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Abstract Translocation of dense nucleus along gravity vec-
tor initiates mechanical remodeling of a eukaryotic cell. In
our previous experiments, we quantified the impact of grav-
ity vector on cell remodeling by placing an MC3T3-E1 cell
onto upward (U)-, downward (D)-, or edge-on (E)- ori-
entated substrate. Our experimental data demonstrate that
orientation dependence of nucleus longitudinal translocation
is positively correlated with cytoskeletal (CSK) remodeling
of their expressions and structures and also is associated with
rearrangement of focal adhesion complex (FAC). However,
the underlying mechanism how CSK network and FACs are
reorganized in a mammalian cell remains unclear. In this
paper, we developed a theoretical biomechanical model to
integrate the mechanosensing of nucleus translocation with
CSK remodeling and FAC reorganization induced by a grav-
ity vector. The cell was simplified as a nucleated tensegrity
structure in the model. The cell and CSK filaments were con-
sidered to be symmetrical. All elements of CSK filaments
and cytomembrane that support the nucleus were simplified
as springs. FACs were simplified as an adhesion cluster of
parallel bonds with shared force. Our model proposed that
gravity vector-directed translocation of the cell nucleus is
mechanically balanced by CSK remodeling and FAC reor-
ganization induced by a gravitational force. Under gravity,
dense nucleus tends to translocate and exert additional com-
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pressive or stretching force on the cytoskeleton. Finally,
changes of the tension force acting on talin by microfila-
ment alter the size of FACs. Results from our model are in
qualitative agreement with those from experiments.
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1 Introduction

There is much evidence to show that single cells in vitro
respond to changes in gravity and this response plays a major
role in physiological changes at the organism level (Vorselen
et al. 2014).Gravity variations can lead to changes in cell pro-
liferation, differentiation, intracellular signaling, and gene
expression (Clément and Slenzka 2006; Nichols et al. 2006;
Grimm et al. 2011; Cogoli and Cogoli-Greuter 1996). Recent
studies have focused on the molecular mechanism behind
the perception of cellular mechanical microenvironment and
the subsequent mechanotransduction to biochemical signals,
ultimately leading to changes in cell function (Orr et al.
2006; Geiger et al. 2009). However, cellular responses to
mechanical stimuli are far from being completely under-
stood.

Cells on Earth experience multiple mechanical forces
including gravity. These forces or stresses often require
structural restabilization mainly originated from cytoskele-
tal (CSK) remodeling, which plays a role similar to the
structural scaffold of a building. Unlike a concrete build-
ing, gravitational forces are usually ignored in a single cell,
because cellular gravity is presented at a small geometric
scale, a low Reynolds number, and a low density differ-
ences between the organelles (i.e., mitochondria or nuclei)
and the cytosol (Feric and Brangwynne 2013). Although
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the force generated by polymerization of microtubule and
actin or by a single molecular motor (in the order of sev-
eral pNs) is almost ten times higher than that exerted on a
mammalian cell by gravity (in the order of 0.5 pN), it is
inappropriate to exclude the effect of gravity directly. This is
because the integrated effect of specific organelle sedimen-
tation, which is attributed to the density difference between
organelles and cytosol, may not be negligible for a long-
time adherence onto the surface. Recent works on large X.
laevis oocytes (Feric and Brangwynne 2013; Feric et al.
2015) support this viewpoint to some extent. It was found
that the gravity is dominant and encountered by a nuclear
actin network that prevents nuclear bodies from immedi-
ate sedimentation and coalescence in large X. laevis oocytes
(Feric and Brangwynne 2013). However, the actin network
is weak, which could not indefinitely support the emulsion
of nuclear bodies, but, instead, only stabilizes them by slow-
ing down gravitational creep up to two months (Feric et al.
2015).

Recently, we developed an orientation-varied assay to
quantify the impact of gravity vector on mechanical stability
and biological phenotype of a typical mammalian cell type of
MC3T3-E1 cells. By placing the cells onto an upward (U)-,
downward (D)-, or edge-on (E)-orientated substrate, long-
time nucleus longitudinal translocation initiates the CSK
remodeling to resist the translocation mechanically and then
mediate the focal adhesion complex (FAC) reorganization to
anchor the cell stably on the substrate (Zhang et al. 2017).
This orientation-varied approach is based on the strategy
that vector-directed gravity varies in a constant angle, rather
than that changed periodically in clinostat (Vorselen et al.
2014), with respect to the culture substrate, which brings up
an opportunity to conduct theoretical analyses on how the
cytoskeleton itself is affected and how the CSK network is
reorganized to maintain mechanical homeostasis on altered
gravity vector in long time.

Previousmechanicalmodels of single cellsmainly include
continuous models and structural models. Continuum cell
models, treating the cell as comprising materials with cer-
tain continuummaterial properties (Lim et al. 2006), provide
fewer insights into the detailed molecular mechanical events.
Structural models, accounting for the overall cellular behav-
iors as a result of the collective physicochemical interactions
between structures forming the cytoskeletons (Nava et al.
2014), mainly include cable network models (Stamenović
and Coughlin 1999), cell foams models (Satcher and Dewey
1996), and tensegrity models (Ingber 1993). In this work, we
developed a mechanical model based on nucleated tenseg-
rity structure to specify themechanical balance for threeCSK
elements ofmicrofilament,microtubule, and intermediate fil-
ament and FACs inside a cell. Our model also provided the
predictions on the contributions of FAC formation and the
damping effects of the cytoskeletons.

