosensitive element within the cell. Thus, applied extracellular forces stimulate intranuclear

movements, resulting in repositioning of nuclear bodies and the associated chromatin within the nucleus.

INTRODUCTION

Control of gene regulation is essential for proper cell func-
tion including DNA expression in response to the mechan-
ical environment and external forces (1-3). Cells under
mechanical stimulus show altered cell signaling and
cytoskeletal organization ultimately leading to changes in
cellular phenotype (4-8). The cellular response to force
can occur on many timescales: intracellular chemical
signals produced by stress-induced changes in the mem-
brane, cytoskeleton, or via cell-cell connections occur on
the order of seconds (9). However, microarray studies
have shown that changes in gene expression occur at longer
times, on the order of minutes to hours (10). Cells can also
permanently adapt to altered forces, which is not possible
via transient chemical signals, suggesting structural changes
(7,11). The mechanisms for this long-time change in gene
expression are not completely understood but changes
in nuclear organization may contribute to the final gene
expression profile.

Cell shear stress response not only affects the nucleus and
its position in the cell, but also affects the subnuclear struc-
tures (12,13). There have been many studies on nuclear
positioning within cells but few that address the subnuclear
structures (14-19). The positioning and organization of the
nucleus impacts genome regulation, and there is evidence
that gene translocation within the nucleus leads to differen-
tial expression (20,21). The correlation of gene expression
with gene position and movement within the nucleus under
force suggests that there may be aspects of biorheological
coupling, of strain resulting from stress, impacting gene
expression. Both chromatin and intranuclear proteins
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diffuse throughout the nucleus but it is not clear how these
diffusive states ultimately result in gene regulation (20).

Nuclei are the largest and stiffest structures inside the cell
(22), particularly on longer timescales wherein cytoskeletal
structures are transiently de- and repolymerized. Nuclei are
force-responsive elements and stiffen by >50% in response
to shear stress (23) with increasing levels of structural
proteins in the nucleoskeleton (11,25). Additionally, nuclei
reorient in the direction of shear stress, decrease their apical
height (7), which are large-scale changes that demonstrate
the link between the nucleus and the cytoskeleton and
most likely affect the underlying chromatin structures in
the nucleus (26,27).

In this work, we show that force on cells—from fluid
shear and compressive stress—causes dose-dependent and
time-dependent changes in subnuclear movement. We
observe two distinct domains of nuclear movement associ-
ated with extracellular stress: an initial event of increased
intranuclear movement, which is mostly independent of
applied force, followed by a temporal shift at 30 min after
applied force (above a threshold) and a regime of intranu-
clear movements, which reflect the level of applied force.
From these results, we suggest that a mechanically adaptive
response of the nucleus may enhance opportunity for
changes in gene expression associated with mechanotrans-
duction. This time-dependent shift in subnuclear movement
may explain altered gene expression profiles and long-term
changes in cell phenotype exposed to shear.

MATERIALS AND METHODS
Cell culture and transfection

Human cervical cancer cells (HeLa, ATCC, Manassas, VA) and human oste-
osarcoma (Saos-2, ATCC, Manassas, VA) were cultured using Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Scientific, Rockford, IL) with
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10% fetal bovine serum (Life Technologies, Grand Island, NY) and 1%
penicillin-streptomycin (Life Technologies). Human umbilical vein endo-
thelial cells (HUVECs, ATCC) were cultured using endothelial base media
with growth supplements (Lonza, Hopkinton, MA). Cells were transfected
with rDNA of fluorescent-tagged upstream binding factor one (UBFI-
GFP (28)), fibrillarin (Fib-GFP). HeLa cells were transfected with Polyfect
(Qiagen, Valencia, CA) per manufacturer’s recommendations, media was
changed after 24 h, and cells were incubated an additional 24 h before
imaging. Saos-2 cells and HUVECs were transfected with Lipofectin
(Life Technologies) and media was changed after 5-8 h of transfection.
All cells experienced 48 h of incubation before imaging.

