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Physical forces arising in the cellular microenvironment
have been hypothesized to play a major role in govern-
ing cell function. Moreover, it is thought that gene reg-
ulation may be sensitive to nuclear deformations taking
place in response to extracellular forces over short and
long timescales. Although nuclear responses to mechan-
ical stimuli over long timescales are relatively well stud-
ied, the short-term responses are poorly understood.
Therefore, to characterize the short-term instantaneous
deformation of the nucleus in a mechanically dynamic
environment, we exposed MDCK epithelial monolayers
to varying mechanical strain fields. The results reveal
that nuclei deform anisotropically in response to sub-
strate strain, specifically, the minor nuclear axis is sig-
nificantly more deformable than the major axis. We
show that upon microtubule depolymerization, nuclear
deformation anisotropy completely disappears. More-
over, the removal of actin causes a significant increase
in nuclear deformation along the minor axis and a cor-
responding increase in mechanical anisotropy. The
results demonstrate that the nucleus deforms in a man-
ner that is very much dependent on the direction of
strain and the characteristics of the strain field. Actin
and microtubules also appear to play distinct roles in
controlling the anisotropic deformation of the nucleus
in response to mechanical forces that arise in the cellu-
lar microenvironment. © 2013 Wiley Periodicals, Inc.
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Introduction

It is becoming recognized that the mechanical properties
of the cell nucleus likely play an important regulatory
role in mechanosensitive gene expression and transcrip-
tional activity [Dahl et al., 2008; Shivashankar, 2011].
Moreover, the nucleoskeleton and proteins of the linker of
nucleoskeleton and cytoskeleton (LINC) complexes are
phenotypically impaired in developmental defects and dis-
eases such as Hutchinson-Gilford progeria syndrome
(HGPS), Emery-Dreifuss muscular dystrophy (EDMD),
dilated cardiomyopathy, premature aging and cancer [Sulli-
van et al., 1999; Lammerding et al., 2004; Chiquet et al.,
2009; Cofhnier et al., 2011]. It is thought that these genetic
defects impair mechanosensory pathways due to altered
interactions between transcription factors or increased
nuclear fragility [Dahl et al., 2008; Shivashankar, 2011]. In
fact, both of these hypotheses are not mutually exclusive
and may be interrelated through complex nuclear mechano-
transduction mechanisms involving mechanical and bio-
chemical stimuli.

In earlier studies, it was quickly recognized that a physi-
cal connection exits between the extracellular matrix and
the nucleus. It has been shown that pulling on transmem-
brane integrins can induce nuclear deformation [Maniotis
et al., 1997]. More recent work has shown that the nucleos-
keleton is physically linked to the cytoskeleton via LINC
complexes [Crisp et al., 2006; Razafsky and Hodzic, 2009].
SUN-1 and SUN-2 are trans-nucleomembrane proteins
that make the link between the nucleoskeletal lamins
[Haque et al., 2010] and the nesprin proteins, which
mainly bind to the cytoskeletal proteins. Nesprin-1 and
nesprin-2 interact with actin and microtubules via motor
proteins such as dynein [Starr and Fridolfsson, 2010],
whereas nesprin-3 binds to intermediate filaments via the
adaptor protein plectin [Wilhelmsen et al., 2005].

In-vivo, tissue-embedded cells are exposed to mechanical
forces and strains that vary both spatially and temporally.
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In-vivo tissue strains are often cyclic and more importantly
multdi-axial. A good example is the mechanical behaviour of
the vasculature walls in response to hemodynamic forces.
The focal nature of the hemodynamic forces in the vascular
tree [Haga et al., 2007; Frydrychowicz et al., 2008; Barker
et al., 2010] combined with the anisotropic properties of
vascular tissues [Vande Geest et al., 2006; Tremblay et al.,
2009, 2010; Duprey et al., 2010] induce local variations in
the mechanical microenvironment exposing endothelial and
smooth muscle cells to complex multi-axial and cyclic strain
fields. A number of studies have also demonstrated the
response of cells to mechanical stretch [Steward et al.,
2011; Boccafoschi et al., 2011; Balachandran et al., 2011;
Rosenzweig et al., 2012]. Importantly, mechanical forces
result in rapid, short-term (seconds—minutes) followed by
long-term remodeling of the cytoskeleton [Guolla et al.,
2012] and nucleus [Booth-Gauthier et al., 2012]. While
the longer term effects of mechanical stimulation have been
intensively studied, the short-term effects are relatively
poorly understood.

Numerous stretching experiments have greatly contrib-
uted to the basic understanding of mechanotransduction
and mechanobiology, but they have traditionally relied on
idealized uniaxial or equi-biaxial strain fields that may not
reproduce complex in-vivo strain fields [Yang et al., 2004;
Haga et al.,, 2007; Jungbauer et al., 2008; Goldyn et al.,
2009; Steward et al., 2011; Boccafoschi et al., 2011; Bala-
chandran et al., 2011; Heo et al., 2011; Rosenzweig et al.,
2012]. In addition, standard uniaxial stretching experi-
ments also induce a compressive strain perpendicular to the
stretching direction. This additional compressive strain is
often ignored, making it difficult to interpret the effect of
the substrate strain on nuclear deformability.