2 Experiments

Mammalian cells with a normal size (∼10 µm in diame-
ter) can sense the alteration of gravity vector (Vorselen et al.
2014). In our previous experiments, mouse MC-3T3E1 cells
are placed onto U-(Fig. 1a), D-(Fig. 1b), or E-orientated
(Fig. 1c) substrate for 24 or 72 h (Zhang et al. 2017). Notably,
the impact of hydrostatic pressure on orientation dependence
of cellular responses is excluded due to the minimal pressure
differences in the three orientations (Li et al. 2010). Collected
cells at given time points are then stained with fluorescent
antibodies to actin, tubulin, and vimentin for testing the ori-
entation dependence of CSK proteins. The nucleus is stained
formeasuring its translocation inside the cell. Stained actin is
also used to identify the contour of the cell for morphological
analysis. Typically, no significant differences are found for
cell projected area, circularity, and aspect ratio in three ori-
entations at 24 h (Zhang et al. 2017), indicating that the cells
placed onto differently orientated substrates can insist their
mechanical stability and there is no difference between cellu-
lar morphologies in three orientations. We further measured
the cell radius (Fig. 1d) and thickness (Fig. 1e) as well as
nucleus radius (Fig. 1f) and volume (Fig. 1h) using 3D recon-
struction of the sliced fluorescent images. Not only these
measurements support the previous observations, but they
will also be used as input parameters for our modeling below.

Gravity is able to mechanically direct the nucleus sedi-
mentation and induces the cell and CSK remodeling. Cells
placed onto different orientated substrates could mediate
discrepant translocation of the dense nucleus in cytosol on
Earth’s gravity. Here we replotted the data of nucleus longi-
tudinal height from Zhang et al. (2017), which reads ∼1/2
(Fig. 1g) of the typical cell height (Fig. 1e) with less scat-
tered distribution. The orientation dependence of the height
is observed, which is higher in D compared with those in
U or E, implying that the nucleus longitudinal translocation
behaves differently in these orientated substrates.

CSK remodeling provides the internal forces to resist the
nucleus sedimentation. Here mechanical stability of grav-
ity vector-directed nucleus translocation is reached by the
balance between the net force of nucleus gravityminus buoy-
ant force and mechanical forces exerted by CSK network.
This is observed by the higher expressions of global actin
or vimentin in D than those in U or E (Zhang et al. 2017),
which is positively correlated with the nucleus longitudinal
height (cf., Fig. 1g) and predicts that the mechanical stabil-
ity of nucleus in cytosol is mainly supported by actin and
vimentin at 24 h. To isolate the respective contributions of
these CSK filaments localized distinctly inside a cell, we
further analyzed the regional expression of CSK proteins
by segregating the cell into apical and basolateral halves
(inserts in Fig. 2a–c). Data indicated that all the three ele-
ments present lower expression in D than those in U or E in
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Fig. 1 a–c Schematic of MC3T3-E1 cells cultured in upward a down-
ward b or edge-on textbfc oriented substrate. d–h Cell and nucleus
morphology. Here cell radius R and thickness H as well as nucleus
radius r and longitudinal height h are defined in the respective panels
a–c, in which h is defined as the distance from nucleus centroid to the
substrate (nucleus contour is depicted as a solid or dotted line; asterisk

denotes cell centroid). Cell radius (d) and thickness (e), nucleus radius
(f) and longitudinal height (g), as well as nucleus volume (h) at 24 h are
plotted in three orientations. The equivalent radius of cell or nucleus is
approximated by the square root of the projected area divided byπ . Data
for nucleus longitudinal height are adopted from Zhang et al. (2017).
* p < 0.05; *** p < 0.001; **** p < 0.0001

the apical half, suggesting that the cells placed in D unlikely
enrich these CSK filaments in the apical half. Specifically,
the apical fraction is ≤0.5 for actin or tubulin (Fig. 2a, b) or
≥0.5 for vimentin (Fig. 2c) in three orientations, indicating
that actin and tubulin tend to be enriched in the basolateral
half, but vimentin is likely localized in the apical half of
the cell. Noting that longitudinal direction in E is perpen-
dicular to gravity vector, we then determined the regional
distributions of the cytoskeletons opposite to or along with
gravity vector. Here this specialized fraction value in E all
yielded∼0.5 for actin, tubulin, and vimentin (most right bars
in Fig. 2a–c), implying the irrelevance of CSK remodeling
in E with the direction of gravity vector. Taken together, all
the three cytoskeletons tend to be accumulated in the api-
cal half in D, which is reversely correlated with the nucleus
longitudinal height.

FAC formation is regulated by CSK remodeling since
FACs serve as major mechanical elements connecting the
intracellular structures to the outer substrate. Thus, we tested
the orientation dependence of FAC depicted as colocal-
ized actin, vinculin, paxillin, and β1-integrin (Fig. 3a, only
actin and vinculin are shown). Without losing generality,
we compared the regional distribution for cells placed in

E-orientation at 24 h. Again, by segregating the cell in E
into two regions opposite to (y > 0) or along with gravity
director (y < 0), FAC localized distribution presented higher
FAC area but similar FAC number (Fig. 3b). Since mechani-
cal strength of cell anchorage is mainly determined by FAC
area, these data indicated the differential contributions of
localized FACs in supporting cellular mechanical stability in
E. Meanwhile, no differences of localized FACs in the left
and right regions at the plane parallel to the substrate were
found for the cells in U or D (data not shown), as expected.
Thus, these analyses provided the base for our mathematical
modeling below.