Shear stress and compression

Transfected cells were passaged into a micro-slide VI flow chamber (Ibidi,
Verona, WI) 24 h before a shear exposure (Fig. S2 in the Supporting
Material). Experiments were performed on confluent, stable monolayers.
The shear stress was applied from a peristaltic pump (Instech, Plymouth
Meeting, MA) through two media reservoirs to buffer the flow and through
the Ibidi micro-slide. Media was preequilibrated to 37°C and 5% CO, for
a minimum of 30 min, and the entire flow apparatus was housed inside
a PeCon incubator (PeCon, Erbach, Germany) on the microscope. Nuclei
were labeled with 1 pg/ml Hoechst 33342 (Life Technologies) and incubated
for a minimum of 30 min. Images of cells were captured at multiple sites per
experiment using an automated stage every 3 min for 2 h. Due to microscope
drift quality data were not consistently acquired for 2 h therefore the first-
hour data were used, but the second hour of data allowed confirmation that
the cells continued to be alive and healthy. Shear stress varied from 5 to
40 dyn/cm? by altering flow rates per Ibidi manufacturer’s instructions.

During compression experiments, transfected cells were seeded into
35 mm Mattek dishes and allowed to grow to confluency before the exper-
iment (Fig. S2). The compressive pressure was applied by a 20, 50, or 100 g
weight set on top of a glass coverslip above the cells. The distribution of the
100g weight led to a compressive force of 0.1 MPa. Lower compressive
pressure was initially tried but did not result in measurable changes over
the time period studied. Nuclei were labeled with 1 ug/ml Hoescht 33342
(Life Technologies) and with 0.3 ug/ml propidium iodide (Life Technolo-
gies) to indicate cell death and incubated for a minimum of 30 min before
starting the experiments. Images were acquired every 2 min for 2 h, again
only first-hour data were used but was collected to ensure healthy cells were
imaged.

Three different cell lines were carefully chosen for these studies due to
their preconditioned natures. HUVECs were chosen due to their ability to
withstand higher levels of shear stress and Saos-2 cells were chosen as
they were preconditioned to compressive stress. HeLa cells were used in
both studies because they both withstood and responded to shear and
compressive stress.

Microscopy

Cells were imaged on an inverted microscope (DMI6000, Leica, Buffalo
Grove, IL) using a 63x (1.4 NA) oil immersion objective. During imaging
the entire microscope was heated to 37°C (PeCon). Cells were viable for
beyond 2 h, the duration of the experiment. To account for phototoxicity
and photobleaching over the course of the experiments a time step of 3 min
was used with the shear stress experiments and 2 min was used with the
compressive force experiments.

Data analysis

Particle tracking image analysis was done with a custom Laptrack71 suite
of programs designed in MATLAB (The MathWorks, Natick, MA) (29).
Images were initially aligned to remove noise caused by cellular drift,
translocation, and rotation. Translational and rotational drift were removed
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from sequential images using a previously published MATLAB program.
First images were blurred to remove detailed information allowing for
alignment to be done without flow or bright pixels dominating the align-
ment. Image alignment was based on a series of pairwise comparisons
between sequential images as they were rotated through a series of angles
and the cross-correlation value with the previous image was calculated and
the x-y translation was also calculated. With the rotated images, the cross-
correlation values were plotted against the angle rotated and fit with
a quadratic curve. The maximum of the curve represented the angle and
corresponding x-y translational coordinates used to align the image. For
the system considered, this technique allowed for removal of translational
and rotational drift of the nuclei preserving the subnuclear movements
(30,31).

The images were then statistically segmented to select for bright
spots and the spot information was restructured into particle tracks.
Mean-squared displacement (MSD, Ar®) was calculated for the first hour
of data taken (Eq. 1) where ¢ is time, 7 is the time lag, and x and y are
the points at the given times. Between 3 and 8 different HeLa nuclei
from 2-3 independent experiments were analyzed for each data set when
calculating MSD. Due to the decreased number of nuclear puncta in
HUVEC nuclei, a minimum of 10 and up to 20 cells were used to capture
enough data for an ensemble average:

() = ((Xir — 30 +Ger — )%, (1)
<Ar2>067'"‘. )

The actual MSD values often overlap one another, but the rheological trend
(the slope «) is of primary importance because it describes the character of
the movement within the cell. An anchored rolling regression analysis and
t-test for slope was used to determine where a crossover between diffusive
and enhanced diffusive response could be found (p < 0.05). If a potential
crossover was identified, the data were fit with Eq. 2 to obtain values for
ay for time lags <30 min and «, for time lags longer than 30 min. A
95% confidence interval (CI) was obtained with each fitting parameter,
oy and a,. Values of a suggest that a longer time under mechanical stimu-
lation shows increased nuclear response. F-tests showed improvement in fit
and Akaike’s criteria was used to check for overfitting the data, explained
further below.

