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ABSTRACT For cells to adapt to different tissues and changes in tissue mechanics, they must be able to respond to mechan-
ical cues by changing their gene expression patterns. Biochemical signaling pathways for these responses have been eluci-
dated, and recent evidence points to the involvement of force-induced deformation of the nucleus. However, it is still unclear
how physical cues received at the plasma membrane (PM) spatiotemporally integrate to the functional chromatin organization
of the cell nucleus. To investigate this issue, we applied mechanical forces through magnetic particles adhered to the PM of
single cells and mapped the accompanying changes in actin polymerization, nuclear morphology, chromatin remodeling, and
nuclear transport of soluble signaling intermediates using high-resolution fluorescence anisotropy imaging. Using this approach,
we show the timescales associated with force-induced polymerization of actin and changes in the F/G actin ratio resulting in
nuclear translocation of the G-actin-associated transcriptional cofactor, megakaryoblastic acute leukemia factor-1 (MKL).
Further, this method of measuring nuclear organization at high spatiotemporal resolution with simultaneous force application
revealed the physical propagation of forces to the nucleus, resulting in changes to chromatin organization, followed by nuclear
deformation. We also describe a quantitative model that incorporates active stresses and chemical kinetics to evaluate the
observed timescales. Our work suggests that mechanical activation of cells is accompanied by distinct timescales involved in
the reorganization of actin and chromatin assembly, followed by translocation of transcription cofactors from the cytoplasm to

the nucleus.

INTRODUCTION

Living cells, both in culture and in physiological conditions,
are sensitive to mechanical cues from their local microenvi-
ronment (1). Cells respond to mechanical cues of fluid shear
stress (2), compressive loading (3), and substrate stretching
(4) by changing their morphology and modulating their gene
expression profiles in response to these mechanical cues (5).
Forces applied on the cell surface in the form of geometrical
constraints (6), micropipette pulling (7,8), or magnetic
beads (9) have been observed to transmit within the cyto-
plasm and to the nucleus, and induce nuclear deformations
much faster than diffusion-limited processes. For this
purpose, focal adhesions on the plasma membrane (PM),
which act as mechanosensors (10), link the extracellular
matrix with actin and microtubule cytoskeleton. Further
downstream, SUN and KASH domain proteins form LINC
(Linking Nucleus to the Cytoskeleton) complexes that
couple the inner and outer nuclear membranes to the cyto-
skeleton (11-15). A variety of adaptor proteins, including
Lamin B receptors (LBR), Emerin, and LAP28, link the
nuclear lamina and nuclear membrane (16-18). These
proteins are further involved in linking the lamins with the
chromatin structure through HP1 and other proteins (16).
In this connected architectural framework, chromatin is
nonrandomly organized in the nucleus, with interconnected
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chromatin structures and spatially organized transcription-
ally active euchromatin and inactive heterochromatin struc-
tures (19-21). A number of experiments have suggested the
possibility of physical transmission of forces from extra-
cellular matrix to the nucleus and have also identified
important nucleo-cytoskeletal links mediating such force
transmission (22,23). In addition to physical transmission
of forces to the nucleus, soluble signaling molecules have
also been shown to shuttle between cytoplasm and the
nucleus to activate gene expression (24). In this context, tran-
scription cofactors such as megakaryoblastic acute leukemia
factor-1 (MKL) have been shown to depend on actin poly-
merization states for nuclear signaling to invoke specificity
in mechanotransduction (25,26). MKL is a transcription
cofactor that is involved in the expression of genes mostly
related to cytoskeletal architecture and dynamics (27).
MKL localization in the nucleus is dependent on F/G-actin
ratios that are regulated by cell-mechanics cues (28-30).
However, the spatiotemporal integration of mechanical
signals that are received at the PM and impinge on the
physical architecture of actin and chromatin assembly and
MKL signaling to the nucleus has not been explored.

In this work, we developed a single-cell force manipula-
tion method that employs magnetic tweezers combined
with fluorescence anisotropy imaging to study the spatial
and temporal aspects of nuclear mechanotransduction.
With this method, we probed the transduction of mechanical
cues from PM to chromatin assembly through the actin
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cytoskeleton. Using time-lapse, live-cell imaging combined
with application of forces on 100 nm paramagnetic beads
adhered on the PM, we mapped the force-induced polymeri-
zation of actin and subsequent translocation of transcription
cofactor MKL to the nucleus. Further fluorescence anisot-
ropy imaging revealed that force-induced reversible remod-
eling of chromatin assembly preceded deformation of the
nucleus, as evidenced by changes in the projected nuclear
area and its height. Such remodeling of chromatin required
the presence of intact nucleo-cytoplasmic actin links and
actomyosin contractility. In addition, we computationally
modeled the dynamic changes in nuclear projected area, actin
reorganization, and cytoplasmic-to-nuclear translocation of
MKL, and were able to delineate the spatiotemporal alter-
ations in nuclear deformation and translocation of transcrip-
tion cofactor MKL. Taken together, our results suggest that
nuclear mechanotransduction is accompanied by distinct
timescales of remodeling actin and chromatin assembly,
followed by translocation of transcription cofactor MKL.