3 Models and results

3.1 Gravity vector-directed translocation of the cell
nucleus is deterministic

Organelles, such as nucleus and mitochondria with a rela-
tively large size, are often of higher density than the cytosol.
Earlier theoretical analysis (Pollard 1965) indicated that
the nucleus might be sufficiently large and dense to sedi-
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Fig. 2 Expressions of apical actin (a), tubulin (b), and vimentin (c)
of a cell in three orientations. Data are defined as the fraction of the
CSK element in the apical half (shading region separated by the plane
at the cell centroid and parallel to the substrate, as indicated in each
insert) in whole cell. Also defined is the regional distribution of CSK

elements along gravity vector in E, where the fraction in the half region
opposite to gravity vector (separated by the plane at the cell centroid
and perpendicular to the substrate) in whole cell is calculated (c).
** p < 0.01; *** p < 0.001; **** p < 0.0001

Fig. 3 Localized distribution of
FACs in edge-on orientation. a
The typical image is illustrated
for the definition of gravity
vector-related distribution in
two regions (y > 0 and y < 0
opposite to and along with
gravity vector, respectively) in
E- orientation. (red: vinculin,
green: actin, blue: nucleus) b
The regional FAC number and
area in E-orientation at 24 h are
presented as median values with
25 and 75th percentiles of 4060
cells from three repeated
experiments
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Table 1 Model parameters of
single cell

Size scale Symbol Definition Value Source

Cell H Thickness of cell 4 µm Figure 1e

ρ Density of cytosol 1.1 g/ml Wegener et al. (1998)

μ Viscosity of cytosol 2 × 10−2Pa s Kalwarczyk et al. (2011)

Subcell V Volume of nucleus 500 µm3 Figure 1h

ρ Density of nucleus 1.4 g/ml George et al. (2011)

ment under the influence of gravity if the nucleus could be
considered as a solid object suspended in a viscous liquid
medium.

Table 1 summarizes the parameters of single typical
osteoblast in our experiments. For a nucleus with volume
500µm3 and density 1.4 g/ml, the apparent weight in cytosol
with density 1.1 g/ml is approximately equal to 1.5 pN. Com-
paring the gravitational energy of a weight of 1.5 pN at an
average distance of the half height (2 µm) above the lowest

point of the cell with thermal energy associatedwith diffusive
motion, we have

GT = �ρ V g H/2

kBT
∼ O(103) � 1. (1)

Here �ρ is the density difference between nucleus and
cytosol, V = is the nucleus volume, g is gravity acceler-
ation, H is the cell thickness, kB is Boltzmann constant,
and T = 300 K is absolute temperature. The dimensionless
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number GT represents the competitive relationship between
gravitational sedimentation and Brownian motion. GT � 1
indicated that gravity effects plays a absolute dominant role
over random fluctuation in the directional movement of
nucleus. Thus, if there is a directed translocation of nucleus,
it must be caused by gravity.

Furthermore, we can also estimate the sedimentation
velocity of the nucleus if wewere to approximate the nucleus
as a sphere r = 5 µm in radius (the corresponding vol-
ume is about 500 µm3) suspended in fluid with viscosity
μ = 2 × 10−2 Pa s (this value is the same as viscosity
of cytosol). Considering the forces acting on the sphere:
m∂2x/∂t2 = Fdrag − Fg, where Fdrag = 6πμrv is the drag
force, and Fg = 4/3πr3�ρg is the net force of nucleus grav-
ity minus buoyant force. At steady state, the acceleration is
zero, and one obtains:

v = 2r2�ρg

9μ
≈ 8 × 10−7m/s. (2)

It is obvious that an additional stabilization mechanism is
necessary; otherwise, all nuclei will sediment to the bottoms
of their cells with a few seconds under Earth’s gravity.

3.2 Directed nucleus translocation is mechanically
balanced by CSK reorganization

It was obvious that the discussion of sedimentation velocity
above did not yet consider a structural framework (e.g., the
cytoskeleton) in its approximation. Experiments show that if
cultured cells on coverslips were treated with cytochalasin B
and then subjected to a centrifugal field, the acceleration is
then adequate to enucleate the cells (Prescott et al. 1972). It
is indicated that gravitational sedimentation does not happen
as long as CSK filaments provide a stabilizing scaffold for
nuclei.

The cytoskeleton can perform a multitude of functions.
Primarily, it supports the cell shape and mechanical resis-
tance to deformation, so that through association with
extracellular connective tissue and other cells, it stabilizes
entire tissues (Herrmann et al. 2007). The cytoskeleton can
also contract actively, thereby deforming the cell, altering the
cell’s environment, and allowing the cell to migrate (Fletcher
andMullins 2010). Eukaryotic cells contain threemain kinds
of CSK filaments: microfilaments (actin filaments), micro-
tubules, and intermediate filaments. Each CSKfilament has a
shape and intracellular distribution. Previous studies (Zhang
et al. 2017; Vorselen et al. 2014) have indicated that three
main kinds of CSK filaments contain following features:

– Microfilaments (MFs): MFs are fine, thread-like protein
fibers, 6–8 nm in diameter. They are composed predom-
inantly of a contractile protein called actin, which is the

most abundant cellular protein. MFs’ association with
the protein myosin is responsible for muscle contraction.
In an adherent cell, most MFs have a radial organization
and distribute uniformly. MFs mainly bear tension in the
maintenance of cell’s shape.

– Intermediate filaments (IFs): IFs, averaging 10 nm in
diameter, are more stable (strongly bound) than actin
filaments and are heterogeneous constituents of the
cytoskeleton. IFs organize the internal three-dimensional
structure of the cell, anchoring organelles and serving as
structural components of the nuclear lamina. They are
located at the vicinity of the nucleus to form the per-
inuclear rings (Kamei 1994). Like actin filaments, IFs’
function in the maintenance of cell shape by bearing ten-
sion.

– Microtubules (MTs): MTs are cylindrical tubes, about
20 nm in diameter. They are composed of subunits of
the protein tubulin termed α and β. In an adherent
cell, MTs often have a radial organization and express
more perinuclearly. MTs mainly resist compression in
the maintenance of cell’s shape.