Tracking organic fluorophores in biological samples results in a large
number of very short trajectories. Under these conditions, fitting MSD
parameters to a single trajectory results in a variety of outcomes, and we
proceeded with an ensemble average of the population trajectories (32).
With the distribution of data from biological samples it is also critical
that no subpopulation of the data (such as minority data with high magni-
tudes) is biasing the results. Similar to other biological data collected in
the nucleus (33,34) there were a few tracked points that provided large
MSD values at 1 h (>2 standard deviations from the mean). To ensure
that these were not biasing the results of the data analysis, those values
were removed and the data were reanalyzed (Table 1). However, there
was no change in interpretation of the results compared with the interpreta-
tion of the full data set. Additionally, to ensure that overfitting was not
occurring, Akaike’s information criterion (AIC) for small samples, which
balances accuracy and complexity to discourage overfitting, was employed
(Eq. 3). For each fit the residual sum of the squares (RSS) was calculated
and the number of data points (n) and the number of parameters (K) were
used to calculate AIC. The AIC values were then compared such that the
preferred model is the model with the minimum AIC values:

_ —2In(RSS) + 2K + 2K(K + 1))

AIC
(n—K-1)

3

Particle image velocimetry analysis was done in PIVIab (35) built on the
MATLAB platform. Composite images of the Hoechst and Fib-GFP singles
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TABLE 1 Measured properties of intranuclear dynamics: values of a with a 95% CI calculated by fitting MSD curve to Eq. 2

HeLa Shear Stress a * CI Qeqriy = CI e = CL HeLa compression a * CI Qeary = CI e £ CI
5 dyn/cm2b 1.01 £ 0.05 1.00 £ 0.05 0.99 + 0.15 Control® 1.69 = 0.18 1.02 £ 0.10 2.01 £ 0.21
10 dyn/cm2"l 1.28 + 0.06 1.06 = 0.04 1.42 + 0.06 0.1 MPa* 1.21 = 0.09 0.78 = 0.03 1.47 = 0.05
HUVEC Shear Stress Saos-2 compression

Control® 1.02 = 0.14 0.65 = 0.05 143 + 0.17 Control® 0.78 = 0.05 0.59 + 0.02 0.97 £ 0.07
5 dyn/cm2b 0.90 = 0.04 0.93 = 0.09 0.82 = 0.10 0.1 MPa* 1.36 = 0.08 0.99 = 0.07 1.54 = 0.10
10 dyn/cm?® 0.69 = 0.04  0.67 = 0.07 0.60 = 0.11

20 dyn/cm28 0.80 = 0.04 0.69 + 0.07 0.77 + 0.06

40 dyn/cm2"l 1.00 = 0.07 0.73 £+ 0.06 1.01 = 0.14

Improved fitting was tested for using an F-test (* indicates improved fit, p < 0.01) and AIC was used to test for overfitting when using two equations to fit the

data instead of a single equation (° indicates overfitting).

were made and introduced into the software. A mask was overlayed to
restrict PIV analysis to the nucleus. The final PIV interrogation area was
8 pixels with a 4 pixel step. The interrogation size was chosen so that the
cell was not obscured but the PIV analysis still displayed a nice covering
of the nucleus.

RESULTS
Particle tracking in the nuclear interior

Cells were transfected with UBF1-GFP, which binds rDNA
upstream of the polymerase I complex and produces a
punctate appearance in the nucleus or Fib-GFP (Fig. S1)
(36). We measured the movements of these fiducial points
in the nucleus of living cells for an hour (Fig. 1). We tracked
individual fiducial points using a custom-developed particle
tracking algorithm (30), which computationally accounts
for artifacts associated with cell movements including rigid
body rotation and translocation (Fig. 1). The algorithm also
statistically segments individual tracks, monitors their
movements, and removes errors from errant tracks from
out of plane. Motions of UBFI1-GFP or Fib-GFP were
imaged every 3 min for 1 h under shear stress and every
2 min for 1 h under compressive stress on the order of
0.1 MPa, similar to the compressive force often found on
bones and cartilage (37,38). These motions were then pro-
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FIGURE 1 Intranuclear markers reorganize over time. (A) Top row
shows raw data taken from a UBF1-GFP cell under 10 dyn/cm? shear stress
for 1 h. The bottom row shows corresponding images of the cell after the
drift was removed and the cell was statistically segmented for particle track
construction. The final panel shows the tracks of the particles from the
initial image. Hoechst (blue) was used to stain the chromatin. UBF1-GFP
is shown in green. Scale bars are 10 um.