Interestingly, recent work has indicated that the
nucleus possesses an anisotropic mechanical prestress
caused by an increased number of nucleo-cytoplasmic
contacts at the ends of nuclei [Mazumder and Shiva-
shankar, 2010]. Laser ablation of heterochromatin nodes
caused elliptical nuclei to shrink significantly more along
their minor axis compared to their major axis. Given
that nuclei appear to be anisotropically prestressed we
hypothesized that they should deform anisotropically
along the major and minor axes in response to substrate
stretch. It was also observed that prestress and anisotropy
increases during differentiation. Clearly, the mechanical
properties of the nucleus are not only linked to mecha-
nosensory pathways in health and disease but also appear
to be highly anisotropic. Importantly, studies of nuclear
deformability in response to substrate strains have not
specifically examined how the nucleus deforms along
each axis. Therefore, it remains unclear if forces that
arise in-vivo also cause anisotropic deformation of cell
nuclei. Given that the nucleus may act as a mechanosen-
sor it is important to understand how the nucleus
deforms in response to extra-cellular forces.

To systematically examine how the nucleus deforms in
response to substrate stretch, we built a biaxial stretching
(BAXS) device that allows for simultaneous live-cell micros-
copy. Employing this device, our objectives were to examine
how cell nuclei deform along their major and minor axes,
characterize how nuclear deformation varies in compressive
and non-compressive strain fields and to investigate the role
of the actin and microtubule cytoskeleton in regulating
nuclear deformation. Importantly, as cyclical stretching is
known to cause significant remodelling effects in the nucleus
and cytoskeleton, we examined the instantaneous deforma-
tion of the nucleus in response to a constant 25% substrate
stretch. This allowed us to characterize how an unperturbed
cytoskeleton modulates the deformation of the nucleus prior
to the onset of any dramatic remodeling effects. We demon-
strate that MDCK nucdlei are significantly more deformable
along the minor axis compared to the major axis. This defor-
mation anisotropy is also enhanced in a non-compressive
strain field. In addition, it was observed that actin tends to
resist deformation along the minor axis whereas microtubules
tend to resist deformation along the major axis. The results
show that the nucleus deforms in a manner that is dependent
on the direction of strain and the state of the cytoskeleton.
Distinct cytoskeletal elements appear to play an important
role in modulating how much the nucleus deforms in
response to mechanical forces that arise in the
microenvironment.

Results

Generating Compressive and Non-Compressive
Uniaxial Strain Fields

In order to expose cells to compressive and non-
compressive uniaxial strains, we cultured them on a PDMS
membrane that could be stretched along two orthogonal
directions (Materials and Methods). The membrane was
mounted on a custom-built BAXS device shown in Fig. 1A
that allowed us to monitor cell and organelle deformations
during exposure to constant planar stretching (Figs. 1B—
1G). A compressive uniaxial strain field is induced by
stretching along the horizontal axis only, which in turn
causes compression along the vertical (orthogonal) axis
(Fig. 2A). Compressive uniaxial strain fields have been com-
monly employed in many previous studies when examining
cellular response to substrate strain [Boccafoschi et al.,
2011; Balachandran et al., 2011]. Conversely, to induce a
non-compressive uniaxial strain field, the membrane is
stretched along the axis orthogonal to the principal stretch-
ing axis (Fig. 2B). This compensatory orthogonal stretch
causes the compression strain to approach zero.

In brief, phase contrast images of the cells and fluorescence
images of nuclei were acquired before stretching and retained
as a reference shape (Figs. 3A and 3D). At first, cells were
exposed to a constant 25% compressive uniaxial strain along
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Fig. 1. Details of the cell stretching device and its working principles. (A) Side view drawing of the custom-built anisotropic
BAXS showing the motorized stages with the clamping system that holds the flexible silicon membrane in place and on which cells
are seeded. (see insert) This membrane is carefully positioned at about 300 pm from the surface of a glass bottom petri dish to bring
the cells as close as possible to the microscope objective. (B-D) Phase contrast images of the same cells showing substrate strain in
the horizontal and vertical direction. (E-G) Epi-fluorescent images of cell nuclei labelled with a DNA-specific dye. This image
sequence illustrates a typical cell stretching experiment where the same group of cells is exposed to two strain fields.

the horizontal axis followed by a constant 25% compressive
uniaxial strain along the vertical axis (Figs. 3B and 3C). The
same group of cells was then exposed to a constant 25% non-
compressive uniaxial strain along the horizontal axis followed
by a constant 25% non-compressive uniaxial strain along the
vertical axis (Figs. 3E and 3F). It is important to note that
cells were exposed to a constant strain, as opposed to a cycli-
cal strain. Over long periods of time, cyclical stretching is
well known to result in large scale remodelling of the

cytoarchitecture [Goldyn et al., 2009; Ngu et al., 2010; Mor-
ioka et al., 2011]. In this study our objective was to under-
stand the role of the cytoskeleton in modulating the
instantaneous deformation of the nucleus.