In the light of the above features of CSK filaments and draw-
ing on the basis of previous work (Wang et al. 2009), a
nucleated tensegrity structure, as shown in Fig. 4a, is pro-
posed to characterize CSK structure. Local forces applied to
integrins by ECM are concentrated at focal adhesions (FAs)
and transmitted to MFs, which is bundled by α-actinin and
made tensed bymyosin II to generate prestress. MFs are con-
nected to MTs through MACF1 and to IFs through plectin.
Plectin also connects IFs with MTs and IFs with nesprin on
the outer nuclear membrane. Nesprins connect MFs to the
inner nuclear membrane protein SUN.

This CSK structure is able to reorganize for generating
additional force, which can balance the net force of nucleus
gravity minus buoyant force in a specific orientation. Fig-
ure 4b–d illustrates force analysis of cells in U-, D-, and
E-oriented substrates (only CSK filaments which resist grav-
itational sedimentation of nucleus are drawn in the figure). In
order to simplify the analysis, the cell and CSK filaments are
considered to be symmetrical, and all elements for support-
ing nucleus, including CSK filaments and cytomembrane,
are simplified as springs. Then, the length of MFs and MTs
can be expressed as

� ≈ (R − r)/ cos θ, (3)

where R is the cell radius, r is the nucleus radius, and θ is
the angle between MFs or MTs and substrates. It is easy to
see that θ ≈ h/R since h � R, where h is the distance
from nucleus centroid to the substrate surface. Next, we will
consider the issue of estimating the length of nucleus translo-
cation in three orientations, respectively.
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Fig. 4 A working model of gravity-directed remodeling for a mam-
malian cell in oriented substrate. a Mechanical stability of the dense
nucleus is supported by CSK network. b–d Mechanical forces exerted

on the nucleus are balanced differentially by tension-resistant actin,
compression-resistant tubulin, and connecting vimentin in upward (b),
downward (c), or edge-on orientation (d)

As shown in Fig. 4b, nucleus tends to migrate toward the
substrate under gravity in U-orientation. Nucleus translo-
cation enhances the compression of MTs and weakens the
tension of MFs sinceMFs play the role of tension supporting
structures. The nuclear radius r decreases in U-orientation
since nucleus is compressed in the direction parallel to
the substrate. To prevent infinite translocation, MTs and
IFs will be reorganized, against the nucleus translocation
�hU having already occurred. Our experiments showed
that IFs is a more perinuclear distribution to form the per-
inuclear rings. Thus, it is easy for a nucleus to migrate
in the direction perpendicular to IFs ring plane, but hard
in the direction parallel to IFs ring plane. In this orienta-
tion, MTs spring and IFs spring are in series to support
the nucleus. Therefore, �hU can be divided into two parts,
namely the displacement of nucleus relative to IFs, �hUi ,
and the displacement of IFs relative to substrate, �hUt .
The first part displacement �hUi causes IFs’ reorganization.
Thus,

G = ni ki�hUi = Ki�hUi , (4)

whereG is the apparent weight of nucleus in cytosol, ni is the
number of IFs, ki is the spring coefficient of a single IF, and
Ki = ni ki reflects the equivalent spring constant of all IFs.
The second part displacement �U

t causes MTs’ reorganiza-
tion. The compressed length of a single MT can be estimated
from

��t = d�t = d

(
R − r

cos θ

)
= (R − r)

sin θ

cos2 θ
dθ

= (R − r)
sin θ

cos2 θ

dh

R − r
≈ θ�hUt . (5)

All compression springs together offer an additional force
to balance the apparent weight of nucleus,

G = nt Ft sin θ = ntktθdht sin θ

= ntktθ
2dht = ntkt

h2

R2 dht = Kt�hUt , (6)
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where nt is the number of MTs, kt is the spring coefficient
of a single MF, and Kt = ntkt h2/R2 reflects the equivalent
spring constant of all MTs. MTs spring and IFs spring are in
series to together support nucleus; thus,

Ki Kt

Ki + Kt
�hU = G → �hU = Ki + Kt

Ki Kt
G ∼ G

Kt
. (7)

It should be noted that the above derivation assumes Kt �
Ki . The rationality of this assumption will be discussed later
in this section.

As shown in Fig. 4c, nucleus tends to migrate apart
from the substrate under gravity in D-orientation. Nucleus
translocation enhances the tension of MFs and weakens the
compression of MTs since MTs play the role of compres-
sion supporting structures. The nuclear radius r increases in
D-orientation since nucleus is stretched in the direction paral-
lel to the substrate. To prevent infinite translocation, MFs are
reorganized to mainly against the nucleus translocation�hD

having already occurred. By a similar analytical approach to
that of Eq. (5), the stretched length of a single MF can be
estimated as �� ≈ θ�hD . All elongated springs together
offer an additional force,

Fa = naka
h2

R2 dh = Ka�hD, (8)

where na is the number of MFs, ka is the spring coefficient
of a single MF, and Ka = nakah2/R2 reflects the equiva-
lent spring constant of all MFs. In this case, cytomembrane
and CSK filaments between cytomembrane and nucleus may
also play a role in supporting nucleus. Here, we also simplify
cytomembrane and CSK filaments between cytomembrane
and nucleus as a so-called membrane spring with coefficient
Km. MFs spring and membrane spring are in parallel to sup-
port nucleus; thus,

(
Km + Ka

)
�hD = G → �hD = G

Km + Ka
∼ G

Ka
. (9)

It should be noted that the above derivation assumes Km �
Ka . The rationality of this assumption will also be discussed
later in this section.