cessed to determine the MSD or (Ar?) of intranuclear
movements (Fig. 1). The majority of the processed particle
tracks show subdiffusive movement over the course of the
1 h experiment, particularly compared with cytoplasmic
movements (39).

To determine if data obtained by UBFI1 labeling were
appropriate for global intranuclear movements, we also
examined rheological profiles using Fib-GFP as a fiducial
microrheological marker (Fig. S1). Functionally, UBFI is
involved with chromatin decondensation before transcrip-
tional processes (36), whereas fibrillarin is involved in the
processing of preribosomal RNA in the nucleolus (40).
Nucleolar markers were chosen because the DNA packs
tightly around the nucleolus such that measurements are
of small microenvironments (Fig. S6 and Table S1).
Changes in nucleolar movement could also be associated
with a decondensation of this DNA potentially before
changes in gene expression (27). UBF1 in cells that are
stressed or cancerous can display a more dispersed pheno-
type, allowing for more intranuclear fiducial points (41).
Fib-GFP showed statistically similar results as UBF1-GFP
(Fig. 2). However, Fib-GFP provided only 3-8 trackable
markers per HUVEC and HeLa cell, whereas UBF1-GFP
provided on average 20 trackable points per HelLa and
Saos-2 cell. Thus, although statistically similar to the
result for HeLa and HUVECs (Fig. 2 B), UBF1-GFP
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FIGURE 2 Comparison of intranuclear markers under shear stress.
(A) HeLa cells transfected with UBF1-GFP or Fib-GFP and exposed to
20 dyn/cm? shear stress for 1 h show similar slopes. (B) Anomalous fits
of MSD versus time («) show no statistical difference, suggesting the
movements of both markers reflect global movement rather than label-
specific movements. Error bars are 95% Cls.
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allows for better statistical comparison and analysis of
spatial heterogeneity.

Quantitative comparison of intranuclear
movements

To quantify the magnitude of subnuclear movements, we
calculated MSD under varying conditions and with HeLa,
Saos-2, and HUVEC cells. We then fit the MSD versus
time curves to the anomalous diffusion equation
(Ar*)oc7® and calculated the time-dependent exponent c.
Anomalous analysis was chosen because it more accurately
describes the data than a linear fit and is more appropriate
for long time steps (32). Values of « < 1 indicate a subdiffu-
sive regime, o = 1 indicates a Brownian diffusive regime,
and values o« > 1 indicate an enhanced diffusion regime
caused by molecular motors or extracellular force (see
Methods and the Supporting Material). Fig. 3 shows MSD
versus time for HeLLa and HUVEC cells in response to shear
or compressive stress. The general trend of « showed
increased extracellular mechanical force caused increased
o, suggesting a relationship between extracellular force
and intranuclear movement. HeLa cells show an increased
o with either shear stress or compressive stress (Fig. 3 B,
Table 1). HUVEC cells show a similar trend of increasing
MSD with increased shear stress, with the exception of
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FIGURE 3 MSD profiles of HeLa and HUVEC cells with extracellular
force. (A) MSD plots of HeLa cells under varying shear stress and compres-
sive force (blue 5 dyn/cm?, green 10 dyn/cm?, black/gray 0.1 MPa compres-
sive stress). Values are of similar magnitude at different lag times regardless
of the amount of applied shear. Compressive stress shows a decrease in
intranuclear movement compared with response to shear stress. (B) The
corresponding values for « for HeLa cells under shear stress and com-
pression. (C) HUVEC under varying shear stress (blue 5 dyn/cm?, red
10 dyn/cm?, green 20 dyn/cm?, blackigray 40 dyn/cm?). Similar to the
HeLa cell results the HUVECs show very little change in magnitude at
different lag times with changes in shear stress. (D) The corresponding
values for o for HUVEC cells under shear stress. Stars indicate significance
based on computed 95% CIL. Error bars on B and D are 95% Cls.
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5 dyn/cm2 shear stress, which show no changes in nuclear
movements suggestive of a low shear stress response.