Actin and Microtubules Resist Nuclear
Deformation in Response to Substrate Strain

To examine the role of the cytoskeleton in regulating
nuclear deformation in response to substrate strain we
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Fig. 2. An example of two calibration curves for two differ-
ent strain fields. (A) Calibration curve for a compressive uniax-
ial strain field where the membrane is stretched along the
horizontal axis by 3.5 mm on each end while keeping the ends
along the vertical axis fixed. The filled circles illustrate the linear
and positive relationship between the horizontal component of
the Green strain tensor in respect to the motor displacement
along the horizontal direction. The empty circles illustrate the
vertical component of the Green strain tensor showing a linear
and compressive strain in respect to the motors displacement
along the horizontal axis. (B) Calibration curve for a non-
compressive uniaxial strain field where the membrane is
stretched along the horizontal axis by 4 mm and by 1.5 mm
along the vertical axis. The filled squares illustrate the linear
and positive relationship between the horizontal component of
the Green strain tensor in respect to the motor displacement.
The empty squares illustrate the vertical component of the
Green strain tensor showing a zero strain value with motors
displacement.

employed cytochalasin-D and nocodazole to specifically
depolymerize the actin network and the microtubules,
respectively (see Fig. S1 in Supporting Information). We
note that actin stress fibers were observed only at the basal
level of the cell, whereas the microtubules were present
throughout the cell body completely surrounding the
nucleus. We found that cytochalasin-D and nocodazole did
not affect the structure of the third major component of the
cytoskeleton, the intermediate filaments (see Figs. S2B and
S2C in Supporting Information). Similar to the microtu-
bules, intermediate filaments were also observed to be pres-
ent throughout the cell body, completely surrounding the
nucleus.

We first examined cell nuclei when exposed to a com-
pressive uniaxial strain field (Figs. 4A and 4B). In these
experiments, nuclei were examined and stretched along
their major or minor axes. We found that nocodazole had a
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Fig. 3. This cartoon illustrates a typical cell stretching
experiment where the same population of cells is exposed to
two types of strain fields. (A) The group of cells of interest is
not exposed to any substrate strain; the nuclear shape of each
cell will be used as a reference to compute nuclear deformation
during substrate strain. (B) The same population of cells is then
exposed to a 25% compressive uniaxial strain field oriented hor-
izontally with a natural vertical substrate compression of 7%.
(C) Then the cells are further exposed to the same strain field
than in (B) but rotated by 90°. Following this, the same group
of cells is exposed to the second type of strain field: a non-
compressive uniaxial strain field. (D) no substrate strain; the
nuclear shape of each cell will be used as a reference to compute
nuclear deformation during substrate strain. (E) The same cells
are exposed to a 25% non-compressive uniaxial strain field ori-
ented horizontally but with no substrate compression along the
vertical direction. (F) Then cells are exposed to the same strain
field than in (E) but rotated by 90°.

significant effect on the nuclear deformability when
stretcched along the major axis, but not along the minor
axis, compared to nuclei in untreated cells (5.8 = 0.7% and
3.6 = 0.5%, respectively; Fig. 4A). On the other hand, cells
treated with cytochalasin-D exhibit a significantly higher
nuclear deformability when stretched along the minor axis,
but not along the major axis, in comparison to control cells
(7.1 £0.6% and 5.2 = 0.6%, respectively; Fig. 4B). These
results indicate that the microtubule and actin network
both contribute to minimizing nuclear deformation when
cells are exposed to substrate strain but do appear to have
two distinct roles. Actin appears to resist minor axis defor-
mation and microtubules appear to resist major axis
deformation.

The BAXS device then allowed us to expose the same
group of cells to a non-compressive uniaxial strain field. As
above, when stretched along the major axis, treatment with
nocodazole resulted in a significantly higher nuclear defor-
mation as compared to untreated cells (7.1 £0.7% and
4.4 % 0.6%, respectively; Fig. 4C). However, cells treated
with cytochalasin-D or nocodazole revealed no significant
change in deformability compared to untreated cells (Fig.
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Fig. 4. Nuclear deformation of cells stretched along the
major axis and minor axis of their nucleus. The cartoon on
the right indicates the stretching direction (black arrows) and
which axis of the nucleus is being measured (dotted line).
Nuclear deformation along the major during nocodazole treat-
ment is significantly greater than in control cells for both types
of strain fields: (A) compressive and (C) non-compressive uniax-
ial strain field. Whereas cytochalasin-D induces a significant
increase in nuclear deformability along the minor axis during a
compressive uniaxial stretching experiment only (B). * P-val-
ue < 0.05, ** P-value <0.01, one-way ANOVA followed by
Tukey post-test. [Color figure can be viewed in the online issue
which is available at wileyonlinelibrary.com.]

4D). When comparing the nuclear deformation between
cells exposed to a compressive and non-compressive strain
field, we observed a general increase in the magnitude of
the deformation. Indeed, this increase is significant for the
major and minor axis and for both cytoskeletal drugs (see
Fig. S3 in Supporting Information). Therefore, the absence
of compression in a uniaxial strain field results in a larger
nuclear deformation.

Nuclei Deform Anisotropically

In addition to the results above, the data also demonstrates
that the minor axis always deforms significantly more than
the major axis in either a compressive or non-compressive
strain field. This behaviour indicates that the nucleo-
cytoskeleton system possesses anisotropic mechanical prop-
erties that lead to anisotropic deformation of the nucleus.
Cells exposed to an equi-biaxial strain field (25% substrate
strain along both the vertical and horizontal axes) con-
firmed that the anisotropic deformation of the nuclei per-
sists and is not only a result of compressive or non-
compressive strain fields (see Supporting Information).
Here, we define an anisotropic index (AI) to quantify the
variation in nuclear deformability between the major and
minor axes. This index is simply computed as the difference
between the deformability of the minor and the major axis
of the nucleus (Al = minor axis deformation — major axis
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Fig. 5. The anisotropic index is computed as the difference
between the deformability of the minor and major axes. A
positive index means that the minor axis deforms more than the
major axis. Control and cytochalasin-D-treated cells show aniso-
tropic deformability since their Al are significanty different
from zero for both types of strain field (dagger symbol). Blue
and red bars correspond to compressive and non-compressive
strain fields. However, cells treated with nocodazole show iso-
tropic deformability. ** P-value < 0.01, paired rtest. ' P-val-
ue < 0.01, T Pyvalue < 0.001, one-sample #test. [Color figure
can be viewed in the online issue which is available at
wileyonlinelibrary.com.]