As shown in Fig. 4d, the direction of gravity is approx-
imately parallel to the plane of CSK filaments in E-
orientation. This paralleling may lead to nucleus hard to
migrate along gravity vector. Nucleus tends to migrate
away from the substrate since compression of MTs pre-
vents, via enhanced vimentin expression and ring formation,
the nucleus translocation along gravity vector. To test this,
nucleus translocation along gravity vector �h‖ was esti-
mated. If �hE = �h‖ is parallel to gravity, the compressed
length of a single MT will be (for the detailed derivation, see
“Appendix 1”)

��t = d�t = sin ϕ cosβdh = sin ϕ cosβ�h‖. (10)

We assume that MTs are uniform distribution on the angle
ϕ. If the nucleus is supported only by MTs, thus,

G = −
∫ 2π

π

ntkt
2π

sin ϕ cosβ�h‖ cosβdϕ

= − nt
2π

cos2 β�h‖
∫ 2π

π

sin ϕdϕ

= ntkt
π

cos2 β�h‖

≈ ntkt
π

�h‖. (11)

From Eq. (11), �h‖ can be obtained and compared with
nucleus translocation in U from Eq. (7):

�h‖ ≈ π
G

ntkt
= πh2

R2

1

Kt
G � �hU = 1

Kt
G. (12)

Equation (12) indicates that nucleus translocation along grav-
ity vector in E is negligible. Therefore, the length of MTs
is considered as constant in this process, and the nucleus
translocation may be perpendicular to MTs and thus approx-
imately perpendicular to the substrate. If �hE = �h⊥ was
perpendicular to MTs, the stretched length of a single MF
will be (for the detailed derivation, see “Appendix 1”)

��a = sin θ cos θ(1 + sin ϕ)�h⊥. (13)

Membrane spring could have an effect in this case. Then, to
balance the torques, we have:

Gh = 1

2
nakaθ�h⊥h + nakaθ

2�h⊥R + Km�h⊥R

= 1

2
Ka�h⊥R + Ka�h⊥R + Km�h⊥R

=
(
3

2
Ka + Km

)
�h⊥R. (14)

From Eq. (14), �h⊥ can be obtained and compared with
�h‖:

�h⊥ = 1

3Ka/2 + Km

h

R
G ∼ 2

3Ka

h

R
G

� πh2

R2

1

Kt
≈ �h‖. (15)

It should be noted that the above derivation assumes Ka �
Kt R2/h2. The rationality of this assumption will be dis-
cussed later in this section. Equation (15) indicates that
nucleus translocation is perpendicular to the substrate, which
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Table 2 Elastic properties of CSK filaments (Mofrad and Kamm 2006; Milo and Phillips 2015)

Diameter d (nm) Cross-sectional area A (nm2) Persistence length (µm) Bending stiffness (Nm2) Yong’s modulus E (Pa)

MF 6–8 20 15 7 × 10−26 1.3 − 2.5 × 109

MT 25 200 6000 2.6 × 10−23 1.9 × 109

IF 10 π(d/2)2 ≈ 80 ∼1 4 × 10−27 1 × 109

Table 3 Translocation and longitudinal height of nucleus in three orientations

Orientation Translocation Equation Comparison Longitudinal height Comparison

U �hU ∼ G/Kt (7) �hU � �hD hU = h0 − �hU hU < hD

D �hD ∼ G/Ka (9) hD = h0 + �hD hE < hD

E �hE ∼ (h/R) · G/Ka (16) �hE � �hD hE = h0 + �hE hU � hE

Longitudinal height h = h0 − �h for nucleus migration toward the substrate and h = h0 + �h for nucleus migration apart from the substrate,
where h0 is the longitudinal height of nucleus at the initial time

is consistent with our previous experimental results (Zhang
et al. 2017). Finally, we have

�hE ≈ �h⊥ = 1

3Ka/2 + Km

h

R
G ∼ h

R

1

Ka
G. (16)

As discussed above, nucleus translocation in three orien-
tations can be obtained by establishing the statics equilibrium
equations of the nucleus. It should be noted that our above
derivation relies on specific assumptions about the relative
strength of three springs. The relationship between Young’s
modulus and the spring constant is k = Y A/�, where Y
is Young’s modulus, A is the cross-sectional area, � is the
initial length. Table 2 summaries elastic properties of CSK
filaments. Young’s modulus of three CSK filaments is in the
same order of magnitude (Yt ∼ Ya ∼ Yi ). The differences
among cross-sectional area of three CSKfilaments arewithin
one order of magnitude (Aa < Ai < At and Aa � At ). In
our model, the initial length of a single MT or MF spring
is approximately equal to R − r , and the initial length of
a single IF seems much smaller than those of MT or MF
(�i � �t ∼ �a). If we assume that the number of three CSK
filaments is in the same order of magnitude (nt ∼ na ∼ ni ),
and note that the cytomembrane is so weak relative to CSK
filaments, then we have

Km � Ka︸︷︷︸
h2

R2
naka

� Kt︸︷︷︸
h2

R2
nt kt

� Ki︸︷︷︸
ni ki

. (17)

Equation (17) indicates that our assumptions about the rel-
ative strength of three springs in the derivation of nucleus
translocation are reasonable. The above relationship will
also allow us to further compare the longitudinal heights
of nucleus in three orientations. As shown in Table 3, we
found that the sequence order of longitudinal height in three

orientations from our model is consistent with those from
experimental data (Fig. 1).

3.3 Distribution of FACs

Focal adhesions are the main sites of force application
throughwhich the cytoskeleton of a cell connects to the ECM
for anchoring the cell. Cells placed onto the differently orien-
tated substrate may require distinct forces to maintain their
mechanical stability, respectively. Correlation with the lat-
eral size of the FAs showed that there exists the following
linear relationship between applied force and area of a single
FA (Schwarz et al. 2002). Thus, a cell placed in U-, D-, or
E-orientated substrate, which possesses the angle of 180◦,
0◦, or 90◦ in relating the outer normal of the substrate to
the gravity vector, could result in differential FAC size and
distribution.