Orientation and heterogeneity of subnuclear
movements

PIV analysis provides discrete information of these subnu-
clear particle tracks including directional information and
spatial distribution of the movements (Fig. 4). After initial
application of 40 dyn/cm? shear stress to HUVECs (early,
15 min), there is an increase in movement of the nuclear
interior (long arrows in Fig. 4, early) but without a clear
directionality. After 30 min of shear stress the intranuclear
response begins to show a strongly oriented response with
or against the direction of the shear stress (mostly blue
in Fig. 4, late). The changes in PIV from early to late
times suggested transitions of intranuclear movements,
and prompted further study of the quantitative change in
MSD under shear stress.

Force response of the genome

A single slope of MSD versus time did not fit all of the data,
and we observed increased deviation with increased applied
stress, evident in Figs. 2 and 3. We used an anchored rolling
regression analysis to determine fitting of the MSD versus
time data to two distinct slopes versus one (see Methods).
From this statistical analysis (in Table 1; see Methods),
we observed a quantitative change in slope « after 30 min
of applied shear (Table 1, * indicates improved fit,
p < 0.01; ® indicates overfitting). The data were then refit
with two anomalous diffusion equations, «; for early time
and «, for late time (Fig. 5). Generally, «; (timescales
shorter than 30 min) was <a, (timescales longer than
30 min), suggesting increases in intranuclear movements
around this regime change. Comparison of fits by their
95% Cls (Table 1) highlights that this temporal shift in
shear stress response only occurs in excess of a threshold
shear stress or compressive force. At low levels of shear
stress—under 10 dyn/cm” for HeLa and under 20 dyn/cm”
for HUVEC—the cells showed a constant «. For cells above
this threshold shear stress, the statistical crossover regime
between the diffusive behavior and enhanced diffusive
behavior occurred consistently at 30 = 6 min of time lag.
Additionally, residuals were plotted and showed that with
the improved fitting of the data with two anomalous diffu-
sion equations order among the residual was eliminated,
suggesting proper fitting of the data (Fig. S4).
Compressive stress of 0.1 MPa was also considered using
both HeLa and Saos-2 cells (Fig. 5, E and F); this com-
pressive stress was chosen for its ability to elicit a measur-
able subcellular response over the time frame of interest.
Approximately 0.1 MPa was chosen for its biological
relevance to osteoblasts (38), chondrocytes (37), and
mesenchymal stem cells during mechanically induced
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differentiation (42). Over 0.1 MPa compressive stress, both
HeLa and Saos-2 cells show a biphasic response similar to
the shear stress response with a transition in particle move-
ment at 30 min (Fig. 6, Table 1). The similarities in response
between compression and shear stress suggest a universal
nuclear response to extracellular force.

DISCUSSION

Here, we have demonstrated that there are active subnuclear
movements in response to shear and compressive stress.
Rather than capture high-frequency behavior, we imaged
intranuclear movements on a timescale relevant for nuclear
reorganization (43) and changes in gene expression, as sug-
gested by prior microarray analysis (10). We adopted a time
step of 2-3 min for data acquired over 1-2 h to avoid photo-
toxicity of the cells and photobleaching of the GFP probes
(Fig. 1). Additionally, the three different cell lines were
carefully chosen for these studies due to their precondi-
tioned natures, HUVECS to shear stress, Saos2 to compres-
sive stress, and HeLa cells as a well-studied cell line for both
stresses. The nucleus is part of a larger system and is con-
nected to the cytoskeleton. Although individual nuclei
show movement relative to the whole cell system over the
time course described, it is the subnuclear movement that
is of interest in understanding nuclear dynamic response
to mechanical stimulation and changes in gene expression
(44). Toward this understanding we focused our efforts on
the relative subnuclear movement and not the movement
of the nucleus within the cell system. For that reason we
do see nuclear movement in the cells on the order of min,
but how the subnuclear response is included is unclear.