deformation). Therefore, a positive Al indicates a higher
deformability of the minor axis than the major axis (Fig. 5).
On average, the Al was positive for all conditions, but only
control and cytochalasin-D treated cells differed signifi-
cantly from zero under compressive and non-compressive
uniaxial strain fields. This indicates that exposure to noco-
dazole (loss of microtubules) results in a loss of anisotropic
deformation. Moreover, in response to cytochalasin-D (loss
of actin) we observed a significant increase in Al in a non-
compressive strain field compared to a compressive strain
field. These results indicate that the presence microtubules
are required to maintain anisotropic nuclear deformability.
When microtubules are disrupted, nuclei deform isotropi-
cally due to the increase in deformability along the major
axis while the minor axis deformability remains the same.

Microtubules Resist Compressive Loading in
Compressive Uniaxial Strain Field

In the above sections, we examined the deformability of the
major and minor nuclear axes when oriented parallel to the
principal stretching axis. We now consider the deformation
of the major and minor nuclear axes when oriented perpen-
dicular to the principal stretching axis. In other words,
when cells were stretched along the major axis of the
nucleus, we quantified the deformation of the minor
nuclear axis (Fig. 6). By investigating nuclear deformation
perpendicular to the principal stretching axis, we can quan-
tify the effect of the compressive strain that arises in a uni-
axial strain field (Fig. 6). A negative response indicates that
the nuclei are compressed along their major and minor axes
respectively (Figs. 6A and 6B). Indeed, when stretching cells
along the minor axis of their nucleus, the major axis of con-
trol cells shrinks by —1.4 = 0.3% (Fig. 6A). Similar behav-
iours were observed in cytochalasin-D- and nocodazole-
threaded cells (—=1.4%+0.4% and —1.9*0.5%,

CYTOSKELETON

841 N

The Cytoskeleton Governs Nuclear Anisotropic Deformation



Compressive

Non-compressive
stretching strain field

uniaxial strain field

ctrl cyt-d noco

A C
20 S
¢ g2 8
@ | g 22
E E
‘ £ -4 S
= S0
8 6. a ctrl cyt-d noco
B 0 ctrl cyt-d noco |D
S K4
. |5 g
4-(-3_-.)-» g § 2
-4 E
= 0
A -6 a ctrl cyt-d noco

*

Fig. 6. Nuclear deformation of cells stretched across the
major axis and minor axis of their nucleus. The cartoon on
the right indicates the stretching direction (black arrows) and
which axis of the nucleus is being measured (dotted line). (A)
The negative values indicate the shrinkage of the major axis
during stretching along the minor axis of the nucleus and (B)
the shrinkage of the minor axis during stretching along the
major axis of the nucleus. Nocodazole treatment induces a sig-
nificant shrinkage of the minor axis but has no effect on the
major axis during compressive uniaxial stretching experiment.
The removal of the compressive strain field during non-
compressive uniaxial stretching experiments results in the
stretching of the nucleus (C and D). * P-value < 0.05, ** P-val-
ue < 0.01, one-way ANOVA followed by Tukey post-test.
[Color figure can be viewed in the online issue which is avail-
able at wileyonlinelibrary.com.]

respectively). On the other hand, when cells were stretched
along the major axis we found that the minor axis in
nocodazole-treated cells decreased significantly more than
control cells (—4.3 £ 0.7% and —1.9 = 0.4%, respectively;
Fig. 6B). Interestingly, the absence of microtubules signifi-
cantly increases the deformability of the minor axis when
the cells were stretched parallel to the major axis. These
results indicate that microtubules appear to resist the com-
pressive loading arising from the substrate during compres-
sive uniaxial stretching.

Additional experiments were then performed in which
cell monolayers were exposed to a non-compressive uniax-
ial strain field (Figs. 6C and 6D). Indeed, a non-
compressive strain field did not cause the nucleus to shrink
along the axis perpendicular to the principal stretch direc-
tion. When nuclei were stretched along the minor axis, the
major axis only exhibited about 0.6% deformation for
control and drug treated cells with no significance between
them (Fig. 6C). When nuclei were stretched along the
major axis, the minor axis increased slightly in control and
cytochalasin-D-treated cells (1.8 =0.4% and 2.6 = 0.6%
respectively). Nocodazole treated cells exhibited no signifi-
cant change in deformation compared to the undeformed
state (Fig. 6D).