To further reveal the underlying mechanisms, a simple
model was developed to understand the orientation depen-
dence of FAs size and distribution. As shown in Fig. 4d, the
FA is simplified as an adhesion cluster of parallel bonds with
shared force F . The adhesion cluster is modeled as a collec-
tion of Nt molecules near an adhesive surface, in which, at
a given time t , a number of N (t) molecules are bound and a
number of Nt − N (t) molecules are unbound. The force F
applied to the cluster, which is consists of prestress carried
by MFs and additional force carried by weight of nucleus,
is assumed to be shared equally by the N (t) closed inactive
bonds (0 ≤ N (t) ≤ Nt ). At any given time, each of the
bonds can break with a dissociation rate koff and each of the
unbound molecules can form a bond with an association rate
kon. Following Bell’s model (Bell 1978), dissociation rate is
assumed to increasewith force f as koff = k0e f/Fb ,where the
force scale Fb = kBT/xb is set by thermal energy kBT and
the distance xb between the minimum potential energy and
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Table 4 Stretched length of a
single MF and corresponding
stress in three orientations

Orientation ��a Fg(ϕ) fg(ϕ)

U −θ
G

Kt
−G

θ

Nc

Ka

Kt
−3.75 × 10−4

D θ
G

Ka
G

θ

Nc
7.5 × 10−4

E
2

3
θ2

G

Ka
(1 + sin ϕ)

2

3
G

θ2

Nc
(1 + sin ϕ) 5.0 × 10−5 × (1 + sin ϕ)

the transition state barrier along the reaction coordinate of
bond rupture. For typical values xb ∼ 1 nm and T ∼ 300 K,
we find the typical force scale Fb ∼ 4 pN. Association rate
kon is assumed to be independent of force and taken as a
constant (infinite reservoir of ligand).

Conveniently, it is helpful to introduce the dimensionless
time τ = k0t , force f = F/Fb and the association rate
γ = kon/k0. The following rate equation predicts the number
of formed bonds (Schwarz and Safran 2013):

dN

dτ
= γ (Nt − N ) − Ne f/N . (18)

While the first term representing rebinding is linear in
the number of bonds, the second term representing forced
unbinding is highly nonlinear, therefore leading to interesting
feedback effects. Over a sufficiently long time, an equilib-
rium will be approached such that the right-hand side of
Eq. (18) is zero. Thus, we have,

N = f Nt

f − Nt pln
(

− f
γ Nt

e f/Nt

) , (19)

where the product logarithm pln(a) is defined as the solu-
tion of xex = a. A bifurcation analysis of its steady-state
behavior shows that the system is unstable (no steady-state
solution exists) when the force exceeds a critical value
fc = Nt pln(γ /e) (Bell 1978). Equation (19) indicates that
the tension force acting on talin by microfilament has an
effect on the size of FACs.

To simplify our modeling, we assume that multiple trans-
membrane integrins are bundled together and distributed
uniformly on the cell membrane (circled dots in Fig. 4d).
The average total integrin density on the cell surface has been
estimated as ρ ∼ 1−3×102 µm−2 (Wiseman et al. 2004) in
either closed inactive or open active conformation. At least
in some cells like platelets, more than 95% of all integrins are
in the closed inactive conformation in the absence of ligand
(Tadokoro et al. 2003). The results from our previous exper-
iment (Zhang et al. 2017) show that the number of FACs is
about 50. Without loss of generality, we consider Nc = 50
clusters distributed uniformly on the membrane, and each
cluster contains Nt = 300 effective integrins. They can bind
to ligands on thematrix substrate, forming a FAC, towhich an

MF is connected. The relative size of a FAC can be described
by the fraction of closed inactive bonds S = N/Nt ∈ [0, 1].
MFs in differently orientated cells or at different polar angles
in the same cell may bear different stress, resulting in dis-
tinct dissociation rate and eventually causing different size
and distribution of FACs. In Eq. (19), force f consists of
prestress of MF and additional force carried by weight of
nucleus. Force and protein assembly are linearly coupled at
FAs, resulting in a constant stress for adhesions of about 5
nN/nm2 (Balaban et al. 2001). A rough estimate, assuming
two-dimensional close packing of integrins, leads to a force
in the adhesion site of a few pN per molecule, similar to that
exerted by a single myosin molecule the force. We assume
that

f = 4pN + Fg(ϕ)

Fb
= 1 + fg(ϕ), (20)

where 4 pN comes from prestress of MF and Fg(ϕ) is
additional force carried by weight of nucleus. Here we con-
sider the size and distribution of FACs in three orientations,
respectively. From the previous discussions about nucleus
translocation, we can find the stretched length �a of a sin-
gle MF and corresponding stress Fg(ϕ) in three orientations.
Furthermore, we can obtain the numerical value of fg(ϕ) if
we assume that θ = 0.1 and Ka/Kt = 0.5 (Table 4). We put
the value of fg(ϕ) into Eqs (19) and (20) and obtained the
FAC size and distribution (Fig. 5).

From Fig. 5, we found that the sequence order of FAC
size in three orientations from our model is E � D � U.
The distribution of FAC size is independent of the angle ϕ

in U- and D-orientation, while it presents a similar inverted
sine curve distribution in E-orientation. However, there are
no statistically significant differences among magnitudes of
FAC size in three orientations as the range of longitudinal
coordinate is tiny.