2427

FIGURE 4 Analysis of subnuclear movements
shows temporal and spatial changes in movement.
Fib-GFP signals in HUVEC sheared at 40 dyn/cm®
for 1 h were processed by PIV. Magnitude and
direction of movement (green arrows) were over-
laid for early shear stress (15 min postshear) and
late shear stress (33 min) for the whole nucleus
and for a zoom into a peripheral section. Color
maps of binned regions within the nucleus shows
movements in the direction of flow (blue, Ymax)
versus against the direction of flow (red, Ymin).
In the early regime there are movements in and
against the direction of flow (equal red and blue).
At long times, the nuclear movements, particularly
at the edge, show an increased movement in the
direction of flow (Ymax). Three cells were
analyzed and representative images from a single
cell are shown here.

Furthermore, individual nucleoli may show large shifts
with respect to movement of the whole cell but we were
primarily interested in how they responded to their indi-
vidual microenvironment.

Previous studies of nuclear movements show a variety of
behaviors including subdiffusion, enhanced diffusion, and
corralled motion (45). Both UBF1-GFP and Fib-GFP in
the nuclei showed a range of motions: diffusion, subdiffu-
sion, and enhanced diffusion (Fig. S3 HUVECs expressing
Fib-GFP with 20 dyn/cm? shear stress). This range of
« values from the fit of MSD versus time, from near zero
indicating little to no motion to 2.8 indicating enhanced
diffusion suggestive of molecular motors or aid of other
cellular processes, were also seen in all cases studied.

With sufficient force nuclear response appears to occur in
two distinct temporal regimes (Fig. 5). After initiation of
stress, the response is independent of the level of applied
stress and has little directional correlation. At ~30 min of
sustained stress there is a statistical shift in intranuclear
responses correlated with a directionalized response. After
~30 min of sustained stress over a threshold level, intranu-
clear movements are responsive to the amount of force.

At low shear stress cell process alter intranuclear
movement

Low shear stress in the vasculature system (<10 dyn/cm2)
modulates endothelial genome response, altering cellular
processes (46). Previously, net forward shear stress of 5
dyn/cm® showed increased cell migration relative to 15
dyn/cm2 shear stress (47,48). Consistent with these results
the increased intranuclear movement seen at 5 dyn/cm? in
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FIGURE 5 MSD shows temporal nuclear response to shear stress and
compression. (A) HeLa cells with 5 dyn/cm® shear stress (blue) do not
show a regime change, whereas HeLa cells 10 dyn/cm? shear stress (green)
do show a regime change. For figures A, C, and E the solid line corresponds
to MSD data, the dotted lines are fitted values for time lag <30 min, and the
dashed lines are fitted values for time lag >30 min. (B) The percent differ-
ence in the « values for the HeLa cells using a crossover time of 30 min. The
5 dyn/cm? shows very little change consistent with there being no obvious
crossover time, however the 10 dyn/cm2 data show an ~40% increase. The
HeLa cell 5 dyn/cm? data were well fit by a single MSD curve, however at
higher levels of shear stress 10 dyn/cm?® the cells showed the biphasic
response suggestive of an adaptation to shear stress. (C) HUVECs under
5 dyn/cm® shear stress (blue) do not show a regime change, whereas
HUVECs with 40 dyn/cm? shear stress (green) do show a regime change.
(D) The percent difference in the « values using a crossover time of
30 min. The 5 and 10 dyn/cm?® data show very little change consistent
with there being no obvious crossover time; however, the 20 and 40 dyn/cm2
data show a 15-35% increase. The HUVEC data are more tightly clustered
than the HeLa cell data so the crossover time is still significant, although the
percent difference is lower (Table 1). The HUVEC data were well fit by
a single MSD curve at 5 and 10 dyn/cm? and an improved fit was found
at 20 and 40 dyn/cm?® using the biphasic fit. The HUVEC data showed
decreased MSD magnitude in response to shear stress compared to the
HeLa cell data possibly due to HUVECs being preconditioned to manage
shear stress. (E) HeLa cell and Saos-2 data with regime change and
0.1 MPa compressive stress. HeLa cells with 0.1 MPa (blue) and Saos-2
cells with 0.1 MPa (green). (F) The percent difference in the « values using
a crossover time of 30 min. The Saos-2 cells show ~50% increase in «,
whereas the HeLa cells show a nearly 100% increase in o under 0.1 MPa
of compressive stress from a 100 g weight. The attenuated response by
the Saos2 cells could be from that cell line being conditioned to receive
compressive force.
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HUVEG: is likely correlated with overall cell movement
and is also consistent with the increased intranuclear move-
ment in the static controls. Generally, higher levels of
shear (>10 dyn/cm?) and compressive stress are required
to decrease cell migration and stimulate increased intranu-
clear movement in HUVEC and HeLa cells. This is partic-
ularly true for compressive stress as there is an additional
apical substrate for the cell to interact with causing addi-
tional migratory processes (Fig. S5). Furthermore, chemical
signaling from NFkb is not seen until a threshold level of
shear stress of 10 dyn/cm2 is used (49). The different
cellular functions that varying levels of shear stress can
elicit make it difficult to compare between the low shear
stress and high shear stress populations. The remainder of
the discussion will focus on high shear stress results and
the biphasic regime they elicit.