Discussion

In this study we investigated the effect of substrate strain
and the specific role of actin and microtubules in modulat-
ing the deformation of nuclei in MDCK monolayers. In
recent work, it has been demonstrated that extracellular
forces (shear stress and compression) result in the dynamic
reorganization of the chromatin over two distinct timescales
[Booth-Gauthier et al., 2012]. In the short-term (<30 min)
intranuclear movements of the DNA are suggested to be
driven by a combination of mechanical stress, cytoskeletal
reorganization and signaling dynamics. However, in the
long-term (>30 min) reorganization of the genome and
altered gene expression dynamics are affected. In contrast to
the short-term results presented in this study, we also per-
formed an additional experiment in which cells were
exposed to a constant 25% stretch for a 20-min time
period. During longer exposure to substrate stretch, nuclear
remodelling was clearly observed (see Fig. S4 in Supporting
Information). The nucleus deforms anisotropically under
the initial substrate deformation and then slowly remodels
and shrinks toward its original shape while keeping its ani-
sotropic shape consistent with the timescales of previous
work [Booth-Gauthier et al., 2012]. Clearly, nuclear struc-
ture can remodel and adapt accordingly to its new mechani-
cal microenvironment over longer time scales. However, the
present study was designed to investigate short-term effects
of substrate stretch in order to characterize how cytoskeletal
proteins contribute to anisotropic nuclear deformation.

In general, it has been assumed that nuclei are fairly iso-
tropic structures but recent evidence works has suggested
that their mechanical properties are anisotropic [Mazumder
and Shivashankar, 2010]. In committed cells, nuclei are
generally elliptical, possessing a clear geometric anisotropy.
Employing laser ablation, destruction of heterochromatin
nodes resulted in an anisotropic shrinkage of the nucleus.
The actin and microtubule cytoskeleton and activity of
myosin-II were observed to be major contributors to the
mechanical anisotropy of the nuclei. Moreover, nuclear pre-
stress, which drives anisotropy, was observed to increase
during differentiation and development. Therefore, given
that nuclear mechanotransduction and mechanosensitivity
play such important roles in-vivo, it is critical to understand
the anisotropic behaviour of the nucleus, especially in
response to extracellular deformation.

Upon microtubule depolymerization, anisotropic defor-
mation of the nucleus completely disappeared in both com-
pressive and non-compressive strain fields. The loss of
anisotropy is due to a significant increase in major axis
deformation in both scenarios. The deformation of the
nuclear minor axis does not change significantly compared
to untreated cells in both compressive and non-compressive
uniaxial strain fields. In addition, when monitoring the
nuclear response perpendicular to the stretching direction,

microtubule-deprived  cells  displayed an  increased
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Fig. 7. An illustration of the contributions of actin and microtubules to modulating anisotropic nuclear deformation during
substrate stretching. (A) Polarized actin fibers surrounding the nucleus only at the basal level whereas microtubules are found
throughout the cell at the basal and apical levels. (B) These contributions of the actin and microtubule cytoskeleton to the aniso-
tropic deformation of the nucleus are shown here schematically. It was observed that when actin is depolymerized, the nucleus
deforms significantly more along the minor axis but when microtubules are depolymerized the nucleus deforms significantly more
along the major axis. Actin and microtubules appear to prevent nuclear deformation along the minor and major axes respectively.
The microtubules appear to offer a greater resistance to deformation than the actin fibers, which results in a nucleus that is more

deformable along its minor axis than its major axis.

deformability along the nuclear minor axis. Significant
compression of the minor axis is the result of increased
elongation of nuclei along the major axis due to its higher
deformability but also from the likely ability to expand per-
pendicular to the substrate plane in the absence of microtu-
bules above the nucleus. As such, it appears that
microtubules play an important role in controlling aniso-
tropic nuclear deformation (Fig. 7). Conversely, in a com-
pressive uniaxial strain field the loss of actin led to increased
nuclear deformation when stretched along the minor axis
compared to untreated cells. Conversely, the loss of actin
had no significant effect on nuclear deformation when
stretched along the major axis. In a non-compressive strain
field, the loss of actin had no statistically significant effect
on nuclear deformation (compared to untreated cells) when
stretched along either axis. However, minor axis deforma-
tion increased significantly compared to cells in a compres-
sive uniaxial strain field. Therefore, actin appears to play a
role in preventing nuclear deformation along the minor axis
(Fig. 7).

It has been shown that depolymerization of actin can
result in a reduction of nuclear deformation in endothelial
cell monolayers when exposed to compressive uniaxial
strain field [Nathan et al., 2011; Anno et al., 2012]. In this
previous work, cells were cultured on patterned substrates
in order to preferentially align them with the stretching
direction. It has been shown that confining cell orientation
results in the remodelling of the cytoskeleton in concert
with nuclear shape [Versaevel et al., 2012]. Therefore, we
expect that the mechanical response of aligned endothelial
nuclei to be different from a randomly aligned monolayer
of epithelial cells.