MATERIALS AND METHODS
Cell culture, plasmids, and perturbations

HeLa cells and HeLa cells stably transfected with fusion plasmid for core
histone H2B tagged with enhanced green fluorescent protein (EGFP)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; both from Life Technologies,
Grand Island, NY) at 37°C in 5% CO,. Actin and MKL were visualized
in HeLa cells using EGFP-actin (Clonetech, Mountain View CA) and
mCherry-MKL (OriGene Technologies, Rockville, MD) fusion plasmids.
LINC complex was disrupted by expressing dominant-negative KASH
fused with EGFP (a kind gift from Dr. Brian Burke, Institute of Medical
Biology, Singapore). Transfections were performed using Jetprime trans-
fection reagent (Polyplus Transfection SA, Illkirch, France). Actin was
disrupted by incubation in 1 uM solution of cytochalasin D (CytoD; Sigma
Aldrich, St. Louis, MO) in imaging medium (DMEM without Phenol
Red and with 3% FBS) for 1 h. The F/G-actin ratios in cells were perturbed
by treatment with various concentrations (0 nM—1000 nM) of latrunculin
A (Lat A; Sigma Aldrich) for 1 h. Actin filaments were stabilized by treat-
ment with 500 nM Jasplakinolide (Sigma Aldrich) for 0.5 h. Myosin
activity was perturbed by treating cells with 50 uM blebbistatin (Calbio-
chem, Darmstadt, Germany) for 2.5 h. Microtubules were disrupted by
incubation in 1 ug/ml solution of Nocodazole (Sigma Aldrich) in DMEM
with 10% FBS for 16 h or 10 ug/ml solution for 3 h.

Force protocols

A custom-made electromagnet was mounted on either an Olympus IX
81 or a Nikon eclipse Ti microscope to apply force on single cells. To apply
force on the PM, cells plated on 35 mm coverslip dishes (IWAKI brand;
Asahi Glass, Japan) were incubated with 10 ul of 100 nm paramagnetic
beads (Micromod Partikeltechnologie, Rostock-Warnemuende, Germany)
in 1 ml of cell culture medium for 2 h. Before the experiment, the culture
medium containing beads was removed and cells were washed twice with
1X phosphate-buffered saline (PBS) to remove unbound beads. Cells
were imaged in 3 ml of imaging medium to dissipate heat generated
from the electromagnet. The electromagnet was positioned 30 um away
from the PM of cells. Calibration of the electromagnet is described in the
Supporting Material. The first 75 s of the experiment were treated as the
baseline, when no force was applied. This was followed by 225 s of force
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for prolonged-force experiments and 75 s for pulse-force experiments.
Finally, the cells were allowed to recover for the next 225 s with no force
being applied. The magnitude of force was changed by varying the current
passed through the electromagnet. Because the magnetic field of a solenoid
varies linearly with the current passed through it, the force magnitudes were
scaled accordingly. For currents of 1 A, 1.5 A, and 2 A, forces were esti-
mated to be 0.8 nN, 1.25 nN and 1.7 nN, respectively. All experiments
were carried out at 25°C.

Fluorescence Anisotropy Imaging Microscopy

To obtain anisotropy images, we acquired fluorescence images on an inverted
fluorescence microscope (model IX81, Olympus, Japan; or Eclipse Ti, Nikon
Instruments). A linearly polarized excitation obtained by passing the arc lamp
beam through a sheet polarizer (New Foucs, Santa Clara, CA) and excitation
filter (HQ470/40x; Chroma Tech, Bellows Falls, VT) was used to excite
H2BEGFP or actin EGFP-labeled cells, and emissions were collected
through an emission filter (HQ 525/50m; Chroma Tech). Rhodamine phalloi-
din was excited with an excitation filter (HQ 560/40x; Chroma Tech) and
emissions were collected with an HQ 630/75m emission filter (Chroma
Tech). Each emission was split into parallel and perpendicular polarizations
using a U-SIP polarizing module (Olympus, Japan) or Roper Dual View
polarization module (Photometrics, Tucson, AZ). The parallel and perpendic-
ular images were simultaneously acquired on two halves of an Andor iXon
897 BV EMCCD camera (Andor Technology, South Windsor, CT). Time-
lapse imaging was achieved by using a custom-written program in LabVIEW
(National Instruments, Austin, TX) or NIS Elements (Nikon Instruments,
Melville, NY) to control the microscope. Data acquisition was done using
DAQ (PCI-MIO-16XE-10; National Instruments, Austin, TX), LabVIEW,
and NIS Elements. Images were acquired at 7.5 s/frame for slow time-lapse
imaging, and 0.1 s/frame for fast time-lapse imaging. A custom-written
program in LabVIEW or MATLAB (The MathWorks, Natick, MA) was
used to align the parallel and perpendicular images obtained on the two halves
of the EMCCD camera and compute anisotropy from the split image on a
pixel by pixel basis after performing background subtraction and 3x3
smoothing of the original image. For each pixel, anisotropy was calculated as

_ L8l
Iy +2gl

where Ij and I | are background-subtracted intensities of the emitted light
with polarization parallel and perpendicular to the excitation, respectively.
The g factor arises due to variable sensitivity of the detection system for the
parallel and the perpendicular components of the light. The g factor is esti-
mated from the anisotropy of small FITC dye molecules at different
concentrations of glycerol (see Fig. S1 in the Supporting Material).