At high shear stress intranuclear movements
reflect passive and active genome movement

We suggest that the initial phase of nuclear movements
(<30 min) reflects a stress response of the cell in response to
a combination of chemical cellular signals. After ~30 min
the nucleus undergoes an increase in intranuclear movement,
as seen from the MSD (Fig. 5) and PIV (Fig. 4) data, which
both show changes in magnitude and direction of the move-
ment. In the late time regime (>30 min), we observed an
increase in the intranuclear movement with increasing shear
stress in HUVECs. The increased intranuclear movement
may suggest decondensation of the tightly packed DNA
near the nucleoli or changes in actin structures that are
directly connected to the nucleus such as the TAN lines
(16,17). Additionally, rotation of the nucleus has been shown
to occur persistently for tens of minutes but be random over
longer times (17). The whole nuclear response and transloca-
tion could also contribute the larger movements at the
nuclear periphery on the order of minutes. At longer times,
on the order of hours, changes in heterochromatin structures
and concentration and localization of lamins (23,11) are
observed and begin on the order of minutes and may have
an increased impact on intranuclear response.

Mechanotransduction and the nuclear response
to force

Mechanotransduction is the process by which external
stimuli cause cellular responses, typically related to
chemical signals in the cytoplasm affecting transcription.
However, factors such as NF-«kB show transient transloca-
tions to the nucleus within 30 min of beginning shear stress
(49). Long-term changes in gene expression, beyond
stimulation by chemical signaling, are needed to regulate
cell behavior in a new mechanical environment.

Nuclei are connected to the cytoskeleton through the
LINC complex: DNA and chromatin connects with the
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has been shown to cause upregulation of MAP kinases and localization of NF«B to the nucleus (56). Here, we show a direct link between extracellular
shear stress and intranuclear movements. This study suggests that on the timescale that the cytoskeleton begins to remodel, and the nucleus becomes
intracellularly chemically stimulated, there is an accompanying intranuclear softening allowing for increased intranuclear movement. This increased move-
ment could provide an environment that is conducive to altering gene expression allowing different chromatin regions access to transcription factories

within the nucleus.

nucleoskeleton at the inner nuclear membrane, SUN
proteins cross the nuclear membrane to nesprin proteins
on the cytoplasmic face of the nuclear membrane, and
nesprins connect with cytoskeletal elements including actin,
microtubules, and intermediate filaments (50,51). Thus,
mechanical connections from the cell may transduce global
forces into the genome (3,52). Timescales for cytoskeletal
reorganization in response to extracellular force, in addition
to other cellular chemical signals, are consistent with the
crossover time identified for intranuclear reorganization in
response to mechanical stimulus (53).

We suggest that force-induced changes in nuclear archi-
tecture could be related to the changes in gene expression
measured by microarray analysis in cells under shear stress
for long times (Figs. 5 and 6) (54). This study suggests that
on the timescale that the cytoskeleton begins to remodel,
and the nucleus becomes intracellularly chemically stimu-
lated, there is an accompanying intranuclear softening
allowing for increased intranuclear movement. This in-
creased movement could provide an environment that is
conducive to altering gene expression allowing different
chromatin regions access to transcription factories within
the nucleus. In this work we showed a threshold and
temporal response to extracellular mechanical force that
correlates with changes in chemical cell signaling and
with changes in cytoskeletal processes and these changes
could stimulate changes in chromatin organization resulting
in adaptive gene expression.

SUPPORTING MATERIAL

Six figures and one table are available at http://www.biophysj.org/biophys;j/
supplemental/S0006-3495(12)01194-0.
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