In compressive and non-compressive uniaxial strain
fields, nuclei of untreated cells also clearly exhibited a sig-
nificant deformation anisotropy. Interestingly, although

nuclei deformed anisotropically, the entire cell deformed
isotropcially (see Fig. S5 in Supporting Information). It
should be noted that although substrate strain does have a
major impact on the organization of the cytoarchitecture,
only a fraction of the substrate strain is transferred to the
nucleus. On average, only 15-30% of the substrate strain
was converted into nuclear deformation, which is in agree-
ment with previous work [Arnoczky et al., 2002; Anno
et al., 2012]. Such mechanical behaviour suggests that the
mechanical links between the nucleus and the substrate are
more deformable than the nucleus itself. Although the actin
fibers and microtubules are load-bearing structures capable
of force transmission from the extracellular matrix to the
nuclear envelope, our results suggest that forces they trans-
mit to the nucleus is limited because of their significantly
smaller cross-sectional area in comparison to the nucleus.
This results in the incapacity of the cytoskeleton to transmit
all the stress to the nucleus, which is translated into the
deformation of the cytoskeleton. This suggests that a rela-
tively large microenvironmental strain is required to induce
a deformation of the cellular genome. As suggested previ-
ously, it is likely that there is a combination of events in
which mechanical signals are transduced into changes in
gene expression [Reddy et al., 2008; Szczerbal et al., 2009;
Korfali et al., 2010]. These events may occur through direct
deformation of the cell nucleus and/or through short-term
deformation of the cytoskeleton and downstream biochemi-
cal signaling [Guolla et al., 2012; Booth-Gauthier et al,,
2012].

Anisotropic nuclear deformation was also found during
equi-biaxial stretching which indicates that the anisotropy
we observed was not the result of exposing a cell to uniaxial
strain fields (see Fig. S6 in Supporting Information). We
also monitor the displacement of the internal structures of
the DAPI-stained nucleus using the distinct features
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corresponding to high or low DNA content regions. The
internal structures were found to deform anisotropically fol-
lowing the overall change in shape for the nucleus. In gen-
eral, nuclei were found to deform 50% more along the
minor axis than the major axis. Importantly, the Al was not
observed to differ significantly in a compressive or non-
compressive strain field. Additionally, depolymerizing actin
or microtubules causes an isotropic shrinking of the nucleus
(see Fig. S7 in Supporting Information) and in the absence
of substrate stretch, the anisotropic properties of the
nucleus are not apparent. Only after exposure to substrate
stretch does it become clear how actin and microtubules
modulate the deformation of the nucleus. The following
qualitative picture emerges when considering the observa-
tions of this study (Fig. 7): When stretched along the major
axis, microtubules appear to resist deformation (expansion).
On the other hand, when stretched along the minor axis,
actin fibers appear to prevent nuclear deformation. The ani-
sotropic deformation of the nucleus may be explained by
the greater capacity of the microtubules to resist nuclear
deformation than actin. This may be due to the fact that
microtubules completely surround the nucleus and the
actin is only found at the basal level. Also, actin is generally
polarized parallel along the major axis, acting to prestress
the nucleus having a major influence in preventing expan-
sion of the minor axis.

Clearly, actin and microtubules appear to play differen-
tial roles in regulating the anisotropic deformation of the
nucleus. It has been shown that when actin is depolymer-
ized, the nucleus acquires a spherical shape indicating that
the nucleus is mechanically prestressed [Mazumder and
Shivashankar, 2010]. In single adherent cells (fibroblasts)
such prestress is thought to cause the nucleus to be pulled
tightly towards the basal membrane of the cell via actin
stress fibers that cap the nucleus on the apical side. Indeed,
it has been recently demonstrated that the actin cap plays
a major role in governing nuclear shape [Khatau et al.,
2009, 2012; Kim et al., 2012]. In MDCK monolayers, we
found no clear actin cap present but the presence of a
microtubule and intermediate filament cap. This may
explain why the removal of actin induces an increase in
nuclear deformation as opposed to a reduction [Anno
et al., 2012]. Unlike single cells, the morphology and
structure of epithelial monolayers may not require the
same amount of tension present in single contractile cells
[Khatau et al., 2009]. As a consequence, we hypothesize
that the loss of actin may weaken the interactions between
the nucleus, microtubules and intermediate filaments caus-
ing the minor axis to become more deformable [Versaevel
et al., 2012]. However, in previous work, the tension of
actin, which runs over the nucleus, has been implicated in
the origin of the normal force [Anno et al.,, 2012]. As
mentioned earlier, no apical actin stress fibers are present
in the MDCK monolayer but microtubules and intermedi-
ate filaments are clearly present above the nucleus. It is

unclear which component of the cytoskeleton induces this
normal stress on the nucleus as the depolymerization of
the microtubules or actin did not significantly reduce the
minor and major elongation during stretcch. However, the
intermediate filaments are a likely candidate as they play a
major role in governing the mechanical properties of epi-
thelial cells [Herrmann et al., 2007]. Increased tension in
the intermediate filament network may induce a normal
compressive force on the nucleus, causing larger deforma-
tions along the major and minor axes in the substrate
plane.

Taken together, our study has several important implica-
tions on our understanding of the influence of physical
and mechanical stimuli on cell function. The nucleus of
epithelial cells deforms anisotropically which may have an
important role in governing changes in gene expression
due to a mechanical stimulus. This deformation takes
place over relativily short timescales (seconds) and thus
may play an important role in the ultimate downstream
genomic response (hours to days) [Booth-Gauthier et al.,
2012]. Moreover, actin and microtubules appear to play
differential roles in regulating the deformation of the
nucleus. The loss of actin clearly increases the anisotropic
deformation of the nucleus and the loss of tubulin com-
pletely inhibits anisotropic deformation. Epithelial cells
appear to be highly sensitive to subtle changes in the char-
acteristics of the strain field (compressive and non-com-
pressive) resulting in significant changes in nuclear
deformation. These results, and the work of others
described above, leads us to speculate that these cells may
regulate their sensitivity to microenvironmental strain by
altering actin and microtubule organization and in turn,
anisotropic deformation of the nucleus.