Fluorescence recovery after photobleaching

A fluorescence recovery after photobleaching (FRAP) experiment was per-
formed on MKL-mCherry-labeled cells. A small region (~3 um diameter)
in either cytoplasm or nucleus was photobleached. Images were acquired
at 300 ms/frame to capture the dynamics of the fluorescence recovery.
Analysis was performed offline using a custom-written program in
MATLAB. Fluorescence intensity in the photobleached region was com-
puted at each time frame, before and after photobleaching. The obtained
intensity was normalized as

I— Ipasr—blea(:h

Inm'm =
I pre—bleach — I post—bleach

where 1,,,,,, is the normalized intensity, and I, .pieach and Lyos-pieacn are the
fluorescence intensities before and after photobleaching, respectively. The
extent of fluorescence recovery in FRAP experiments is generally
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underestimated due the overall bleaching of the cell. To correct for this,
a reference region of interest (ROI) was selected away from the photo-
bleached region, and its normalized intensity was estimated as a function
of time. The intensity of the bleached region was normalized by the inten-
sity of the reference region to obtain the actual recovery fraction and
recovery rate for the nucleus and cytoplasm.

Theoretical modeling and simulation

The nucleus and stress fibers are modeled as viscoelastic solids (springs and
dashpots in parallel) (31-33), whereas the lamellar network is a viscoelastic
fluid in which elastic element on the timescale of tens of seconds can be
neglected (34). The nucleus is ~10 times stiffer than the cytoplasm actin
network (35), and we assume that stress fibers are an order of magnitude
stiffer than the effective spring constants usually measured for the lamellar
network. Modeling realistic geometry and viscoelastic deformation of the
nucleus and cytoskeleton is complicated, and for comparison with a simple
measure such as a normalized nucleus area does not give better results than
simplistic modeling of the nucleus and cytoskeleton as viscoelastic springs
and dashpots (see Fig. 7 a). The orders of magnitude of the mechanical prop-
erties of the actin network and nucleus can be gleaned from previous works
(33,36,37). We obtained the spring constants used in the simulations by multi-
plying Young’s modulus magnitudes reported in the literature by the charac-
teristic nuclear size of ~10 um. The respective viscous drag coefficients can
be estimated from measured characteristic relaxation times ~100 s (37) and
spring constants (viscous drag is of the order of the time constant multiplied
by the spring constant). Definitions and values of the model parameters and
variables are summarized in the Table S1 and shown in Fig. 5 a.
The displacement of the nuclear membrane, Z, satisfies the equation

az

Foyp = ki(Z —X.) + ka(Z+X,) — (C1 + C2 + C5) T
az
= (k1+k2)z_(C1+C2+C3) E

which, taking into account the prestressed elongations of the nuclear and
cytoskeletal springs, can be simplified to the forms shown in the text.
The spring lifetimes are chosen to fit the observations. We solved the equa-
tions in the main text using the Virtual Cell software. The projected area of
the nucleus is computed as 7(R + Z)z, where R is the unstressed nuclear
radius. For all submodels, we ran 20 simulations in which all model param-
eters were varied randomly within 30% of their baseline value (the average
and mean * SE are shown).

The submodels for the F-G-actin turnover and MKL transport are
described in the Supporting Material and are solved and presented in
similarity to the mechanical submodel. We chose the characteristic times
of F-G-actin turnover based on previous measurements. The order of
magnitude of the MKL transport model can be gleaned from a previous
work (25); exact numbers were chosen to fit the data.

Statistical analysis

Student’s #-test was performed for all quantitative comparisons in which the
SDs were overlapping. The respective p-values are mentioned in the figure
legends.

RESULTS

Direct measurement of force-induced changes
in F/G-actin ratio

We investigated force-induced actin polymerization
dynamics and its role in nuclear mechanotransduction using
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fluorescence anisotropy imaging. To that end, we expressed
EGFP-actin in Hela cells, which colocalized well with
the endogenous actin networks (Fig. S2 a). Fluorescence
anisotropy of EGFP-actin was obtained from parallel and
perpendicular images, as shown in Fig. 1. Cells expressing
EGFP-actin showed lower values of anisotropy at stress
fibers with a higher density of actin subunits (Fig. 1 b and
Fig. S2 b). Further, the anisotropy of EGFP-actin was
inversely dependent on the expression of EGFP-actin in
cells (Fig. S2 ¢). This suggested the possibility of homo-
Forster resonance energy transfer (homoFRET) between
EGFP-actin molecules (38). The presence of homoFRET
between proteins can be confirmed by photobleaching of
the molecules, which effectively increases the distance
between them, leading to decreased FRET and an increase
in anisotropy (39). Hence, we performed photobleaching
experiments on cells labeled with EGFP-actin to validate
the presence of homoFRET between actin monomers within
the stress fiber. When a small region of the cell was photo-
bleached, an increase in the anisotropy of EGFP-actin was
observed (Fig. 2, a and ¢), suggesting homoFRET between
EGFP-labeled actin molecules (38). Similar results were
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FIGURE 1

Experimental set up for fluorescence anisotropy imaging and
micromanipulation. (a) Schematic of experimental setup for measuring
fluorescence anisotropy combined with application of force on single living
cells. (b) Representative images showing intensity of EGFP-actin in parallel
and perpendicular channels, and anisotropy of EGFP-actin.
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obtained by photobleaching rthodamine phalloidin-stained
cells (Fig. S3, a and b), confirming homoFRET between
actin molecules on the stress fibers.