3.4 Equilibrium time

In above sections, we discussed how much translocation of
a nucleus can occur in three orientations under gravity and
how this translocation could result in CSK remodeling and
FAC reorganization. Here we attempt to estimate how much
time the translocation will take before reaching a balance. In
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Fig. 5 FAC size distribution at different polar angles (cf. Fig. 4) in
three orientations. FAC size is independent of the angle in U- and D-
orientation, while it presents an inverted sine curve-like distribution in
E-orientation

each of the above three kinds of nucleus translocation, the
mechanical equilibrium equation for nucleus can be rewritten
as

G = K�h, (21)

where K is equivalent spring constant and K = Ki , Ka ,
KaR/h forU-,D-,E-orientation, respectively. Thus, nucleus
movements can be described by the following second-order
differential equation,

d2h

dt2
= G

m
− K

m
h − γ

m

dh

dt
= G

m
− ω2h − 2ζω

dh

dt
, (22)

where γ is the damping coefficient which describes the
friction caused by viscous drag force between cytosol and
cytoskeleton and m is the mass of the nucleus. ω = √

K/m
is called the (undamped) natural frequency of the system, and
ζ = γ /2

√
Km is called the damping ratio. The behavior of

the system depends on the relative values of the two funda-
mental parameters, the natural frequency ω and the damping
ratio ζ . As shown in Fig. 6, the qualitative behavior of the
system depends crucially on whether the quadratic equation
for ζ has one real solution (ζ = 1, critical damping), two real
solutions (ζ > 1, overdamping), or two complex conjugate
solutions (0 ≤ ζ < 1, underdamping).

The nucleus translocation is an overdamped process, since
the motions of the cytoskeleton and cells are overdamped
(Howard 2001). It can be seen that overdamped system takes
an extremely long time (theoretically infinite time) to return
to its static equilibrium position. When the distance of the
nucleus translocation from its static equilibrium position
equal to or less than

√
2kBT/K , we assume that the system

will reach the equilibrium, since in this case the gravitational

h0

h

2kBT
K

Time

D
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e
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n ζ > 1.0, Overdamped

ζ = 1.0, Critically damped
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Fig. 6 Estimation of characteristic equilibrium time of nucleus sedi-
mentation in damped cytosol. Time dependence of the system behavior
is calculated upon Eq. (22) and presented on the value of the damping
ratio ζ , for underdamped, critically damped, and overdamped cases, at
zero-velocity initial condition. h0 is the balance height

potential energy of the nucleus is less than kBT . Thus, if
damping coefficient γ and equivalent spring constant K are
given, we could estimate the time needed to reach equilib-
rium. Unfortunately, it is impossible to estimate the value of
γ and K from our data in hand.

4 Discussions and conclusion

Translocation of the dense nucleus along the gravity ini-
tiates mechanical remodeling in a mammalian cell. By
simplifying the cell as a nucleated tensegrity structure, we
proposed a theoretical biomechanical model to integrate the
mechanosensing of nucleus translocation with CSK remod-
eling and FAC reorganization induced by a gravity vector
in upward, downward, or edge-on oriented substrate. In our
model, the cell and CSK filaments are considered to be sym-
metrical, and all elements for supporting nucleus, including
CSK filaments and cytomembrane, are simplified as springs.
The FA is simplified as an adhesion cluster of parallel bonds
with shared force.

Our model shows that dense nucleus tends to translo-
cate under gravity. This translocation will exert additional
force on cytoskeleton and compress or stretchCSKfilaments.
By remodeling, cytoskeleton changes its stress or tension
and generates a corresponding reaction force on nucleus to
achieve an equilibrium. Finally, changes of the tension force
acting on talin through microfilament will bring up changes
in the size of FACs. Results from our model are in quali-
tative agreement with those from experiments. Specifically,
we have found that the translocation of nucleus is higher in
D compared with those in U or E. FAC size is independent
with the angle ϕ in U- and D-orientation, while it presents a
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similar inverted sine curve distribution in E-orientation. The
FAC size magnitudes of cells in three orientated substrate
were found no statistically significant differences. Addition-
ally, our model presents a possible method to theoretically
estimate characteristic equilibrium time of nucleus sedimen-
tation, although it is not feasible at present.

As mentioned previously, there are still remarkable dif-
ferences between our works on normally sized mammalian
cells (Zhang et al. 2017 and the current work) and those on
large X. laevis oocytes (Feric and Brangwynne 2013; Feric
et al. 2015). First, while those super-sized X. laevis oocytes
serve as a good model system to elucidate the impacts of
gravity vector, our current work focuses on understanding
this process for a normally sized mammalian cell that is uni-
versal and realistic for the community for mammals. Second,
the underlying mechanisms in gravisensation are quite dif-
ferent, where the former is to understand the sedimentation
and aggregation of the nucleolus inside the nucleus, but the
latter is to elucidate the translocation of the entire nucleus
inside the cytosol. Both models have different viscoelas-
tic properties for translocating the nucleolus or the nucleus.
Third, as stated in our previous paper (Zhang et al. 2017), the
impact of the gravity for a normally sized mammalian cell
(in the order of 0.5 pN) on directing cell mechanosensing
could not be neglected mainly due to the integral effect of
dense organelle sedimentation. Thus, quantifying the nuclear
translocation, positioning, and characteristic sedimentation
time from our modeling is meaningful to understand the
dynamics of nucleus movement inside the cytosol, which is
hard to determine experimentally. We have added these into
the Discussion section.