Materials and Methods

Anisotropic Biaxial Stretching Device

To perform the present study, a custom biaxial stretcher
(BAXS) was constructed and integrated onto an inverted
phase contrast and fluorescence microscope (Nikon Ti-E,
Nikon Canada). The BAXS was designed to allow the
stretching of a flexible membrane along two perpendicular
axes in order to produce fully controllable isotropic and ani-
sotropic biaxial strain fields. The design also allowed for
simultaneous imaging of cellular deformation during strain
application. In order to implement this design, a flexible
membrane was fabricated using a cross-shaped SU-8 mould
made from photolithography techniques. A flexible mem-
brane was produced from polydimethylsiloxane (PDMS,
Sylgard 184 Kit, Dow Corning), which was embedded with
200 nm fluorescent beads that later enabled real-time track-
ing of the strain field during an experiment. Red fluorescent
beads (FluoSpheres, 200 nm, Invitrogen, CA) in a water
suspension were resuspended in isopropanol at a ratio of
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10:1. A 30-pl drop of the bead solution was added to the
PDMS cross-linker solution and vortexed. The PDMS was
mixed at a ratio of 20:1 with cross-linking solution and
poured by weight into the SU-8 mould. The PDMS was
cured at 80 °C for 2 h, producing a uniform 300 pm thick
cross-shaped membrane that could then be functionalized
to promote cell adhesion. The BAXS consisted of four lin-
ear voice coil motors (Moticont, CA) each mounted on a
miniature linear motion ball bearing slide (Edmund Optics,
NJ) and oriented along two perpendicular axes (Fig. 1A). A
linear positioning stage (Edmund Optics) was mounted to
each of the four motors. In turn, each of the four arms of
the cross-shaped membrane were clamped and mounted to
a single linear positioning stage. This assembly allowed us
to minimize the distance between the microscope objective
and the cells to enable high-resolution imaging (see insert
in Fig. 1A). The position of each motor was recorded by an
optical encoder with a resolution of 500 nm (MicroE Sys-
tems, MA). All four motors were independently controlled
with a motion controller (DMC-2143, Galil, CA) employ-
ing optical encoder feedback to execute motion commands.
A LabView interface allowed the user control over the dis-
placement magnitude, speed and acceleration of each motor
in order to generate completely customizable, static and
dynamic, isotropic and anisotropic biaxial strain fields.

Generating Compressive and Non-Compressive
Uniaxial Strain Fields

Prior to each stretching experiment, calibration-stretching
cycles were performed to characterize the relationship
between the displacements of the voice coil motors and
the measured strain field in the flexible membrane (Fig. 2).
A MATLAB script allowed us to compute the Green strain
tensor in the plane of the PDMS membrane by tracking
the position of the embedded fluorescent beads during
stretching (see Supporting Information and Fig. S8 in Sup-
porting Information). Typically, a 4 mm displacement pro-
duced, on average, a 25% strain along the horizontal or
vertical axis. Exploiting the ability to independently con-
trol the displacement along each orthogonal axis allowed
us to either expose cells to compressive or non-compressive
uniaxial strain fields. A non-compressive uniaxial strain
field was through a 4 mm displacement along the principal
stretching axis combined with a 1.5 mm displacement
along the orthogonal axis. Over the course of single
stretching experiments, we observed a standard deviation
of at most +0.1% on the strain magnitude. This indicates
that the membrane was properly fixed to the four clamps
mounted on the voice coils and displayed no slip behav-
iour. Moreover, this also confirms that all cells tested were
exposed to the desired strain field during the multiple
stretching cycles. However, while the cross-shaped geome-
try of the flexible membrane allowed us to precisely con-
trol the strain along the two orthogonal axes, this does

lead to a non-uniform strain magnitude over the mem-
brane surface. By carefully characterizing the spatial varia-
tion of the strain magnitude occurring on the membrane,
we found that the central region of the membrane (3 mm
in diameter) centered above the microscope objective was
relatively constant (+0.53% variation in strain magni-
tude). Therefore, only cells within this region were ana-
lyzed during exposure to compressive and non-compressive
uniaxial strain fields.

In all experiments, cells were exposed to a constant 25%
uniaxial strain along the horizontal axis followed by a con-
stant 25% uniaxial strain along the vertical axis (Fig. 3).
The strain rate at which cells were stretched was 1%/s and
then the deformation was held constant for 5 s; the time
necessary to acquire phase contrast and fluorescence images.
Initially, a fluorescent image of the nuclei was acquired
under no substrate strain, which was retained as the refer-
ence shape (Fig. 3A). Cells were then exposed to a compres-
sive uniaxial strain field along the horizontal axis and a
fluorescent image of the deformed nuclei was acquired (Fig.
3B). At this point the membrane was relaxed back to its
undeformed state. The same group of cells was then
exposed to a compressive uniaxial strain field along the ver-
tical axis and nuclear shape was imaged again (Fig. 3C).
Subsequently, the same cell population was then exposed to
a non-compressive uniaxial strain field in the same sequence
as above. In this case, a compensatory stretch was applied
along the axis orthogonal to the principal stretch axis (Figs.
3D-3F). Upon completion of the image acquisition, raw
image data were analyzed to quantify the deformation and
orientation of the nuclei. We also confirmed that cells
stretched multiple times over a 2 min period did not exhibit
effects, such as irreversible changes in nuclear morphology
(see Supporting Information). We performed paired #tests
comparing nuclear shape descriptors (major/minor axis
lengths) between stretching cycles to determine if multiple
cycles had an irreversible effect on nuclear deformability.
Our analysis revealed that no significant differences were
found between stretching cycles indicating that under the
conditions of this study, nuclear deformation was reversible
(see Fig. S9 in Supporting Information). Nuclear shape and
size was always observed to return to their initial state indi-
cating that no irreversible remodelling processes were taking
place over the timescale of the experiment (see Fig. S10 in
Supporting Information).