To further validate force-induced changes in anisotropy
values as a measure of the F/G-actin ratio, we treated
cells with Lat A, which depolymerizes actin filaments and
alters the F/G-actin ratio. F-actin was visualized by
Alexa-568 phalloidin, and G-actin was visualized by DNasel
conjugated to Alexa-488 (Fig. S4 a). Titration of Lat A
concentration (0—1000 nM) showed a significant decrease
in the F/G-actin ratios (Fig. 2 d and Fig. S4 b). Concomi-
tantly, a significant increase in anisotropy of EGFP-actin
was observed for the same concentration of Lat A, suggesting
that the increase in anisotropy values represents a shift
from polymeric to monomeric actin (Fig. 2, b, d, and e, and
Fig. S4 c¢). Further, the increase in anisotropy was similar
to that observed in the photobleaching experiments, suggest-
ing a decrease in homoFRET between the monomers

70 72 74 76 78
1/r

80 82

(Fig. S4 d). This was also confirmed by observing the
changes in EGFP-actin anisotropy upon release from Lat A
treatment. EGFP-actin expressing cells were treated with
1 uM Lat A for 30 min. After the Lat A was washed off,
adecrease in anisotropy was observed corresponding to poly-
merization of actin (Fig. S4 e). A scatter plot between 1/r and
F/G-actin ratios showed a linear correlation, with a Pearson
correlation of 0.96 (Fig. 2 f). This established that the F/G-
actin ratio is inversely proportional to the anisotropy of
EGFP-actin, as
F actin A

=248
Ga(rtin r *

where F,..;, and G,.;, represent the concentrations of F-
actin and G-actin, respectively, and A = 7.22 and B = —48
are the constants obtained from the slope and intercept of
the linear fit of the calibration curve, respectively.
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Next, we used anisotropy of EGFP-actin to observe the
changes in actin polymerization upon application of force.
The schematic of the experimental geometry is shown in
Fig. 1 a. Controlled step forces were applied on 100 nm
paramagnetic carboxyl beads adhered onto the PM (~1800
beads per cell) of HeLa cells (Fig. S5) using an electro-
magnet placed 30 um away from the cell surface at an angle
of 30° with the horizontal (shown in the schematic of
Fig. 1). This resulted in a significant component of force
in the horizontal direction, although a smaller component
was observed in the vertical direction. The distribution of
beads on the cell surface and the variation of the force
with distance from the electromagnet, obtained from the
calibration curve (Fig. S6 and Supporting Material), resulted
in a force similar to the application of shear force on cells.
When such a calibrated pulse force (1.25 nN averaged over
the cell, for 75 s) was applied, a decrease in anisotropy of
EGFP-actin was observed, which was evident from the
time course images and the line profiles of EGFP-actin
stress fibers (Fig. 3, a—c). Fig. 3 d shows the observed
increase in 1/anisotropy of EGFP-actin upon application

S £ GFP-Actinl Intensity £

&

FB-Actin Anisotropy

lyer et al.

of the pulse force. When the observed values of 1/anisotropy
of EGFP-actin were mapped to the calibration curve,
changes in F/G-actin ratios were obtained that showed an
increase upon application of force, suggesting enhanced
actin polymerization (Fig. 3 ¢). To further validate that the
observed increase in the F/G-actin ratio was due to increased
actin polymerization, we rendered G-actin nonpolymeriz-
able by treating the cells with Lat A or CytoD. This resulted
in insignificant changes in F/G-actin ratios, suggesting that
these changes were indeed due to enhanced actin polymer-
ization (Fig. 3 e). Because MKL, a transcription cofactor of
SRF, has F/G-actin ratio-dependent nuclear localization
(26), we directly probed the effect of a force-induced
elevated F/G-actin ratio on MKL nuclear translocation.

Mechanical force-induced nuclear translocation
of MKL

We probed force-induced nuclear translocation of MKL by
applying a pulse force on cells expressing MKL-mCherry.
To estimate the amount of nuclear translocation, we
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computed the nucleo-cytoplasmic (N/C) ratio of MKL at
each time frame and normalized it with the N/C ratio before
application of force. A very small change in the N/C ratio was
observed during the first 40 s after the onset of force, which
was not significant from the N/C ratio before the application
of force (Fig. 4, a and c). However, a significant increase in
the N/C ratio was observed beyond 40 s, and the translocation
of MKL continued even after the cessation of the force
(Fig. 4, a and c, inset i). In contrast, control cells with no
force applied showed insignificant translocation of MKL
during the period of observation of 500 s (Fig. 4 c, inset i).
Although the nuclear translocation of MKL was in agree-
ment with the force-induced changes in the F/G-actin ratio,
we addressed the possibility that this could also have been
a direct effect of force. To that end, we measured force-
induced MKL translocation in cells treated with Lat-A,
and MKL translocation upon treatment with the actin-stabi-
lizing agent jasplakinolide without application of force.
Whereas application of force in the presence of Lat-A
showed an insignificant increase in the N/C ratio of MKL
(Fig. 4 c and inset 1), treatment of cells with jasplakinolide