Major assumptions of ourmodeling satisfy the key charac-
teristics of a real adherent cell. For example, the symmetry of
cell morphology and CSK distribution is reasonably simpli-
fied because an isolated cell is fully spread without polarity
and the majority of microfilaments and microtubules is radi-
ally organized (Vorselen et al. 2014; Zhang et al. 2017).
Meanwhile, FACs aremainly composed of equally weighted,
multiple integrin–ligand bonds (Schwarz and Safran 2013).
Our model is a simplified or idealized one. However, it is still
meaningful for understanding the mechanical remodeling of
a normally sizedmammalian cell under vector-directed grav-
ity, which is a critical issue for mammalian gravisensation,
but poorly understood yet. This also makes sense, especially
when matching the predictions from this model well with
our experiments previously described. Of course, like most
of the existing models, there are several limitations of this
model. The first comes from the symmetrical assumption of
cell shape and CSK distribution. In reality, not all of those
isolated cells present the symmetrical shapes and cytoskele-
tons, but their asymmetry is usually averagedoutwhen a large
number of cells are lumped together. The second is attributed
to the decoupling of the three CSK components, whichmight

bias their effects on nucleus translocation. Noticing that the
CSK network is quite complicated, no universal models are
available to fully describe the intrinsic characteristics of
the cytoskeleton, and thus, it is necessary to simplify the
cytoskeletons for a specific issue. The third derives from the
fact that the parameters used in the model are hard to be
determined by experiments. Fortunately, most of the results
and predictions from our modeling are less sensitive to the
values of those parameters.
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Appendix 1: Length changes of MT or MF in E

As shown in Fig. 7, we set up a three-dimensional Carte-
sian coordinate system by taking the y-axis in the opposite
direction of gravity and x-y coordinate plane at the contact
surfaces between cell and substrate. R is cell radius, r is
nucleus radius, and h is the distance from nucleus centroid
to the substrate surface. θ is the angle between MFs or MTs
and substrates. pP is a radial MT/MF, and ϕ is the angle
between the projections of pP on x-y coordinate plane and
x axis.

Cartesian coordinate for points P and p can be determined
from the coordinate transformations

P = (R cosϕ, R sin ϕ, 0), p = (r cosϕ, r sin ϕ, h). (23)

g

y

x

h

z

r

R

θ

P

p

ϕ

Fig. 7 A nucleated cell in E-oriented substrate in the three-
dimensional coordinate system before nucleus translocation
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Then, the initial length of MFs and MTs can be expressed as

�0 =
√

(R cosϕ − r cosϕ)2 + (R sin ϕ − r sin ϕ)2 + h2

=
√

(R − r)2 + h2. (24)

If �hE = �h‖, the compressed length and additional
force of MTs

If nucleus translocation �hE = �h‖ is parallel to gravity,
Cartesian coordinate for point p will be changed into:

p′ = (r cosϕ, r sin ϕ − �h‖, h). (25)

The corresponding length of MTs can be expressed as:

�(�h‖) =
√

(R cosϕ − r cosϕ)2 + (R sin ϕ − r sin ϕ+
+�h‖)2 + (0 − h)2

=
√

(R − r)2 + h2 + �h2‖ + 2(R − r)�h‖ sin ϕ

=
√

�20 + �h2‖ + 2(R − r)�h‖ sin ϕ. (26)

Then, the Taylor polynomial for �(�h‖) at zero is defined by

�(�h‖) = �0 + (R − r) sin ϕ

�0
�h‖ + O

(
�h2‖

)
. (27)

Thus, we have

�� = � − �0 ≈ (R − r) sin ϕ

�0
�h‖ = sin ϕ cos θ�h‖, (28)

whereϕ ∈ (π, 2π) sinceMTsmainly resist compression.We
can find the y component resultant force Fy by the algebraic
summing of the components of the forces in the y direction,

Fy = −
∫ 2π

π

ntkt
2π

sin ϕ cos θ�h‖ cos θdϕ

= −ntkt
2π

�h‖ cos2 θ

∫ 2π

π

sin ϕdϕ

= ntkt
π

�h‖ cos2 θ

≈ ntkt
π

�h‖. (29)

If �hE = �h⊥, the stretched length and additional
force of MFs

If nucleus migration �hE = �h⊥ is perpendicular to MT,
Cartesian coordinate for point p will be changed into

p′ = (r cosϕ, r sin ϕ − �h⊥ sin θ, h + �h⊥ cos θ). (30)

The corresponding length of MFs can be expressed as

�(�h⊥) =
√

(R cosϕ − r cosϕ)2 + (R sin ϕ − r sin ϕ+
+�h⊥ sin θ)2 + (h + �h⊥ cos θ)2

=
√

(R − r)2 + 2(R − r)�h⊥ sin ϕ sin θ+
+h2 + �h2⊥ + 2h�h⊥ cos θ

=
√
2
[
(R − r) sin ϕ sin θ + h cos θ

]
�h⊥+

+�0 + �h2⊥. (31)

Then, the Taylor polynomial for �(�h⊥) at zero is defined
by

�(�h⊥) = �20 + (R − r) sin ϕ sin θ + h cos θ

�0
�h⊥

+ O
(
�h2⊥

)
. (32)

Thus, we have

�� = � − �0 ≈ (R − r) sin ϕ sin θ + h cos θ

�0
�h⊥

= sin θ cos θ(1 + sin ϕ)�h⊥. (33)

We can find y and z components resultant force Fy and Fz
by the algebraic summing of the components of the forces in
y and z directions,

Fy =
∫ 2π

0

naka
2π

sin θ cos θ(1 + sin ϕ)�h⊥ cos θ sin ϕdϕ

= naka
2π

�h⊥ sin θ cos2 θ

∫ 2π

0
(1 + sin ϕ) sin ϕdϕ

= naka
2

�h⊥ sin θ cos2 θ

≈ 1

2
nakaθ�h⊥, (34)

Fz =
∫ 2π

0

naka
2π

sin θ cos θ(1 + sin ϕ)�h⊥ sin θdϕ

= naka
2π

sin2 θ cos θ�h⊥
∫ 2π

0
(1 + sin ϕ)dϕ

= naka sin
2 θ cos θ�h⊥

≈ nakaθ
2�h⊥. (35)
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