As shown in Figs. 1B—-1G, one can appreciate the whole
cell and nuclear deformation that occurs in response to
strain. In order to properly investigate the effect of substrate
strain on nuclear deformation we only examined nuclei that
were oriented within 15° of the horizontal or vertical
stretching axis. This approach allowed us to quantify the
deformation of the major and minor axes of cell nuclei
when aligned parallel or perpendicular to the uniaxial strain
direction in a compressive versus a non-compressive strain

field.
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Cell Seeding and Nuclei Staining

The PDMS membrane was air plasma treated at 30 W for
30 s to generate hydroxyl groups and enhance collagen
binding. The membrane was coated with 5 pg/cm?® of rat-
tail collagen I (Gibco, NY) and incubated at room tempera-
ture for 1 h. After rinsing with PBS, MDCK cells were
seeded over a 1-cm® area on the central portion of the
membrane at a final surface density of 500 cells/mm? (see
Supporting Information and Fig. S11 in Supporting Infor-
mation). Cells were cultured and suspended in Dulbecco’s
Modified Eagle Medium (Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen) and 1% penicillin-
streptomycin (Invitrogen). Cells were allowed to grow in a
monolayer in a standard cell incubator for 48 h (5% CO,
and 37 °C). Twenty minutes before an experiment, cell
nuclei were labelled with a DNA-specific live-cell fluores-
cent dye, Hoechst 33342 (Invitrogen) according to manu-
facturer protocols. After 20 min of incubation, cells were
washed with a HEPES-buffered salt solution (HBSS; 20
mM of Hepes at pH 7.4, 120 mM of NaCl, 5.3 mM of
KCl, 0.8 mM of MgSQOy, 1.8 mM of CaCl, and 11.1 mM
of dextrose) to remove any unbound dye. All stretching
experiments were then performed in HBSS solution to
maintain pH constant.

Image Acquisition and Analysis

Phase contrast and fluorescence images were acquired on an
inverted Nikon Ti-Eclipse microscope with a Plan Fluor
ELWD 40X objective and appropriate filter sets. Images
were analyzed with the Ovuscule plugin [Thévenaz et al.,
2011] in Image] to quantify the shape and orientation of
cell nuclei during substrate strain. The Ovuscule plugin was
employed to fit ellipses around each nucleus in the field of
view and to compute nuclear orientation with respect to the
horizontal axis as well as the length of the major and minor
axes of the nuclear fit in all experimental conditions. The
change in nuclear morphology was computed as a percent-
age change in length (deformation) along the major and
minor axes (see Fig. S12 in Supporting Information).

Drug Treatments

In order to study the influence of the CSK on nuclear
deformation, cells were treated with either cytochalasin-D
(Sigma, St. Louis, MO) or nocodazole (Sigma) to specifi-
cally depolymerize actin or tubulin, respectively. Each drug
was added to the cell culture medium 15 min prior to the
stretching experiment at a final concentration of 10 M.

Immunofluorescence Staining

Staining for actin, microtubules, vimentin and DAPI was
achieved following a previously reported protocol [Guolla
et al., 2012]. In brief, for actin and microtubule staining,
cells were first rinsed with warm PBS and fixed with a solu-
tion of 2% sucrose and 3.5% formaldehyde. They were per-

meabilized with warm 0.5% Triton X-100. Cells were
incubated with Phalloidin Alexa Fluor 546 (Invitrogen,
NY) to stain for actin. Microtubules were stained with
monoclonal anti-a-tubulin (Sigma), then with Alexa Fluor
488 conjugated rabbit anti-mouse immunoglobins (Invitro-
gen, NY) for 15 min with a 15-min wash following each
incubation. Lastly, nuclei were labelled by incubating with
DAPI (Invitrogen, NY). For staining of vimentin, cell were
also first rinsed with warm PBS but them fix and permeab-
ilized with cold methanol (—20 °C) for 6 min. Cells were
incubated with monoclonal anti-vimentin (Sigma) for 30
min, then with Alexa Fluor 488 conjugated rabbit anti-
mouse immunoglobins (Invitrogen, NY) for 15 min with a
15-min wash following each incubation.

Statistics

In total, we analyzed the nuclear deformation of 28 control
cells, 31 cytochalasin-D-treated cells and 22 nocodazole-
treated cells. All values are presented in average = SEM.
One-sample #test was performed to investigate the aniso-
tropic behaviour of the nuclei. Changes in length between
major and minor axis of cell were compared using a paired
t-test. Observed major and minor axes deformations in
response to compressive and non-compressive uniaxial
strain fields were compared using paired #tests. Observed
major and minor axes deformations between untreated cells
and cells treated with nocodazole and cytochalasin-D were
compared using a one-way ANOVA followed by Tukey
post-test. Statistical results with a P-value below 0.05 were
considered significant.
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