Force - Lat A

Force + Lat A

b Recovery
Pre-bleach Post-bleach
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without force application showed a significant nuclear trans-
location of MKL (Fig. S7, a and c). These results validated
that the observed increase in the MKL N/C ratio was due to
the force-induced changes in F/G-actin ratio. The sigmoidal
behavior of MKL nuclear translocation with an initial delay
in response suggests that this process may be triggered by an
increase in the F/G-actin ratio (elaborated in the theoretical
modeling). To investigate this, we measured the sensitivity
of the MKL translocation to the F/G-actin ratio in cells.
When the N/C ratio of MKL was plotted against the F/G-
actin ratio, no significant increase in the MKL N/C ratio
was observed until the F/G-actin ratio increased by ~2-
fold (Fig. 4 c, inset ii). A significant increase in the N/C ratio
was observed only when the F/G-actin ratio increased
beyond this threshold value, and the translocation was
sustained even when the F/G-actin ratio ceased to increase,
suggesting that a threshold value of F/G-actin ratio may be
required to trigger MKL nuclear translocation.

To probe the mobility of nuclear fraction of MKL, we
carried out fluorescence recovery after photobleaching
(FRAP) of MKL-mCherry transfected cells in both the

FIGURE 4 Force-induced nuclear translocation
of transcription cofactor MKL. (a) Images showing
cytoplasmic and nuclear localization of MKL-
mCherry in untreated cells and cells treated with
500 nM Lat A, upon application of force. Force
was applied from 75 s - 150 s. (b) Collage of
images showing cytoplasmic and nuclear fluores-
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cytoplasm and the nucleus. We observed a significantly
slower recovery of MKL in the nucleus as compared with
the cytoplasm (7 ~ 8.2 s for the nucleus and 7 ~ 5.5 s for
the cytoplasm; Fig. 4 d and 4 d, inset i). Further, the immo-
bile fraction of MKL, estimated from the extent of fluores-
cence recovery, was significantly larger in the nucleus than
in the cytoplasm (Fig. 4 d, inset ii). These results suggested
that the nuclear fraction of MKL was less mobile due to
diffusion barriers resulting from macromolecular crowding,
or to transient interactions with the chromatin. Although
these soluble intermediates provide specificity to the
process of mechanotransduction, physical forces could
also modulate the nuclear morphology and chromatin orga-
nization to bring about changes in transcription. Because the
dynamics of actin cytoskeleton and its link to the nucleus
play a critical role in nuclear organization, we next investi-
gated the effect of force on nucleo-cytoplasmic links.

Force-induced modulation of cytoplasmic
to nuclear coupling

We probed the nature of the coupling between the nucleus
and the cytoskeleton by dynamically modulating both the
duration and magnitude of forces applied on the PM.
Upon application of a pulse force, we observed a small
decrease in the projected nuclear area (AA, ~5%; Fig. 5,
a and b) that was completely reversible upon cessation of
force, suggesting that the active remodeling of the nucleo-
cytoplasmic links maintain the nuclear architecture
(Fig. S8 e). In contrast, an insignificant decrease in the
nuclear cross-sectional area was observed under zero force
conditions (Fig. 5 ¢). When the duration of force was
increased to 225 s, keeping the magnitude of force invariant
(prolonged force), the nuclei showed an irreversible
(30% = 6%) decrease in the cross-sectional area (Fig. S8,
a, b, and d) with an overall deformation of the nucleus,
indicated by an increase in the nuclear height (Fig. S8 c¢).

Upon modulation of the force magnitude, keeping the
duration of the force constant (75 s), similar responses
were observed. Application of 0.8 nN force resulted in an
insignificant change in nuclear area (Fig. S8 f), 1.25 nN
force resulted in a reversible change in the nuclear deforma-
tion (Fig. S8 f), and 1.7 nN force induced irreversible defor-
mation of the nucleus (Fig. S8 f). These results suggested
that changes in the duration or magnitude of force resulted
in dynamic modulation of the nucleo-cytoplasmic links.
As a control, we estimated the contribution from the pleio-
tropic effect of applying forces using an electromagnet by
observing the change in size of the nucleus upon application
of magnetic field on cells lacking the paramagnetic beads. In
this case, we observed a very small change in the nuclear
area unlike that seen when force was applied on cells with
magnetic beads (Fig. 5 ¢).

This dynamic force-induced modulation of the nuclear
area was abrogated upon chemical perturbation of nucleo-
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FIGURE 5 Modulation of nucleo-cytoskeletal coupling by force. (a)
Image of an H2B-EGFP HeLa cell before force. The kymograph of the
ROI shown in yellow represents the deformation of the nucleus upon appli-
cation of pulse force. (b) Plot showing the change in normalized nuclear
area upon application of pulse force (n = 20). The gray region shows the
duration of application of force and black ROI represents the lag time
involved in nuclear deformation. AA represents the change in nuclear
area after application of force. Inset shows the distribution of lag times.
(c) Plot showing AA under different conditions and perturbations. “Field”
represents the on or off state of magnetic field, and “Beads” denotes the
presence or absence of beads on the PM. Noc and CD denote cells treated
with nocodazole (n = 20) and CytoD (n = 20), respectively, before appli-
cation of force. DNKASH represents cells expressing dominant-negative
KASH fused with EGFP (n = 10). Error bars denote the mean + SE; scale
bar: 5 um; **p < 0.01; N.S., not significant.

cytoplasmic links by inhibiting actin polymerization using
1 uM CytoD (Fig. S9). The change in projected nuclear
area (AA) with microtubule depolymerization using
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nocodazole was similar to that observed for untreated cells
(Fig. 5 c), whereas actin perturbation using CytoD resulted
in a smaller AA compared with untreated cells (Fig. 5 ¢ and
Fig. S8 g), which suggests the role of actin in linking the
nucleus to the cytoskeleton, and is consistent with previous
reports (6-8,40). To further probe the role of the LINC
complex in this dynamic modulation, we perturbed the
localization of Nesprin 2, a component of the LINC
complex, by expressing dominant-negative KASH fused
with EGFP (DNKASH) (7). In accord with previous reports
(7), we observed that expression of DNKASH-EGFP dis-
placed endogenous Nesprins from the nuclear envelope to
the endoplasmic reticulum (Fig. S10 a) (7).When prolonged
force was applied on cells expressing DNKASH, we
observed a very small change in the projected nuclear area
(Fig. 5 ¢ and Fig. S10 b).

Perturbation of the LINC complex has been shown to
affect perinuclear actin organization without changing the
overall F/G-actin ratio (7), suggesting that DNKASH
expression should not affect MKL nuclear translocation.
To further address the possibility that DNKASH expression
modulates MKL nuclear translocation, we performed ex-
periments by applying force on cells expressing both
MKL-mCherry and DNKASH-EGFP. A significant translo-
cation of MKL was observed upon force application, similar
to what was observed for the untreated cells (Fig. S7, b and
d). These observations further suggest that the application of
force results in modulation of the nucleocytoplasmic links,
which does not impinge on the overall F/G-actin ratios
and MKL nuclear translocation.

Interestingly, deformation of the nucleus upon applica-
tion of force was not immediate. Instead, it was preceded
by a lag time, measured as the time between the application
of force and onset of the collapse when the nuclear area
decreases by >2 standard deviations (SDs) from its mean
value before application of force (Fig. 5 b). This lag time
was exponentially distributed with a mean of ~46 s (Fig. 5
b, inset), probably due to the viscoelastic behavior of the
cytoskeleton. Upon deletion of the LINC complex by
expression of DNKASH, large lag times were observed,
further suggesting that these lag timescales are due to the
stochastic rupture of the nucleo-cytoplasmic links. The
observed lag time may provide a temporal window for prop-
agation of physical forces to the chromatin organization,
before the nucleocytoplasmic links are perturbed. Hence,
we next probed the spatiotemporal integration of these
forces to chromatin assembly and assessed the timescales
associated with its remodeling.

Visualization of rapid force-induced chromatin
remodeling

To probe changes in chromatin assembly upon application
of forces, we used fluorescence anisotropy imaging, a
method that we have established to visualize chromatin
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compaction states (41). The changes in H2B-EGFP
anisotropy arise from rotational diffusion, in contrast to
homoFRET in EGFP-actin. This was validated by photo-
bleaching experiments on H2B-EGFP-expressing cells.
Upon stepwise photobleaching, an insignificant change in
anisotropy of EGFP-actin was observed (Fig. S11), negating
the presence of homoFRET. To further ensure that the
fluorescence anisotropy imaging method was sensitive to
changes in chromatin compaction states in the HeLa cell
nucleus, we visualized regions showing higher anisotropy
of H2B-EGFP (one of the core histone proteins that compact
DNA into chromatin) and correlated them with regions of
compact heterochromatin regions identified by localization
of the heterochromatin-binding protein HP1a in the nucleus
(Fig. 6 a), a known marker for heterochromatin (42,43).
The scatter plot between H2B-EGFP anisotropy and HP1a
intensity shows a strong correlation, with a Pearson correla-
tion coefficient of 0.82 (Fig. 6 b). In addition, our earlier
experiments showed that trichostatin A, a histone deacety-
lase inhibitor that decompacts chromatin (44), results in
a decrease in anisotropy of H2B-EGFP compared with
control cells (45). These results suggest that fluorescence
anisotropy of H2B-EGFP is a measure of chromatin
compaction states.

To probe the remodeling of chromatin through the nu-
cleo-cytoskeletal links, we subjected cells to pulse force
and measured the changes in chromatin compaction. Pulse
force resulted in a rapid decompaction of chromatin that
was completely reversible upon cessation of force (Fig. 6,
¢ and d). The timescale involved in initiation of the chro-
matin remodeling process was captured by fast time-lapse
imaging at 10 frames per second. A significant change in
chromatin decompaction was observed within 5 s of appli-
cation of force (p < 0.05), suggesting the role of physical
transduction of forces in remodeling the chromatin structure
(Fig. 6 d, inset 1). Further, when multiple pulses of force
were applied, a similar response was observed, with rapid
decompaction of chromatin and recovery upon cessation
of the force (Fig. S12), reflecting the direct transmission
of forces to the chromatin organization. Interestingly, the
chromatin decompaction was observed within the lag time
of 46 s that was required for nuclear deformation due to
modulation of nucleo-cytoplasmic links. Moreover, Ar
(change in anisotropy value of H2B-EGFP upon application
of force) was observed to be dependent on the state of
chromatin compaction before application of force. Highly
condensed heterochromatin regions showed smaller
changes in anisotropy, i.e., smaller Ar, whereas larger Ar
was observed in less-condensed euchromatin regions
(Fig. 6 d, inset ii, and Fig. S13). This suggests differential
transmission of forces through the chromatin structure,
making euchromatin more sensitive to force-dependent
changes.

When adherent cells are spread on a substrate, they are
maintained in a prestressed state by nucleo-cytoskeletal
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FIGURE 6 Force-induced rapid chromatin re-
modeling visualized by fluorescence anisotropy.
(a) Image of HeLa cell expressing H2B-EGFP
stained for anti-HPlo antibody. H2B-EGFP is
shown in green, anti-HPla antibody is shown in
red, and the merged regions are shown in yellow.
Enlarged images of the ROIs marked in red show
colocalization between regions with high intensity
of HPla and high anisotropy of H2B-EGFP. (b)
Scatter plot between H2B-EGFP anisotropy and

HPla intensity. (¢) Time-course images showing
the change in anisotropy of H2B-EGFP upon
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links. Decompaction of chromatin through these links
suggests that the chromatin should be partially decondensed
in adherent cells that are already under prestress. To probe
this, we treated cells with CytoD, which relieves the nuclear
prestress by disrupting the actin cytoskeleton. We found that
when the prestress was relieved, the anisotropy increased,
further validating chromatin remodeling through the nu-
cleo-cytoskeletal links (Fig. S14 a). The change in anisot-
ropy value after application of force (Ar) is sensitive to
perturbations to the actin cytoskeleton. Force applied on
untreated cells resulted in a Ar of ~6%, which decreased
to ~2% upon treatment with CytoD and to 3% upon
treatment with blebbistatin (Bleb; Fig. 6 ¢ and Fig. S14).
Depolymerization of microtubules by nocodazole resulted
in Ar similar to that of untreated cells, suggesting that
microtubules may be less important for transmitting forces
from the PM to the chromatin organization (Fig. 6 e and
Fig. S14). We next developed a simple phenomenological
model for nuclear mechanotransduction to evaluate the
distinct timescales involved in force-induced remodeling
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of actin and chromatin assembly, and the resulting changes
in nuclear deformation and MKL transport.

Theoretical modeling of force-transduction
dynamics

We modeled the cytoskeleton as very viscous lamellar actin
fluid in parallel with viscoelastic stress fibers connected to
the nucleus, which was also modeled as a viscoelastic
body (Fig. 7 a and Table S1). We calibrated the model
with values of mechanical moduli found in the literature
(Supporting Material), and solved equations of the
mechanics of such system deformed by the external force,
assuming that links between the actin cytoskeleton and
nucleus (or mechanical elements within the nucleus) break
if the strong external force persists for too long. We found
that the simulations reproduced the nuclear deformation
(Fig. 7 b and Fig. S15, a and b), indicating that the visco-
elastic elements in the nucleus and cytoskeleton are respon-
sible for instantaneous force sensing, and the viscous
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FIGURE 7 Theoretical model describing the force transduction timescales. (a) Diagram of the mechanical (right), actin turnover (upper left), and MKL
transport (lower left) submodels. (b) Predicted time series and data for the normalized nuclear area for prolonged force (open circles: experiment; red line:
model fit) and pulse force (open squares: experiment; black line: model fit). (c) Predicted time series and data for the F/G-actin ratio (open circles: exper-
iment; red line: model fit). The F/G-actin ratio is shown in units of 1/r of EGFP-actin. (d) Predicted time series and data for the ratio of the MKL concen-
trations in the nucleus and cytoplasm (open circles: experiment; red line: model fit). (¢) The graph shows the timescales involved in change in area, F/G-actin
ratio, and MKL nucleocytoplasmic ratio for a pulse-force application. Error bars indicate the experimental mean * SE.

elements introduce characteristic timescales of tens of
seconds, allowing the cell to gauge not only the magnitude
but also the duration of the mechanical perturbations.
Furthermore, making the simple assumption that G- to
F-actin assembly is linearly accelerated by external stress,
we demonstrated mathematically than an immediate, line-
arly growing shift from monomeric to F-actin in response
to external force takes place (Fig. 7 ¢ and Fig. S15 c).
Finally, we modeled MKL transport as simple first-order
reactions, assuming that the MKL-G-actin association
reactions obey mass action kinetics (Fig. 7 a; Supporting
Material). Specifically, the reactions took place among
four types of molecules: both cytoplasmic and nuclear
MKL transited between the states bound to and disassoci-
ated from actin monomers. Cytoplasmic MKL disassociated
from G-actin was transported into the nucleus with
a constant rate, and nuclear MKL associated with G-actin
was transported to the cytoplasm with a constant rate (the
reaction rates can be gleaned from Fig. 7 a). The molar
MKL concentration is much smaller than that of G-actin,
so we did not include G-actin transport into and out of
the nucleus. The G-actin concentration in the cytoplasm
was obtained from the F-G-actin dynamics model. The
numerical solution of the model showed that the observed
sigmoidal chemical response to the force with the character-
istic time lag (Fig. 7 d and Fig. S7 d) is the result of the
multistep biochemical relay (Fig. 7 e), and thus the mecha-

nochemical signaling is delayed relative to the mechanical
sensing, perhaps indicating the second stage of the cellular
response to the force.

Interestingly, the model parameters at which the predic-
tions fit the data are such that reaction between MKL and
G-actin in cytoplasm is much faster than all other reactions.
Thus, if the cell is treated with Lat A and the equilibrium
G-actin concentration in the cytoplasm is lower, the model
predicts that when force is applied, the resulting MKL
nucleo-cytoskeletal ratio will be lower than in the control
case, but the time lag until the steady ratio upon the force
application will be the same as that in the control case.
Both of these predictions agree with the experimental results
(Fig. 4 ¢). Similarly, the model predicts that in the case of
jasplakinolide treatment, when the F-actin is stabilized
and G-actin is lowered, the MKL nucleo-cytoskeletal ratio
has to be higher than in control, which we found to be the
case (Fig. S7 ¢).

DISCUSSION

In this work, we have demonstrated that nuclear mechano-
transduction of force applied on the PM can be modeled
as a two-step process. The first step involves the remodel-
ing of actin cytoskeleton and chromatin assembly. The
actin cytoskeleton reorganized with the application of
force, as visualized by fluorescence anisotropy imaging of
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EGFP-actin molecules. HomoFRET between EGFP-actin
molecules provided a direct measure of changes in F/G-
actin ratios upon force application. These changes in F/G-
actin ratio could be a consequence of a force-dependent
increase in Rho GTPase activity (46). FRET has been shown
between actin monomers labeled with different fluorophores
(47); however, the competition between these fluorophores
for incorporation into actin structure results in a decreased
FRET efficiency. Such effects are not observed in homo-
FRET because the same fluorophore acts as both donor
and acceptor.

A recent study showed the rapid dissociation of Cajal
bodies interacting with chromatin upon application of force
on PM (48). Here, we extend that observation to understand
the transmission of force to chromatin organization.
Concomitantly with actin remodeling, transmission of force
to the nucleus resulted in decondensation of chromatin
within 5 s. Actin cytoskeleton played a greater role in force
transmission as compared with microtubules, in agreement
with recent evidence (48). Interestingly, the fluorescence
anisotropy values of H2B-EGFP were altered in relatively
more decompact regions (euchromatin) upon force applica-
tion, suggesting that these regions were more sensitive to
changes in physical cues. These heterogeneous responses
in chromatin compaction states could provide a mechanism
for unfolding local chromatin structure (possibly at regula-
tory regions) upon application of force. Although our ex-
periments strongly suggest the physical transmission of
forces to the chromatin organization, chemical signaling
intermediates could play a role in further modulating these
responses.

The force-induced decondensation of chromatin was
abrogated upon disruption of actin cytoskeleton or actomy-
osin contractility, suggesting the transmission of force
through an elaborate network of actomyosin-dependent
physical connections bridging the cytoskeleton and the
nucleus, consistent with recent findings (6,7,49). In addition
to chromatin remodeling, application of prolonged force on
the PM resulted in an irreversible change in the nuclear area.
Such an irreversible response could be attributed to the
physical plasticity of the nucleus of differentiated cells, as
previously observed in experiments involving micropipette
aspiration of cells (35). The observed change in nuclear
area was due to rupture of nucleocytoplasmic links relaxing
the nuclear prestress, which was a stochastic phenomenon.
Hence, this resulted in a much slower response (7 ~ 46 s)
in comparison with changes in chromatin compaction,
which required an intact cytoskeleton.

The second step of the mechanotransduction process
involves translocation of transcription cofactor MKL into
the nucleus, perhaps to regions of decondensed chromatin.
Translocation of MKL into the nucleus is critically depen-
dent on the concentrations of free MKL and MKL bound
to G-actin, as shown in the theoretical modeling. The
theoretical model predicted that the amount of nuclear
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translocation of MKL would be affected by latrunculin
treatment, whereas the initial time lag in the sigmoidal
response would be unaffected. This was validated by exper-
iments in which force was applied on cells treated with
Lat A. The rates of different steps involved in this mecha-
notransduction process, obtained from the theoretical
modeling, suggested a faster timescale in force transmission
to chromatin assembly, which may provide accessibility to
the transcription machinery. This step was followed by
a much slower process of translocation of MKL into the
nucleus, perhaps providing specificity for initiation of tran-
scription at MKL target sites (26).

Recent evidence suggests that force integrates to protein-
aceous scaffolds, thereby opening up buried amino acid
residues for post-translational modifications and further
eliciting signaling cascades (50,51). Force has also been
shown to modulate chromatin structure in vitro (34,52). In
addition, work from our laboratory and others has shown
that core histones, the prime modulators of gene expression,
are less mobile and exhibit spatiotemporal compaction in
their organization (53,54). In this context, integration of
forces from the PM to chromatin structure then provides
a mechanism to expose local chromatin structures of distinct
stiffness due to the heterogeneity in their packaging. Our
findings hint at the possibility that force integration to the
prestressed cell nucleus, along with translocation of tran-
scription factors and cofactors, can differentially tune the
local fluidity (55) and accessibility of chromatin assembly,
possibly eliciting differential functional outputs. Taken
together, our results offer a model for mechanotransduction
that can be tested across different cell types and transcrip-
tion factor systems. Because cells in tissue constantly
adapt to their local microenvironment by modulating their
gene expression patterns, the dynamic nucleo-cytoplasmic
connections and the distinct timescales in nuclear mecha-
notransduction that we reveal may be integral components
of cell behavior.
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